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CHAPTER 1 INTRODUCTION

1.1 Background

Skid resistance of pavements plays a significant role in road safety as the
friction between tire and pavement surface is a critical contributing factor in reducing
potential crashes. Pavement skid resistance has been related to two main surface
properties: microtexture and macrotexture (Hall et al., 2009). Microtexture is
primarily dependent on aggregate shape, angularity and texture, while macrotexture
is a function of asphalt mix properties, compaction method, and aggregate
gradation. Several studies in recent years, such as NCHRP 4-30A (Al-Rousan et al.,
2007) and NCHRP 4-34 (Wang et al., 2011) projects, have focused on evaluating
and developing comprehensive test methods to measure aggregate shape, texture
and angularity. However, robust relationships between aggregate properties and the
ultimate pavement performance have not been clearly established yet.

Various preventive maintenance treatments are employed by transportation
agencies including Oklahoma Department of Transportation (ODOT) to restore
pavement condition (skid resistance, in particular, for this project) and retard future
deterioration. When using preventive maintenance treatments on pavements in good
condition, it is expected that the treatment be cost effective and result in a given
extension of life. Aggregate is the main component of many treatments (> 90%).
However, aggregate properties in terms of shape, texture, angularity and abrasion

resistance have not been integrated into the aggregate selection process for optimal
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skid resistance. One of the main causes is the lack of accurate data collection
technologies for measurements of both aggregate characteristics and pavement
surfaces at highway speed. The most recent developments in optics, 3D laser
imaging technology, and computing power have allowed the development of
equipment to collect high resolution 3D image data for pavement surfaces. The
technological innovations have also made it possible to automatically measure the
properties of aggregate shape, texture and angularity with a much higher precision
than conventional methods. Recent technological developments have also made it
possible to collect pavement performance condition data, including cracking,
profiling, and surface texture at highway speed with a much higher resolution. As a
result, investigation and quantification of influence of aggregate characteristics on
skid resistance of pavements is now possible. Such investigations can adequately
account for pertinent properties in the selection of aggregates and pavement
maintenance measures.

The objective of this project was to develop an informed aggregate selection
process for preventive maintenance treatments of pavements in Oklahoma based on
physical aggregate properties such that the skid resistance of pavements is
maintained or improved while the economic benefits are optimized. The most recent
developments in 3D laser imaging technology is used to collect 3D pavement
surface texture data at highway speed at 1 mm accuracy without interfering with the
traveling public. This project also used several state-of-the-art laboratory and field
data collection instruments to collect ultra-high resolution morphological data for

commonly used aggregates in Oklahoma, including index properties pertaining to
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shape, angularity, and surface texture. Time series pavement skid resistance data
were collected at highway speed using a Grip Tester at selected field sites after
various preventive treatments, during the two-year duration of this project.
Subsequently the impacts of aggregate characteristics on pavement surface skid
resistance properties were investigated and quantified. Also, life cycle cost analysis
(LCCA) was conducted to determine an evaluation protocol for pavement
preservation treatments. The LCCA results are expected to assist in the selection of
aggregate for preventive maintenance treatment purposes. The goal of selecting a
treatment method is to maintain or improve pavement performance while minimizing

cost.

1.2 Project Tasks

This study includes the following tasks:

e Task 1 Literature Review: In this task, a comprehensive review of
literature was conducted on the current practices. The literature review
was focused on testing of aggregate properties, skid resistance of
pavement (pertaining to performance and measurement), and existing
relationships between aggregate morphological characteristics and skid
resistance.

e Task 2 Experimental Design: Working closely with ODOT, the most
commonly used aggregate sources and preventive maintenance
treatments were identified. A systematic laboratory and field experimental

design was developed, which not only considered the influencing factors



pertaining to skid resistance but also leveraged field test sections from
existing and previous research projects supported by ODOT.

Task 3 Laboratory Testing: A wide range of physical characteristics of
aggregates, such as gradation (size), shape, texture, angularity, durability,
and resistance to polishing (under dry and wet conditions), were tested in
the laboratory. Both conventional methods and advanced tool, namely,
aggregate imaging system (AIMS), were used for this purpose.

Task 4 Field Data Collection: Several state-of-the-art instruments were
used to collect 3D surface texture data at Tmm resolution and highway
speed, for the entire lane. Skid resistance of the pavement surface was
also measured.

Task 5 Data Analysis: The 1mm 3D surface texture data and skid
resistance data collected from the selected test sites were acquired and
analyzed for cracking, rutting, faulting, texture, and friction. Also, statistical
analyses were performed to evaluate the effect of aggregate properties on
the skid resistance of pavements.

Task 6 Life Cycle Cost Analysis: This task involved a comprehensive
review of literature and implementation of appropriate life cycle cost
analysis (LCCA) procedures for pavement preservation. The results were
used to develop an evaluation protocol. The LCCA-based protocol can
assist in the selection of aggregate for preventive maintenance treatments
and for the evaluation of different treatment methods such that pavement

performance is maintained or improved at the lowest cost.
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Task 7 Final Report and Training: As part of this task, training sessions
were organized for ODOT engineers. Also, this task involved submission
of a final report documenting outcome of each task conducted in this study

and the lessons learned.

1.3 Report Outline

below:

This report consists of seven chapters. An overview of each chapter is given

Chapter 1 provides the overall background and objectives of the project.
Chapter 2 includes a summary of pertinent literature.

Chapter 3 presents an overview of the experimental design, focused on
the selection of field test sites. The site selection considers the most
commonly used aggregates and preventive maintenance treatments in
Oklahoma.

Chapter 4 presents an overview of the comprehensive laboratory test
results using traditional instruments and aggregate imaging system
(AIMS) to measure morphological characteristics of aggregates used in
the test sites.

Chapter 5 introduces the field data collection instruments, describes the
data collection events, and presents the data processing procedures and
analysis of results. Statistical models are then developed to evaluate the

effects of aggregate properties on skid resistance of pavements.



Chapter 6 demonstrates the use of life cycle cost analysis procedure and
its application to the selection of pavement treatment methods. A
performance-based cost sensitivity analysis is performed to analyze the
relative differences among annualized cost outputs for different pavement
treatments based upon friction performance models developed in Chapter

5.

Chapter 7 summarizes the conclusions of this study.



CHAPTER 2 LITERATURE REVIEW

Skid resistance of pavement plays a significant role in road safety and has
been studied extensively in the last decade. The existing literature on the following
five relevant research areas is summarized in this section: (1) aggregate properties
and testing; (2) pavement texture and measurement; (3) measurement of skid
resistance of pavements; (4) preventive maintenance treatments for restoring skid
resistance; and (5) relationships between aggregate characteristics and skid

resistance.

2.1 Aggregate Properties and Testing
2.1.1 Aggregate Properties

Mineral aggregates make up 80% to 90% of the total volume and 94% to 95%
of the mass of hot mix asphalt (HMA). For this reason, it is important to maximize the
quality of the mineral aggregates to ensure proper performance, such as skid
resistance of pavement. The quality of mineral aggregates as road paving materials
has generally been specified by the toughness, soundness (durability), cleanliness,
particle shape, angularity, surface texture, and absorption. Aggregate properties in
the Superpave method are grouped into consensus properties, source properties,
and gradation limits. Coarse aggregate angularity, flat and elongated particles, fine

aggregate angularity, and sand equivalent are consensus properties to ensure



aggregate quality to provide satisfactory performance of HMA for the design life of a
pavement at the desired traffic level. Los Angeles (LA) abrasion, sulfate soundness,
and deleterious materials are source properties to allow for variances in locally
available materials. The gradation limits include nominal maximum aggregate size
and control points for various nominal maximum aggregate sizes (Prowell et al.,
2005).

Masad (2007) grouped aggregate characteristics based on the following
parameters: shape, angularity, and texture. Shape is the first order property
reflecting variations in the proportions of a particle, while angularity reflects
variations at the corners of a particle. Surface texture is used to describe the surface

irregularity at a scale that is too small to affect the overall shape or angularity.

Shape Texture

(Form)

Figure 2.1 Aggregate Shape Properties: Shape, Angularity, and Texture

(Masad, 2007)



Based on the study by Hall et al. (2009), the important aggregate properties
that influence short- and long-term texture performance are mineralogical and
petrographic properties (aggregate composition/structure and mineral hardness),
physical and geometrical properties (angularity, shape, and texture), mechanical
properties (abrasion/wear resistance and polish characteristics), and durability
properties (soundness). The factors that affect pavement surface texture include the
following:

e Maximum Aggregate Dimensions - The size of the largest aggregate in an
asphalt concrete (AC) pavement or exposed aggregate in Portland cement
concrete (PCC) pavement provides the dominant macrotexture
wavelength, if closely and evenly spaced.

e Coarse Aggregate Type - The selection of coarse aggregate type should
control its angularity, shape factor, and durability, which is particularly
critical for AC pavements and PCC pavements with exposed aggregates.

e Fine Aggregate Type - The angularity and durability of fine aggregate is
controlled by the material selected and whether it is crushed or not.

e Mix Gradation - Gradation of the mix, particularly for porous pavements,
can affect the stability and air voids of pavements.

e Mix Air Voids - Increased air voids provide increased water drainage,

which improve friction. Also, increased air voids reduce noise.
2.1.2 Aggregate Properties Testing

ASTM D5821-13 is used to determine the percentage of fractured particles for

coarse aggregates. One purpose of such requirements is to maximize shear
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strength by increasing inter-particle friction in either bound or unbound aggregate
mixtures. Another purpose is to provide stability of aggregates used in surface
treatment and to provide increased friction and texture for aggregates used in
pavement surface courses. ASTM D5821, or a similar procedure, has been used by
83% of the responding agencies in a survey conducted by Prowell et al. (2005).
Table 2.1 lists the ODOT'’s requirements for crushed faces of aggregates. The

Strategic Highway Research Program (SHRP) uses similar requirements.

Table 2.1 Requirements for Crushed Faces of Aggregates

Million ESALs | <4” from | >4" from | <4” from | >4" from
Surface Surface Surface Surface
(ODOT) (ODOT) (SHRP) (SHRP)

<3 75/75 65/65 75/- 50/-

3-10 85/80 75/75 85/80 60/-

10 - 30 95/90 80/75 95/90 80/75

30 -100 100 95/90 100 95/90

>100 100 100 100 100

The Superpave method to measure the angularity of fine aggregates is
specified in AASHTO T304, “Uncompacted Void Content in Fine Aggregate, Method
A.” This method describes the determination of the loose uncompacted void content
of a sample of fine aggregate. When measuring any aggregate of known grading,
void content provides an indication of the aggregate's angularity, sphericity, and
surface texture. This test is performed to ensure that sufficient internal friction
resulting from particle shape, angularity, and texture is achieved. Aggregate internal
friction is an important component of rut-resistance of asphalt pavements. Most
manufactured sands have an uncompacted void content greater than 45%, while

most rounded natural sands have an uncompacted void content of 36-40%. Fine
10



aggregates with an uncompacted void contents in the range of 40-44% are classified
as intermediate materials. Such materials typically consist of soft crushed fine
aggregates or angular natural sands. Table 2.2 provides ODOT’s requirements for

fine aggregate angularity.

Table 2.2 Requirements of Fine Aggregate Angularity

Million ESALs | <4” from | >4" from | <4” from | >4" from
Surface Surface Surface Surface
(ODOT) (ODOT) (SHRP) (SHRP)

<0.3 - - - -

0.3-3 40 40 40 40

3-30 45 40 45 40

>30 45 45 45 45

Toughness is the percent loss of a material from an aggregate blending
during LA Abrasion testing. To evaluate the toughness and soundness of coarse
aggregates, ODOT uses the Micro-Deval test. ASTM D6928 and D7428 describe the
testing methods for abrasion resistance of coarse and fine aggregates in the Micro-
Deval apparatus. The Micro-Deval test measures abrasion resistance and durability
of mineral aggregates resulting from grinding with steel balls in the presence of
water. For soundness testing, aggregates are subjected to weathering action in
ASTM C88-13. ASTM D3744 specifies the test method for determining aggregate
durability index, a parameter indicating the relative resistance of aggregate to the
production of clay-like fines, when subjected to the prescribed mechanical methods
of degradation. To prevent low skid resistance in surface mixes, ODOT requires that
the combined coarse aggregates have a minimum percentage of insoluble coarse

materials in acid.
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Figure 2.2 Micro-Deval Apparatus (Pavement Interactive, 2011)

ASTM D3319 along with ASTM E303 define the laboratory procedure for
estimating aggregate polishing in terms of polished stone value (PSV) under
vehicular traffic loading, in which the British wheel and pendulum tester is used to
determine PSV of selected aggregates. GAPA (2011) concluded that the PSV value
should be higher than 43 for roads under normal traffic and 50 for roads with heavy
traffic. However, Roe and Hartshorne (1998) reported that aggregates with the same

PSV could provide a wide range of skid resistance even at the same traffic level.
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Figure 2.3 Accelerated Polishing Machine (Pavement Interactive, 2011)

With the development of laser and computer technology, image analysis has
been widely applied to determine aggregate indicators related to pavement
performance. For example, Al-Rousan (2004) introduced an improved version of the
Aggregate Imaging System (AIMS) to measure the shape characteristics of both fine
and coarse aggregates. AIMS’ results were compared with those obtained from
other test methods in terms of accuracy, repeatability, reproducibility, cost, and
operational characteristics (e.g. ease of use and interpretation of results) (Masad et
al., 2005; Al-Rousan et al., 2007). These comparisons demonstrated the advantages

of AIMS in measuring the shape characteristics of both fine and coarse aggregates.
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Masad (2007) concluded that AIMS was capable of distinguishing changes in
aggregate shape characteristics before and after Micro-Deval polishing, with
repeatable and reproducible results. Mahmoud and Masad (2007) used AIMS to
measure aggregate resistance to polishing and degradation. Aggregates from
different sources were tested with a wide range of properties. Gransberg et al.
(2010) showed that a potential correlation existed between the gradient angularity
measured by AIMS and the skid numbers of pavements.

The Laser-based Aggregate Scanning System (LASS) has been applied for
the characterization of shape and size parameters of aggregates (Kim et al., 2009).
The resulting elongation and flatness ratios, gradation analysis, volume, and particle
size distributions exhibited strong correlations with the manual measurements.
Maerz and Lusher (2001) developed a new measuring system, called WipShape,
that could automatically measure flat and elongated aggregates at ratios of 5:1, 4:1,
3:1, and 2:1. The results were reported in terms of various shape factors including
principal axis ratios, roundness, sphericity and angularity. Rao et al. (2002) utilized
the University of lllinois Aggregate Image Analyzer (UIAIA) to measure aggregate
shape properties. The Multiple Ratio Shape Analysis method (MRA) (Jahn, 2000)
was used to measure the shape of coarse aggregates. In addition, many other
researchers have applied image analysis to evaluate aggregate characteristics
(Fernlund, 1998; Kwan et al., 1999; Mora and Kwan, 2000; Garboczi, 2002; Erdogan
et al., 2006; Fernlund, 2005; and Lee et al., 2007).

Lastly, laser detection and ranging (LADAR) systems have also been used to

measure aggregate characteristics. Garboczi (2006) applied LADAR along with X-
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ray CT to produce raw surfaces of aggregates. When using this method, only one
aggregate could be characterized at a time. Wang et al. (2012) developed a
prototype Fourier transform interferometry (FTI) system and used this system to
characterize aggregate shape, angularity, texture, surface area, and volume of a

wide range of aggregate sizes with satisfactory accuracy.

2.2 Pavement Texture and Measurement

2.2.1 Pavement Texture

Two types of surface texture affect wet pavement friction. These are:
microtexture (wavelengths of 1um to 0.5mm) and macrotexture (wavelengths of
0.5mm to 50mm). Microtexture is generally provided in asphalt pavements by the
relative roughness of the aggregate particles, while in concrete surfaces
microtexture is provided by fine aggregates. Macrotexture is generally provided in
asphalt pavement by desired aggregate gradation, and in concrete surfaces by
supplemental treatments such as tinning, brooming, diamond grinding or grooving.
Currently there is no nation-wide specification on pavement texture in the U.S., while
several other countries impose texture requirements for maintaining desired
pavement performance. For example, a mean texture depth (MTD) of 1.5 mm (0.06
in.) is required for new AC pavements in U.K. Minnesota requires an MTD greater
than 0.8 mm (0.03 in.) on new PCC surfaces (Henry, 2000). The current British
specification also requires a minimum sand patch MTD of 0.65mm for new
transversely textured PCC surfaces, while 1.0 mm MTD (laser-based) is used to

meet the skid resistance requirement (Ahammed and Tighe, 2010). In France, the
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specified MTD is from = 0.40 to 2 0.70 mm on urban and suburban roads depending
on speed level (from < 50 to > 90 km/h), longitudinal slope (< 5%), and number of
lanes per direction. Special consideration is given for slope greater than 5%. For
rural (interurban) roads, the desired MTD is from = 0.60 to = 0.80 mm, depending on
speed (from 90 to 130 km/h), longitudinal slope (< 5% or > 5%), curve radius (= 1000
or = 600 m), and number of lanes per direction (Dupont and Bauduin, 2005). The
Chinese specification recommends texture depth (TD) greater than 0.55 mm for AC
interstate pavements, but TD varies from 0.77 mm to 1.1 mm on interstate PCC
pavements. Larson et al. (2008) recommends a minimum macrotexture for Ohio
according to the French specification for intervention at network level, and 1.0 mm
as the investigatory (desirable) threshold for network as well as project levels.
Relating pavement texture to crash ratio, pavement texture variation, and
texture maintenance level has been studied previously. For example, Roe et al.
(1991) used a high-speed texture meter to assess texture depth, and found that
surfaces with coarse macrotexture led to less accidents than those with fine texture.
In addition, accident risk started to increase when texture depth was less than 0.7
mm. The 0.7 mm texture depth was also identified as the critical factor relative to the
loss of friction (Roe et al., 1998). Thresholds of texture depths have been used to
maintain good skid resistance. The following classifications have been suggested: >
1.1 mm as ‘Sound’; 0.8 — 1.1 mm as ‘Some Deterioration’; 0.4 — 0.8 mm as ‘Warning
Level of Concern’; and < 0.4 mm as ‘Severe Deterioration Requiring Urgent
Investigation and Possible Remedial Action’ (Viner et al., 2006). Kanafi et al. (2015)

monitored variations of pavement texture and observed that macrotexture decreased
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and microtexture increased during the summer time. Early rapid reduction followed
by an initial increase, and subsequently gradual decline of macrotexture in
laboratory asphalt concrete samples were observed using close range
photogrammetry with proprietary photogrammetric software (Millar et al., 2009).
Wavelet analysis was applied to interpret macrotexture data collected from a CT
meter to determine the wavelength ranges and energy contents that affect the

macrotexture properties of pavements (Zelelew et al., 2013; 2014).

2.2.2 Texture Measurement

ASTM has published two standards for pavement macrotexture
measurements: E965 “Standard Test Method for Measuring Pavement Macrotexture
Depth Using a Volumetric Technique” and E2380/E2380M “Standard Test Method
for Measuring Pavement Texture Drainage Using an Outflow Meter.” In E965-15,
MTD is calculated by dividing the sample volume by the area covered using the
sand patch method. In E2380-15, the outflow meter time is used as an indicator of
pavement drainage speed and MTD is used as an indicator of texture. The outflow
meter test could relate texture to drainage capacity and serve as an indicator of
hydroplaning potential of pavements. The Grease Smear Method is used to evaluate
microstructure of airport pavements. Texture depth requirements for runway are
documented in the Advisory Circular (AC) 150/5320-12C (FAA, 1997). Doty (1974)
compared sand patch and outflow meter methods and found poor to fair
repeatability. Pidwerbesky et al. (2006) applied fast Fourier transform (FFT) to
analyze the texture image collected from chip sealed pavements and verified the

potential to replace sand patch test by a digital image-based method. Sarsam and
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Ali (2015) compared sand patch test with close-range photogrammetric method. A
high correlation between these two devices was found, which indicates that

photogrammetric approach could be an alternative method for texture measurement,

with lower cost and comparable accuracy.

Figure 2.5 Outflow Meter (Pavement Interactive, 2011)
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The ASTM E2157 “Standard Test Method for Measuring Pavement
Macrotexture Properties Using the Circular Track Meter” introduces the laser-based
CT meter method to collect pavement macrotexture profile data. The CT meter data
is calculated in terms of MPD in accordance with ASTM E1845, or the root mean
square (RMS), or both. Prowell and Hanson (2005) applied a CT meter to collect
macrotexture profiles on different asphalt sections. It was concluded that the CT
meter produced comparable results with those from the ASTM E965 sand patch test
method. Watson et al. (2011) collected CT meter texture data from different
locations and found that greater texture numbers were obtained in warmer months

than in cooler months.

Figure 2.6 Circular Track Meter
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A 3D surface measurement and analysis device, named LS-40 Portable 3D
Surface Analyzer (Figure 2.6), scans a 4.25-in by 6-in or 10-in area and produces a
high resolution (0.01mm) digital surface based on an intensity image (2D) and a
surface depth range image (3D). The LS-40 provides the necessary data to
determine MPD by processing thousands of profiles over the entire scanned surface,
according to ASTM E1845 specifications, with optional processing modules LS-40 is
capable of measuring other surface features, such as aggregate form factor,
angularity, and microtexture. A LS-40 can not only be used in the laboratory, but
also be placed on a localized pavement surface area in the field at 0.01mm
resolution. Liu and Shalaby (2015) used a photometric stereo device to collect and
reconstruct pavement 3D surface, calculate simulated MTD, root mean square
(RMS), skewness and kurtosis, and correlate texture to noise and friction

performance.

L5.0 Pavement Surface Anaiys

Figure 2.7 LS-40 Portable 3D Surface Analyzer
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RoboTex is a line laser-based pavement texture profiler engineered by the
Transtec Group with the capability of producing 3-D texture images continuously. It
measures in three dimensions with sub-millimeter accuracy and produces standard

texture metrics such as MPD.

Figure 2.8 RoboTex (Moravec, 2013)

Stationary Laser Profilometer (SLP) is another line laser-based laboratory
pavement texture profiler. SLP is capable of capturing the microtexture and
macrotexture spectrum of asphalt mixtures and generate corresponding parameter

to characterize pavement texture properties (Miller et al., 2012; Chen et al., 2015).
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CONTROLLER SAMPLE

Figure 2.9 Stationary Laser Profilometer (Miller et al., 2012)

Many high-speed profilers have been used to collect pavement texture
profiles and calculate MPD for network level evaluations, such as the AMES
Engineering high speed texture profiler shown in Figure 2.10. McGhee and Flintsch
(2003) conducted validation experiments with high-speed texture measuring
equipment and found good correlations with the static texture referencing device.
Flintsch (2012) pointed out the need to measure friction and macrotexture
concurrently and to determine both low-speed and high-speed friction performance
from a single pass. Measurement of pavement microtexture is still not a matured
field due to the limited accuracy of laser. Thus, more research in microtexture is

needed for better prediction of pavement skid resistance.
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Figure 2.10 High Speed Profiler (Courtesy of AMES Engineering)

2.3 Measurement of Skid Resistance of Pavements

2.3.1 Pavement Skid Resistance

Pavement friction resists the relative motion between a vehicular tire and the
pavement surface. It results from a complex interplay between two principal frictional
force components: adhesion and hysteresis (Hall et al., 2009) (Figure 2.11). The
adhesion component of friction results from the small-scale bonding/interlocking of
the tire rubber in a vehicle and the pavement surface as they come in contact with
each other, which is a function of the shear strength of the interface and the contact
area. The hysteresis component of frictional forces results from the energy loss due
to bulk deformation of tires in a vehicle. This loss in net frictional force helps stop the

forward motion of a vehicle.
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Adhesion Hysteresis
Depends mostly on micro-level Depends mostly on macro-
surface roughness level surface roughness

Figure 2.11 Key Mechanisms of Pavement-Tire Friction (Hall et al., 2009)

Because adhesion forces are developed at the pavement-tire interface, they
are most responsive to the micro-level asperities (microtexture) of the aggregate
particles contained in the pavement surface. In contrast, the hysteresis forces
developed within the tire are most responsive to the macro-level asperities
(macrotexture) formed in the surface via mix design and/or construction techniques.
As a result, adhesion governs the overall friction of smooth-textured and dry
pavements, while hysteresis is the dominant component of wet and rough-textured
pavements. As depicted in Figure 2.12, microtexture is the degree of roughness
imparted by individual aggregate particles, whereas macrotexture is the degree of

roughness imparted by the deviation among particles.
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Microtexture
3 Macrotexture

Figure 2.12 Microtexture and Macrotexture (Flintsch et al., 2003)

Hall (2009) grouped the influencing factors of pavement friction forces into
four categories: pavement surface characteristics, vehicle operational parameters,
tire properties, and environmental factors. Considering various pavement surface
conditions (including asphalt type, nominal aggregate size, and texture depth) and
contact areas (considering tire loading, inflation pressure and type of tire), Labbate
(2001) investigated the skid resistance performance of pavements. The skid
resistance showed an initial loss in the early life, followed by an increase in friction,
and thereafter a reduction in the equilibrium condition. The rolling resistance
increased with reduced contact areas.

The influence of asphalt mixture type and Portland cement concrete surface
textures on friction performance of pavements has been studied widely (Asi, 2007;
Ahammed and Tighe, 2008). Previous studies have found that air temperature and
pavement temperature could affect friction performance of pavements, both in short-

term and long-term cycles. At low testing speed, friction tends to decrease with
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increasing pavement temperature. An opposite trend is seen at high testing speed
(Luo, 2003; Fuents, 2009; Jahromi et al., 2011). Roe et al. (1998) noted that friction
reduced with increasing testing speed and reached the minimum level at about
100km/h for smooth tires. The level of high-speed friction depended to a large extent
on the low-speed friction. Friction on surfaces with low texture depth dropped more
rapidly at high speed. Wilson (2006) identified up to 30% variations in friction
performance over a short period of time. The seasonal variation of friction coefficient
was neither obvious nor predictable. Kotek and Florkova (2014) conducted long-term
friction monitoring on various pavements and concluded that friction coefficients
were affected by such characteristics as age, traffic intensity, and climatic conditions
of pavements. No definite dependency of friction on traffic intensity was found. Dan
et al. (2015) measured friction coefficients of pavement specimens with different
age, contamination (water, snow, ice), and temperature conditions. It was found that

friction of new pavement exhibited the highest sensitivity to temperature variations.

2.3.2 Skid Resistance Measurement

The Wehner/Schulze machine, developed in Germany, has been widely used
to study polishing of aggregate or pavement mix specimens and to measure skid
resistance and macro- or microtexture profiles. Kane et al. (2010) utilized the
Wehner-Schulze-machine to simulate the polishing process and measure friction of
pavement specimens in the laboratory. These data were used to develop models for
predicting texture or friction due to polishing of aggregate by traffic. Ueckermann et
al. (2015) employed the Wehner/Schulze machine in the laboratory and ViaFriction

in the field to collect friction data and validate rubber friction models that are used to

26



calculate skid resistance based on texture measurements. Do et al. (2007) applied
the Webner/Schulze machine to collect skid resistance as well as texture profiles of
asphalt mixes under different traffic polishing levels, and compared the results with
friction measurements in the field. The results demonstrated that once the surface
film of asphalt binder was polished, the pavement friction performance was
controlled mainly by the microtexture of aggregates. Other researches have also
used the Wehner/Schulze machine to predict skid resistance of pavements or
aggregates (Do et al., 2009; Arampamoorthy and Patrick, 2011; Chen and Wang,

2011; Dunford et al., 2012; Dunford, 2013; and Friel et al, 2013).

Specimen mounted
in the mould

Water (+ abrasive)
arrival

Rubber cone Rubber pad

Figure 2.13 Machine Wehner/Schulze (Do et al., 2007)

The British Pendulum Tester (BPT) is a dynamic pendulum impact-type
tester. It measures the loss of energy when a rubber slider edge is propelled over
the test surface. ASTM E303 illustrates the procedure for measuring surface friction
properties using the BPT. Steven (2009) established a temperature correction

equation based on the BPT testing. Steven (2009) also evaluated the influences of
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different operators, instruments, levels of slider pad wear and temperature
variations. Asi (2007) applied the BPT to evaluate skid resistance performance of
various pavement mixes considering different binder contents, aggregate types, and

mixture design procedures.

Figure 2.14 British Pendulum Tester

ASTM E1911 provides the specification on measuring surface frictional
properties of pavements using a Dynamic Friction Tester (DF Tester). The DF Tester
consists of a horizontal spinning disk fitted with three spring loaded rubber sliders

which contact the paved surface as the disk rotates. The torque is monitored
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continuously as the disk rotational velocity reduces due to the friction between the
sliders and the test surface. The torque generated by the slider forces measured
during the spin down is then used to calculate the friction at various speeds from 20

to 80 km/h.

Figure 2.15 Dynamic Friction Tester

The Locked-Wheel Skid Trailer (ASTM E274-06) measures the steady-state
frictional force on a locked test wheel as it is dragged under a constant load and at a
constant speed (typically at 64 km/h [40 mph]) over a wet pavement surface. In this
test, water is sprayed on the pavement surface in front of the test tire when the tire
reaches test speed. Friction of the pavement surface is determined from the
resulting force or torque and is reported as skid number (SN). A higher SN indicates
greater frictional resistance. Both ribbed and smooth tires may be incorporated in the
test, as standardized by ASTM E501 and ASTM E524, respectively. Kotek and

Kovac (2015) measured skid resistance of pavements using different types of tires.
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Microtexture had more influence on friction coefficients tested by a tread tire, whose
grooves provided much larger channels than those from the macrotexture of
pavement surfaces. Macrotexture contributed more variations to the friction

performance measured with a smooth tire.

Figure 2.16 Locked-Wheel Skid Trailer

Another widely used method to test side force friction on paved surfaces is
pulling a Mu-Meter (ASTM E670) at a constant speed while the test wheels are
under a constant static load. This method provides side force friction data along the
length of the test surface. A variety of computerized algorithms enables the
production of test results, including rolling averages, numeric and graphical
representations, friction mapping and reports formatted by a wide variety of national

airport regulators.
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Figure 2.17 Mu-Meter (Pavement Interactive 2011)

The Grip Tester has been used in recent years by Federal Highway
Administration (FHWA) on many demonstration projects in the United States. It is
designed to continuously measure the longitudinal friction along the wheel path
operating around the critical slip of an anti-braking system (ABS) at highway speed
across the entire stretch of a road with much lower water consumption. The Grip
tester can provide greater detail about spatial variability for project and network level
friction management. The device is capable of testing at highway speeds (50
mph/80 kph) as well as low speeds (20 mph/32 km/h) using a constant water film
thickness. The collected data are recorded at 3-ft (0.9 m) intervals by default and
can be adjusted by the user. It also follows ASTM E274 "Standard Test Method for

Skid Resistance of Paved Surfaces Using a Full-Scale Tire."
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Figure 2.18 Grip Tester

ASTM E1960 defines the harmonization procedure to calculate the
International Friction Index (IFI) based on pavement macrotexture and wet
pavement friction from different devices using smooth tread test tire. Yager (2013)
provided a comprehensive summary of pavement friction and texture measuring
devices used in airport runway surveys worldwide and in friction rating methods for
different equipment. Details on the maintenance procedure and the measuring
equipment for airport pavement skid resistance management are given by FAA

(1997).
2.4 Skid Resistance of Preventive Maintenance Treatments

Zaniewski and Mamlouk (1996) described the need and benefits, the

application procedures and materials for different preventive maintenance (PM)
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treatments on asphalt and concrete pavements. The State of California (CalTrans,
2008) developed its own maintenance technical advisory guide for preservation of
rigid and flexible pavements. Peshkin et al. (2004) developed an Excel-based
methodology to determine the optimal timing for the application of PM treatments on
asphalt and concrete pavements. The field data obtained from the long-term
pavement performance (LTPP) program have been analyzed by different
researchers. The goal was to evaluate the short- and long-term effectiveness of the
identified PM treatments on pavement performance, in terms of cracking, rutting and
roughness (Hall et al., 2002; Wang, 2013; Gong et al., 2015).

Friction performance of different PM treatments has been investigated by
researchers. For example, Kowalski et al. (2009) conducted long-term monitoring of
friction and texture properties of pavements involving dense-graded asphalt (DGA),
stone matrix asphalt (SMA) and porous friction course (PFC). Comparable frictional
performance was observed for SMA and PFC. Both of these pavements exhibited
better performance than the DGA. Li et al. (2011) evaluated the long-term friction
performance of pavements with different surface treatments using a locked wheel
trailer. It was found the friction performance of different PM treatments had a
transition phase before forming a stable mosaic.

Watson et al. (2011) found that chip seals had exceptional friction
performance measured by a locked wheel trailer using ribbed/smooth tire. Dense
graded mixtures displayed the greatest variability of friction between ribbed and
smooth testing tires, which were followed by the coarse DGA. Wang et al. (2013)

evaluated the initial improvement and long-term variations of friction performance of
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pavements (SPS3 sections) with four preservation treatments. It was concluded that
slurry seal generated the highest improvement in initial friction. Pierce and Kebede
(2015) found a 24-point increase in pavement friction number, on an average, after
chip seal applications. The International Slurry Surfacing Association also claimed
that slurry seal along with micro surfacing could provide superior macrotexture that
greatly enhances surface friction.

lzeppi et al. (2010) carried out a field study on High Friction Surface
Treatments (HFST) to evaluate the long-term variations of pavement friction.
Through benefit-cost analyses, it was found that HFST significantly increased the
surface skid resistance with a positive economic benefit. The effectiveness of HFST
in improving pavement skid resistance and reducing crashes at horizontal curves
had been demonstrated through several projects (Bledsoe, 2015; Moravec, 2013;
SDDOT, 2015; and Bischoff, 2008).

Arambula et al. (2013) conducted four years of performance monitoring of
Permeable Friction Course (PFC) sites, including noise, drainability, texture, and
skid resistance. The texture of PFC remained practically unchanged over time.
Asphalt rubber and performance graded PFC had superior texture and skid
resistance performance as compared with the DGA. Aggregates with higher
soundness values and polishing resistance exhibited higher friction numbers. Li et
al. (2007) compared friction performance of coarse aggregates and conventional
Hot-Mix asphalt pavements. Coarse aggregate pavements (such as open-graded
friction course, OGFC, and stone mastic asphalt mix, SMA) exhibited consistently

better friction performance than regular mixes. Putman (2012) also claimed that
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OGFC could provide higher skid resistance than HMA and could result in reduced

accident probability.

2.5 Aggregate Characteristics and Skid Resistance

Gardiner (2001) measured friction at sites with Superpave and Marshall Mix
designs. It was found that friction related the most to the nominal maximum size of
aggregates rather than mix design methods. Li et al. (2007) evaluated the influence
of aggregates characteristics on pavement friction performance for different mixture
designs. Asi (2007) tested friction over different pavement mixes, and found that
harder aggregates produced higher friction values.

Masad et al. (2007, 2009) have been conducting research on aggregate
characterization and its relationship to pavement surface skid resistance. They
measured the skid resistance of pavements constructed with aggregates from three
sources and three different mix gradations. The skid resistance was found to be
related to the average aggregate texture and to the texture distributions within the
aggregate samples. Analytical models were developed to predict the change of skid
resistance as a function of aggregate texture, mixture properties, and environmental
conditions. Masad et al. (2009) and Rezaei et al. (2009) developed IFI models to
determine the skid resistance of asphalt mixtures based on aggregate
characteristics and mixture gradation. The parameters used in the models included
the initial and terminal aggregate texture, the rate of change in aggregate texture
after different polishing intervals, and the Weibull distribution parameters describing

aggregate gradation. Large amounts of aggregate property measurements were
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conducted for various surface mixes. Also, field pavement friction and texture
measurements were performed on selected sections. Moreover, prediction models
and software interface were developed to predict skid resistance of asphalt
pavements based on aggregate resistance to polishing, mixture gradation, and traffic
levels (Masad et al., 2010; Masad et al., 2011; and Rezaei and Masad, 2013).

Do et al. (2009) proposed a skid resistance predictive model incorporating
polishing due to traffic, binder removal and aging effects. Goodman (2009)
performed friction and texture measurements on pavements with different asphalt
mixtures at various levels of polishing in the laboratory and in the field. A series of
friction and texture prediction models was developed for the mix design stage.
Kassem et al. (2013) conducted laboratory testing to develop a predictive model for
loss of friction on pavement surfaces. It was found that aggregates with higher
hardness had higher abrasive resistance. Mixes with coarser gradation maintained
larger MPD values than those with finer mixtures. Microtexture decreased with
increased polishing and reduced aggregate hardness. Subsequently, an IFI
predictive model was developed based on texture, aggregate angularity, and mix
gradation. Arambula et al. (2013) also found that aggregates with higher soundness
and polishing resistance exhibited higher friction numbers. Ahammed and Tighe
(2012) developed an equation to predict skid numbers considering MTD, vehicle
speed and aggregate type. The CT meter and DF Tester were generally used
simultaneously to obtain pavement texture and friction data for the development of

skid resistance models (Rado and Kane, 2014; Kane et al., 2015).
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Many other researchers aim to predict pavement skid resistance based on
pavement microtexture. For example, Ergun et al. (2004) measured friction and
macrotexture on selected pavement sections with different surface characteristics in
Belgium. Microtexture measurements were conducted in the laboratory using
pavement core samples taken from those sections. Subsequently, a statistical
friction prediction model was developed based on micro- and macrotexture
properties to predict surface friction. For a given speed, both micro- and
macrotexture had strong effects on road surface friction. Serigos (2013) collected
pavement texture data using the AMES Laser Texture Scanner (LTS) at 0.015 mm
resolution. Skid resistance at low speeds on wet pavement surfaces was
significantly affected by both the micro- and macrotexture of pavement surfaces.
Incorporating both surface micro- and macrotexture improve the prediction accuracy
of skid resistance. In another study, Slop Variance (SV) and Root Mean Square
(RMS) were calculated from microtexture profiles. It was found that pavement friction
numbers increased with increasing microtexture SV and RMS values (Li et al.,
2015). Ueckermann et al. (2015) measured pavement micro- and macrotexture
using an optical testing system. A rubber-based friction model was proposed to
predict surface skid resistance. It was concluded that non-contact skid resistance

measurements could be possible in the future.

2.6 Summary

In this Chapter, a comprehensive literature review was conducted. The

literature review was focused on several aspects, including aggregate properties and
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testing, pavement skid resistance and measurements, and existing relationships
between morphological characteristics of aggregates and skid resistance of
pavements. Developments in measuring aggregate shape and texture-related index

properties were also reviewed and summarized.
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CHAPTER 3 EXPERIMENTAL DESIGN

The commonly used aggregates and preventive maintenance treatments
used in Oklahoma were identified in this study, in cooperation with ODOT. A
systematic laboratory and field testing plan was established by working closely with
ODOT engineers. Effort was made to include ODOT engineering practices and
leverage data and field test sections from existing and previous research projects
supported by the agency. For each preventive treatment, various aggregate sources
were evaluated to determine relationships between aggregate characteristics and

skid resistance of associated pavements.

3.1 Pavement Preventive Maintenance Treatments

Various preventive maintenance treatments have been employed by state
DOTs, including ODOT, to restore pavement condition (particularly, skid resistance
for this project) and retard future deterioration. The following seven different types of
preventive treatments used by ODOT were included: High Friction Surface
Treatment (HFST), Warm Mix Asphalt (WMA), chip seal, microsurfacing, friction
seal, permeable friction course (PFC), thin HMA resurfacing, and Ultra-Thin Bonded

Wearing Surface (UTBWC, or Nova chip).
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3.1.1 High Friction Surface Treatment (HFST)

In an effort to reduce the fatalities and injuries from crashes that occur at or
near horizontal curves, the Federal Highway Administration (FHWA) Office of
Pavement Technology has implemented the Surface Enhancements At Horizontal
Curves (SEAHC) program and installed HFST at many horizontal curves throughout
the U.S. Through various HFST projects, the effectiveness of HFST in improving
skid resistance and reducing crashes at horizontal curves has been demonstrated.
Tests for friction and texture depth are generally conducted before and after HFST
installation to quantify the change in friction and texture depth over time. Pavement
friction is measured primarily using the Dynamic Friction Testers (DFT) and agency-
owned locked-wheel skid testers, while texture depth and/or profile depth for
macrotexture is measured using stationary or low speed devices such as the

Circular Track Meter (CTM), ASTM E 965 “Sand Patch” Method, or RoboTex.

3.1.2 Warm Mix Asphalt

The warm mix asphalt (WMA) technology is defined as an asphalt concrete
paving material produced and placed at temperatures approximately 50 °F cooler
than those used for conventional hot mix asphalt (HMA). WMA technologies
incorporate foaming processes that use water, chemical additives, organic additives,
and non-foaming additives (Prowell et al., 2012). The plant foaming and additives
technologies account for about 84% and 16% of the WMA market in the U.S.,
respectively (Hansen and Copeland, 2014). WMA offers significant benefits, notably,
lower energy demand during production and construction, extended paving season,

reduced emission, improved working conditions, an earlier opening to traffic, and
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increased hauling distances (Prowell et al., 2012). As a result, WMA for asphalt
pavement construction has dramatically increased over the past decades. WMA in
the U.S. had reached about one-third of the total asphalt mixture market, and its
usage increased about 577 percent since 2009 (Hansen and Copeland, 2014;

Faheem et al., 2018).

3.1.3 Chip Seal

Chip seal is a preventative treatment method to seal existing cracks from
weathering effects. Chip seal consists of a binder layer followed by an aggregate
layer where there is no mixing of the binder and aggregate before the application. By
adding aggregates on top of the binder layer, the surface is initially expected to be
rougher than a traditional HMA pavement. On warmer days, it is common for the
aggregates to penetrate into the binder layer further, therefore reducing the
roughness of the road. The benefits of chip seal include low cost, extended life,
elimination of crack sealing, and improvement in skid resistance. Chip seal is
typically used on lower traffic routes with less than 2,500 vehicles per day. The types
and amounts of binder and aggregate are the major design considerations of chip
seal. The binder used in chip seal can vary depending on the types of chip seal
used. Chip seal design is heavily dependent of existing surface conditions and the

performance can vary due to the application procedures.

3.1.4 Microsurfacing
Also known as modified slurry seal, in microsurfacing treatments emulsions,
usually modified with latex and rubber particles, are applied on the pavement

surface. The latex and asphalt form a composite structure. Microsurfacing mixtures
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contain polymer-modified cationic emulsion, mineral aggregate, mineral filler, water
and additives. Microsurfacing mixtures are sprayed with a machine over a prepared
surface (Hossain, 2010).

Microsurfacing is a preventative maintenance that preserves the life of the
pavement by waterproofing the surface, filling minor cracks, restoring skid resistance
and restoring aesthetic appeal with a black surface, at a relatively low cost. The
disadvantages of microsurfacing include a longer curing time (2-8 hours). This
treatment is not suitable for pavements with severe distresses such as cracking and

rutting.

3.1.5 Friction Seal

Friction seal combines the two steps of the chip seal into one by placing
emulsified asphalt and aggregates in a single layer. It can help increase the skid
resistance of the pavement surface due to the addition of the cover aggregates. This
treatment can combat raveling, which can make the pavement slippery and stopping
difficult. Friction seal provides good, gripping texture to pavement surfaces. They
can be used as a preventive maintenance measure early in the life of a pavement,

and can also repair small defects.

3.1.6 Permeable Friction Course (PFC)

Permeabile friction course (PFC) is an asphalt overlay that allows rain water to
run through the pavement rather than creating runoff. These are bituminous mixtures
applied over an impervious base. Road safety could be improved by PFC overlays,
with improved driving conditions during rainfall events. The benefits include reduced

hydroplaning, increased skid resistance, and improved visibility in wet conditions.
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Disadvantages include increased capital cost and maintenance cost as well as
reduced service life (Stanard, 2007).

ODOT specifications describe PFC as mixing aggregate, bituminous material,
and fibers in a central plant before application. The physical properties of aggregates
and binders must meet the standards found in Section 708 of the Oklahoma

Department of Transportation Specifications Book (ODOT, 2009).

3.1.7 Thin HMA Resurfacing

According to a 1999 AASHTO survey by the Lead States Team on Pavement
Preservation, thin asphalt resurfacing was the most popular preventative
maintenance treatment for asphalt and composite pavements (Newcomb, 2009).
This popularity has led to a number of studies on the materials, design, and
construction of thin overlays in order to optimize pavement preservation strategies. A
comprehensive overview of thin-lift asphalt technology has been conducted by
Cooley and Brown (2004) and Chou et al. (2008).

Primary advantages of a thin asphalt overlay include long service life and low
life cycle cost when placed on structurally sound pavements, and ability to maintain
grade and slope with minimal impact to drainage. The relative importance of any of
these benefits varies according to the type of project, location, climate, and traffic

conditions.

3.1.8 Ultra-Thin Bonded Wearing Surface (UTBWC)
Construction of UTBWC, also named as Nova Chip, involves application of a
warm polymer modified emulsion membrane followed immediately with an ultra-thin

wearing course for added surface texture (Ahmed, 2010). The membrane layer is
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intended to seal the original pavement surface and act as a bond with the wearing
course layer. The HMA mixture used in Nova Chip is gap-graded with thickness
ranging from 9.5 mm (3/8 inch) to 19 mm (3/4 inch). The gap-graded mix is used to
improve stone-to-stone contact while allowing space for the binder to fill in. It is used
to extend the life of both HMA and concrete pavements. Advantages of Nova Chip
include ease of application, fast construction, increased skid resistance, and strong
bond with the original surface. Disadvantages include higher cost than a sprayed
seal, specialized equipment and personnel for installation, and low shear resistance

(Hossain, 2010).

3.2 Aggregate Types and Sources

As noted earlier, one of the goals of this study was to determine potential
relationships between aggregate characteristics and skid resistance of pavement
treatments. The most commonly used aggregate sources in Oklahoma include the
following (Zaman et al., 2014): (1) Dolese Cooperton (limestone); (2) Hanson Davis
(rhyolite); (3) Martin Marietta Mill Creek (granite); (4) Dolese Hartshorne (limestone);
(5) Kemp Stone Pryor (limestone) (Zaman et al., 2013). The regionally available
aggregate sources with good friction characteristics include mine chat, rhyolite,
sandstone, and granite (Heitzman and Vrtis, 2015). In close consultation with ODOT,
the following aggregates were identified and collected from the following thirteen
sources (Figure 3.1):

e Dolese Co. (limestone): Davis, Oklahoma;

e Dolese Co. (limestone): Hartshorne, Oklahoma;
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¢ Dolese Co. (limestone): Richard Spur, Oklahoma;

e Hanson Aggregates WRP Inc. (rhyolite): Davis, Oklahoma;
e Martin-Marietta (granite): Mill Creek, Oklahoma;

¢ Martin-Marietta (sandstone): Sawyer, Oklahoma;

e Martin-Marietta (granite): Snyder, Oklahoma;

e APAC Central 66 (limestone): Pawhuska, Oklahoma;

e APAC Central 18 (sandstone): Spiro, Oklahoma;

e APAC Central 14 (sandstone): Jenny Lind, Arkansas;

e Quapaw Co. (dolomite): Drumright, Oklahoma;

¢ Flint Rock Mine Chat: Picher, Oklahoma;

¢ Calcined Bauxite: Obtained from DBI Services, which is imported from

overseas.

Figure 3.1 Quarry Locations of Aggregates Included in this Study
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3.3 Selected Field Testing Sites

To evaluate field performance of skid resistance of pavements with the most
commonly preventive maintenance treatments, field testing sites were identified for
the experimental design. These sites are listed in Table 3.1 after several rounds of
consultation with ODOT. The selection process included the following steps:

(1) Obtaining all ODOT Contract Awards data from 2008 to 2016 from the

ODOT website;

(2) Identifying candidate sites that have been treated with preventative
maintenance during that time period;

(3) Contacting Construction Division and/or Maintenance Engineers and also
the City Engineer of Stillwater for the preliminary selected sites. In
general, more sites were recommended initially where the treatment types
were known for most cases, but the aggregate types and sources were
not traceable.

(4) Acquiring aggregate sources and types for each site from the ODOT
SiteManager database;

(5) Delivering an updated list of recommended testing sites (with known
aggregate types and sources, and PM treatment types) to ODOT for
review and comments;

(6) Holding a face-to-face meeting with the project panel at ODOT discussing
the proposed list;

(7) Finalizing the field testing sites for multiple-rounds of data collection.
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Forty-five preventive treatment sites, with various PM treatment types,
aggregate sources/types, surface ages, and traffic conditions, were selected for field
monitoring with the following distributions:

e 8 types of treatments: chip seal, microsurfacing, friction seal, PFC, thin

overlay (resurface), Nova Chip (UTBWC), High friction surface treatment
(HFST) (6 sites), and SPS-10 Warm-Mix-Asphalt (WMA) overlay (6 sites);

e 7 types of aggregates: granite, limestone, dolomite, rhyolite, sandstone,

bauxite, and mine chat;

e Installation age: average 3.6 years, minimum 0.52 years, and maximum

6.10 years;
e Highway function class: 5 on Interstates, 20 on State Highways, 17 on US
Highways, 3 City Streets.

The six HFST sections and the six LTPP SPS-10 sites have been actively
monitored since November 2015. As a result, these 12 sections had seven data
collection events in total. The additional 33 sites have been monitored since
September 2016 with 4 data collection events for this project. For each data
collection event, approximately 7 daily data trips were required to collect all the data
for the 45 testing sites. The testing dates of the testing events are given below:

e 1st testing: the weeks of November 8 and November 22, 2015, only for the

HFST and LTPP WMA sites;
e 2nd testing: the week of March 20, 2016, only for the HFST and LTPP

WMA sites;
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e 3rd testing: the weeks of May 22, and June 19, 2016, only for the HFST

and LTPP WMA sites;

e 4th testing: the weeks of September 11, September 18, and September

25, 2016;

e 5th testing: the weeks of January 15, January 22, and January 29, 2017

e 6th testing: the weeks of June 25, July 2, and July 9, 2017,

e 7th testing: the weeks of October 15, October 22, November 5, December

24,2017.

For the additional 33 sites, a 0.5-mile segment was identified for each site to
keep the data consistent and comparable. These segments can be easily located
with noticeable physical markers within the right-of-way and have recorded GPS
coordinates. The list of the field testing sites, aggregate types and sources, and

treatment types is given in Table 3.1.

Table 3.1 Field Testing Sites

ID | Route g:r:t' Treatment Aggregate | Quarry

1 SH-1 3/5/2012 Chip Seal Limestone Dolese Co (Hartshorne, OK)

2 US-259 9/8/2014 Chip Seal Limestone Dolese Co (Hartshorne, OK)

3 SH-39-1 9/2012 Chip Seal Limestone Dolese Co (Hartshorne, OK)

4 SH-39-2 9/2012 Chip Seal Limestone Dolese Co (Hartshorne, OK)

5 SH-39-3 9/2012 Chip Seal Limestone Dolese Co (Hartshorne, OK)

6 UsS-412 Unknown Friction Seal Unknown Unknown

7 g?it(l\?v\g?e\y Rd. 2/9/2015 Microsurfacing | Granite Martin-Marietta (Snyder, OK)

8 US-64 Perry 2002 Microsurfacing | Mine Chat Picher OK

9 N Harrah Rd 2012 Microsurfacing | Granite Martin-Marietta (Mill Creek, OK)
10 | SE 29" St 2011 Microsurfacing | Granite Martin-Marietta (Mill Creek, OK)
11 [-35 6/1/2011 PFC Unknown Unknown

12 | 1-35 6/1/2013 PFC Unknown Unknown

13 | SH-33 1/20/2011 Resurface Dolomite Quapaw Co. (Drumright, OK)
14 | SH-33 2/9/2015 Resurface Dolomite Quapaw Co. (Drumright, OK)
15 | SH-51 7/7/12014 Resurface Dolomite Quapaw Co. (Drumright, OK)
16 | US-177 7/2/2012 Resurface Dolomite Quapaw Co. (Drumright, OK)
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Const.

ID | Route Date Treatment Aggregate | Quarry

17 | SH-77 4/1/2013 Resurface Granite Martin-Marietta (Snyder, OK)

18 | SH-51 2/4/2013 | Resurface Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

19 | 1-40 8/12/2013 | Resurface Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

20 |Us-77 2/3/2014 | Resurface Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

21 SH-9 2/7/2011 Resurface Granite Martin-Marietta (Mill Creek, OK)

22 | Us-64 3/7/2011 | Resurface Limestone gi’;c‘ce””a' #066 (Pawhuska,

23 | SH-15 71712014 | Resurface Limestone gf(?c'ce”"a' #066 (Pawhuska,

24 | US-270 2/6/2012 Resurface Limestone Dolese Co (Hartshorne, OK)

25 | US-59 2/3/2014 Resurface Sandstone APAC-Central #018 (Spiro, OK)

26 | US-270 5/19/2011 Resurface Sandstone APAC-Central #018 (Spiro, OK)

27 | SH-4 2/3/2014 UTBWC Granite Martin-Marietta (Snyder, OK)

28 | 1-35 8/10/2015 | UTBWC Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

29 | SH-270 3/7/2016 | UTBWC Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

30 | US-62 8/10/2010 | UTBWC Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

31 1-240 3/7/2011 UTBWC Limestone Dolese Co. (Richards Spur, OK)

32 | US-69 3/5/2012 UTBWC Sandstone APAC-Central #018 (Spiro, OK)

33 | US-59 5/5/2014 UTBWC Sandstone APAC-Central #018 (Spiro, OK)

34 | 1-40 8/24/2015 | HFST Bauxite Imported

35 | 1-40 8/24/2015 | HFST Bauxite Imported

36 | 1-44 8/24/2015 | HFST Bauxite Imported

37 | SH-20 8/24/2015 | HFST Mine Chat Picher OK

38 | SH-20 12[17/2013 | HEST Bauxite Imported

39 | SH-20 12[17/2013 | HEST Bauxite Imported

40 | SH-66 6/11/2015 | WMA Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

41 | SH-66 6/11/2015 | WMA Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

42 | SH-66 6/11/2015 | WMA Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

43 | SH-66 6/11/2015 | WMA Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

44 | SH-66 6/11/2015 | WMA Rhyolite Hanson Aggregates, WRP Inc
(Davis, OK)

45 | SH-66 6/11/2015 | WMA Rhyolite Hanson Aggregates, WRP Inc

(Davis, OK)




3.4 Summary

In this Chapter, working closely with ODOT, the most commonly used
aggregate sources and preventive maintenance treatments in Oklahoma were
identified. A systematic laboratory and field experimental design was developed
considering the influencing factors pertaining to skid resistance. These selections
also leveraged field test sections from existing and previous research projects
supported by ODOT. Forty-five PM sites were selected for field testing, which
include 8 treatment types (chip seal, microsurfacing, friction seal, PFC, HMA thin
overlay, UTBWC, HFST, and WMA thin overlay), 7 typical aggregate sources/types
(granite, limestone, dolomite, rhyolite, sandstone, bauxite, and mine chat), different
treatment times, and traffic loading conditions. For each preventive treatment site,
aggregate properties and pavement surface performance were tested and measured
so that relationships between aggregate characteristics and skid resistance of

associated pavements could be determined and evaluated.
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CHAPTER 4 LABORATORY AGGREGATE TESTING AND RESULTS

4.1 Background

Pavement surfaces are continuously exposed to conditions related to traffic
(i.e. volume, loads, turning motions, decelerating/accelerating motions) and weather
(i.e. freeze-thaw, wet-dry cycles) that cause aggregate polishing and degradation.
Aggregate polishing and degradation have an adverse impact on these
characteristics and result in accelerating the surface deterioration and increasing
remediation frequency (Rezaei et al., 2009; Fowler and Rached, 2012; Moaveni et
al., 2014). “Although an aggregate might be initially characterized by a high level of
angularity or texture and measure good friction values, it may not be suitable for a
pavement surface layer if the aggregate cannot maintain a sufficient level of friction
due to polishing under traffic’ (NCAT, 2017). Essentially, aggregate less prone to
texture loss and abrasion will predictively have better skid resistance in the field
(Lancieri et al., 2005), and retain higher friction values longer, contributing to
adequate pavement safety and longer service life (Neaylon, 2009; Smith et al.,
2009).

Most of the state of Oklahoma is comprised of soft aggregates (NSP, 2010;
Gransberg, 2012). Table 4.1 shows statewide aggregate quality for Oklahoma,
classified with polished stone value (PSV) based upon Neaylons’ 2009 definitions of
aggregate quality (Gransberg, 2012). Aggregate PSVs of 55 or above are

associated with high resistance to polishing and PSVs less than 45 indicate low
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resistance to polishing. To mitigate the polishing issue, limestone is not used in
Oklahoma surface course mixtures on medium to high level roadways for asphalt

pavements.

Table 4.1 Oklahoma Aggregate Quality (Gransberg, 2012)

Aggregate Quality Level Percentage Requirement (%)
Good (Average PSV > 55, Min PSV > 45) 21.20%

Marginal (Average PSV < 55, Min PSV >
45)

Poor (Average PSV < 45) 63.63%

15.17%

A wide range of physical characteristics of aggregates such as gradation
(size), shape, texture, angularity, durability, and polish resistance (under dry and wet
conditions) are tested in the laboratory and analyzed for each aggregate source
using conventional methods, aggregate imaging system (AIMS), and high resolution
portable 3D surface analyzer. Conventional methods used for aggregate property
evaluation include aggregate durability (Micro-Deval AASHTO-T-327) and hardness
(LA Abrasion AASHTO-T-96). Three replicates of each test will be conducted. The
Micro-Deval apparatus measures the resistance of aggregates to degradation by
measuring their abrasion loss in presence of water. A pre-soaked aggregate sample
is placed in a jar with a fixed volume of water and a fixed number of steel balls. The
unit is then put into rotation for a specified period of time. A Los Angeles Abrasion
test is similar in principle to the Micro-Deval test, except abrasion resistance is

evaluated under dry conditions and an impact environment. Newly collected data as
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well as data from previous projects are used, where applicable, to develop a
database on aggregate characteristics.

Technological innovations have made it possible to measure such properties
of aggregates as shape, texture and angularity with automated techniques that offer
a much higher level of precision and repeatability than conventional methods. One of
the most appropriate technologies in this regard is the Aggregate Imaging System
(AIMS), available at the University of Oklahoma (OU) Binders Laboratory. This
device is used in this task according to the AASHTO TP81-10 (before Micro-Deval)
and AASHTO T 327 (after Micro-Deval) test methods. Aggregates are characterized
by their shape, angularity, sphericity and texture (Bathina, 2005; FHWA, 2012).
AIMS utilizes advanced image processing and analysis techniques in quantifying the
shape and texture characteristics of aggregates. It consists of a computer automated
unit comprised of an aggregate measurement tray with marked grid points (56
points) at specified distances along the x and y axes. The camera unit consists of an
optem zoom 160 video microscope equipped with bottom and top lights to capture
images in black and white format as well as in gray format. The camera moves along
specified grid locations in the x, y, and z directions. The AIMS setup is controlled by
a LabViewTM and IMAQ Vision (version 2.5) software for image acquisition and
motion control of the equipment. Newly collected AIMS data as well as AIMS data
from previous projects are used, where applicable, to develop a database on

aggregate characteristics.
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4.2 Aggregate Testing Methods and Characteristics
4.2.1 Aggregate Testing Methods

The Surface Texture for Asphalt and Concrete Pavements (FHWA, 2005b)
identifies aggregate properties that influence pavement surface texture, including
toughness, polish resistance and angularity. In this study, Micro-Deval and Los
Angeles (LA) Abrasion tests are used to indicate aggregate durability. The Micro-
Deval test and Acid Insoluble Residue are used to indicate polish resistance (Fowler
and Rached, 2012; NCHRP, 2009). The aggregate imaging system (AIMS) is used
to indicate angularity, texture, shape and potentially polishing. This section describes

each test method.

4.2.1.1 Micro-Deval

Development of Micro-Deval began in France in the 1870’s to evaluate road
aggregate, and was initially adopted by the American Society for Testing and
Materials (ASTM) in 1908 (Amirkhanian et al., 1991). Wu et al. (1998) determined
that the only commonly used test that could adequately predict toughness and
abrasion resistance was the Micro-Deval. The Micro-Deval test (Figure 4.1)
simulates aggregate resistance due to abrasion and weathering. The test evaluates
the abrasion resistance and durability of coarse aggregate by evaluating the
percentage aggregate weight loss subsequent to rotation in a jar with an abrasion
charge (steel balls). A lower Micro-Deval percentage loss indicates aggregate that is
more durable and resistant to abrasion.

The wet conditions in the Micro-Deval test are thought to better simulate the

field conditions of aggregate abrasion compared to the dry conditions of the LA
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Abrasion test (Rogers, 1998). According to the American Association of State
Highway and Transportation Officials (AASHTO) (2012), “many aggregates are more
susceptible to abrasion when wet than dry, and the use of water in this test
incorporates this reduction in resistance in degradation, in contrast to some other
tests that are conducted on dry aggregate”. Previous research has also shown there
is no correlation in aggregate percentage loss between the Micro-Deval and the LA
Abrasion tests (Kandhal and Parker, 1998; Cooley and James, 2003). Essentially,

Micro-Deval tends to polish the aggregate, whereas LA Abrasion tends to break it.

Figure 4.1 Micro-Deval Testing Apparatus (Pavement Interactive 2011)

4.2.1.2 Los Angeles Abrasion
The LA Abrasion test (Figure 4.2) is the most widely specified test for

evaluating the resistance of coarse aggregate degradation and was originally
developed in the mid-1920’s by the Municipal Testing Laboratory of the City of Los
Angeles, California (Kandhal and Parker, 1998). According to AASHTO (2010), the
LA Abrasion test measures aggregate “degradation of mineral aggregates of
standard gradings resulting from a combination of actions including abrasion or
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attrition, impact, and grinding”. However, other studies have determined that LA
Abrasion primarily measures an aggregate’s resistance to mechanical breakdown
rather than abrasion due to wear (Rogers, 1998; Lane et al., 2000).

The LA Abrasion test simulates and measures degradation that is
experienced by coarse aggregate during the construction process. Unlike the Micro-
Deval test, the LA Abrasion test is not carried out in the presence of water, and the
steel spheres and drum are much larger. Essentially, the LA Abrasion test is used to
assess the abrasion and impact resistance of coarse aggregate by evaluating the
percentage aggregate weight loss subsequent to rotation in a drum with steel
spheres. A lower LA Abrasion percentage loss indicates aggregate that is more
resistant to breakage.

LA Abrasion is an empirical test and therefore a poor predictor of field
performance (Wu et al., 1998). The test may not be suitable for certain materials,
including limestones, as they typically display a high percentage loss, but may

exhibit satisfactory field performance (Pavement Interactive, 2011).
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Figure 4.2 LA Abrasion Testing Apparatus

4.2.1.3 Acid Insoluble Residue (AIR)
Acid Insoluble Residue (AIR, ASTM D 3042) test results used in this study

were provided by ODOT. AIR testing “estimates the percent by weight of insoluble,
hard, noncarbonated residue in carbonate aggregates (e.g., limestone, dolomite),
using hydrochloric acid solution to react the carbonates. Higher acid insoluble
residue (AIR) values indicate larger percentages of siliceous minerals, which are

considered more polish resistant than carbonate materials” (NCHRP, 2009).

4.2.1.4 Aggregate Imaging System (AIMS)

Digital vision and the associated motion control software made significant
developments in the early 2000’s, which provided the basis of computerized
methods for evaluating individual aggregate particle shape characteristics. A number
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of techniques were developed for directly measuring aggregate characteristics,
including physical measurements of aggregate dimensions, image analysis
techniques, and laser scanning (Jahn, 2000; Tutumluer et al., 2000; Kim et al.,
2001). These systems are limited as they mostly focus on aggregate form with little
consideration towards texture and angularity characteristics.

A study by Masad (2003) addressed these issues, and sought to develop an
automated system for analyzing all aggregate shape characteristics, known as AIMS
(Masad, 2003). One of the main objectives of the study was to “correlate the
aggregate shape characteristics to the aggregate samples with known laboratory
performance to demonstrate the system capabilities” (Masad, 2003). The study
developed a system that “provides rapid and accurate determination of aggregate
shape properties with minimum interference from the operator” (Masad, 2003). Fine
and coarse aggregate samples common to asphalt mix designs with known
laboratory performance were used to demonstrate the system. The study concluded
that:

“[AIMS] has the ability to analyze the shape of fine and coarse aggregates. It
measures the three-dimensions of form through the use of a single camera
and autofocus microscope. Aggregate texture is quantified by analyzing gray
scale images, and angularity is quantified by analyzing black and white
images” (Masad, 2003).

The [first-generation] aggregate imaging system, like the one in the University
of Oklahoma (OU) Binder’'s Laboratory, was developed to capture images and

analyze aggregate shape and texture characteristics. The AIMS setup (Figure 4.3)
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uses two separate lighting schemes and a camera to capture images of aggregates
at varying resolutions, upon which aggregate characteristics can be measured
(Masad, 2005). The camera unit has an optem zoom 160 video microscope that
operates in the y and z directions over the aggregate measurement tray, which
travels in the x direction. The movement of the camera and aggregate tray is
controlled by a closed loop direct current servo, which can achieve highly consistent

focus.

Figure 4.3 Aggregate Imaging System (AIMS I) (in OU Binders Laboratory

Aggregate particles are placed on the measurement tray at marked locations,
and the camera captures black and white, and gray images of the sample using
separate lighting schemes. AIMS software analyzes the captured images and
produces characteristic measurements (Masad, 2005; Al-Rousan, 2004). The
images are stored in a computer, upon which the AIMS software analyzes the
images and exports the data to a text file for later use in data analysis. The AIMS

aggregate classification chart is shown in Figure 4.4 (FHWA, 2006).
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Figure 4.4 AIMS Classification for Texture, Sphericity and Angularity (FHWA,

2006)

A recent study carried out by the Texas Transportation Institute (TTI) sought
to develop a predictive model for friction loss of pavement surfaces (Kassem et al.,
2013). Specifically, the study demonstrated and validated the use of AIMS to
evaluate the change in aggregate characteristics, after Micro-Deval abrasion and
polishing (Kassem et al., 2013). Although the main objective of the TTI study was to
develop a model for predicting friction loss of pavement surfaces, the study also

determined that:

“[The Micro-Deval test and AIMS] were found to be effective tools for evaluating
the abrasion and degradation resistance of aggregates and quantifying the
change in the shape characteristics respectively. Aggregates with good
resistance to abrasion and polishing demonstrated better skid resistance

compared to aggregates with poor resistance to abrasion and polishing. In
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addition, mixtures with coarser aggregates gradation exhibited better skid
resistance than those with finer aggregate gradation” (Kassem et al., 2013).

Another recent study carried out by Moaveni, Mahmoud, Ortiz, Tutumluer and
Beshears (2014) “demonstrated the effectiveness and applicability of implementing
advanced image analysis systems for practical and routine testing and quantification
of aggregate shape property changes from standard Micro-Deval tests” (Moaveni et
al., 2014). AIMS systems were used to capture the changes in shape and size
properties of aggregate particles caused by Micro-Deval, simulating field
degradation and polishing. Although the image acquisition and processing
capabilities of the imaging systems used were different, both of the systems
successfully quantified changes in morphological properties of particles from the

Micro-Deval tests (Moaveni et al., 2014).

4.2.2 Aggregate Characteristics

Aggregate particles consist of a number of distinguishable geometric aspects,
including form, angularity, and surface texture, which due to the difference in size
scales, can be used for the purposes of ordering (Masad, 2005). “Any of the
properties can vary widely without necessarily affecting the other two properties”
(Masad, 2005). Form relates to variations in the proportions of the particle, angularity
is associated with the variations at the corners superimposed on shape, and surface
texture describes the irregularity of the surface at a “scale that is too small to affect

the overall shape” (Masad, 2005). “For the case of coarse aggregate angularity,
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there is a distinct difference between angularity and texture, both of which have

different effects on performance” (Fletcher et al., 2003).

4.2.2.1 Texture Analysis
The AIMS has the capability to analyze the surface texture of aggregate that

is related to friction performance, which is initiated by taking a grayscale image of
the surface of the aggregate particle. The Wavelet method, detailed in the NCHRP
Report 4-30, is used to determine surface texture (Masad, 2005). The wavelet
analysis uses short, high-frequency basis functions and long, low-frequency basis
functions to isolate fine and coarse variations in texture. The texture contents in all
directions are given equal weight and the texture index is computed as the simple
sum of squares of the detail coefficients at that particular resolution. The

classifications of texture are shown in Figure 4.4.

4.2.2.2 Angularity Analysis

Aggregate angularity impacts friction performance. The gradient method “is
based on the principle that at sharp corners of the image, the direction of the
gradient vector changes rapidly, whereas it changes slowly along the outline of
rounded particles” (Masad, 2003) and is used to analyze the black and white images

(Chandan, 2002). The classifications of gradient angularity are shown in Figure 4.5.
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2003)

Angularity is calculated based on the values of angle of orientation of the
edge points (8) and the magnitude of the difference of these values (A8). The sum of
the angularity index values for all the boundary points are accumulated around the

edge to get angularity index.

4.2.2.3 Sphericity

Sphericity quantifies an aggregate’s form using the three dimensions of the
particle, which are the longest dimension (dL), the intermediate dimension (dl), and
the shortest dimension (ds) and are used for sphericity and shape factor. A
sphericity index of 1.0 denotes that a particle is a perfect sphere or cube while
sphericity decreases as a particle becomes more flat and/or elongated. The

classifications of sphericity are shown in Figure 4.4.
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4.3 Aggregate Laboratory Testing Procedure and Results
4.3.1 Laboratory Testing Procedure

Laboratory testing involved Micro-Deval, LA Abrasion, and AIMS. The goal of
the aggregate testing was to gain a better understanding of the impact that
aggregate characteristics related to durability, hardness, angularity, shape, texture
and polishing have on friction performance. All aggregate samples were washed and
oven dried to a constant temperature. Once dry, testing was conducted on the

aggregate samples.

4.3.1.1 Micro-Deval Test
Micro-Deval testing was conducted in accordance with the AASHTO T 327

(2012) “Resistance of Coarse Aggregate to Degradation by Abrasion in the Micro-
Deval Apparatus”, and conducted on three replicates of each aggregate source, with
the exception of the bauxite material, which was too small for the coarse gradation
requirements.

A sample (Table 4.2 gradation in test procedure) of 1500 £ 5 g was then
immersed in 2.0 £ 0.05 liters of tap water at a temperature of 20 £ 5 °C for a
minimum of 1 hour in the Micro-Deval container. 5000 + 5 g of stainless steel balls
were then added to the sample in the Micro-Deval container and then rotated at 100
+ 5 rpm for 12,000 revolutions. The material was then sieved over the 4.75mm
superimposed on the 1.18 mm sieve in accordance with AASHTO T 27 (2014)
“Sieve Analysis of Fine and Coarse Aggregates”. The retained material was then

combined and oven dried to constant mass at 110 = 5 °C.
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The Bauxite material was smaller than the AASHTO T 327 (2012) test
gradations. Therefore, a modified Micro Deval procedure was used (MnDOT 2000,
Rogers et al 1991). The modifications include preparing samples using sieve sizes
from #4 to #200. The samples were saturated in tap water for a 24 + 4 hours. The
excess water was removed and the sample was placed in the Micro-Deval abrasion
container with 1250 + 5g of the stainless steel balls and 750 + 25ml of tap water.
The samples were run in the machine at 100 + 5 rpm for 15 minutes + 10 seconds.
The samples were then washed over a 6.7mm (0.265") sieve (to remove stainless
steel balls) superimposed over a 75um (#200) sieve until the washings became
clear, being careful not to lose any retained 75um (#200) material.

The oven-dried samples were then weighed and the Micro-Deval percentage
loss was calculated using the test procedure equation of dividing the difference
between pre-testing and post-testing mass by the pre-testing mass.

Upon completion of the Micro-Deval testing, the material was then washed,
dried, sieved into separate size fractions, and then analyzed using AIMS (Rezaei et
al., 2009; Fowler and Rached, 2012; Moaveni et al., 2014; Mahmoud and Masad,
2007). The AIMS methodology performed post Micro-Deval testing is provided in a

subsequent section.

4.3.1.2 Los Angeles Abrasion
LA Abrasion testing was conducted in accordance with AASHTO T 96 (2010)

“‘Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact
in the Los Angeles Machine”, and conducted on three replicates of each treated and

untreated samples. Material was washed and oven dried at 110 £ 5 °C to
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substantially constant mass and separated into individual size fractions. The material
was then recombined to meet the “Grading B” requirements.

A sample of 5000 + 10 g was placed in the Los Angeles testing machine
along with 11 steel spheres averaging 46.8 mm. The aggregate and steel spheres
were then rotated at a speed of 30 to 33 revolutions/minute for a total 500
revolutions. The material was then sieved on the 1.70 mm sieve in accordance with
AASHTO T 27 (2014) “Sieve Analysis of Fine and Coarse Aggregates”. The retained
material was then combined and oven dried to constant mass at 110 £ 5 °C. The
oven-dried sample was then weighed and the LA Abrasion percentage loss was

calculated using Equation 4.5.

4.3.1.3 Aggregate Imaging System

The AIMS system was used to analyze aggregate samples both before Micro-
Deval testing and after Micro-Deval testing. Testing was carried out in accordance
with AASHTO PP64-11-2013 "Determining Aggregate Source Shape Values from
Digital Image Analysis Shape Properties". Post Micro-Deval AIMS analysis was
conducted on the samples for different size fractions depending upon what the Micro
Deval procedure yielded. However, each Micro-Deval sample yields an adequate
AIMS sample size (n=56) for analysis.

Before conducting the image acquisition, the AIMS system was calibrated.
Individual aggregate particles were then placed on the locations marked on the
aggregate tray. The AIMS software was set to collect black and white images and

the computer-automated acquisition ran again. Once images had been collected, the
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software analysis was run before beginning the next sample. This process was

conducted for each of the different size fraction samples.

4.3.2 Laboratory Testing Results

Current aggregate testing methods provide insightful results that “can be
considered as basic guidance in establishing friction performance-related test
criteria” (NCHRP, 2009). However, the results must be considered in context and in
conjunction. “Just as no single test can distinguish good friction performance from
bad, no single test value can be used as a standard for the same purpose. The
factors that influence friction performance do so in an interactive manner and on a
continuous scale, making it difficult to pinpoint specific discrimination values”
(NCHRP, 2009). Additionally, “it is impossible to obtain a 1:1 correlation between
friction measuring devices [because] different testers measure different aspects of
pavement friction” (Lu and Steven, 2006). Therefore, this section does not attempt to
show correlation, but only highlights trends in data resulting from the various
methods. Data is provided for the sole purpose of comparative analysis for field

pavement treatment results.

4.3.2.1 Micro-Deval, LA Abrasion and AIR Results

Table 4.2 shows the average LA Abrasion and Micro-Deval values for the
aggregate sources, but also shows the insoluble residue results provided by ODOT.
LA Abrasion test specification in these applications is either less than or equal to
30% or 40% depending on the aggregate’s use. Therefore, all aggregate sources in

Table 4.2 would be accepted for use. The acid insoluble residue results show that
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the sources are well above the minimum requirement when using a criterion of 60%

(Fowler and Rached, 2012).

Table 4.2 Micro-Deval, LA Abrasion, and AIR Results

test procedure

Insoluble

Source Tvoe LA Abrasion Micro Deval Residue

yp (average %) (average %) (average, per

ODOT)
Martin Marietta Granite 18.3 2.8 99.0
Snyder
Martin Marietta Mill | 2 nite 20.7 7.1 99.7
Creek
Hanson Davis Rhyolite 12.0 8.2 96.6
Martin Marietta Sandstone | 19.7 7.0 99.9
Sawyer
APAC Spiro Sandstone 29.4 21.9 97.9
APAC Central 14| . dstone | 25.5 11.2 97.0
(AR)
APAC Pawhuska Limestone 21.9 16.7 N/A
Dolese Davis Limestone 24.0 15.1 N/A
Dolese Hartshorne | Limestone 15.7 9.8 N/A
Dolese ;
Richard Spur Limestone 20.7 14 1 N/A
Quapaw Drumright | Dolomite 17.6 12.1 Not provided
Flint Rock Mine Chat Toofine for 1.7 Not provided
test procedure

Imported Bauxite Too fine for 4.8 Not provided

Differing mass loss limits have been established for Micro Deval with regard

to expected friction performance. Figure 4.6 illustrates the results from this study and

the following list describes the mass loss limits:

e 25% Limit: While ODOT does not specify Micro-Deval for preservation

treatments, it does use a standard of less than or equal to 25% allowable
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percentage loss for other applications (such as Superpave). All of the
aggregate types shown in this study meet specification.

18% Limit: Wu et al (1998) found that Micro Deval percentage loss of 18%
or greater indicates “poor” aggregate quality. Only one sandstone
aggregate evaluated in this study would be considered “poor quality” with
regard to expected friction performance, as shown in Figure 4.6.

15% Limit: NCHRP Report No. 557 sets a limit of 15% for surface course
aggregate (White et al., 2006). One sandstone and two limestone
aggregates in this study would not be permitted in the pavement
treatments using this limit, as shown in Figure 4.6.

12% Limit: Good friction performance has also been correlated with
aggregates that exhibit Micro-Deval weight loss values of 12% or less
(Fowler and Rached, 2012). Therefore, the results indicate that 5 of the 13

sources may not yield the expected friction performance.
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MicroDeval Results

BAUXITE (Imported)
MINE CHAT (Flint Rock) =3
L
L

DOLOMITE (Quapaw Drumright)
LIMESTONE (Dolese RS)
LIMESTONE (Dolese Hartshorne)
LIMESTONE (Dolese Davis)
LIMESTONE (APAC Pawhuska) | ]
SANDSTONE (APAC Central) ]
SANDSTONE (APAC Spiro)

SANDSTONE (MM Sawyer) 1
RHYOLITE (Hanson Davis) ]
GRANITE (MM MillCreek) &
GRANITE (MM Snyder) &

Source

0 5 10 12 15 18 20 25

Percent Aggregate Loss

Figure 4.6 Micro Deval Results and Mass Loss Limits

It is important to note that LA Abrasion is an empirical test and therefore a
poor predictor of field performance (Wu et al., 1998). Additionally, the Micro-Deval
test has been found to better simulate the field conditions of aggregate abrasion
compared to the dry conditions of the LA Abrasion test (Rogers, 1998). Previous
research has also shown there is no correlation in aggregate percentage loss
between the Micro-Deval and the LA Abrasion tests (Kandhal and Parker, 1998;
Cooley and James, 2003), which is also the case in this study, demonstrated by the
data contained in Table 4.2. Essentially, Micro-Deval tends to polish the aggregate,

whereas LA Abrasion tends to break it.

4.3.2.2 AIMS Texture Results

AIMS data can provide insight about an aggregate’s ability to enhance a

pavement treatment’s friction characteristics (FHWA, 2006). This section provides
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the preliminary results of the AIMS laboratory testing (i.e. texture, angularity,

sphericity) for the aggregates featured in the project’s monitored pavement

treatments.

Table 4.3 provides the descriptive statistics in tabular form for the AIMS

texture of aggregate samples, ordered by percent change in texture due to exposure

to Micro Deval testing. The pre- and post-MicroDeval data contained in Table 4.3 are

consistent with the nominal maximum aggregate size (NMAS) of the field treatments

being investigated in this study. AIMS profiles (pre- and post-Micro Deval) for each

aggregate type are provided in subsequent figures and in tabular form in the

Appendix A.

Table 4.3 Statistics for AIMS Texture (Pre- and Post-Micro Deval)

Mean Std. dev.
Mean Std. dev. %

Source Type (Pre MD) | (Pre MD) prg)“ prg)“ change
APAC Central 14 (AR) | Sandstone | 195.1 44 .4 225.9 51.3 +7.3
APAC Spiro Sandstone | 154.7 25.6 146.6 254 -2.7
Dolese Hartshorne Limestone | 237.2 79.6 215.1 70.3 -4.9
Martin Marietta Sawyer | Sandstone | 145.0 54.9 122.2 43.9 -8.5
Hanson Davis Rhyolite 213.9 72.5 178.9 68.7 -8.9
MM Mill Creek Granite 246.4 102.7 202.2 70.6 -9.9
Quapaw Drumright Dolomite 222.2 57.0 179.8 45.3 -10.5
Flint Rock Mine Chat | 102.6 65.6 74.3* 46.4 -16.0
Dolese Richard Spur Limestone | 239.7 108.3 148.6 59.6 -23.5
APAC Pawhuska Limestone | 282.3 128.1 166.3 92.7 -25.9
Martin Marietta Snyder | Granite 461.9 94.1 254.2* 47.9 -29.0
Dolese Davis Limestone | 240.8 76.1 130.6 55.1 -29.7
Imported * Bauxite NA NA NA NA NA

* NA: Too fine for procedure

The sandstone sources in Eastern Oklahoma/Arkansas are positioned at the

top of the list with regard to percent change, with APAC Central (AR) material
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increasing in texture and APAC Spiro decreasing only slightly in texture. However,
the sandstone sources and the mine chat had the least amount of texture initially.
The granite samples from Martin Marietta Snyder had the most texture, both pre-
and post-Micro Deval (a statistically significant difference), although it exhibited one
of the greatest rates of change. There was a statistically significant difference in
post-MicroDeval texture for mine chat; it exhibited the least amount of texture of all
samples.

Figure 4.7 shows the interval plot of the pre-MicroDeval data. The pooled
standard deviation was used to calculate the intervals. The graphs show similar

trends in texture, which will be described in further detail in this section.
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Figure 4.7 Interval Plot of AIMS Texture (Pre-MicroDeval)
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Additionally, a comparison of means was conducted to determine the
differences between sources regarding pre-MicroDeval texture using Tukey’s
Pairwise Comparison Method at a 95% confidence level. Means that do not share a
letter are significantly different. As noted in the previous paragraph, the MM Snyder
material (denoted by the “A” grouping in Table 4.4) and Flint Rock material (denoted
by the “F” grouping) exhibit statistically significant differences than all of the other

sources.

Table 4.4 Grouping of AIMS Texture using the Tukey Method (95% Confidence)

(Pre-MicroDeval)

Source Type A B C D
MM Snyder Granite A

APAC Pawhuska Limestone

MM Mill Creek Granite C

Dolese Richard Limestone C

Spur

Dolese Davis Limestone C

Dolese Hartshorne Limestone C
Quapaw Drumright | Dolomite C D
Hanson Davis Rhyolite C D
APAC Central 14 Sandstone D
(AR)

APAC Spiro Sandstone

MM Sawyer Sandstone

Flint Rock Mine Chat
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Figure 4.8 shows the pre-MicroDeval texture output for the aggregate sources
contained in the pavement treatments with 1/2” NMAS material. Research has been
conducted regarding the validity of AIMS1 (equipment used in this study) and AIMS2
[“new generation AIMS” (FHWA, 2011)] output and correlation. A recent study
showed that AIMS1 and AIMS2 “provided similar ranking of aggregates and
comparable results” (FHWA, 2011). However, AIMS1 texture indices have been
shown to trend slightly lower (polish values higher) than AIMS2 texture indices
based upon results of previous studies by these researchers. Aggregates that have
higher polished face values are not as desirable for use in pavement treatments;
therefore, the AIMS1 results may appear slightly less favorable than AIMS2 results
with regard to texture. Care should be exercised when interpreting the AIMS1 data in
this section. The researchers are considering only relative differences and trends in
texture for the purpose of comparing field performance of pavement treatments
containing the given aggregates, which suits the purpose of this research.

In general, a greater aggregate surface texture should result in better friction
performance (Fowler and Rached, 2012). A texture value of 460 or greater indicates
high surface texture, whereas a value below 165 indicates a polished particle

(FHWA, 2006).
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Figure 4.8 AIMS Texture Results for 12.5mm Aggregate(Pre-MicroDeval)

Pre-MicroDeval texture indices for the 12.5-NMAS treatments range from
approximately 40 to 650. The sandstone from MM Sawyer exhibits the least amount
of texture while the granite from MM Snyder has the most texture (Figure 4.8).
Results for aggregate from remaining sources indicate that 20% of surfaces are
polished. The dolomite (Quapaw Drumright) and rhyolite (Hanson Davis) trend
together. The limestone sources (Dolese and APAC Pawhuska) also share general
trends.

Table 4.5 provides the pre-MicroDeval texture results for the aggregates
contained in the pavement treatments with NMAS ranging from No.4 to 9.5mm.
AIMS cannot capture texture data for fine aggregate, so there is no data for the

bauxite material. These data are presented separately because different sizes may
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have different characteristics and/or show the limitations of AIMS as aggregate
particles decrease. Therefore, one must be judicious about comparing aggregate
sources of different NMAS. For example, the 12.5-mm MM Mill Creek material in
Table 4.4 exhibits a greater mean than many of the other aggregates and would not
trend consistently with the No.4 material shown in Table 4.5. Therefore, for the
purposes of this study, the data are provided to evaluate any trending with field
pavement treatment performance and are not compared in this section. Related

graphs are provided in the Appendix A.

Table 4.5 AIMS Results for Other NMAS Aggregates (Pre-MicroDeval Texture)

Polished Smooth Low Mod. High
(165 - Roughness | Roughness | Roughness
Source Type NMAS | (<165) | 375 (275-350) | (350 460) | (> 460)
Percent
Percent Percent Percent Percent
APAC Spiro Sandstone | 9.5mm | 70 29 1 0 0
Flint Rock Mine Chat | 6.3mm | 85 13 2 0 0
MM Mill Creek | Granite No4 | 65 25 6 4 0
Imported * Bauxite No.8 | NA NA NA NA NA

* NA — too small for procedure

Figure 4.9 and Table 4.6 show the post-MicroDeval texture using Tukey’s
Pairwise Comparison Method at a 95% confidence level. Again, the MM Snyder
material (denoted by the “A” grouping in Table 4.6) and Flint Rock material (denoted
by the “H” grouping) exhibit statistically significant differences than all of the other

sources.
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Figure 4.9 Interval Plot of AIMS Texture (Post-MicroDeval)

Figure 4.10 shows the post-MicroDeval texture output for the aggregate
sources contained in the pavement treatments with 12.5mm-NMAS material. The
results indicate that most of the material becomes classified as polished or smooth
after exposure to abrasion. A statistically significant difference exists in data for the
granite aggregate sources, the APAC Central (AR) and Dolese Hartshorne material,
indicating that these materials may provide an increased level of surface friction and
adhesion.

The rhyolite and granite were expected to be more resistant to impact and
abrasion than the limestone and sandstone. However, Micro Deval and LA Abrasion
results are mixed (Table 4.2). The Micro Deval results show that a limestone source
(Dolese Hartshorne) and a sandstone source (APAC Central) was similarly resistant

to abrasion as the rhyolite. The AIMS results based upon sphericity in the next
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section indicate that the Dolese and APAC material are more cubical in shape and
exhibit a lower flat-elongated ratio than did the Hanson rhyolite and MM granite
material, which contributes to its impact resistance. Therefore, the shape of the

limestone and sandstone particles may compensate for its lower impact resistance.

Table 4.6 Grouping of AIMS Texture using the Tukey Method (95% Confidence)

(Post-MicroDeval)

Source Type A B |C |D E |F |G |H
MM Snyder Granite A

APAC Central 14 (AR) | Sandstone B

Dolese Hartshorne Limestone B

Hanson Davis Rhyolite B |C

MM Mill Creek Granite B |C

Quapaw Drumright Dolomite C |D

APAC Pawhuska Limestone D

Dolese Richard Spur Limestone E |F

APAC Spiro Sandstone E |F |G
Dolese Davis Limestone F |G

MM Sawyer Sandstone G

Flint Rock Mine Chat H
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Figure 4.10 AIMS Texture Results for 12.5mm Aggregates (Post-MicroDeval)

Table 4.7 provides the post-MicroDeval texture results for the aggregates

contained in the pavement treatments with NMAS ranging from No.4 to 9.5mm.

These data show that the material became classified mostly as polished, some as

smooth, as a result of exposure to abrasion. Related graphs are provided in the

Appendix A.

Table 4.7 AIMS Texture Results for Other NMAS Aggregates (Post-MicroDeval)

Polished | Smooth Low Roug. | Mod. Roug. | High Roug.
Source Type NMAS | <165) | (165-275) | (275- 353) (350 — 4609)1 > 1i’uso) ’
APAC Spiro Sandstone | 9.5mm | 73 27 0 0 0
Flint Rock Mine Chat 6.3mm | 93 7 0 0 0
MM Mill Creek | Granite No.4 90 10 0 0 0
Imported * Bauxite No.8 NA NA NA NA NA

* NA — too small for procedure
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4.3.2.3 AIMS Angularity Results

Table 4.8 provides the descriptive statistics in tabular form for the AIMS
angularity of aggregate samples, ordered by percent change in angularity due to
exposure to Micro Deval testing. The pre- and post-MicroDeval data contained in the
table are consistent with the nominal maximum aggregate size of the field
treatments being investigated in this study. AIMS profiles (pre- and post-Micro
Deval) for each aggregate type are provided in subsequent figures and in tabular
form in the Appendix A.

As expected, the granite, bauxite, rhyolite and mine chat materials have the
least amount of change in angularity after exposure to abrasion. The sandstones,
limestones and dolomite exhibited the most change.

Figure 4.11 and Table 4.9 show the pre-Micro Deval angularity data (gradient
method). The pooled standard deviation was used to calculate the intervals.
Although the angularity of the bauxite increased after exposure to abrasion, it had
the least amount of angularity initially. MM Snyder and Flint Rock Mine Chat
exhibited the highest level of angularity post abrasion. The means of all materials
are generally closely grouped. The AIMS angularity profiles for the 12.5mm-NMAS
materials, shown in Figure 4.12, also show a similar grouping. Even before abrasion,
most of the materials exhibit a “sub-rounded” angularity, including the other NMAS

materials shown in Table 4.10.

80



Table 4.8 AIMS Descriptive Statistics for Angularity (Pre- & Post-Micro Deval)

Mean Std. Mean Std.
dev. dev. %
Source Type (Pre P (Post P h
MD) (Pre MD) (Post change
MD) MD)
Martin Marietta Snyder | Granite 3189.0 | 10954 |3416.6 | 1888.2 | +3.4
Imported Bauxite 1998.1 | 514.5 2139.4 | 544.5 +3.4
Hanson Davis Rhyolite 3263.1 | 1085.2 |3113.2 | 17341 |-24
Flint Rock Mine Chat | 3431.1 | 954.2 3265.4 | 1197.0 |-2.5
Martin Marietta Sawyer Sa”dStO“ 3156.6 | 1079.7 |2635.4 | 1654.2 |-9.0
APAC Pawhuska Limestone | 2777.3 | 1006.3 |2106.2 | 12904 |-13.7
APAC Spiro ga”dStO” 2046.9 [1322.8 |2219.9 | 1794.6 |-14.1
Dolese Richard Spur Limestone | 3247.0 | 906.1 2403.5 | 1266.0 | -14.9
Dolese Davis Limestone | 3509.6 | 1723.9 |2593.5 | 1479.3 |-15.0
Dolese Hartshorne Limestone | 3227.5 |1071.5 |2361.2 | 1170.0 |-15.5
MM Mill Creek Granite 3636.5 | 1481.1 |2609.3 | 678.3 -16.4
APAC Central 14 (AR) Sa”dStO“ 3430.1 | 1564.8 |2383.9 | 1079.3 |-18.0
Quapaw Drumright Dolomite | 3167.2 | 1428.9 | 1999.5 | 962.2 -22.6
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Figure 4.11 Interval Plot of Aggregate Angularity (Pre-MicroDeval)
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Table 4.9 Grouping of Aggregate Angularity using the Tukey Method (95%

Confidence) (Pre-MicroDeval)

Source Type A B C D
Dolese Davis Limestone A

MM Mill Creek Granite A

Flint Rock Mine Chat A B

APAC Central 14 (AR) | Sandstone A B

Hanson Davis Rhyolite A B C

Dolese Richard Spur Limestone A B C

Dolese Hartshorne Limestone A B C

MM Snyder Granite A B C

Quapaw Drumright Dolomite A B C

MM Sawyer Sandstone A B C

APAC Spiro Sandstone B C D
APAC Pawhuska Limestone C D
Imported Bauxite D
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Figure 4.12 AIMS Angularity Results for 12.5mm Aggregate (Pre-MicroDeval)

Table 4.10 AIMS Angularity Results for Other NMAS Aggregates (Pre-

MicroDeval)

Rounded | Sub-Rounded | Sub-Angular | Angular
Source Type NMAS | (<2100) | (2100 - 4000) (4000 - 5400) | (> 5400)

Percent Percent Percent Percent
APAC Spiro Sandstone 9.5mm | 37 48 2 13
Flint Rock Mine Chat 6.3mm 75 17 3
MM Mill Creek Granite No.4 65 26 6
Imported Bauxite No.8 27 68 4 1

Figure 4.13, Table 4.11 and Table 4.12 show the post-Micro Deval angularity

data (gradient method). The pooled standard deviation was used to calculate the

intervals for 12.5 NAMS and other aggregates.
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Table 4.11 Grouping of AIMS Angularity using the Tukey Method (95%

Confidence) (Post-MicroDeval)

Source Type A B C D E
Flint Rock Mine Chat A

MM Snyder Granite A B

Hanson Davis Rhyolite A B C

MM Sawyer Sandstone B C

MM Mill Creek Granite B C

Dolese Davis Limestone B C

Imported Bauxite C D
Dolese Richard Spur Limestone C D E
APAC Central 14 (AR) | Sandstone C D E
Dolese Hartshorne Limestone C D E
APAC Spiro Sandstone C D E
APAC Pawhuska Limestone D E
Quapaw Drumright Dolomite E

Table 4.12 AIMS Angularity Results for Other NMAS Aggregates (Post-

MicroDeval)
Sub-

Rounded glcl)zn ded Angular Angular

L i
Percent Percent

APAC Spiro Sandstone | 9.5 70 27 0 3
Flint Rock Mine Chat 6.3mm 10 72 13 5
MM Mill Creek Granite No.4 14 64 9 13
Imported Bauxite No.8 34 63 2 1
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In general, a more durable aggregate should exhibit lower mass loss, greater

retention of angularity, and better friction performance (Fowler and Rached, 2012).

There is a correlation between abrasion and polishing resistance, especially for

aggregate that is highly susceptible to abrasion (Lancieri, 2005). When aggregate

angularity is reduced, the aggregate becomes more susceptible to polishing.

Data

Interval Plot of Post-MicroDeval Angularity
95% Cl for the Mean

3600
3200

2800

2400
2000

A T R e

& 0 ) Q X & C 3 & $

A N S A I G L AN &
@ > g ) < 2 ) o Q & & &
¥ N AP AR RPN R 9

‘?g QV“(J Q 22 QQ-\ Q"b é\ 'b“‘

¥ C@P & &3

Q° o

Figure 4.13 Interval Plot of AIMS Angularity (Post-MicroDeval)

An angularity value of 4,000 or above indicates a sub-angular to angular

particle, whereas a value below 2,100 indicates a rounded particle (FHWA, 2006).

Rounded particles are more susceptible to slide laterally on hot summer days under

heavy traffic, which increase the rutting potential certain pavement treatments. The

gradient angularity indices can provide insight about the roundedness of particles.

Figure 4.14 shows gradient angularity indices output for the 12.5mm-NMAS

aggregate.

The indices for all of the tested particles in the sample range from 240 to
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9000. After exposure to the abrasion, the data is more loosely grouped. About 75%
of the Quapaw dolomite material became classified as “rounded”, whereas about
18% of the MM Snyder granite material was classified as “rounded”, indicated by an
angularity index of less than 2100. Results did not exhibit a statistically significant
difference between the dolomite material and most of the limestones and
sandstones, therefore, those materials should contribute the same level of friction

performance based on this AIMS parameter.

12.5mm Aggregate Angularity, POST-MicroDeval
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Figure 4.14 AIMS Angularity Results for 12.5mm Aggregate (Post-MicroDeval)
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4.3.2.4 AIMS Sphericity

Table 4.13 provides the descriptive statistics in tabular form for the AIMS
sphericity of aggregate samples, ordered by percent change in angularity due to
exposure to Micro Deval testing. The pre- and post-MicroDeval data contained in the
table are consistent with the nominal maximum aggregate size of the field
treatments being investigated in this study. AIMS profiles (pre- and post-Micro
Deval) for each aggregate type are provided in subsequent figures and in tabular

form in the Appendix A.

Table 4.13 Descriptive Statistics of AIMS Sphericity (Pre- and Post-Micro

Deval)
Mean Std. Mean Std.
dev. dev. %

Source Type (Pre (Post

MD) (Pre MD) (Post change

MD) MD)

Dolese Hartshorne Limestone | 0.646 0.142 0.785 0.087 +9.7
Martin Marietta Snyder | Granite 0.611 0.099 0.669 0.114 +4.5
Martin Marietta Sawyer | Sandstone | 0.568 0.098 0.591 0.110 +2.0
Flint Rock Mine Chat | 0.696 0.135 0.714 0.144 +1.3
Dolese Davis Limestone | 0.690 0.112 0.681 0.123 +0.7
Dolese Richard Spur Limestone | 0.592 0.097 0.596 0.102 +0.3
Hanson Davis Rhyolite 0.635 0.093 0.604 |0.102 -2.5
APAC Central 14 (AR) Sandstone | 0.719 0.101 0.654 | 0.099 -4.7
APAC Spiro Sandstone | 0.711 0.074 0.644 | 0.100 -4.9
APAC Pawhuska Limestone | 0.697 0.074 0.628 0.112 -5.2
Quapaw Drumright Dolomite | 0.701 0.105 0.595 0.103 -8.2
MM Mill Creek Granite 0.777 0.081 0.524 |0.120 -19.4
Imported Bauxite Too

fine for

proced

ure
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The Dolese Hartshorne material exhibited the greatest positive change in
sphericity and the greatest mean while the MM Mill Creek material exhibited the
greatest negative change due to exposure to abrasion. Therefore, the Dolese
Hartshorne material, although limestone, may be less prone to breakage under
traffic due to its shape than the other materials, which may explain its MicroDeval
results as well (Table 4.2).

Sphericity is a relative measure of aggregate shape with the greatest value
denoting a cubical particle, the desired aggregate shape. Surface treatment
aggregate can protect a pavement treatment from traffic wear, therefore, a high
sphericity index is desirable (>0.80). Flat and elongated particles exhibit an index of
0.60 or less. Figure 4.15, Figure 4.16, Table 4.14 and 4.15 show AIMS output for
sphericity. The Dolese Hartshorne, Dolese Davis and APAC Central material have
the greatest sphericity both pre- and post-MicroDeval exposure. Approximately 80%
of the other 12.5mm-NMAS materials are classified as low sphericity and

flat/elongated after being exposed to MicroDeval abrasion.
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12.5mm Sphericity, PRE-MicroDeval
100.0
so.0 Flat and Elongated
80.0
70.0
=
s
o 60.0
o
L1
2
s 500
=
E
3 400
30.0
20.0
High Sphericity
10.0 Mod.
Low [Sphericity
0.0 Spherici
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Sphericity Index
—#— Hanson Davis =t Dolese Hartshome Dolese Davis
=——ir— Quapaw D rumright —t— MM Snyder APAC Pawhuska
— APAC Central 14 (AR) Dolese R. Spur —— MM Sawyer

Figure 4.15 AIMS Sphericity Results for 12.5mm Aggregate (Pre-MicroDeval)

More than 70% of the mine chat sample is classified as having sphericity,
both pre- and post-MicroDeval exposure (Table 4.14 and Table 4.15). Fifty percent
of the APAC Spiro material was considered to be flat and elongated prior to abrasion

exposure, which may explain the greater mass loss exhibited.
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Table 4.14 AIMS Sphericity Results for Other NMAS Aggregates (Pre-

MicroDeval)
Low Moderate | High
Flat/Elongated . .y .
Sphericit Sphericity | Sphericit
Source Type NMAS | (<0.6) (0P6 Z0 73’ (0p7 ~0 83/ ( ': 0.8) y
Percent : ' : ' ’
Percent Percent Percent
APAC Spiro Sandstone 9.5mm | 50 30 17 3
Flint Rock Mine Chat 6.3mm | 27 17 32 24
MM Mill Creek Granite No.4 39 35 22 4
Imported Bauxite No.8 Too small for
procedure

12.5mm Sphericity, POST-MicroDeval
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Figure 4.16 AIMS Sphericity Results for 12.5mm Aggregate (Post-MicroDeval)
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Table 4.15 AIMS Sphericity Results for Other NMAS Aggregates (Post-

MicroDeval)
Low Moderate High
Flat/Elongated . .y .
Sphericit Sphericit Sphericit
Source Type NMAS | (<0.6) (0?6 ~ 0.7;’ (0?7 i 0.83/ ( f 0.8) y
Percent Percent Percent Percent
APAC Spiro Sandstone | 9.5mm | 65 29 6 0
Flint Rock Mine Chat | 6.3mm | 32 10 26 32
MM Mill Creek Granite No.4 11 33 43 13
. Too small for
Imported Bauxite No.8 procedure

4.3.3 Comparison with NCAT Results

This section provides discussion around the NCAT study results (ODOT,
2015) in context of this study’s OU laboratory results for Micro-Deval, LA Abrasion,
AIMS. Although current testing methods provide insightful results that “can be
considered as basic guidance in establishing friction performance-related test
criteria”, there may not be direct correlation between methods (NCHRP, 2009), as
shown here.

The NCAT study determined that “regionally [Oklahoma] available friction
aggregates will not achieve the same level of friction performance when used in
place of bauxite as an HFST” (ODOT, 2015). The bauxite material was too small
(No.8) for some of the laboratory procedures, and therefore no comparison between
materials can be made. However, bauxite’s Micro Deval weight loss value of 4.8%
(Table 4.2) does support the NCAT finding that bauxite provides good surface
friction performance, which has been correlated with aggregates that exhibit Micro-

Deval weight loss values of 12% or less (Fowler and Rached, 2012).
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NCAT results the Open Graded Friction Coarse (OGFC) mixture contained

four types of Oklahoma aggregate that were also evaluated in the OU laboratory:

mine chat (Flint Rock), rhyolite (Hanson Davis), sandstone (Martin Marietta Sawyer)

and granite (Martin Marietta Snyder) (ODOT, 2015). Table 4.16 shows the LA

Abrasion, Micro Deval and Insoluble Residue results for these materials.

Table 4.16 NCAT Laboratory Aggregate Results

Insoluble
Source Type LA Abrasion Micro Deval | Residue
yp (average %) (average %) | (average,
per ODOT)
Martin Marietta | 5 2hite 18.3 2.8 99.0
Snyder
Hanson Davis Rhyolite 12.0 8.2 96.6
Martin Marietta | g dstone | 19.7 7.0 99.9
Sawyer
Flint Rock Mine Chat | 100 fine fortest | ; 5 Not provided
procedure

These results indicate that these aggregates would facilitate good pavement

surface friction. However, if a minimum desirable friction coefficient of 0.4 is

considered (Meegoda and Gao, 2015) when evaluating the NCAT results in Table

4.7, then only the MM Sawyer material would exceed the minimum desirable friction.

Additionally, the AIMS results (Figure 4.17, Figure 4.18 and Figure 4.19) show that

the MM Sawyer material generally has lower indices for texture, angularity and

sphericity than the other materials, which indicates less ability to provide friction and

reduce wear from traffic.
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Figure 4.19 NCAT AIMS Sphericity Results (Post MicroDeval)

44 Summary

A wide range of physical characteristics of aggregates such as gradation
(size), shape, texture, angularity, durability, and polish resistance (under dry and wet
conditions) was tested in the laboratory and analyzed for each aggregate source
using conventional methods and AIMS. Conventional methods for aggregate
property evaluation include aggregate durability (Micro-Deval AASHTO-T-327) and
hardness (LA Abrasion AASHTO-T-96). The Micro-Deval apparatus measures the
resistance of aggregates to degradation by measuring their abrasion loss in
presence of water, using AASHTO TP81-10 (before Micro-Deval) and AASHTO T
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327 (after Micro-Deval) test methods to measure such properties of aggregates as
shape, texture and angularity with automated techniques that offer a much higher
level of precision and repeatability than conventional methods. The laboratory
aggregate characteristic data sets are further used in Chapter 5 for the skid

resistance model development.
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CHAPTER 5 FIELD DATA COLLECTION AND ANALYSIS

5.1 Data Collection Devices

The PaveVision3D System, the AMES high speed texture profiler and the
Grip tester were used in the field to collect pavement surface characteristics,
macrotexture, and friction data.

The PaveVision3D laser imaging system developed by the OSU research
team has evolved into a sophisticated system to conduct full lane data collection on
roadways at highway speed up to 60mph (96.5 km/h) with 1mm resolution (Wang
and Li, 2017). Figure 5.1 shows the Digital Highway Data Vehicle (DHDV) equipped
with PaveVision3D. PaveVision3D is able to acquire both 3D laser imaging intensity
and range data from pavement surfaces through two separate sets of sensors.
Recently, two 3D high resolution digital accelerometers have been installed on the
system. These accelerometers area capable of compensating pavement surface
profiles and generating roughness indices. The collected data are saved by image
frames that are 2,048 mm in length and 4,096 mm in width. The 1mm 3D pavement
surface data can be used for the following:

e Comprehensive evaluation of surface distresses, with automatic and
interactive detection of cracks and classifying them based on various
protocols;

¢ Profiling, including transverse profiling for rutting and longitudinal profiling

for roughness (Boeing Bump Index and International Roughness Index);
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e Safety analysis, including macrotexture in term of mean profile depth
(MPD) and mean texture depth (MTD), hydroplaning prediction, and
grooving identification and evaluation;

e Roadway geometry, including horizontal curve, longitudinal grade, and

cross slope.

Figure 5.1 DHDV with PaveVision3D Ultra

The AMES 8300 Survey Pro High Speed Profiler (Figure 5.2) is designed to
collect surface macrotexture data along with standard profile data at highway
speeds. Multiple texture indices such as Mean Profile Depth (MPD) can be
calculated from the test data. This High Speed Profiler meets or exceeds the

following requirements: ASTM E950 Class 1 profiler specifications, AASHTO PP 51-
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02 and Texas test method TEX 1001-S. The texture specifications of the Profiler

include the following:

Data collection speed between 25 and 65 mph;

e Laser height sensor with a range of 180 mm and a resolution of 0.045
mm;

e Horizontal distance measured with an optical encoder that has a
resolution of 1.2 mm;

e Pavement elevation sampling rate 62,500 samples per second;

e Profile wavelength down to 0.5 mm.

Figure 5.2 AMES 8300 Survey Pro Profiler

Grip Tester (ASTM E274) (Figure 5.3) has been used in recent years by
FHWA on many demonstration projects in the United State. It is designed to
continuously measure the longitudinal friction along the wheel path operating around
the critical slip of an anti-lock braking system (ABS) at highway speed across the
entire stretch of a road with much lower water consumption, which can provide

greater details about spatial variability for project and network level friction
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management. The device is capable of testing at highway speeds (60 mph/100
km/h) as well as at low speeds (20 mph/32 km/h) using a constant water film
thickness. The collected data are recorded at 3-ft (0.9 m) intervals by default and
can be adjusted by the user. It follows ASTM E274 "Standard Test Method for Skid

Resistance of Paved Surfaces Using a Full-Scale Tire".

Figure 5.3 Grip Tester
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5.2 Data Collection Events

The six HFST sections and the six LTPP SPS-10 sites have been actively
monitored since November 2015 with seven data collection events for this study,
while the additional 33 sites have been monitored since September 2016 with 4 data
collection events. For each data collection event, approximately 7 daily trips were
required to collect all the data for the 45 testing sites. The field testing events for

each site are provided in Table 5.1.

Table 5.1 Field Testing Sites

ID | Route Treatment Aggregate | Test1-3 | Test4 |Test5 | Test6 | Test7
1 SH-1 Chip Seal Limestone X X X X
2 US-259 Chip Seal Limestone X X X X
3 SH-39-1 Chip Seal Limestone X X X X
4 SH-39-2 Chip Seal Limestone X X X X
5 SH-39-3 Chip Seal Limestone X X X X
6 US-412 Friction Seal Unknown X X X X
7 ;?irl\?v\gfevg Microsurfacing | Granite X X X X
8 US-64 Perry | Microsurfacing | Mine Chat X X
9 N Harrah Rd | Microsurfacing | Granite X X
10 | SE 29t St Microsurfacing | Granite X X
11 I-35 PFC Unknown X X X X
12 | 1-35 PFC Unknown X X X X
13 | SH-33 Resurface Dolomite X X X X
14 | SH-33 Resurface Dolomite X X X X
15 | SH-51 Resurface Dolomite X X X X
16 | US-177 Resurface Dolomite X X X X
17 | SH-77 Resurface Granite X X X X
18 | SH-51 Resurface Rhyolite X X X X
19 | 140 Resurface Rhyolite X X X X
20 | US-77 Resurface Rhyolite X X X X
21 SH-9 Resurface Granite X X X X
22 | US-64 Resurface Limestone X X X X
23 | SH-15 Resurface Limestone X X X X
24 | US-270 Resurface Limestone X X X X
25 | US-59 Resurface Sandstone X X X X
26 | US-270 Resurface Sandstone X X X X
27 | SH-4 UTBWC Granite X X X X
28 | I-35 UTBWC Rhyolite X X X X
29 | SH-270 UTBWC Rhyolite X X X X
30 | US-62 UTBWC Rhyolite X X X X
31 1-240 UTBWC Limestone X X X X
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ID | Route Treatment Aggregate | Test1-3 | Test4 |Test5 | Test6 | Test7
32 | US-69 UTBWC Sandstone X X X X
33 | US-59 UTBWC Sandstone X X X X
34 |1-40 HFST Bauxite X X X X X
35 | 140 HFST Bauxite X X X X X
36 | 1-44 HFST Bauxite X X X X X
37 | SH-20 HFST Mine Chat | X X X X X
38 | SH-20 HFST Bauxite X X X X X
39 | SH-20 HFST Bauxite X X X X X
40 | SH-66 WMA Rhyolite X X X X X
41 | SH-66 WMA Rhyolite X X X X X
42 | SH-66 WMA Rhyolite X X X X X
43 | SH-66 WMA Rhyolite X X X X X
44 | SH-66 WMA Rhyolite X X X X X
45 | SH-66 WMA Rhyolite X X X X X

5.3 Preliminary Analysis of Field Performance

Analysis of the field data acquired from the HFST sites was conducted to
investigate the potential influencing factors of pavement friction. There are six HFST
sites in Oklahoma, including two on Interstate 40 (I-40) (eastbound), one on
Interstate 44 (1-44) (westbound), and three on State Highway 20 (SH-20) (both
directions). Seven data collection visits were made on the HFST sites from
November 2015 to December 2017 at approximately three months interval. Figure
5.4 shows the development of pavement skid resistance over time. A decreasing
trend of pavement friction is clearly observed for all the HFST sites due to traffic-
related polishing (Figure 5.5). The average friction values of the six HFST sites from
the seven collection events are 0.97, 0.89, 0.79, 0.73, 0.78, 0.69 and 0.61, with an
average deterioration rate of 5.46%. Friction numbers on the HFST sites constructed
with bauxite aggregates have decreased by 4.49% in rural areas (SH-20 sites 2 & 3)
and 6.56% in metropolitan areas with higher traffic volumes (I-40 and 1-44 sites). By

contrast, the friction numbers on SH-20 Site 1 constructed with mine chat
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aggregates have decreased by 8.45%, which shares the same traffic and

environmental conditions as those for SH-20 sites 2 and 3.
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Figure 5.4 Comparison of HFST Average Friction Number
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Figure 5.5 Friction Deterioration of HFST

Boxplots are provided in Figure 5.6 to compare the friction performance of
different PM treatments and different types of aggregates. The HFST sites exhibit
the best friction performance over the testing period. Similar observations have also
been reported in previous studies (Moravec, 2013; Bledsoe, 2015, Li et al., 2016).
The chip seal sites exhibited a wide variation of friction numbers as compared to the
other PM treatments, ranging from the lowest friction number of less than 0.2 to the

highest friction number of more than 0.7. Three of the chip seal testing sites are
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located on SH-39 built in September 2012 using limestone, while the other two sites
on SH-1 and US-259 in southeast Oklahoma were built in March 2012 and
September 2014 using limestone but from different sources. The testing sites with
the other four treatments showed comparable friction numbers.

For aggregates, the HFST sites using bauxite and mine chat have maintained
the highest friction values over the testing period, as shown in Figure 5.7. Testing
sites with sandstone as the coarse aggregates exhibited lower friction numbers than
those from the bauxite and mine chat sections, but better friction numbers than
those using the other four aggregate sources. These results are consistent with the
previous studies (Moaveni et al., 2014). Moreover, it was found that the testing sites
with limestone showed the highest variation of friction measurements. Limestone is
one of the most widely used aggregate types for pavement construction in the U.S.
due to its availability and high quality of initial properties (Csathy et al., 1968).
However, limestone is generally more prone to polishing under traffic, resulting in
poorer long-term skid performance (Smith et al., 2009; Neaylon, 2009; Fowler and
Rached, 2012). As a result, the friction performance varies considerably among sites

with various treatment ages.
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Figure 5.7 Friction of Various Aggregates

Figures 5.8 and 5.9 show the scatterplots of friction numbers by different
treatments and aggregate types during the data collection period. Other than sites
with HFST and WMA overlay treatments, surface friction did not show a clear

decreasing trend for the other PM treatment sites, primarily because of the short
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period of field monitoring and possibly the influence of temperature variations during
testing. The ambient temperature during data collection in January and December
was around 50 °F, while that in July and September the average temperature was 90
°F. Generally, the friction number tends to increase with decreased ambient or

pavement temperature (Luo, 2003; Fuents, 2009; Jahromi et al., 2011).
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Figure 5.8 Friction Deterioration Trends by Treatment Types
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Figure 5.9 Friction Deterioration Trends by Aggregate Types

5.4 Field Performance of HFST Sites

5.4.1 Oklahoma HFST Sites

The field data collection efforts described herein includes testing of the six
HFST sites in Salina and Oklahoma City metropolitan area. The locations of the six
HFST sites are shown in Figure 5.10, and the detailed information for each site is
summarized in Table 5.2. All of the six HFST sites were constructed using fully
automated methods.

Sites 1 through 3 are located at three curves on SH-20 with significant
number of historical crashes. SH-20 is a curvy two-lane rural highway with various
levels of longitudinal grades but without shoulder. Sites 2 and 3 were two standard

HFST demonstration sites using bauxite, while Site 1 was constructed with locally
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available aggregates (mine chat). The HFST system was installed on both travel
lanes for Sites 1 - 3 and field data collection was performed for both lanes.

In September 2015, Sites 4, 4 and 6 were built on urban Interstate Highways
(I-40 & 1-44) in the Oklahoma City metropolitan area with the purpose of evaluating
the durability of HFST system under high traffic volumes. Each location includes
three through lanes in one direction, and the HFST system was constructed on all
three westbound lanes. The field data collection activities were conducted at

highway speed without traffic control in the middle lane of each site.
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Figure 5.10 HFST Sites in Oklahoma
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Table 5.2 Detailed Information for HFST Sites in Oklahoma

Site Site Location 2016 Adaredate MY Age Radius | Grade

ID AADT ggreg Treatment | (Year) | (ft) (%)

4 | Curveon SH-20 3100 | Mine Chat | 9/11/2015 | 2.3 2000 |35
(milepost 2)

g | Curve on SH-20 3100 | Bauxite 12117/2013 | 4.0 1600 |50
(milepost 3)

3 | Curve on SH-20 550 Bauxite 3/25/2014 | 3.7 700 6.0

(milepost 11.5)

4 | Curveonwestofl-40 | g4 05 | gauxite 9/14/2015 | 2.3 6500 |-25
(milepost 157)

5 | Cuveonwestofl-40 |4, 400 | Bauxite 9/14/2015 | 2.3 6500 |-15
(milepost 156)

g | Curveonwestofl-44 | 4 500 | Bauxite 9/14/2015 | 2.3 6500 |-2.0
(milepost 116)

5.4.2 Friction and Macrotexture

Pavement friction and macrotexture data on the HFST sections and the
abutting pavements were compared to determine the effectiveness of the HFST
system in improving pavement surface properties. The average friction numbers and
MPD values from the seven data collection events were evaluated to explore the
variation of pavement friction and macrotexture characteristics under polishing due
to traffic and environmental influences over time. In addition, typical distresses on
the HFST surfaces were identified via the 1 mm 3D pavement image data to assess
the deterioration of HFST system.

To determine the effectiveness of HFST in improving pavement surface
properties, pavement friction data and macrotexture profiles were collected in the left
wheel-path with at least 300 ft lead-in and lead-out for each HFST site. The friction
number and MPD are summarized at 3 ft interval. Two example data sets are shown

in Figure 5.11.
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Both HFST sites show clear improvements in friction numbers on HFST

sections as compared to those on the abutting non-HFST pavements. Different from

friction data, MPD on some HFST sites showed much higher values in contrast to

the abutting non-HFST pavements, while others did not show any noticeable

differences. HFST Site 6 shows clear improvements in friction number and MPD

(Figure 5.11a), whereas minor improvement in MPD on the southbound lane of Site

3 (Figure 5.11b).
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Figure 5.11 Example HFST Friction and MPD Data (Nov 2015)

Paired t-test with equal variance was performed for each HFST site. Since the

length of HFST application and non-HFST surfaces (lead-in and lead-out) may not
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be the same, the sample sizes for the t-tests were not equal and the missing values
were coded as “NA” for the sections with fewer observations. The P-value was used
to determine whether the difference between the mean of two groups was likely to
be zero. The t-test results for the data sets collected in December 2017 are
summarized in Table 5.3. After several years of service, there is still strong evidence
that the HFST surfaces have significantly larger friction numbers and surface texture
(MPD) values than the abutting untreated pavements (with an average of P-value =
0 for all the HFST sites). The average friction number of the HFST sites is 0.78,
while the friction of non-HFST surfaces has an average of 0.32. The average MPD
of the HFST sites is 0.062 inches, while the MPD of non-HFST surfaces has an

average of 0.051 inches.

Table 5.3 T-Test Results for Friction Number and MPD

Friction | Friction | | priction | MPD MPD | ypp | MPD
site Mean - "N"g:" - E’:lcat;l‘:: Sig. Mean - E";Z’; P- | Ssig.

HFST | NoT_ pift? | HFST | MO | value | Diff?
Site 1-NB 047 023 |0 Yes 0.063 0.057 |0 Yes
Site 1-SB 046 | 026 |0 Yes 0.063 0.059 |0 Yes
Site 2-NB 065 |023 |0 Yes 0.049 0.064 |0 Yes
Site 2-SB 068 | 021 0 Yes 0.066 0.053 |0 Yes
Site 3-NB 074 |048 |0 Yes 0.054 0.053 |0 Yes
Site 3-SB 065 033 |0 Yes 0.065 0.062 |0 Yes
Site 4 060 029 |0 Yes 0.064 0.034 |0 Yes
Site 5 0.61 029 |0 Yes 0.065 0.054 |0 Yes
Site 6 059 017 |0 Yes 0.061 0.036 |0 Yes

The deterioration of friction number and macrotexture variation based on the
seven field data collection events was investigated to evaluate the long-term

performance of HFST. The average friction numbers and MPD values were
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compared for each HFST site. In addition, the friction number ratio (FN Ratio) and
MPD ratio (MPD Ratio), the friction number or MPD of the HFST surfaces divided by
those of the adjacent untreated surfaces were computed to investigate the
deterioration of HFST as compared to the adjacent untreated surfaces. The
comparison of results for the seven data collection events is plotted in Figure 5.12.

Clear decreasing trends are observed in terms of friction numbers for all the
HFST sites (Figure 5.12a). The average friction values of the six HFST sites from
the seven collection events are 0.97, 0.89, 0.79, 0.73, 0.66, 0.69, and 0.61. As
observed in Figure 5.12b, the FN ratio larger than 1.00 indicates that the HFST
surface is still providing higher skid resistance compared to the untreated abutting
pavements. After several years of service, the FN ratios remain high for all the HFST
sections over time: 2.85, 2.71, 2.77, 2.66, 2.41, 2.63, and 2.32 from November 2015
to December 2017.

On an average, 37.8% of friction reduction has been observed on these
HFST sections during the two-year monitoring period. Comparatively, friction
numbers on HFST sites with bauxite as the aggregate source have decreased by
31.8% in rural sites (Sites 2 and 3) and 40.9% in the metropolitan area (Sites 4, 5
and 6). Higher traffic volumes seem to slightly increase the friction deterioration
rates of HFST. Within the same time range, the friction numbers for Site 1, which
uses mine chat as the aggregate source, have decreased by 46.2%, which is 14.4%

larger than the average reduction for Sites 2 and 3.
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Figure 5.12 Field Performance of HFST

As shown in Figure 5.12c, different from the variations of pavement friction

numbers displayed in Figure 5.12a, the MPD maintains at a stable state for most
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HFST sections over time. In addition, in Figure 5.12d, the MPD Ratios on the HFST
sites remained fairly consistent over time: the ratios on Sites 1 through 5 (asphalt
section) are close to 1.00 while that of Site 6 (bridge deck) is roughly 2.00. The jump
in MPD Ratio observed on Site 4 from September 2016 to December 2017 is

primarily due to the new overlay on its abutting untreated pavements.

5.4.3 Surface Distresses

Monitoring the development of surface distresses over time could provide
valuable information on the durability of the HFST treatment. HFST system can
deteriorate or fail in terms of raveling and delamination, which could result from
deficiencies in construction methods, product performance, and environmental
conditions during the application and while in service (Izeppi et al., 2010; Waters,

2011; and Li et al., 2016b).
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Figure 5.13 Distresses of HFST System

For the six HFST sites in Oklahoma, typical distresses observed on
pavements are demonstrated in the 1 mm 3D images in Figure 5.13. The common
distress types include patching, reflective cracking, raveling, and delamination. In
June 2016, several patches were first observed at Site 4 in the middle lane, as
shown in Figure 5.13a. Figure 5.13b demonstrates the influence of patching on the
friction measurements. Compared with the adjacent HFST surfaces, distinct lower
friction numbers are observed on the pathing area. A similar trend is also observed

for the corresponding MPD. In November 2015, reflective cracking was observed at
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Site 5 in the middle lane, and raveling occurred in the left lane of Site 6 within three
months after the HFST installation, as shown in Figures 5.13c and 5.13d.

With traffic polishing, delamination may occur at locations where the bond
strength between HFST and the underlying pavement surface is inadequate. An
example is provided in Figures 5.13e and 5.13f to demonstrate how delamination is
developed over time using the 1 mm 3D data. In November 2015, no delamination
was observed in the middle lane of Site 5, while in December 2017, delamination
was noticeable in the 1 mm 3D pavement image at the same location. Approximate
50% of the treatment at that location has been polished due to traffic during the past

25 months.

5.4.4 Crash Reduction Analysis

One of the most important aspects to analyze the performance of HFST
systems is to evaluate the crash reduction before and after the installation. ODOT
maintains the Statewide Analysis for Engineering & Technology (SAFE-T) database,
which is a crash reporting system and includes accident reports received from state
and local law enforcement agencies since 1998 (Adams and Warren, 2017). Traffic
crashes are reported by the type (rear-end, pedestrian, turning, etc.), time, severity
level, vehicle type, roadway, and weather conditions. In this study, the number of
property damage crashes and injured crashes on the HFST sites during the five
years before the installation and subsequent years after were obtained from the
SAFE-T database up to December 2017. The detailed crash information for these

HFST sites are summarized in Table 5.4.
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The annual crash number and crash reduction for property damage crashes
and injured crashes occurred on each site are given in Figure 5.14. Before HFST
installation, the average annual number of property damage crashes for Sites 1, 2
and 3 on rural highway SH-20 ranged from 0.4 to 3.2, which is much lower than the
range (6.2 to 16.6) for Sites 4, 5 and 6 on urban interstate highways. By contrast,
after the HFST installation, the annual number of property damage crashes ranges
from 0.0 to 3.5 at these sites. The HFST systems achieve an average crash
reduction of 29% to 100% in terms of the annual number of property damage
crashes. For example, on average 16.6 annual property damage crashes occurred
at Site 5 before the HFST installation, while only 1.3 such damages occurred in the
subsequent years afterwards. The HFST system has achieved 92% reduction of
property damage-related crashes during the 2.3 years of service. With a combination
of sharp and reverse curves, the HFST system at Site 3 has reduced 29% of
property damage-related crashes during its 3.7 years of service.

In Figure 5.15, the annual number of injured crashes during the five years
before the installation ranges from 0 to 0.8 at these sites, while by December 2017
no crashes were reported in the subsequent years after the installation. For
example, at Site 5, on an average 0.8 and 0.0 annual injured crashes occurred
before and after the installation. The HFST system has achieved 100% reduction in

injured crashes within the 2.3 years of service.
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Table 5.4 Crash Reduction Summary of HFST Sites

Crash | b liog | Crash Site1 |Site2 |Site3 |Site4 |Site5 |Site6
Type Data
PDO Before | # Crashes 2 16 14 31 83 37
Years 5 5 5 5 5 5
Crashes/Year | 0.4 3.2 2.8 6.2 16.6 74
After # Crashes 0 3 8 0 3 8
Years 2.3 3.7 4 2.3 2.3 2.3
Crashes/Year | O 0.8 2 0 1.3 3.5
Reduction 100% | 75% 29% 100% | 92% 53%
Injured | Before | # Crashes 0 2 2 2 4 2
Years 5 5 5 5 5 5
Crashes/Year | O 04 04 04 0.8 04
After # Crashes 0 0 0 0 0 0
Years 2.3 3.7 4 2.3 2.3 2.3
Crashes/Year | O 0 0 0 0 0
Reduction - 100% |[100% | 100% [100% | 100%
20
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Figure 5.14 Annual Property Damage Crashes Summary of HFST Sites
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Figure 5.15 Annual Injured Crashes Summary of HFST Sites
5.4.5 Benefit-Cost Analysis

Benefit-cost analysis was performed for the HFST sites in Oklahoma in this
study. The unit cost of HFST installation was obtained from ODOT, while the
benefits are estimated on the basis reductions in average property damage crashes
and injured crashes. The total cost and the HFST benefit are computed for each site,
as shown in Equations 5.1 and 5.2.

Cost ($) = Unit Cost ($/yd?) x Section Area (yd?) (Eq. 5.1)

Benefit ($) = Crash Reduction x After Period (Years) x Crash Cost ($)

(Eq. 5.2)

The unit cost is assumed as 50 $/yd? for Sites 2 and 3, but 25 $/yd? for Site 1

and Sites 4, 5 and 6 (ODOT, 2015). The benefits can be estimated through

economic and societal impact savings from the reduced crashes (Wilson et al.,
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2016). ODOT uses the KABCO scale for evaluating the financial impact of
crashes: “K” = fatal injury, “A” = suspected serious injury, “B” = suspected minor
injury, “C” = possible injury, and “O” = property damage (Harmon et al., 2018). The
unit costs of crashes are provided in Table 5.5, which are used in this analysis. The
cost of injured crashes is assumed as the average unit cost of crash types A, B, and
C ($2,553,600 + $451,200 + $28,800)/3= $1,011,200). The cost of property damage
crashes equals to the cost of crash type “O” ($4,200). The total benefit for each
HFST site is the sum of benefits from the reductions in injured crashes and property

damage crashes.

Table 5.5 Crash Unit Costs (Harmon et al., 2018)

KABCO Comprehensive Crash Unit Cost
K $9,600,000

A $2,553,600

B $451,200

C $28,800

) $4,200

Accordingly, the benefit-cost ratio can be obtained per Equation 5.3. The
detailed cost, benefit, and benefit-cost ratio for each HFST site are summarized in

Table 5.6.

Benefit-Cost Ratio = Total Benefit/Cost (Eq. 5.3)

The benefit-cost ratios of these HFST sites range from 6.9 to 27.9. Site 1 only
had two property damage crashes during the five-year period before the HFST
installation (as shown in Table 3), and no crash has been reported after the

installation. As a result, no benefit cost ratio is available for this location. The main
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purpose of selecting Site 1 is to test the performance of an affordable local

aggregate materials (mine chat herein) for HFST applications. This site is selected

not because of its high crash rate, but its adjacency to the two existing rural HFST

sites on the same route constructed with bauxite (Sites 2 and 3). It is convenient for

ODOT to test, monitor, and compare the performance of the three sites with similar

traffic and environmental conditions.

Table 5.6 Benefit-Cost Summary of HFST Sites

Site ID 2 3 4 5 6

Unit Cost ($/yd?) 50 50 25 25 25
Length (ft) 450 900 1400 1300 1400
Width (ft) 11 11 12 12 12

# of Lanes 2 2 3 3 3

Cost ($) $55,000 $110,000 $140,000 $130,000 | $140,000
After Period (Years) 3.7 4 $2 2.3 2.3

PDO Crash Reduction 2.4 0.8 6.2 15.3 3.9

PDO Reduction Benefit (§) | 37,128 $13,440 $59,892 $147,756 | $37,884
Injured Crash Reduction 0.4 04 0.4 0.8 0.4
mjured gf‘Sh Reduction $1,496,576 | $1,617,920 | $930,304 ‘31’860’ 60 | $930,304
Total Benefit ($) $3,864 $1,533,704 | $1,631,360 | $990,196 | $2,008,364
Benefit-Cost Ratio 27.9 14.8 7.1 15.4 6.9

For Sites 2 through 6 with historical crashes, the HFST system is a cost-

effective treatment that achieved the benefit-cost ratios between 6.9 and 27.9. The

crash reduction in terms of property damage crashes and/or injured crashes is

substantial after the installation of the HFST system.
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5.4.6 HFST Performance with Local Aggregate

To better understand the performance of Site 1 constructed with local mine
chat aggregates, an additional data collection was performed on June 25, 2016 for
the three HFST sites on SH-20 (Sites 1, 2 and 3). The three Sites are adjacent to
each other with similar traffic and environmental conditions. Friction data was
collected by the Grip Tester within the wheel path and also in the middle of the traffic
lane. The differences of friction numbers within the wheel-path and in the middle of
the lane are primarily caused by traffic polishing. In other words, this data collection
can help quantify the polishing resistance of these two aggregate types: mine chat

and bauxite.
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Figure 5.16 Comparison of Friction within Wheel-path and Non-wheel Path

The average friction values in the wheel-path and in the middle of the traffic
lane are 0.59 and 0.68 for Site 1, 0.80 and 0.83 for Site 2, and 0.88 and 0.87 for Site
3, respectively, as shown in Figure 5.16a. The corresponding average friction
numbers (for HFST treatment) are 0.68 and 0.59 for Site 1 with mine chat, while
0.85 and 0.84 for Sites 2 and 3 with bauxite in the wheel-path and middle of traffic
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lane (Figure 5.16b). In addition, it should be noted that Site 1 (with mine chat) was
constructed approximately one and a half years later than the construction of Sites 2
and 3 (with bauxite).

It is logical that the friction number in the wheel-path be smaller than that in
the center of the lane since traffic polishing mainly occurs within the wheel-path. The
larger the difference, the larger the susceptibility of aggregates to traffic polishing.
On an average, the HFST with mine chat shows approximately 0.10 decrease in
friction in less than a year of service, while no obvious difference is observed for

HFST sites with bauxite after more than two and a half year’ of traffic polishing.

5.5 Skid Resistance Deterioration Model
5.5.1 Candidate Variables

According to the literature review in Chapter 2, temperature, traffic volume,
pavement age, pavement surface characteristics, and aggregate characteristics are
considered as the potential influencing factors for the development of friction
deterioration model. Temperature data were recorded during the field data collection
events. Traffic characteristics, including Annual Average Daily Traffic (AADT) and
total traffic volume were acquired from the ODOT SAFE-T database. Pavement
ages since the application of PM treatments were obtained from the ODOT'’s
SiteManager database. Pavement surface condition data were acquired using the
PaveVision3D laser imaging system. The condition indices for each testing site were

computed, including mean profile depth (MPD) for macrotexture, IRI for longitudinal

122



roughness and rutting for transverse profiling. Aggregate characteristics in terms of

angularity, surface texture and sphericity were measured using the AIMS System

before and after the Micro-Deval (MD) testing as discussed in Chapter 4. A list of

candidate variables is provided in Table 5.7.

Table 5.7. Candidate Variables for the Development of Skid Resistance Model

Variable Symbol Description
Friction FN Pavement friction number
T Chip seal, microsurfacing, UTBWC, HFST, HMA/WMA
reatment | Treatment | .
thin overlay
Climate Temp Ambient temperature
Traffic AADT Annual Average Daily Traffic
TAADT Total traffic volume, which is AADT multiplied by Age
Pavement | Age Age in years since PM treatment applied
MPD Mean Profile Depth (MPD)
IRI International Roughness Index (IRI)
Rutting Rutting depth in wheel-path
Aggregate | NMAS Nominal Maximum Aggregate Size
MD Micro Deval loss (%)
AB Angularity before MD
TB Surface texture before MD
SB Sphericity before MD
AC Change of angularity after MD
TC Change of surface texture after MD
SC Change of sphericity after MD

5.5.2 Development of Friction Prediction Model

Multiple linear regression (MLR) analysis was performed to model the

deterioration of pavement friction for various PM treatments. MLR is an extension of

simple linear regression analysis, which is used to assess the association between
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multiple independent variables and a single continuous dependent variable (friction
herein). The multiple linear regression can be expressed by Eq. 5.4:

Y =bo + b1X1 + b2X2 + ... + bpXp (Eq. 5.4)

Where Y is the predicted or expected value of the dependent variable, X1
through Xp are the p distinct independent or predictor variables, bo is the intercept,
and b1 through bp are the estimated regression coefficients. Each regression
coefficient represents the change in Y relative to a one unit change in the respective
independent variable, holding all other independent variables constant. Statistical
tests can be performed to assess whether each regression coefficient is significantly
different from zero.

The ordinary least squares (OLS) statistical analysis results are summarized
in Table 5.8. Assessing the p-values suggests that seven independent variables
(Temperature, Age, MD, NAMS, AB, TC, SC) are statistically significant at the 95%
confidence level. The magnitude of the t statistics provides a means to judge relative
importance of the independent variables.

OLS multiple linear model is developed using the statistically significant
independent variables. The OLS regress statistics are shown in Table 5.9. It is a
widespread notion that statistical models should be interpreted based on the p-value
(p<0.05). Many researchers have indicated that scientific conclusions should not be
based only on whether a p-value passes a specific threshold (Knaub, 1987;
loannidis, 2007; Ronald et al., 2016), because p-values are sample size dependent

and can be misleading in some cases. Instead, standard errors and confidence
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intervals are more practically interpretable than a p-value (Knaub, 1987; Ranstam,

2012). Even though the p-value of AADT is 0.1879, many previous studies indicated

that traffic volume could affect the deterioration rate of pavement friction (Cenek,

2004; Rezaei et al., 2011; Kotek and Florkova, 2014), and therefore AADT is

retained for the model development. The R-squared value of the final MLR model is

0.74 and the p-value of the final model is smaller than 2.2e-16 indicating that the

model explains most of the variability of the response data around its mean and the

model fits the data well.

Table 5.8. OLS Multiple Linear Model Statistics with All Variables

Coefficients Estimate | Std. Error |t value Pr(>|t|) Sig. Level
(Intercept) 3.7800 0.7874 4.8000 3.77E-06 | ***
Treatment HFST -0.1764 0.0757 -2.3300 211E-02 | *
Treatment_Microsurfacing | -0.0162 0.0522 -0.3110 7.56E-01
Treatment HMA -0.0337 0.0458 -0.7360 4.63E-01
Treatment UTBWC -0.0263 0.0531 -0.4960 6.21E-01
Treatment WMA -0.0863 0.0544 -1.5860 1.15E-01
AADT -3.90E-06 | 2.98E-06 -1.3060 1.93E-01
TAADT 4.58E-08 | 9.59E-07 0.0480 9.62E-01
Age -0.0214 0.0060 -3.5920 4 43E-04 | ***
Temp -0.0030 0.0004 -8.4340 2.50E-14 | ***
MPD -0.6996 0.5813 -1.2030 2.31E-01
IRI -0.0003 0.0002 -1.4150 1.59E-01
Rutting -0.0238 0.0997 -0.2390 8.12E-01
MD -0.0099 0.0032 -3.1040 2.28E-03 | **
NMAS -0.0534 0.0105 -5.0920 1.04E-06 | ***
B -0.0004 0.0002 -2.0470 4.24E-02 | *
AB -0.0005 0.0001 -6.4730 1.27E-09 | ***
SB -0.9141 0.8850 -1.0330 3.03E-01
TC 0.0029 0.0013 2.1900 3.01E-02 | *
AC -0.0040 0.0023 -1.7590 8.06E-02
SC 0.0105 0.0035 3.0040 3.12E-03 | **
Notes: (1) Significance codes: 0 - “*** ,0.001-"**,0.01-",005-",0.1-"";

(2) Residuals: Min (-0.14763), 1Q (-0.03976), Median (-0.00279), 3Q (0.03296), Max (0.18043);
(3) Multiple R-squared: 0.7682, Adjusted R-squared: 0.7375;

(4) F-statistic: 25.02 on 20 and 151 DF, p-value: < 2.2e-16.
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AADT, treatment age, ambient temperature, MD loss and NMAS demonstrate
negative correlations with friction number, which agrees with the findings from the
previous studies (Noyce, 2005; Anupam, 2013; Kassem et al., 2013; Wang and
Wang, 2013; Susanna et al., 2017). Unexpectedly, angularity also shows negative
correlation to friction, which seems to be against the engineering wisdom. A study by
National Center for Asphalt Technology (NCAT, 2017) also found that “although an
aggregate might be initially characterized by a high level of angularity and measure
good friction values, it may not be suitable for a pavement surface layer if the
aggregate cannot maintain a sufficient level of friction due to polishing under traffic.”
Another study by Moaveni et al. (2014) found that pavement microtexture could be
significantly affected by the angularity of aggregates for certain surfacing types.

Change of texture and sphericity due to MD polishing are positively correlated
to friction, which seems plausible. Aggregate polishing and degradation have an
adverse impact on aggregate surface texture and sphericity, accelerating the surface
deterioration and decreasing friction performance (Rezaei et al., 2009; Fowler and
Rached, 2012). A greater negative value of texture (sphericity) loss means higher
texture (sphericity) value after MD polishing, indicating the aggregate is more
durable and resistant to polishing and abrasion, resulting in longer pavement service

life in terms of skid resistance (Neaylon, 2009; Smith et al., 2009).
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Table 5.9. OLS Multiple Linear Model Statistics with Significant Variables

Coefficients | Estimate | Std. Error | t value Pr(>|t]) Sig. Level
(Intercept) 2.41E+00 | 1.40E-01 |[17.167 <2e-16 | **™

AADT -2.02E-06 | 1.15E-06 | -1.757 8.07E-02 | .

Age -0.0122 0.0022 -5.4710 | 1.66E-07 | ***

Temp -0.0029 0.0004 -8.2760 | 4.34E-14 | ***

MD -0.0045 0.0013 -3.5080 | 5.83E-04 | ***

NMAS -0.0354 0.0026 -13.3730 | <2e-16 | ***

AB -0.0004 0.0000 -9.6630 | <2e-16 | ***

TC 0.0050 0.0006 7.8600 4.93E-13 | ™

SC 0.0110 0.0011 9.7740 <2e-16 | ***

Notes: (1) Significance codes: 0 - “***’,0.001 - **’, 0.01-",0.05-",0.1-"";
(2) Residuals: Min (-0.142039), 1Q (-0.045609), Median (-0.002986), 3Q (0.037980), Max (0.179431);
(3) Multiple R-squared: 0.7393, Adjusted R-squared: 0.7265;
(4) F-statistic: 57.78 on 8 and 163 DF, p-value: < 2.2e-16.

It is worth stating that aggregate properties have showed a more significant
effect on pavement friction than the PM treatment types on skid performance. When
both PM treatment type and aggregate property related variables are included as the
influencing factors for the friction prediction model development, PM treatment does
not show a statistical significance on friction. To demonstrate the impacts of
pavement treatments on friction, another prediction model is developed considering
PM treatments and several other external parameters as the influencing factors,
while excluding aggregate characteristics from the model. Although MPD, IR,
Rutting, NMAS and MD are considered in the initial model development, they do not
show significant influence on friction in this model since the p-value is much greater
than 0.05. The refined model results are shown in Table 5.10. Total traffic volume,
pavement age and temperature are negatively correlated to pavement friction. All

the PM treatment types, except for the WMA overlay and chip seal treatments, show
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significant influences on pavement friction. In this study, a limited number of testing
sites was constructed with WMA and chip seal, which probably interprets its
insignificance to the model. The intercepts of the model for the PM treatments shows
the following sequence from high to low: HFST > Microsurfacing > UTBWC >
Resurface > Chip seal > WMA overlay. Such results are consistent with those from
several previous studies (Moravec, 2013; Ji et al., 2015; Li et al., 2016). The R-
squared value of this model is 0.51, which is smaller than the model developed in

this study based on aggregate characteristics as the influencing variables.

Table 5.10 Regression Model with Treatment Types but not Aggregate

Characteristics as the Influencing Factors

Variable Estimate | Std. Error |t-value | Pr(>|t]) | Sig. level

(Intercept) 0.7118 0.0557 12.768 | <2.2e- |**

HFST 0.3521 0.0581 6.0614 | 0.0000 | ***

Microsurfacing | 0.2021 0.0708 2.8537 |10.0048 |**

HMA 0.1117 0.0535 2.0886 |0.0379 |~

UTBWC 0.1450 0.0642 2.2586 [0.0249 |~

WMA -0.0059 0.0633 -0.0931 | 0.9259

Chip seal 0 - - -

TAADT -2.31e-06 | 0.0000 -3.2463 | 0.0014 | **

Age -0.0266 0.0064 -4.1755 | 0.0000 | ***

Temp -0.0031 0.0003 - <22e- | ™
R? 0.5143
Adj. R? [0.5000
P-value | <2.2e-16

. Significant level=0.1, * Significant level=0.05, ** Significant level=0.01, ***Significant level=0.001

5.6 Summary

In the field, the PaveVision3D system equipped with the AMES high-speed

profiler was used to collect 1mm 3D surface and texture data at highway speed with
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full-lane coverage. Grip Tester, a trailer-based continuous surface friction measuring
device, was used to measure pavement surface skid resistance. For each preventive
treatment testing site, four to seven rounds of field data collection activities were
performed. Pavement performance data in terms of cracking, rutting, IRI, texture,
and friction number were obtained and analyzed. In particular, the friction and
texture characteristics were compared among pavement treatment types and
aggregate sources. The effectiveness of HFST in reducing crashes was evaluated
and the deterioration of pavement skid resistance was also investigated.
Subsequently, statistical analyses were performed to evaluate the effects of various
factors, such as the preventive treatment type, aggregate properties, surface age
and traffic level, on pavement skid resistance. Seven independent variables, namely
ambient temperature, treatment age, Micro-Deval loss, nominal maximum aggregate
size, angularity before MD polishing, change of texture and sphericity after MD
polishing, were found to be statistically significant at the 95% confidence level for the
prediction of pavement friction. It was found that aggregate properties have more
significant effect on pavement friction than the PM treatment types. When both PM
treatment type and aggregate property variables are included as the influencing
factors for the friction prediction model development, PM treatments do not
statistically show any significant influence on friction. The skid resistance

deterioration model is further used in Chapter 6 for the life cycle cost analysis.
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CHAPTER 6 LIFE CYCLE COST ANALYSIS

6.1 Introduction

Preserving infrastructure, such as pavement, has become an issue as
transportation agencies are increasingly challenged with “high user demand,
stretched budgets, declining staff resources, increasing complexity, more stringent
accountability requirements, rapid technological change and a deteriorating
infrastructure” (FHWA, 2007). Preservation is especially critical in Oklahoma due to
its relatively small transportation budget and correspondingly fragile maintenance
budget (Riemer et al., 2010). It is “more cost effective to continuously increase the
number of lane-miles of pavements that are candidates for pavement preservation
(i.e., good condition)” than to “do nothing” and allow pavements to deteriorate to the
point of requiring costly rehabilitation or reconstruction (SCDOT, 2016).
Theoretically, this proactive approach could reduce the amount of “costly, time
consuming rehabilitation and reconstruction projects” and “provide the traveling
public with improved safety and mobility, reduced congestion and smoother, longer
lasting pavements” (Geiger, 2005).

Transportation agencies “continue to advocate for the measurement of
maintenance expenditures, consideration of such costs in lifecycle evaluations of
specific pavement investments, and estimation of the financial needs for
maintenance” (Volovski et Al., 2017). “The core of transportation decision making is

the evaluation of transportation projects and programs in the context of available
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funding” (Sinha, 2007). Tools are available to agencies for “evaluating costs,
benefits, timing, longevity and decision-making process to determine an effective
pavement preservation program” (MnDOT, 2014). However, relevant literature,
historical cost data and treatment timing data are still limited, hampering an agency’s
ability to use these tools to evaluate investments (Volovski et al., 2017).

Economic analysis is a vital component to Transportation Asset Management,
and specifically, Pavement Preservation, and its application has long been promoted
by the FHWA to “highway project planning, design, construction, preservation, and
operation” (FHWA, 2005), for cost-effectiveness evaluation and accountability
(FHWA, 2007). “Considering the annual magnitude of highway investments, the
potential savings from following a cost-effective approach to meeting an agency’s
performance objectives for pavements are significant” (Peshkin et al., 2004), thus,
allowing agencies to stretch the budget to address sustainability needs in
infrastructure and enhance stewardship.

To be effective, every programming framework should include a mechanism
for assessing the cost effectiveness of alternatives considered for implementation
(Sinha, 2007). Life cycle cost analysis (LCCA) is an engineering economic analysis
tool that is useful (FHWA, 2002), and some state agencies are required to conduct
LCCA for pavement construction and rehabilitation decision making (MnDOT, 2017),
although it is not commonly being used by frontline pavement managers to
determine the most cost-effective pavement preservation treatment alternative for a
given project (Gransberg et al., 2010; Bilal et al., 2009; J. Hall et al., 2009; Monsere

et al., 2009; Cambridge et al., 2005). It has also been noted that the level of
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complexity associated with developed tools and data collection effort should be
commiserate with the impact of the decision-making process that is facilitated
(“funding is to [be used to] improve road infrastructure, not to make decisions”)
(MnDOT, 2014). LCCA can become quite complex, so an analyst should be
judicious about the level of detail included (FHWA, 1998). The analysis can be
simplified by including only differential costs, i.e. omitting those that cancel out, as
well as disregarding those costs that contribute minimal or no impact on the results
(FHWA, 1998). The goal is to implement costing tools that are “simple, effective,
and relevant” (MnDOT, 2014).

LCCA can facilitate a pavement preservation strategy and can benefit the
“user (reduced travel time, vehicle operating, accidents), agency (timely and
appropriate maintenance and rehabilitation), and public (objective, consistent,
transparent, and repeatable decision making)” (Falls and Tighe, 2004). The FHWA
states the following purpose for LCCA use:

“‘LCCA is an analysis technique that builds on the well-founded
principles of economic analysis to evaluate the over-all-long-term economic
efficiency between [mutually exclusive] competing alternative investment
options. It does not address equity issues. It incorporates initial and
discounted future agency, user, and other relevant costs over the life of
alternative investments. It attempts to identify the best value (the lowest long-
term cost that satisfies the performance objective being sought) for

investment expenditures.” (FHWA, 1998)
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The FHWA offers “LCCA Principles of Good Practice” in its Life Cycle Cost
Analysis in Pavement Design, Interim Technical Bulletin released in 1998. “Good
Practice” is that constant dollars and real discount rate be used for the purposes of
discounting future costs (i.e. omit inflation and effects). FHWA recommends a rate
between 3-5% be used in analyses, which is consistent with the OMB Circular A-94.
Other “LCCA Principles of Good Practice” are integrated with the LCCA

procedures/methodology.

6.2 Life Cycle Cost Analysis Procedures

The following are LCCA procedures, as excerpted from the FHWA Life Cycle
Cost Analysis Primer (FHWA 2002) and the Interim Technical Bulletin (FHWA 1998):

1) Establish design alternatives [and analysis period];

2) Determine [performance period and] activity timing;

3) Estimate costs [agency and user];

4) Compute [net present value] life cycle costs;

5) Analyze results;

6) Reevaluate design strategies (FHWA, 2002; FHWA, 1998).

6.2.1 Design Alternatives and Analysis Period

The first step in the procedure involves establishing strategies, i.e. associated
rehabilitation and maintenance activities of each alternative expected over the

analysis period (FHWA, 1998). The analysis period can be selected by various
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methods when alternatives have differing performance periods for the purposes of
comparing all alternatives over a “common period of time”, which is an engineering
economic analysis principle (White et al., 2010). The general suggestion when
using the net present value (NPV) method is that the analysis period be a standard
length, such as 35-40 years, and long enough to allow “at least one major
rehabilitation activity” for each design alternative (FHWA, 2002). When using the
equivalent uniform annual cost (EUAC) method, the analysis period can vary with
the caveat that any service life truncations will be addressed (Pittenger et al., 2011,
Bilal et al., 2009). To avoid the common “mistake” associated with employing the
EUAC method, the analyst must consider any encroachment for engineering
economic principles adherence (White et al., 2010; Lee, 2002). For example, if a
treatment has a typical five-year service life, but the next pavement intervention is
planned in three years, then the anticipated service life value used in the LCCA must

be three years to get a more accurate estimate for life cycle cost.
6.2.2 Performance Period and Activity Timing

The second step involves determining the performance period (i.e. cash flow
diagram) for an alternative, which is the period that covers one life cycle of that
alternative. It is generally determined by the analyst’s judgment based on
experience and historical data (FHWA, 1998). Activity timing includes the
determination of maintenance and other activity frequency associated with a specific

alternative strategy.
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6.2.3 Agency and User Costs Estimation

The third step involves determining or estimating agency and user costs for
each of the competing alternatives. Agency and user costs are determined for each
of the competing alternatives and future costs are “discounted” to determine the
NPV. Agency costs are those costs directly incurred by the agency, such as costs
for project supervision and administration, materials, labor and traffic control for the
initial installation, as well as any associated rehabilitation and maintenance costs
required over the life cycle of the alternative. These costs are generally based on
current and/or historical costs.

According to the FHWA, salvage value is the value associated with each
alternative determined at the point of analysis terminal and involves any residual
value (value attributed to the reclaimed materials) or any serviceable life (value
attributed to alternative “life” that exists after analysis terminal) and should be
attributed to alternatives appropriately for the purposes of analysis (FHWA, 1998).
Sunk costs, which are costs occurring pre-analysis, should not be included in the
analysis unless they specifically apply to the alternatives that are to be compared
(FHWA, 1998).

User costs relate to costs incurred by the traveling public in both work-zone
and non-work-zone phases for a given extent of road for which alternatives are
being compared (FHWA, 1998). Generally, the user costs incurred during non-work-
zone phases are disregarded in LCCA due to a lower likelihood of difference among

alternatives (FHWA, 2002). Differing [work zone] user costs among alternatives are
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pertinent to the analyses, and generally include “[time] delay, vehicle operating, and
crash costs incurred by the users of a facility” (FHWA, 1998).
“User costs are heavily influenced by current and future roadway operating
characteristics. They are directly related to the current and future traffic
demand, facility capacity, and the timing, duration, and frequency of work
zone-induced capacity restrictions, as well as any circuitous mileage caused
by detours. Directional hourly traffic demand forecasts for the analysis year in
question are essential for determining work zone user costs.” (FHWA, 1998)

It is suggested that “different vehicle classes have different operating
characteristics and associated operating costs, and as a result, user costs should be
analyzed for at least three broad vehicle classes: Passenger Vehicles, Single-Unit
Trucks, and Combination Trucks” (FHWA, 1998). Unit costs are generally translated
into monetary terms (for the purposes of analysis) and can be ascertained from
various sources, and those costs escalated with the use of the transportation
component of the Consumer Price Index (CPIl) (FHWA, 1998). Delay costs are
calculated by multiplying the unit of “wait” time attributed to each alternative’s work-
zone timings by the monetary unit (FHWA, 1998). Vehicle operating costs (VOC)
are calculated by multiplying the vehicle-related cost factors attributable to each
alternative’s work-zone timings by the monetary unit (FHWA, 1998). Crash costs
are calculated by multiplying the number of specific types of crashes by their
respective monetary unit (FHWA, 1998). User costs as a result of detours are
typically assigned a cents-per-mile rate, such as that used by the Internal Revenue

Service for mileage allowance (FHWA, 1998).
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6.2.4 Compute Life-Cycle Costs (NPV)

As excerpted from FHWA’s LCCA Interim Technical Bulletin:
“‘Economic analysis focuses on the relationship between costs, timings of
costs, and discount rates employed. Once all costs and their timing have
been developed, future costs must be discounted to the base year and added

to the initial cost to determine the NPV for the LCCA alternative.
6.2.5 Analyze Results

LCCA has two possible computational approaches: deterministic and
probabilistic (FHWA, 1998). The deterministic approach involves using discrete
input values and a single output value and has been the traditional LCCA type used
in transportation decision making (FHWA, 2002). A sensitivity analysis should be
conducted so that the analyst may determine the level of variability of a given input
value relative to the output (FHWA, 1998). For example, an analyst chooses a 4%
discount rate to do the LCCA, which results in output (a preferred alternative). The
sensitivity analysis will allow the analyst to conduct a What if scenario to determine if
choosing a 5% discount rate would result in different output (different preferred
alternative). The sensitivity analysis is limited in application because it is unable to
analyze simultaneous variability (FHWA, 2002).

A deterministic-type LCCA is less complex than a probabilistic type and can
be adequate, and therefore appropriate, when uncertainty is not expected to have a
material effect on the outcome of the economic analysis (FHWA, 2003). However, if

uncertainty could materially alter the outcome, the deterministic approach is not
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recommended because of its inability to effectively analyze simultaneous variability
(FHWA, 2003). The stochastic approach using probabilistic methods involves
analyzing input value probability based on the full range of What if scenarios allowed
by sensitivity analysis by providing a distribution of NPV results (FHWA, 2002). Itis
generally accompanied with a risk analysis, which unlike sensitivity analysis, does
allow the analyst to determine the level of certainty about simultaneous variability in
all input parameters (FHWA, 1998). Stochastic LCCA specifically addresses and
quantifies the uncertainty associated with a transportation project decision and
contributes to decision validation (FHWA, 1998).

The normal distribution is commonly assumed to be the appropriate
distribution for data in stochastic analysis and is further justified by the central limit
theorem (Montgomery, 2009). The central limit theorem states that most data are
“approximately normal” (or approximately symmetric in nature) and grow more
normalized as sample size increases (Montgomery, 2009). It also states that it
should be applicable in most cases where possible values of a given input are
identically distributed and do not “depart radically from the normal” (or are not
extremely skewed) (Montgomery, 2009). There is no standard rule for sample size
and the central limit theorem. Some smaller samples can be approximately normal,
while other cases may need larger sample sizes to fit the normal distribution.

A triangular distribution is a continuous distribution that contains user-defined
values for (a) the minimum value, (b) the maximum value and (c) the most likely
value for an input variable. It is commonly used for variables that have limited

sample data but can be reasonably estimated. This type of distribution may be
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appropriate for service life input values. No significant research has been done to
quantify the actual service lives of PPTs; therefore, service life data is limited. This
type of distribution has also been suggested for discount rate input values of 3, 4
and 5%, the discount range suggested by the FHWA (1998).

FHWA provides guidance for conducting stochastic LCCA (FHWA, 1998),
which includes three steps. First, the analyst must decide whether to treat the input
values deterministically or probabilistically. Secondly, the input data must be fitfed to
the appropriate probability distribution. Lastly, risk analysis should be conducted.

The stochastic LCCA calculation for NPV is illustrated in Figure 6.1.

Combine Variability of Inputs to Generate a
Probability Distribution of Results

A A—D
NPV = Initial Cost +

N
2. Future Cost x ﬁ:l/
AD-— g

Figure 6.1 Computation of NPV using probability and simulation (FHWA, 1998)

Step 1: Deterministic and Probabilistic Input Value Determination
Step one of stochastic LCCA requires the analyst to identify which input

values have associated uncertainty and will have a material effect on the outcome
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(FHWA, 2004). Only those values should be treated probabilistically to simplify the
analysis (FHWA, 2004). The deterministic approach does not allow probabilistic
values, but the probabilistic approach allows deterministic values. If a pavement
manager expected service life to contribute uncertainty that would affect outcome,
then it should be incorporated into the analysis in a probabilistic manner
(represented as a probability distribution). If material cost was not expected to have
an impact, then it could be treated deterministically (represented as a point
estimate). If the pavement treatment was expected to incur maintenance costs
comparable to those of other alternatives and would not have a material effect on
the output, those costs could be ignored altogether (FHWA, 1998). Input value
distributions can be subjectively defined based on the pavement manager’'s
judgment or objectively defined based on historical or current data from sources like
bid tabulations and pavement management systems. Ultimately, the analyst must

use judgment to properly assess and address uncertainty in analyses.

Step 2: Selecting Appropriate Probability Distributions

The second step of a stochastic analysis is to “fit” a given data set to the
“best” theoretical probability distribution (FHWA, 1998). This is commonly
accomplished with statistically-based goodness-of-fit tests, such as Anderson-
Darling (A-D) and chi-squared (x?) tests (Lomax, 2007). Software is available that
can execute the task in seconds (Pallisade, 2011). Determining the appropriate

probability distribution for given data is a critical step to ensure output validity,
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because the LCCA is based upon the theoretical probability distribution, not the

actual data (Lomax, 2007; Tighe, 2001).

Step 3: Risk Analysis

The third step of a stochastic approach is risk analysis (FHWA, 1998), which
is based on probability theory. It can be defined as a “systematic use of available
information to determine how often specified events may occur and the magnitude of
their consequences” (Palisade, 2011). Like sensitivity analysis, risk analysis seeks
to expose uncertainty associated with input parameters. Risk analysis differentiates
itself from sensitivity analysis because it combines “probabilistic descriptions of
uncertain input parameters with computer simulation to characterize the risk
associated with future outcomes” (FHWA, 1998). It also allows the analyst to assess
variability in all input parameters simultaneously (FHWA, 1998). Risk analysis can
be conducted on a deterministic basis or a stochastic basis, although employing
deterministic risk analysis (like triangular distribution) results in oversimplification
and reduced accuracy (Palisade, 2011). A Monte Carlo simulation satisfies the
conditions of a probabilistic, quantitative risk analysis and is the type used in this
research. Monte Carlo simulation is a “computerized mathematical technique that
allows people to account for risk in quantitative analysis and decision making”

(Palisade, 2011).
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6.2.6 Reevaluate Design Strategies

LCCA results should be coupled with other decision-support factors such as
“risk, available budgets, and political and environmental concerns” (FHWA, 2002).
The output from an LCCA should not be considered the answer, but merely an
indication of the cost effectiveness of alternatives (FHWA, 1998). Considering cost
effectiveness without also considering treatment effectiveness (and vice versa), or
the economic efficiency of a treatment, may not provide the whole picture either and

may result in not selecting the “best” alternative (Bilal et al., 2009).

6.3 Performance-Based LCCA of Pavement Treatments

This research aims to develop, complete and report economic and life cycle
cost analysis using deterministic and stochastic engineering economic analysis so
that a friction-based cost model may be created that can produce standardized
results relevant to pavement managers when comparing pavement preservation
alternatives. As pavement preservation becomes increasingly vital to sustainability in
infrastructure, it has become apparent that economic analysis, specifically LCCA,
could be an essential tool in assisting ODOT pavement managers in the selection of
cost-effective alternatives that may yield extended service lives of Oklahoma
pavements. This LCCA research is the synthesis of a comprehensive literature
review and inclusion of pavement preservation treatment field trial data via
pavement performance (friction) models, which is becoming common practice

(Volovski et al., 2017; Choi et al., 2016; MnDOT, 2014).
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Surveys of ODOT staff were conducted in a previous study to determine
status and inputs to LCCA for pavement preservation treatment evaluation (Zaman
et al., 2012). The responses indicated that initial cost plays a primary role when
deciding which pavement treatment to employ and that long-term cost or cost-
effectiveness of a treatment selection is not considered, i.e. performance-based
LCCA is not conducted. The survey also yielded information about other decision-
making factors, as well as the types of preservation and maintenance treatments
typically applied in Oklahoma, and each treatment’s cost range, productivity range
and typical service life range based on factors such as average annual daily traffic
(AADT), percent truck traffic and pavement condition. This information will be used

to provide context for this study’s results.

LCCA Equivalent Uniform Annual Cost (EUAC) Method

Maintenance funding is authorized on an annual basis making comparing
alternatives on an annual cost basis more closely fit the funding model than using
NPV which would assume availability of funds across the treatment’s entire service
life (Pittenger et al., 2011). Equivalent Uniform Annual Cost Method (EUAC) has
been deemed appropriate for this application (MnDOT, 2014; Thoreson et al., 2012;
Gransberg and Scheepbouwer, 2010; Bilal et al., 2009; Sinha and Labi, 2007).
Therefore, it was selected for the model used in this research. EUAC can provide an
annualized cost for a pavement treatment. Figure 6.2 shows an example illustration

of EUAC LCCA based upon pavement condition.
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Figure 6.2 Example LCCA using EUAC Method (MnDOT 2014)

The application of the EUAC LCCA model used in this research is informed
by the OLS friction prediction model created for this project. Input values are based
upon field trial, vendor and ODOT survey data, literature review results and bid
tabulations. The model’s logic is shown graphically in the flow chart found in Figure
6.3. The LCCA procedures, as excerpted from the FHWA Life Cycle Cost Analysis
Primer (FHWA, 2002) and the Interim Technical Bulletin (FHWA, 1998) and
discussed in the previous section of this writing, serve as the basis for the EUAC

model.
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LCCA Step 1: Establish [pavement treatment] alternatives [and analysis period]
Each alternative’s service life is selected consistent with the EUAC method.
The AP for each treatment alternative is equal to its own anticipated service life

(ASLart = APart) (Pittenger et al., 2011).

LCCA Step 2: Determine [service life and] activity timing

The next step is to enter service-life length for each alternative. This step
should be exercised with care due to the sensitivity of the parameter (FHWA, 1998).
Friction is an indicator of treatment performance that can be used “to maintain an
appropriate level of pavement friction for all pavement sections within the highway
network, based on each section’s friction demand” (Hall et al., 2003). Friction data
can also be used to evaluate economic performance of a treatment (Zaman et al.,
2012). Specifically, friction data can be used to determine service life values based
upon actual local performance, which can yield superior results to empirical values
(Volovski et al., 2017; Choi et al., 2016; MnDOT, 2014; Bilal et al., 2009; Reigle and
Zaniewski, 2002). Table 6.1 provides the information used in EUAC evaluation.
Service life input for each treatment is provided as a value range and is informed by
ODOT survey results, literature review and performance data (Zaman et al., 2012;
Bilal et al., 2009; Stroup-Gardiner and Shatnawi, 2008; FHWA, 2005; Reigle and

Zaniewski, 2002).
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Table 6.1 Pavement Treatment Service Life Estimation

Pavement Preservation Treatment 3:;::;9 Life (range,
Thin-Lift Hot Mix Asphalt (HMA) 8-12

Thin-Lift Warm Mix Asphalt (WMA) 8—-12

Permeable Friction Course (PFC) 8—-12

Chip Seal 3-5

Ultra-Thin Bonded Wearing Course 8-10

High Friction Surface Treatment 7-12
Microsurfacing 7-10

After determining service life, Step 2 of the LCCA process requires
determining maintenance activity timing. For this demonstration, maintenance
includes crack seal and 2%-of-total-area patching with a three-year frequency for all

asphalt treatments (Zaman et al., 2012).

LCCA Step 3: Estimate Agency & User Costs

The next step is to estimate agency and user costs associated with the
pavement treatments being evaluated. Due to the lack of robust historical cost data,
agencies have been using average values for cost data “that typically have large
standard deviations or cost ranges that are too large to assist in any meaningful
prediction of maintenance costs for specific highway segments” (Volovski et al.,
2017). Therefore, costs should be scrutinized and carefully selected. The average
cost for treatments used in this study are shown in Table 6.2. These values are
informed by the ODOT survey and verified by field trial data, literature review
(Stroup-Gardiner and Shatnawi, 2008; FHWA, 2005; Bausano et al., 2004) and

ODOT bid tabulations.
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Table 6.2 Average Pavement Treatment Cost

Pavement Treatment Average Cost per Square Yard
Thin-Lift Hot Mix Asphalt (HMA) 3.25

Thin-Lift Warm Mix Asphalt (WMA) 3.25

Chip Seal 1.77

Permeable Friction Course 3.75

Ultra-Thin Bonded Wearing Course 4.00

High Friction Surface Treatment 19.00

Microsurfacing 2.50

User costs do not need to be included in LCCA if installation time and
frequency for the pavement preservation treatments being considered differ greatly

(Bilal et al., 2009). Therefore, user costs were not calculated for this demonstration.

LCCA Step 4: Compute Life Cycle Costs

The EUAC model used in this research calculates life cycle cost for each
alternative based on the EUAC method (Pittenger et al., 2012). All incurred costs
expected throughout the service life of an alternative are brought to a base year,
summed, and then annualized according to the freatment’s service life as proposed
in this research, determined by field data and pavement manager professional
judgment.

The discount rate selected for the demonstration of the model was 4%.
Project length input was one lane-mile. The life cycle cost calculations were

conducted to determine the EUAC of each alternative. LCCA input values and output
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results for this scenario are shown in Table 6.3. The results were manually verified

(Zaman et al., 2012).

Table 6.3 Life Cycle Cost and Service Life Input for EUAC Calculation

Cost . . EUAC
Service Life
Treatment (Average, (Range, in Years) (mean,
$ per SY) ge, $ per lane mile)
Thin-Lift Hot Mix Asphalt (HMA) 3.25 8-12 3,500
Thin-Lift Warm Mix Asphalt (WMA) | 3.25 8-12 3,500
Chip Seal 1.77 4-6 3,700
Permeable Friction Course 3.75 8—-12 3,800
Ultra-Thin Bonded Wearing 4.00 8- 10 4,400
Course
High Friction Surface Treatment 19.00 7-12 17,700
Microsurfacing 2.50 7-10 3,100

In this scenario, the chip seal has the lowest initial cost, but the
microsurfacing and asphalt (HMA/WMA) treatments have lower life cycle costs.
However, inherent variability in LCCA parameters (e.g. service life) can provide
different outcomes, so results should be analyzed for sensitivity (Zaman et al.,

2012).

LCCA Step 5: Analyze the Results

Deterministic (empirical and performance-based) and stochastic methods are
used to expose sensitivity in LCCA and support decision making. Essentially, the
variability (uncertainty) of critical LCCA parameters are evaluated to determine when
output rankings change in a manner that would materially alter the decision-making

information. Service life and discount rate values are generally sensitive parameters
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(FHWA, 1998), so both are analyzed for sensitivity. Additionally, the EUAC output is
analyzed for sensitivity by using the OLS performance prediction model created for

this study.

Analyze LCCA Results — Deterministic Methods

The deterministic, performance-based analysis is a relatively new concept
that can be used to assess pavement preservation treatment’s economic efficiency
that derives cost as a function of service life (Pittenger et al., 2011; Bilal et al., 2009;
Reigle and Zaniewski, 2002). The service life value is based upon actual
performance data rather than assumption. Incorporating performance data into
analyses may contribute to determining the optimal preservation timing (Peshkin et
al., 2004) so that a pavement manager can install the “right treatment to the right
road at the right time” (Galehouse et al., 2003). Friction values (deterministic,
performance-based) are routinely collected by ODOT and can be extrapolated to
estimate service life duration based upon localized performance (Pittenger et al.,
2011). These parameters were used to verify the sensitivity of the service life value
in the LCCA.

The discount rate used in the LCCA is generally a sensitive parameter and
the sensitivity should be analyzed on a case-by-case basis (FHWA, 1998). For
example, when selecting a discount rate less than 4%, the HMA could have a lower
EUAC ($4,580) than chip seal ($4,643). When using a discount rate higher than 4%,

the HMA could have a higher EUAC ($4,814) than chip seal ($4,749). This means
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that the selection of a discount rate could effectively drive the pavement preservation
design decision between these three alternatives.

Sensitivity analysis can also be based upon critical, performance-driven
factors (Volovski et al., 2017; Choi et al., 2016), such as those factors captured in
the OLS performance prediction model. The analyst can compare the performance-
based output to the empirical data-based output to assess sensitivity (Volovski et al.,
2017; Choi et al., 2016). For example, the impact of traffic level (AADT) on chip seal
service life can be considered and quantified in terms of dollars and can indicate the
sensitivity of the chip seal EUAC.

A performance-based cost sensitivity model was created in this study to
analyze the sensitivity of EUAC output for pavement treatments based upon
performance parameters (Equation 6.2). Internal validation of the model was
conducted to verify model output. Because the model operates on the function of
cost and because it assumes linearity, validation methods used interpolation and
extrapolation values to manually verify the model algorithm. The mean values of
performance parameters and cost data can be used to compute a baseline EUAC
for sensitivity analysis of the cost for pavement maintenance treatments (Volokski et
al., 2017; Choi et al., 2016).

EUAC=(2.41+(-2.02E-06*AADT)+(-0.0122*Age)+(-0.0029*Temp)+(-

0.0045*MD)+(-0.0354*NMAS)+(-0.0004*AB)+(0.005*TC)+(0.011*SC))*

(EXP LCCA) (EqQ. 6.2)
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Where EUAC is the value of the treatment cost based upon friction
performance parameters and the exponent (EXPLcca) is calculated when solving
with the “base case” using the mean EUAC LCCA output. The response variable,
EUAC, was transformed as EXPLcca of the expenditure to satisfy the OLS linearity
assumption (Volokski et al., 2017). Other equation terms were previously defined in
Equation 6.1 section. The “base case” equation is calculated using the mean values

for each variable in the multivariate regression equation (Table 6.4).

Table 6.4 Descriptive Statistics of Critical Performance (Friction) Factors

Statistics | AADT Age Temp | MD NMAS | AB TC SC
Min 30.00 0.25 35.00 |1.70 |4.75 1998.10 -29.70 | -19.40
Max 25155.00 15.47 196.00 |21.90 | 12.50 | 3636.50 -1.50 9.70
Range 25125.00 15.22 |1 61.00 |20.20 |7.75 1638.40 28.20 | 29.10
Median 2684.50 2.61 74.00 |8.20 12.50 | 3227.50 -8.90 -2.50
Mean 4410.59 3.19 73.15 |8.73 11.21 | 2969.54 -12.13 | -2.14
Variance 37086440.0 | 5.75 229.18 | 28.13 | 6.03 297434.10 | 81.93 | 33.46
Std Dev. 6089.86 2.40 15.14 | 5.30 |2.46 545.38 9.05 5.78
CoefVar. | 1.38 0.75 0.21 0.61 0.22 0.18 -0.75 -2.70

A useful application for this equation is in predicting overall annual
expenditures for system-level management (Volokski et al., 2017). Using the
equation and baseline EXPLcca, sensitivity analysis can be conducted on costs
based upon performance (friction) parameters (Volokski et al., 2017; Choi et al.,
2016). However, the estimates from this type of equation “may not be appropriate for
a specific pavement segment due to the large variability associated with this data”
(Volokski et al., 2017). For example, pavement age is averaged across all treatment
types although treatment service life lengths vary considerably. “This variability may

be relatively inconsequential for state-level forecasting, but could lead to unreliable
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predictions of maintenance expenditures for specific pavement sections” (Volokski et
al., 2017). Because pavement age and condition are highly correlated, it is “often not
possible to include both as separate terms in a model with intuitive and statistically
significant parameter estimates. Modeling pavement maintenance expenditures as a
function of both cost and condition would yield multicollinearity, resulting in
inconsistent parameter estimates” (Volokski et al., 2017). Therefore, the cost and
condition factors in this study have been dynamically modeled separately and the
static performance model output will serve only as a sensitivity analysis for the static
LCCA model output.

Linear regression using OLS (performance model) estimation was used to
evaluate the effect of performance (friction) variables on pavement treatment cost
(Volokski et al., 2017). Table 6.5 provides linear regression equations created from
calculated LCCA output cost values that were used to determine the treatment-
specific EXPLcca. Beyond the baseline value, the model can provide EXPLcca (y) for
a specific treatment with a given value for service life (x) to determine sensitivity for
the EUAC distribution of a given treatment based upon performance parameters.
The R-squared value is 1 because each equation was created by interpolating

linearly between the range of given LCCA output values for each treatment.
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Table 6.5 Treatment-specific EXPLcca - Exponent Relationships

Treatment, Exponent Relationship

Hot Mix/Warm Mix Asphalt

y = 0.3348x - 11.324

Chip Seal

y =0.5323x - 12.152

Permeable Friction Course

y = 0.3366x - 11.463

Ultra-Thin Bonded Wearing Course

y =0.3833x - 11.926

High Friction Surface Treatment

y =0.412x - 13.704

Microsurface

y =0.3622x - 11.331

Table 6.6 provides performance-based cost sensitivity model (static) inputs,
which will be used to evaluate sensitivity of individual performance parameters on

cost. Results for various scenarios are demonstrated in this section and provided in

Appendix B.

This type of sensitivity analysis will reveal how sensitive an EUAC is to a

specified performance factor. Sensitivity analysi

conducted by changing one variable within the performance model while holding all

other variables constant.

Table 6.6 LCCA Output Values and Co

s of a treatment’'s EUAC is

rresponding EXPLcca Values

Pavement Performance SL EUAC Model EXPLcca

Treatment Model Output Output

HMA/WMA 0.383 8 $ 4,000.00 |-8.64
0.358 10 $ 3,500.00 |-7.96
0.334 12 $ 3,000.00 |-7.30

Chip Seal 0.432 4 $ 4,500.00 |-10.02
0.419 5 $ 3,700.00 |-9.46
0.407 6 $ 3,100.00 |-8.95

PFC 0.383 8 $ 4,500.00 |-8.77
0.358 10 $ 3,800.00 |-8.04
0.334 12 $ 3,400.00 |-7.42

UTBWC 0.383 8 $ 4,900.00 |-8.85
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Pavement Performance SL EUAC Model EXPLcca
Treatment Model Output Output
0.371 9 $ 4,400.00 |-8.47
0.358 10 $ 4,000.00 |-8.09
HFST 0.395 7 $22,900.00 |-10.82
0.364 9.5 $17,700.00 |-9.70
0.334 12 $ 14,700.00 |-8.76
Microsurfacing 0.395 7 $ 3,500.00 |-8.79
0.377 8.5 $ 3,100.00 |-8.25
0.358 10 $ 2,700.00 |-7.70

Traffic and treatment age have the most influence on treatment life cycle cost.
Table 6.7 shows the results for the hot mix/warm mix asphalt treatments based upon
level of traffic (AADT) and expected service life. Although EUAC values were
determined stochastically in the LCCA process, the sensitivity analysis is conducted
with static mean EUAC values for the given service life values, meaning that the only
variable changed within the model for this analysis is AADT. This methodology
provides relative change to EUAC based upon friction performance. Table 6.7
provides EUAC results for the HMA/WMA treatment given the impact of traffic for
three service life length scenarios. The “base case” for traffic in the friction model is
4,410 AADT. The “base case” for each service life’'s EUAC in LCCA is its mean. If a
segment of road is expected to have less traffic of 2,500 AADT, then the cost of the
HMA could be estimated to be about 9% less. Alternatively, for 10,000 AADT, the
segment would cost approximately 23% more. Due to the linearity of costs within a
service life group in the sensitivity model, the same percentages apply to all
HMA/WMA EUACSs given this specific LCCA scenario (service life length and EUAC)

for the given traffic level.
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Table 6.7 HMA/WMA EUAC Sensitivity Analysis: Traffic (AADT)

AADT EUAC, 8-yr SL EUAC, 10-yr SL | EUAC, 12-yr SL | Change in
(per lane-mile) (per lane-mile) (per lane-mile) EUAC

2,500 $ 3,668.02 $ 3,259.45 $2,749.17 -9%

4,410 $ 4,000.00 $ 3,500.00 $ 3,000.00 0

(mean) (mean) (mean) (mean)

10,000 $5,180.51 $ 4,580.85 $3,842.27 +23%

Table 6.8 also shows the impact of service life length on (mean) EUAC, as
calculated in the LCCA model. The lowest EUAC of $2,749.17 is attributed to the
longest service life (12 years) and lowest AADT (2,500). The highest EUAC is
attributed to the shortest service life (8 years) and the highest AADT (10,000). These
results are intuitive; it is known that higher AADTs and shorter service lives have
faster deterioration of friction and therefore, more frequent (costly) maintenance
interventions. This methodology demonstrates that the impact of various
performance parameters can be quantified and evaluated in terms of cost.

Since the performance-based sensitivity model adjusts EUAC as a function of
cost, the analyst can evaluate sensitivity based upon an “estimated base case”.
Table 6.8 demonstrates traffic and age impact on EUAC from a given “expected”
base case scenario for HMA (i.e., 4410 AADT and 10-year service life EUAC from
the OLS/ performance model and LCCA model, respectively). As expected, the
shorter service life of 8 years will result in added costs: 4.4% more cost in the 2500
AADT scenario and 32.3% more cost when AADT is 10,000. If the HMA treatment
gets an additional two years of service life at a lower traffic level (when compared to

the 10-year EUAC), then the EUAC can be expected to be 27.3% less.
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Performance-based LCCA and sensitivity analysis for other treatment EUACs

being evaluated in this study are shown in Table 6.9 to Table 6.13. Given the nature

of the sensitivity analysis, scenarios yield similar trends among the treatments.

Table 6.8 Traffic Sensitivity Scenarios for HMA/WMA

Sensitivity

Scenario AADT Age Eg;:ﬁ_ggfm (change from base
EUAC)

Base Case 4410 10 $ 3,500.03 0.0%

Lower AADT: 8-yr SL | 2500 8 $ 3,661.11 +4.4%

Higher AADT: 8-yr SL | 10000 8 $5,170.35 +32.3%

Lower AADT: 10-yr SL | 2500 10 $ 3,259.45 -7.4%

Higher AADT: 10-yr SL | 10000 10 $ 4,580.85 +23.6%

Lower AADT: 12-yr SL | 2500 12 $2,749.17 -27.3%

Higher AADT: 12-yr SL | 10000 12 $ 3,842.27 +8.9%

Table 6.9 Traffic Sensitivity Scenarios for Chip Seal

Sensitivity

Scenario AADT Age Eg::ﬁ_gg?m (change from base
EUAC)

Base Case 4410 5 $ 3,700.03 0.0%

Lower AADT: 4-yr SL | 2500 4 $4,115.78 +10.1%

Higher AADT: 4-yr SL | 10000 4 $ 5,867.24 +36.9%

Lower AADT: 5-yr SL | 2500 5 $ 3,393.00 -9.0%

Higher AADT: 5-yr SL | 10000 5 $4,789.44 +22.7%

Lower AADT: 6-yr SL | 2500 6 $ 2,848.69 -29.9%

Higher AADT: 6-yr SL | 10000 6 $ 3,986.46 +7.2%
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Table 6.10 Traffic Sensitivity Scenarios for PFC

Sensitivity

Scenario AADT Age Eg;:ﬁ_ggfm (change from base
EUAC)

Base Case 4410.59 | 10 $ 3,800.03 0.0%

Lower AADT: 8-yr SL | 2500 8 $4,120.70 +7.8%

Higher AADT: 8-yr SL | 10000 8 $5,848.42 +35.0%

Lower AADT: 10-yr SL | 2500 10 $ 3,486.75 -9.0%

Higher AADT: 10-yr SL | 10000 10 $4,914.22 +22.7%

Lower AADT: 12-yr SL | 2500 12 $ 3,122.21 -21.7%

Higher AADT: 12-yr SL | 10000 12 $4,387.17 +13.4%

Table 6.11 Traffic Sensitivity Scenarios for UTBWC

Sensitivity

Scenario AADT Age Eg::ﬁ_gg?m (change from base
EUAC)

Base Case 4410.59 | 9 $ 4,400.04 0.0%

Lower AADT: 8-yr SL | 2500 8 $ 4,485.60 +1.9%

Higher AADT: 8-yr SL | 10000 8 $ 6,389.08 +31.1%

Lower AADT: 9-yr SL | 2500 9 $ 4,089.95 -7.6%

Higher AADT: 9-yr SL | 10000 9 $ 5,801.93 +24.2%

Lower AADT: 10-yr SL | 2500 10 $ 3,670.10 -19.9%

Higher AADT: 10-yr SL | 10000 10 $5,183.79 +15.1%

Table 6.12 Traffic Sensitivity Scenarios for HFST

Sensitivit

Scenario AADT Age EUAC Output (change from base
rom LCCA

EUAC)
Base Case 4410.59 | 9.5 $17,700.19 0.0%
Lower AADT: 7-yr SL | 2500 7 $ 20,609.11 +14.1%
Higher AADT: 7-yr SL | 10000 7 $ 31,320.10 +43.5%
Lower AADT: 9.5-yr SL | 2500 9.5 $ 15,982.52 -10.7%
Higher AADT: 9.5-yr 10000 9.5 $24,011.34 +26.3%
SL
Lower AADT: 12-yr SL | 2500 12 $ 13,287.00 -33.2%
Higher AADT: 12-yr SL | 10000 12 $ 19,848.94 +10.8%
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Table 6.13 Traffic Sensitivity Scenarios for Microsurfacing

Sensitivity
Scenario AADT Age EgQCngTUt (change from
base EUAC)
Base Case 4410.59 |85 $ 3,100.03 0.0%
Lower AADT: 7-yr SL 2500 7 $3,212.98 +3.5%
Higher AADT: 7-yr SL 10000 7 $4,515.06 +31.3%
Lower AADT: 8.5-yr SL | 2500 8.5 $2,873.60 -7.9%
Higher AADT: 8.5-yr SL | 10000 8.5 $4,016.54 +22.8%
Lower AADT: 10-yr SL | 2500 10 $2,486.22 -24.7%
Higher AADT: 10-yr SL | 10000 10 $ 3,454.57 +10.3%

Literature shows that temperature effects on pavement performance are

inconsistent, highly localized and temperature-extremes dependent (Choi et al.,

2016). Therefore, having local performance data and models are critical to

evaluating treatment costs. When effect of temperature is considered for the HMA

treatment, EUAC decreases when temperature decreases and increases when

temperature increases (shown in Table 6.14). The same trend exists for the other

treatments, as shown in the calculation tables in Appendix B.

Table 6.14 Temperature Sensitivity Scenarios for HMA/WMA

EUAC Output

Change from

Scenario Temp from LCCA base EUAC
Base Case 7315 |$ 3,500.03 | 0.0%
Sensitivity - Lower Temp 7215 | $ 3,278.58 | -6.8%
Sensitivity - Higher Temp 7415 | $ 3,738.05 |6.4%

Aggregate properties have significant effect on pavement friction. As shown in

Table 6.15, lower Micro Deval loss and NMAS can be expected to result in lower

EUACs in the instant case. The same trend exists for the other treatments, as shown

in the calculation tables in Appendix B.
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Table 6.15 Aggregate Characteristics Sensitivity Scenarios for HMA/WMA

Change
Scenario MD NMAS E’gQCL(C)gTUt from gase

EUAC
Base Case 8.73 11.21 $ 3,500.03 0.0%
Lower MD Loss 5.73 - $2,591.07 -35.1%
Higher MD Loss 11.73 - $4,772.17 26.7%
Smaller NMAS - 11.00 $2,962.60 -18.1%
Larger NMAS - 11.42 $ 4,146.66 15.6%

LCCA Step 6: Reevaluate the Results

Lastly, the cost results should be reevaluated. Given field data, expertise and
the LCCA results, a pavement manager would have enough information to make
decisions about which treatment to employ. This information should be coupled with
other decision-support factors such as “risk, available budgets, and political and
environmental concerns” (FHWA, 2002). The output from an LCCA should not be
considered the answer, but merely an indication of the relative cost effectiveness of
alternatives (FHWA, 1998) and a rough measure of each treatment’s economic

performance when compared to the other options.

6.4 Summary

This chapter has demonstrated that economic and engineering technical data
gathered from the pavement preservation field trials can be quantified and correlated
to produce meaningful, standardized economic and life cycle cost analysis (LCCA)
information. The sensitivity insight from this study would assist pavement managers

in selecting an alternative to extend service lives of Oklahoma pavements.
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Specifically, life cycle cost analysis was conducted for field study pavement
treatments. Additionally, a performance-based cost sensitivity model was created
and demonstrated to analyze the sensitivity (relative differences) of annualized cost
output for pavement treatments based upon specific friction performance
parameters. This methodology can be correlated with engineering field data to assist
Oklahoma Department of Transportation (ODOT) pavement managers in
determining the “right treatment” component of the “right treatment for the right road
at the right time” (Galehouse et al., 2003) pavement preservation strategy and
increase the effectiveness of budget expenditure resulting in decision making

validation and justification and enhanced stewardship.
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CHAPTER 7 CONCLUSIONS

Skid resistance of pavements plays a significant role in road safety for the
reduction of potential crashes. Various preventive maintenance treatments have
been employed in the State of Oklahoma to restore pavement condition (skid
resistance herein) and retard future deterioration. Aggregate is the primary
component of pavement treatments, however, its properties in terms of shape,
texture, angularity and abrasion resistance have not been integrated into the
decision making process for optimal skid resistance.

The recent technological innovations have made it possible to measure
aggregate properties in terms of shape, texture and angularity with higher precision
than conventional methods, but also to collect pavement performance condition
data, including cracking, profiling (transverse and longitudinal) and surface texture at
highway speed with high resolution. In the laboratory, the project used the
Aggregate Imaging System (AIMS) to collect high quality aggregate morphological
characteristics data, including shape, angularity, and surface texture related index
properties. In the field, multiple rounds of pavement surface condition data collection
were performed during 2015 to 2017 for the selected testing sites with various
preventive maintenance treatments. The most recent developments in 3D laser
imaging technology was used to collect 3D pavement surface texture data at

highway speed at 1 mm accuracy without interfering with the traveling public.
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Pavement skid resistance data were collected in the field using a grip tester during
the same time frame.

Working closely with ODOT, the most commonly used aggregate sources (7
types) and preventive maintenance treatments (8 types) in Oklahoma were
identified. A systematic field experimental design was developed. It included 45
roadway segments constructed with these preventive treatments and aggregate
sources. A wide range of physical characteristics of aggregates (shape, texture,
angularity), mix gradation, durability, and polish resistance (under dry and wet
conditions) were tested and analyzed for each aggregate source using conventional
methods and AIMS. Meanwhile in the field, four to seven rounds of pavement
performance data in terms of cracking, rutting, IRI, texture, and friction number were
collected and analyzed. Statistical analyses were performed to evaluate the effects
of various factors, such as the preventive treatment type, aggregate properties,
surface age and traffic level, on pavement surface skid resistance performance. It is
found that aggregate properties have more significant effects on pavement friction
than the PM treatment types. Multiple regression models were developed with the
most significant influencing variables. Subsequently, life cycle cost analysis and
performance based sensitivity analysis were performed based on the developed
friction deterioration model. The developed model is expected to assist pavement
managers in selecting an alternative to extend service lives of Oklahoma
pavements.

This report presents a detailed analysis of aggregate characteristics and its

relationship to skid resistance of pavements. An understanding of the relationships
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among and between the physical properties of aggregate can result in improvements
in pavement performance for preventive maintenance treatments, especially for
pavement safety resulting from enhanced pavement friction. The results of this study
can be correlated with engineering field data to assist ODOT pavement managers in
determining the “right treatment” component of the “right treatment for the right road
at the right time” pavement preservation strategy. Such preservation strategy is
expected to increase the effectiveness of budget expenditure and enhanced

stewardship of financial resources.
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APPENDIX A AIMS LABORATORY TESTING DATA AND RESULTS

This appendix contains AIMS results for each aggregate type and size
consistent with the nominal maximum aggregate size contained in this study’s field
pavement treatments. Pre- and Post- Micro Deval data are provided. Graphical data
for the 12.5-NMAS aggregate are provided within the body of the report in the
“Preliminary Results” section. Graphical data for other NMAS aggregate are found

herein.
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Table A1 AIMS Results for APAC Central 14 (Jenny Lind, Arkansas), 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
1000 -
Gradient Angularity 1500 - 9900 100 8000 100
Rounded (< 2100) 9 38
Sub-Rounded (2100 - 4000) 71 57
Sub-Angular (4000 - 5400) 24 0
Angular (> 5400) 4 5
Sphericity 0.50 - 0.91 100 0.45-0.90 100
Flat/Elongated (< 0.6) 20 38
Low Sphericity (0.6 — 0.7) 32 22
Moderate Sphericity (0.7 — 0.8) 33 33
High Sphericity (> 0.8) 15 7
AIMS Property: Texture
Texture 100 - 400 100 40 - 400 100
Polished Faces (< 165) 23 10
Smooth Faces (165 — 275) 73 70
Low Roughness (275 — 350) 4 16
Mod. Roughness (350 - 460) 0 4
High Roughness (> 460) 0 0
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Table A2 AIMS Results for APAC Pawhuska, 12.5mm

AIMS Property "R’:n';'eD P’?,/OMD P,;’j;g"eD P°s.,}o""D
Gradient Angularity 900 - 5500 100 250 - 5700 100
Rounded (< 2100) 31 65
Sub-Rounded (2100 - 4000) 63 30
Sub-Angular (4000 - 5400) 4 4
Angular (> 5400) 2 1
Sphericity 0.55-0.80 100 0.33-0.88 100
Flat/Elongated (< 0.6) 20 37
Low Sphericity (0.6 — 0.7) 43 43
Moderate Sphericity (0.7 — 0.8) 37 15
High Sphericity (> 0.8) 0 5
AIMS Property: Texture
Texture 40 - 570 100 30 - 400 100
Polished Faces (< 165) 16 57
Smooth Faces (165 — 275) 34 31
Low Roughness (275 — 350) 23 10
Mod. Roughness (350 - 460) 17 2
High Roughness (> 460) 10 0
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Table A3 AIMS Results for APAC Spiro, 9.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1100 - 7100 100 300 - 7300 100
Rounded (< 2100) 37 70
Sub-Rounded (2100 - 4000) 48 27
Sub-Angular (4000 - 5400) 2 0
Angular (> 5400) 13 3
Sphericity 0.18-0.82 100 0.30-0.75 100
Flat/Elongated (< 0.6) 50 65
Low Sphericity (0.6 — 0.7) 30 29
Moderate Sphericity (0.7 — 0.8) 17 6
High Sphericity (> 0.8) 3 0
AIMS Property: Texture
Texture 85 - 300 100 70 - 220 100
Polished Faces (< 165) 70 73
Smooth Faces (165 — 275) 29 27
Low Roughness (275 — 350) 1 0
Mod. Roughness (350 - 460) 0 0
High Roughness (> 460) 0 0
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Table A4 AIMS Results for Bauxite, No.8

Pre MD Pre MD Post MD Post MD
AIMS Property Range % Range %
Gradient Angularity 230 - 7000 100 220 - 7200 100
Rounded (< 2100) 27 34
Sub-Rounded (2100 - 4000) 68 63
Sub-Angular (4000 - 5400) 4 2
Angular (> 5400) 1 1
Sphericity
N/A —Too N/A — Too
small for small for
procedure procedure
Texture
N/A —Too N/A — Too
small for small for
procedure procedure
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Figure A4 AIMS Angularity Results for Bauxite, No.8
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Table A5 AIMS Results for Dolese Davis, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1000 - 9700 100 500 - 8000 100
Rounded (< 2100) 15 47
Sub-Rounded (2100 - 4000) 63 38
Sub-Angular (4000 - 5400) 10 7
Angular (> 5400) 12 8
Sphericity 0.30-0.90 100 0.30-0.90 100
Flat/Elongated (< 0.6) 20 20
Low Sphericity (0.6 — 0.7) 30 36
Moderate Sphericity (0.7 — 0.8) 32 31
High Sphericity (> 0.8) 18 13
AIMS Property: Texture
Texture 100 - 400 100 30 - 300 100
Polished Faces (< 165) 21 70
Smooth Faces (165 — 275) 50 28
Low Roughness (275 — 350) 25 2
Mod. Roughness (350 - 460) 4 0
High Roughness (> 460) 0 0
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Table A6 AIMS Results for Dolese Hartshorne, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1500 - 6000 100 500 - 8000 100
Rounded (< 2100) 8 33
Sub-Rounded (2100 - 4000) 78 53
Sub-Angular (4000 - 5400) 12 7
Angular (> 5400) 2 7
Sphericity 0.30-0.90 100 0.40-0.97 100
Flat/Elongated (< 0.6) 13 5
Low Sphericity (0.6 — 0.7) 22 15
Moderate Sphericity (0.7 — 0.8) 36 29
High Sphericity (> 0.8) 29 51
AIMS Property: Texture
Texture 70 - 450 100 20 - 400 100
Polished Faces (< 165) 19 29
Smooth Faces (165 — 275) 43 60
Low Roughness (275 — 350) 26 8
Mod. Roughness (350 - 460) 12 3
High Roughness (> 460) 0 0
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Table A7 AIMS Results for Dolese Richard Spur, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1600 - 5700 100 300 - 6300 100
Rounded (< 2100) 7 49
Sub-Rounded (2100 - 4000) 73 44
Sub-Angular (4000 - 5400) 18 4
Angular (> 5400) 2 3
Sphericity 0.30-0.82 100 0.30-0.80 100
Flat/Elongated (< 0.6) 45 55
Low Sphericity (0.6 — 0.7) 35 30
Moderate Sphericity (0.7 — 0.8) 18 15
High Sphericity (> 0.8) 2 0
AIMS Property: Texture
Texture 50 - 650 100 20 - 300 100
Polished Faces (< 165) 20 64
Smooth Faces (165 — 275) 38 32
Low Roughness (275 — 350) 22 4
Mod. Roughness (350 - 460) 13 0
High Roughness (> 460) 7 0
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Table A8 AIMS Results for Flint Rock Mine Chat, 6.3mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1700 - 6300 100 900 - 7000 100
Rounded (< 2100) 5 10
Sub-Rounded (2100 - 4000) 75 72
Sub-Angular (4000 - 5400) 17 13
Angular (> 5400) 3 5
Sphericity 0.40-0.93 100 0.40-0.97 100
Flat/Elongated (< 0.6) 27 32
Low Sphericity (0.6 — 0.7) 17 10
Moderate Sphericity (0.7 — 0.8) 32 26
High Sphericity (> 0.8) 24 32
AIMS Property: Texture
Texture 15 - 300 100 15-200 100
Polished Faces (< 165) 85 97
Smooth Faces (165 — 275) 13 3
Low Roughness (275 — 350) 2 0
Mod. Roughness (350 - 460) 0 0
High Roughness (> 460) 0 0
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Figure A5 AIMS Texture Results for Flint Rock Mine Chat, 6.3mm
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Table A9 AIMS Results for Hanson Davis, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
1100 -
Gradient Angularity 1300 - 9500 100 8100 100
Rounded (< 2100) 8 25
Sub-Rounded (2100 - 4000) 75 65
Sub-Angular (4000 - 5400) 12 3
Angular (> 5400) 5 7
Sphericity 0.40-0.83 100 0.30-0.84 100
Flat/Elongated (< 0.6) 37 43
Low Sphericity (0.6 — 0.7) 49 41
Moderate Sphericity (0.7 — 0.8) 11 14
High Sphericity (> 0.8) 3 2
AIMS Property: Texture
Texture 40 - 350 100 90 - 330 100
Polished Faces (< 165) 26 24
Smooth Faces (165 — 275) 58 65
Low Roughness (275 — 350) 16 11
Mod. Roughness (350 - 460) 0 0
High Roughness (> 460) 0 0
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Table A10 AIMS Results for Martin Marietta Mill Creek, No.4

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
1300 -
Gradient Angularity 1800 - 7000 100 9400 100
Rounded (< 2100) 3 14
Sub-Rounded (2100 - 4000) 65 64
Sub-Angular (4000 - 5400) 26 9
Angular (> 5400) 6 13
Sphericity 0.30-0.90 100 0.40-0.85 100
Flat/Elongated (< 0.6) 39 11
Low Sphericity (0.6 — 0.7) 35 33
Moderate Sphericity (0.7 — 0.8) 22 43
High Sphericity (> 0.8) 4 13
AIMS Property: Texture
Texture 30 - 430 100 25-200 100
Polished Faces (< 165) 65 90
Smooth Faces (165 — 275) 25 10
Low Roughness (275 — 350) 6 0
Mod. Roughness (350 - 460) 4 0
High Roughness (> 460) 0 0
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Table A11 AIMS Results for Martin Marietta Sawyer, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1800 - 8000 100 900 - 8000 100
Rounded (< 2100) 13 42
Sub-Rounded (2100 - 4000) 70 53
Sub-Angular (4000 - 5400) 13 3
Angular (> 5400) 4 2
Sphericity 0.30-0.73 100 0.30-0.82 100
Flat/Elongated (< 0.6) 65 51
Low Sphericity (0.6 — 0.7) 31 35
Moderate Sphericity (0.7 — 0.8) 4 12
High Sphericity (> 0.8) 0 2
AIMS Property: Texture
Texture 40 - 300 100 40 - 250 100
Polished Faces (< 165) 60 83
Smooth Faces (165 — 275) 37 17
Low Roughness (275 — 350) 3 0
Mod. Roughness (350 - 460) 0 0
High Roughness (> 460) 0 0
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Table A12 AIMS Results for Martin Marietta Snyder, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
1000 -
Gradient Angularity 1200 - 7400 100 9000 100
Rounded (< 2100) 10 15
Sub-Rounded (2100 - 4000) 75 65
Sub-Angular (4000 - 5400) 10 10
Angular (> 5400) 5 10
Sphericity 0.30-0.85 100 0.40-0.90 100
Flat/Elongated (< 0.6) 40 49
Low Sphericity (0.6 — 0.7) 39 24
Moderate Sphericity (0.7 — 0.8) 19 25
High Sphericity (> 0.8) 2 2
AIMS Property: Texture
Texture 200 - 670 100 150 - 400 100
Polished Faces (< 165) 0 2
Smooth Faces (165 — 275) 2 66
Low Roughness (275 — 350) 16 30
Mod. Roughness (350 - 460) 29 2
High Roughness (> 460) 53 0
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Table A13 AIMS Results for Quapaw Drumright, 12.5mm

AIMS Property F;r:nl\geD Pr?%MD Ps::‘ glleD PoiZMD
Gradient Angularity 1100 - 8500 100 500 - 3000 100
Rounded (< 2100) 20 60
Sub-Rounded (2100 - 4000) 66 40
Sub-Angular (4000 - 5400) 9 0
Angular (> 5400) 5 0
Sphericity 0.20-10.90 100 0.30-0.84 100
Flat/Elongated (< 0.6) 19 51
Low Sphericity (0.6 — 0.7) 31 35
Moderate Sphericity (0.7 — 0.8) 32 11
High Sphericity (> 0.8) 18 3
AIMS Property: Texture
Texture 100 - 450 100 80 - 300 100
Polished Faces (< 165) 20 40
Smooth Faces (165 — 275) 64 57
Low Roughness (275 — 350) 14 3
Mod. Roughness (350 - 460) 2 0
High Roughness (> 460) 0 0
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APPENDIX B PERFORMANCE BASED LCCA RESULTS

The application of the EUAC LCCA model used in this research is informed by the OLS friction prediction model
created for this project. Input values are based upon field trial, vendor and ODOT survey data, literature review results
and bid tabulations. The LCCA procedures, as excerpted from the FHWA Life Cycle Cost Analysis Primer (FHWA 2002)
and the Interim Technical Bulletin (FHWA 1998), serve as the basis for the EUAC model. This Appendix provides the

detailed performance based LCCA results.
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Table B1 Performance (Friction) Based Cost Analysis Results for HMA/WMA Scenario

parameter | Interceot AADT AADT Age Age Temp | Temp MD MD NMAS | NMAS AB AB TC TC sC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output
TRAFFIC 2.41 -0.00000202 | 4411 | 00122 | 3.19 | -0.0029 | 73.15 | -0.0045 | 8.73 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0442 | -9.993 | $3,500
HMA BASE 2.41 -0.00000202 | 4411 | 00122 8 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0005 | -12.13 | 0.011 | -2.14 0.383 | -8.646 | $3,992
Sensitivity 2.41 -0.00000202 | 10000 | -0.0122 8 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.372 | -8.646 | $5,170
Sensitivity 2.41 -0.00000202 | 2500 | -0.0122 8 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.387 | -8.646 | $3,661
HMA BASE 2.41 -0.00000202 | 4411 | -0.0122 10 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0359 | -7.976 | $3,550
Sensitivity 2.41 -0.00000202 | 10000 | -0.0122 10 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.348 | -7.976 | $4,581
Sensitivity 2.41 -0.00000202 | 2500 | -0.0122 10 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.363 | -7.976 | $3,259
HMA BASE 2.41 -0.00000202 | 4411 | -0.0122 12 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.334 | -7.306 | $2,990
Sensitivity 2.41 -0.00000202 | 10000 | -0.0122 12 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.323 | -7.306 | $3,842
Sensitivity 2.41 -0.00000202 | 2500 | -0.0122 12 -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.338 | -7.306 | $2,749
TEMP
Sensitivity 2.41 -0.00000202 | 4411 | -0.0122 | 3.19 | -0.0029 | 72.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.445 | -9.993 | $3,279
HMA BASE 2.41 -0.00000202 | 4411 | -0.0122 | 3.19 | -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.442 | -9.993 | $3,500
Sensitivity 2.41 -0.00000202 | 4411 | -0.0122 | 3.19 | -0.0029 | 74.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.439 | -9.993 | $3,738
MD
Sensitivity 2.41 -0.00000202 | 4411 | -0.0122 | 3.19 | -0.0029 | 73.15 | -0.0045 | 573 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.455 | -9.993 | $2,591
HMA BASE 2.41 -0.00000202 | 4411 | -0.0122 | 3.19 | -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.442 | -9.993 | $3,500
Sensitivity 2.41 -0.00000202 | 4411 | -0.0122 | 3.19 | -0.0029 | 73.15 | -0.0045 | 11.73 | -0.0354 | 11.21 | -0.0004 | 2970 | 0.005 | -12.13 | 0.011 | -2.14 0.428 | -9.993 | $4,772
NMAS
Sensitivity 2.41 -0.00000202 | * | 00122 | 319 | -0.0029 | 7315 | -0.0045 | 873 | -0.0354 11 00004 | 27 | 0005 | -12.13 | 0011 | -2.14 0445 [EESEIE 52,963
HMA BASE 2.41 .0.00000202 | 1 | 00122 | 319 | -00029 | 73.15 | -0.0045 | 873 | -0.0354 | 1121 | -0.0004 | 2°7° | 0.005 | -12.13 | 0011 | -2.14 0442 [
Sensitivity 2.41 -0.00000202 | * | 00122 | 319 | -00029 | 7315 | -0.0045 | 873 | -0.0354 | 11.42 | -00008 | 2°7° | 0005 | -12.13 | 0011 | -2.14 0434 [EEEt
AB
Sensitivity 2.41 .0.00000202 | 11 | 00122 | 319 | -00029 | 73.15 | -0.0045 | 873 | -0.0354 | 1121 | -0.0008 | 2°°° | 0.005 | -12.13 | 0011 | -2.14 0470 (Rl
HMA BASE 2.41 -0.00000202 | * | 00122 | 319 | -00029 | 7315 | -0.0045 | 873 | -0.0354 | 1121 | -00008 | 2°7° | 0005 | -1213 | 0011 | -2.14 0.442 |159.993 153,300
Sensitivity 2.41 -0.00000202 | * | 00122 | 319 | -00029 | 7315 | -0.0045 | 873 | -0.0354 | 1121 | -00008 | 3°%° | 0005 | -12.13 | 0011 | -2.14 0430 [EEEEEIN o
TC
Sensitivity 2.41 -0.00000202 | ** | 00122 | 319 | -0.0029 | 7315 | -0.0045 | 873 | -0.0354 | 1121 | -0.0008 | 2°7° | 0.005 210 | 0011 | -2.14 0453 |EEEE I aae
HMA BASE 2.41 -0.00000202 | * | 00122 | 319 | -0.0029 | 7315 | -0.0045 | 873 | -0.0354 | 1121 | -00008 | 2°7° | 0005 | -12.13 | 0011 | -2.14 0.442 |159.993 153,300
Sensitivity 2.41 -0.00000202 | 11 | 00122 | 319 | -00029 | 7315 | -0.0045 | 873 | -0.0354 | 1121 | -0.0004 | 2°7° | 0.005 -14 | 0011 | -2.14 0433 [N 13
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parameter | Intercept AADT AADT | Age | Age | Temp | Temp | MD MD | NMAS | NMAS | AB AB TC TC sc sC | perf EXP EUAC
LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output

sc

Sensitivity 241 | -0.00000202 | **'' | 00122 | 319 | -0.0028 | 7315 | -0.0045 | 873 | -00354 | 1121 | -00008 | 2°7° | 0005 | -1213 | 0011 | -11a | 0453 | 9993 | 52738

HMABASE | 241 | -000000202 | **™ | 00122 | 319 | -0.0029 | 73.15 | -0.0045 | 873 | -0.0354 | 1121 | -0.0004 | 2°7° | 0.005 | -1213 | 0.011 | -2.14 0.442 |159.993 153,300

Sensitivity 241 | 000000202 | * | 00122 | 319 | 00029 | 73.15 | -0.0045 | 873 | -0.0354 | 11.21 | 00004 | 2°7° | 0005 | -12.13 | 0011 | -314 0431 (159,893 1 54,503
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Table B2 Performance (Friction) -Based Cost Analysis Results for Chip Seal Scenario

parameter | Intercent AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output
TRAFFIC 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700
Chip BASE 241 -0.00000202 4411 -0.0122 4 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.432 | -10.023 | $4,500
Sensitivity 241 -0.00000202 10000 -0.0122 4 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.421 | -10.023 | $5,867
Sensitivity 241 -0.00000202 2500 -0.0122 4 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.436 | -10.023 | $4,116
Chip BASE 241 -0.00000202 4411 -0.0122 5 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.420 -9.467 $3,700
Sensitivity 2.41 -0.00000202 10000 -0.0122 5 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.409 -9.467 $4,789
Sensitivity 241 -0.00000202 2500 -0.0122 5 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.424 -9.467 $3,393
Chip BASE 2.41 -0.00000202 4411 -0.0122 6 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.408 -8.958 $3,100
Sensitivity 241 -0.00000202 10000 -0.0122 6 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.396 -8.958 $3,986
Sensitivity 241 -0.00000202 2500 -0.0122 6 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.411 -8.958 $2,849
TEMP
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 72.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.445 | -10.061 | $3,464
Chip BASE 2.41 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 74.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.439 | -10.061 | $3,953
MD
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 5.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.455 | -10.061 | $2,734
Chip BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 | 11.73 | -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.428 | -10.061 | $5,056
NMAS
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.449 | -10.061 | $3,128
Chip BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.42 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.434 | -10.061 | $4,389
AB
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2900 0.005 | -12.13 | 0.011 -2.14 0.470 | -10.061 | $2,002
Chip BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 3000 0.005 | -12.13 | 0.011 -2.14 0.430 | -10.061 | $4,902
TC
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -10 0.011 -2.14 0.453 | -10.061 | $2,912
Chip BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -14 0.011 -2.14 0.433 | -10.061 | $4,588
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parameter | Intercent AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output

SC

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -1.14 0.453 | -10.061 | $2,889

Chip BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.061 | $3,700

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -3.14 0.431 | -10.061 | $4,768
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Table B3 Performance (Friction) -Based Cost Analysis Results for PFC Scenario

parameter | Intercent AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output
TRAFFIC 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800
PFC BASE 241 -0.00000202 4411 -0.0122 8 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.383 -8.770 $4,499
Sensitivity 241 -0.00000202 10000 -0.0122 8 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.372 -8.770 $5,848
Sensitivity 241 -0.00000202 2500 -0.0122 8 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.387 -8.770 $4,121
PFC BASE 241 -0.00000202 4411 -0.0122 10 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.359 -8.042 $3,800
Sensitivity 2.41 -0.00000202 10000 -0.0122 10 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.348 -8.042 $4,914
Sensitivity 241 -0.00000202 2500 -0.0122 10 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.363 -8.042 $3,487
PFC BASE 2.41 -0.00000202 4411 -0.0122 12 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.334 -7.424 $3,400
Sensitivity 241 -0.00000202 10000 -0.0122 12 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.323 -7.424 $4,387
Sensitivity 241 -0.00000202 2500 -0.0122 12 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.338 -7.424 $3,122
TEMP
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 72.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.445 | -10.093 | $3,557
PFC BASE 2.41 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 74.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.439 | -10.093 | $4,061
MD
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 5.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.455 | -10.093 | $2,805
PFC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 | 11.73 | -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.428 | -10.093 | $5,197
NMAS
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.449 | -10.093 | $3,211
PFC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.42 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.434 | -10.093 | $4,510
AB
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2900 0.005 | -12.13 | 0.011 -2.14 0.470 | -10.093 | $2,052
PFC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 3000 0.005 | -12.13 | 0.011 -2.14 0.430 | -10.093 | $5,039
TC
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -10 0.011 -2.14 0.453 | -10.093 | $2,988
PFC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -14 0.011 -2.14 0.433 | -10.093 | $4,716
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AADT

parameter | Intercent AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output

SC

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -1.14 0.453 | -10.093 | $2,965

PFC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 | -10.093 | $3,800

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -3.14 0.431 | -10.093 | $4,901
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Table B4 Performance (Friction) -Based Cost Analysis Results for UTBWC Scenario

Parameter Intercent AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output
TRAFFIC 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400
UTBWC BASE 241 -0.00000202 4411 -0.0122 8 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.383 -8.860 $4,902
Sensitivity 241 -0.00000202 10000 -0.0122 8 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.372 -8.860 $6,389
Sensitivity 241 -0.00000202 2500 -0.0122 8 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.387 -8.860 $4,486
UTBWC BASE 241 -0.00000202 4411 -0.0122 9 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.371 -8.476 $4,465
Sensitivity 241 -0.00000202 10000 -0.0122 9 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.360 -8.476 $5,802
Sensitivity 241 -0.00000202 2500 -0.0122 9 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.375 -8.476 $4,090
UTBWC BASE 241 -0.00000202 4411 -0.0122 10 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.359 -8.093 $4,002
Sensitivity 241 -0.00000202 10000 -0.0122 10 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.348 -8.093 $5,184
Sensitivity 241 -0.00000202 2500 -0.0122 10 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.363 -8.093 $3,670
TEMP
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 72.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.445 -10.273 $4,114
UTBWC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 74.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.439 -10.273 $4,708
MD
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 5.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.455 -10.273 $3,230
UTBWC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 11.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.428 -10.273 $6,052
NMAS
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.449 -10.273 $3,707
UTBWC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.42 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.434 -10.273 $5,238
AB
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2900 0.005 -12.13 0.011 -2.14 0.470 -10.273 $2,350
UTBWC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 3000 0.005 -12.13 0.011 -2.14 0.430 -10.273 $5,864
TC
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -10 0.011 -2.14 0.453 -10.273 $3,445
UTBWC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -14 0.011 -2.14 0.433 -10.273 $5,481
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Parameter Intercent AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean Output LCCA Output

SC

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -1.14 0.453 -10.273 $3,418

UTBWC BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -2.14 0.442 -10.273 $4,400

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 73.15 -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -12.13 0.011 -3.14 0.431 -10.273 $5,701
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Table B5 Performance (Friction) -Based Cost Analysis Results for HFST Scenario

Parameter Intercent AADT AADT Age Age Temp Temp ™MD MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean | Output LCCA Output
TRAFFIC 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 -11.977 $17,700
HFST BASE 241 -0.00000202 4411 241 7 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.395 -10.82 $22,893
Sensitivity 241 -0.00000202 10000 241 7 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.384 -10.82 $31,320
Sensitivity 241 -0.00000202 2500 241 7 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.399 -10.82 $20,609
HFST BASE 241 -0.00000202 4411 241 9.5 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.365 -9.703 $17,700
Sensitivity 241 -0.00000202 10000 241 9.5 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.354 -9.703 $24,011
Sensitivity 241 -0.00000202 2500 241 9.5 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.369 -9.703 $15,983
HFST BASE 241 -0.00000202 4411 241 12 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.334 -8.76 $14,692
Sensitivity 241 -0.00000202 10000 241 12 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.323 -8.76 $19,849
Sensitivity 241 -0.00000202 2500 241 12 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.338 -8.76 $13,287
TEMP
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 72.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.445 =1117977 $16,366
HFST BASE 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 -11.977 $17,700
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 74.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.439 =1117977 $19,153
MD
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 5.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.455 =1117977 $12,344
HFST BASE 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 =1117977 $17,700
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 11.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.428 -11.977 $25,666
NMAS
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.449 -11.977 $14,494
HFST BASE 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 =1117977 $17,700
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.42 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.434 -11.977 $21,688
AB
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2900 0.005 -12.13 0.011 -2.14 0.470 =1117977 $8,520
HFST BASE 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 -11.977 $17,700
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 3000 0.005 -12.13 0.011 -2.14 0.430 -11.977 $24,741
TC
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -10 0.011 -2.14 0.453 -11.977 $13,308
HFST BASE 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 -11.977 $17,700
Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -14 0.011 -2.14 0.433 =1117977 $22,867
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Parameter Intercent AADT AADT Age Age Temp Temp ™MD MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean | Output LCCA Output

SC

Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -1.14 0.453 =1117977 $13,185

HFST BASE 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -2.14 0.442 -11.977 $17,700

Sensitivity 241 -0.00000202 4411 241 3.19 -0.003 73.15 -0.005 8.73 -0.035 11.21 -4.00E-04 2970 0.005 -12.13 0.011 -3.14 0.431 -11.977 $23,939
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Table B6 Performance (Friction) -Based Cost Analysis Results for Microsurfacing Scenario

Parameter Intercept AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean | Output LCCA Output
TRAFFIC 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100
Micro BASE 241 -0.00000202 4411 -0.0122 7 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.395 -8.796 $3,500
Sensitivity 241 -0.00000202 10000 | -0.0122 7 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.384 -8.796 $4,515
Sensitivity 2.41 -0.00000202 2500 -0.0122 7 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.399 -8.796 $3,213
Micro BASE 241 -0.00000202 4411 -0.0122 8.5 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.377 -8.252 $3,125
Sensitivity 2.41 -0.00000202 10000 | -0.0122 8.5 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.366 -8.252 $4,017
Sensitivity 241 -0.00000202 2500 -0.0122 8.5 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.381 -8.252 $2,874
Micro BASE 2.41 -0.00000202 4411 -0.0122 10 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.359 -7.709 $2,700
Sensitivity 241 -0.00000202 10000 | -0.0122 10 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.348 -7.709 $3,455
Sensitivity 241 -0.00000202 2500 -0.0122 10 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.363 -7.709 $2,486
TEMP
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 72.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.445 -9.844 $2,907
Micro BASE 2.41 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 74.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.439 -9.844 $3,308
MD
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 5.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.455 -9.844 $2,305
Micro BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 | 11.73 | -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.428 -9.844 $4,207
NMAS
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.449 -9.844 $2,631
Micro BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.42 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.434 -9.844 $3,664
AB
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2900 0.005 | -12.13 | 0.011 -2.14 0.470 -9.844 $1,700
Micro BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 3000 0.005 | -12.13 | 0.011 -2.14 0.430 -9.844 $4,082
TC
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -10 0.011 -2.14 0.453 -9.844 $2,452
Micro BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100
Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 -14 0.011 -2.14 0.433 -9.844 $3,826
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Parameter Intercept AADT AADT Age Age Temp Temp ™MD ™MD NMAS NMAS AB AB TC TC SC SC Perf EXP EUAC
P LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean LR Mean | Output LCCA Output

SC

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -1.14 0.453 -9.844 $2,434

Micro BASE 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -2.14 0.442 -9.844 $3,100

Sensitivity 241 -0.00000202 4411 -0.0122 3.19 -0.0029 | 73.15 | -0.0045 8.73 -0.0354 11.21 -0.0004 2970 0.005 | -12.13 | 0.011 -3.14 0.431 -9.844 $3,973
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