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Welcoming remarks

It is my great pleasure and honor to welcome you to the 12th ISAP
Conference on Asphalt Pavements in Raleigh, North Carolina,
USA. ISAP conferences have been the premier forum for asphalt
engineers around the world to exchange their research and practice
on asphalt materials and pavements. We received over 250 papers
from 35 countries that resulted in 181 podium presentations, 29
poster presentations, and 19 student poster presentations. Four
main themes of the 12th ISAP conference are design, materials,
construction, and preservation, and I am pleased to introduce you
to the four excellent plenary speakers to cover these topics.

This program book contains the daily program, abstracts,
general information on the conference, maps, and other infor-
mation that will help you enjoy the conference and surrounding
areas. One of the approaches we have taken in this conference
is to publish the conference proceedings in an online e-book by
Talyor and Francis. You will be receiving instructions on how to access the e-book after the
conference.

In addition to the technical depth and breadth this conference will provide, we have inserted
a few fun events in the program. You will enjoy the welcoming reception and visit to the Hunt
Library in the Centennial Campus of North Carolina State University. We hope that you
enjoy North Carolina style barbeque on Monday evening at the Troxler Electronic Labora-
tory in Research Triangle Park. Tuesday evening’s time with the North Carolina Symphony
at the magnificent Meymandi Hall will give you some relaxation from the busy conference
schedule. Finally the Wednesday evening banquet and special performance will leave you
with a memory to cherish for years to come.

North Carolina is one of the most popular tourist destinations in the United States dur-
ing summer time due to its beautiful beaches, mountains, and historic attractions. Raleigh,
along with Durham and Chapel Hill, is one of the three vertices of the Research Triangle
Park, which is one of the largest research parks in the world. This area has been consistently
considered one of the best cities to live and one of the highest PhD per capita areas in the
USA. We hope you will enjoy the LEED Silver-certified Raleigh Convention Center with
stimulating design and enjoy our Southern style hospitality.

I would like to acknowledge and thank all of our sponsors, ISAP board members, con-
ference committee members, and volunteers from North Carolina Department of Trans-
portation and North Carolina State University. I look forward to a very successful ISAP
conference in Raleigh, North Carolina!

Best Regards,

Y. Richard Kim, Ph.D., P.E., FASCE

Distinguished University Professor, NC State University
Chair of the 12th ISAP Conference
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M-E flexible pavement design: Issues and challenges

Marshall R. Thompson
Civil Engineering, University of Illinois at Urbana-Champaign, Urbana, IL, USA

ABSTRACT: M-E flexible pavement design procedures have evolved since the late 50’s and
early 60’s. In the analyses of the AASHO Road Test data it was demonstrated that pavement
response (surface deflection) was a good indicator of pavement performance (equally as good
as the Structural Number)!! Significant advances have been achieved in the last 50+ years.
Current procedures and developments for materials characterization, structural modeling,
distress transfer functions, and other issues are considered in the presentation. Emphases
are placed on those concepts/approaches that support the development of readily useable/
implementable flexible pavement design procedures.

Keywords: Mechanistic-empirical design, flexible pavements

1 INTRODUCTION

The SHELL Pavement Design Manual was presented at the 4th International Conference
on Structural Design of Asphalt Pavements [1] and was published by Shell in 1978 [2]. USA
interest (AASHTO) in M-E design initiated in the md-1980s. Other agencies and groups
have also been engaged in developing M-E pavement design procedures. The development/
evolution of the current AASHTO procedure [3] is presented in the following sections.

“Mechanistic-Empirical Design Procedures™ is the title of Part IV of the 1986 AASHTO
Guide [4]. The Introduction (Section 1.1) of Part IV, states:

For purposes of this Guide, the use of analytical methods refers to the numerical
capability to calculate the stress, strain, or deflection in a multi-layered system, such
as a pavement, when subjected to external loads, or the effects of temperature or
moisture. Mechanistic methods or procedures will refer to the ability to translate the
analytical calculations of pavement response to performance. Performance, for the
majority of procedures used, refers to physical distress such as cracking or rutting.

However, researchers recognize that pavement performance will likely be influ-
enced by a number of factors which will not be precisely modeled by mechanistic
methods. It is, therefore, necessary to calibrate the models with the observations of
performance, i.e. empirical correlations. Thus, the procedure is referred to in the
Guide as a mechanistic-empirical design procedure.

Activities associated with the development of the revised “AASHTO Guide for the
Design of Pavement Structures” [4] prompted the AASHTO Joint Task Force on Pavements
(JTFOP) to recommend that research should be initiated immediately with the objective of
developing mechanistic pavement analysis and design procedures suitable for use in future
versions of the AASHTO Guide. NCHRP Project 1-26 (Calibrated Mechanistic Structural
Analysis Procedures for Pavements/J. L. Brown—Texas DOT—Panel Chairman)) was
the first NCHRP Project to be sponsored. The M-E principles and concepts stated in the
86 AASHTO Guide were included in the NCHRP Project 1-26 Project Statement.

The University of Illinois cooperated with the Asphalt Institute and the Concrete Technology
Laboratories in the conduct of NCHRP 1-26. It was not the purpose of NCHRP Project 1-26



to devote significant effort to develop new technology, but rather to assess, evaluate, and
apply available M-E technology. Thus, the proposed processes/procedures were based on the
Best Demonstrated Available Technology (BDAT). NCHRP Project 1-26 was completed in
December, 1992 and comprehensive reports [5,6,7] were prepared summarizing the study.

2 M-E DESIGN CONCEPTS

Figure 1 illustrates the general concepts of a M-E model as presented in NCHRP 1-26 [7].
The pavement design process is complex. The major components of the M-E procedure are:
INPUTS, STRUCTURAL MODELS, TRANSFER FUNCTIONS, and RELIABILITY.
These components were comprehensively discussed in the NCHRP 1-26 reports. Three of the
most significant components are MATERIAL CHARACTERIZATION, STRUCTURAL
MODELS and TRANSFER FUNCTIONS.

Calculated pavement structural responses are for “given time,” “given climate,” “given pave-
ment structure,” “given material properties,” and “given loading” inputs. Pavement responses
change as these inputs vary throughout the pavement service life. Pavement performance is
a long term consideration and mechanistic analysis and design procedures must account for
the effect of the varying time-related inputs to the STRUCTURAL MODEL.

99 ¢ 99 ¢

3 STRUCTURAL MODELS

A major task in Phase 1 of NCHRP 1-26 [5,6] was the review/evaluation of available mecha-
nistic analysis procedures. It was concluded that the available flexible pavement structural
models and computer codes for mechanistic analysis are adequate for supporting the devel-
opment and initiating implementation of M-E thickness design procedures. Stress depend-
ent finite element programs (like ILLI-PAVE, MICH-PAVE, and Texas ILLI-PAVE) and
elastic layer computer programs (like BISAR, WESLEA, JULEA, CHEVRON, ELSYM 5,
CIRCLY) were recommended for flexible pavements. The finite element programs are more
versatile and can accommodate stress dependent moduli properties (stress-hardening for
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Figure 1. M-E flow chart.



granular materials; stress-softening for fine-grained soils) and also can incorporate failure
criteria (such as the Mohr-Coulomb model in ILLI-PAVE).

4 TRANSFER FUNCTIONS

Transfer functions (distress models) relate the pavement responses determined from
mechanistic models to pavement performance as measured by the type and severity of dis-
tress (rutting—cracking—roughness—etc.). Transfer functions were extensively reviewed in
NCHRP 1-26. Modes of distress such as the fatigue and permanent deformation of paving
materials and subgrade soils can be characterized from extensive testing of specimens under
controlled laboratory conditions. The effects of such factors as stress level, frequency of load
repetitions, rest periods, mixture variables, moisture content/density factors, etc. can be read-
ily considered in laboratory-based studies.

The most common flexible pavement TRANSFER FUNCTIONS are a) Asphalt Concrete
(AC) flexural strain—fatigue life algorithms, b) subgrade vertical strain—pavement life rela-
tions (for a given level of pavement rutting), c) permissible subgrade stress ratios [subgrade
stress/subgrade strength] for various ESAL levels, and d) surface deflection—pavement life
relations (surface deflection is a reliable indicator of AC flexural strain, subgrade vertical
strain, and subgrade stress ratio).

Other flexible pavement distress phenomenon like AC block cracking and AC thermal
cracking are more complex and are generally studied/evaluated from actual field performance
data. In the field, the significant influencing factors can not be readily controlled/measured
as for laboratory-based conditions. Thus, it is more difficult to develop accurate/refined
TRANSFER FUNCTIONS for these distress modes.

The NCHRP 1-26 study concluded transfer functions are weak links in the M-E design
approach. Extensive field calibration and verification are required to establish reliable dis-
tress prediction models. The NCHRP 1-26 study indicated:

e Useable flexible pavement transfer functions (distress models) are available for AC fatigue
and subgrade rutting.

e The transfer functions for AC and granular material rutting are marginal.

e AC rutting is best considered by material selection and mixture design procedures and
practices. (NOTE: The SUPERPAVE Level I Mixture Design procedure is a good example
of this approach).

¢ Granular material rutting considerations can be accommodated by establishing “minimum”
AC surface thickness requirements for given classes (based on shear strength and moisture
sensitivity) of granular base/subbase materials.

5 NCHRP-1-26/PAVEMENT DESIGN

In NCHRP 1-26 working versions of M-E design processes and procedures were proposed for
flexible pavements (Conventional Flexible Pavements, FULL-DEPTH AC pavements, High
Strength-Stabilized-Base Pavements). The proposed procedures relate pavement responses
(stresses, strains, and deflections) to the development of specific pavement distresses. As
opposed to running a PC program, the responses can be predicted from pavement response
prediction algorithms [9,10,11] to accomplish routine pavement designs. The pavement
response algorithms were developed from comprehensive ILLI-PAVE data bases.

NCHRP 1-26 calibration activities were minimal due to the lack of adequate data. As an
alternative, the concept of “Design Confirmation” was suggested. In this approach, the M-E
procedure is utilized to explain pavement performance “SUCCESSES” and “FAILURES.”
(NOTE: Care should be taken to ensure that undue weighting is not given to “long term
survivor” sections and inadequate attention provided to “early life” failures.) Modifica-
tions and adjustments are made in the M-E procedure to reconcile identified discrepancies.

5



Confidence and improved accuracy/reliability are thus developed in the M-E procedure. The
design confirmation approach can be employed as a “check procedure” for the SHA’s cur-
rent pavement design procedure. In most cases, additional information and data (beyond
that required for the current SHA procedure) will be required. Frequently, the pavement
FAILURES associated with a section designed by the routine SHA procedure can be
explained by M-E analysis and design concepts/procedures.

NCHRP 1-26 emphasized that M-E pavement design is very important, but it is only a
segment of a larger scenario. A M-E design process can not realistically adequately address
all pertinent factors and issues associated with or related to load responses, distress develop-
ment, and ultimate pavement system performance. Thickness related factors are most readily
addressed by M-E pavement design and that was the emphasis of NCHRP 1-26. AC fatigue
and pavement rutting were the distresses that were considered. Some other significant and
important factors are material selection practices and material specifications, construction
policies and specifications, quality control/quality assurance procedures, maintenance and
rehabilitation practices.

6 NCHRP 1-37A

A follow-up project (NCHRP 1-37A—Development of the 2002 Guide for the Design
of New and Rehabilitated Pavement Structures: Phase II) was initiated in February, 1998
with ARA, Inc.—Eres Consultants Division. The Flexible Pavement Team was led by Dr.
Matt Witczak (University of Maryland/Arizona State University). The following excerpts
from “The Manual of Practice ([12] present the evolution and development of the MEPDG
(Mechanistic-Empirical Pavement Design Guide).

From the early 1960s through 1993, all versions of the American Association for State
Highway and Transportation Officials (AASHTO) Guide for Design of Pavement
Structures were based on limited empirical performance equations developed at the
AASHO Road Test in the late 1950s. The need for and benefits of a mechanistically
based pavement design procedure were recognized when the 1986 AASHTO Guide
for Design of Pavement Structures was adopted. To meet that need, the AASHTO
Joint Task Force on Pavements, in cooperation with the National Cooperative
Highway Research Program (NCHRP) and the Federal Highway Administration
(FHWA), sponsored the development of an M-E pavement design procedure under
NCHRP Project 1-37A.

A key goal of NCHRP Project 1-37 A—Development of the 2002 Guide for
Design of New and Rehabilitated Pavement Structures: Phase II—was the develop-
ment of a design guide that utilized existing mechanistic-based models and data
reflecting the current state-of-the-art in pavement design. This guide was to address
all new (including lane reconstruction) and rehabilitation design issues, and provide
an equitable design basis for all pavement types.

The Mechanistic-Empirical Pavement Design Guide (MEPDG), as it has now
become known, was completed in 2004 and released to the public for review and
evaluation. A formal review of the products from NCHRP Project 1-37 A was con-
ducted by the NCHRP under Project 1-40A. “This review has resulted in a number
of improvements, many of which have been incorporated into the MEPDG under
NCHRP Project 1-40D. Project 1-40D has resulted in Version 1.0 of the MEPDG
software and an updated design guide document.

Version 1.0 of the software was submitted in April 2007 to the NCHRP, FHWA,
and AASHTO for further consideration as an AASHTO provisional standard and
currently efforts are underway on Version 2.0 of the software. Simultaneously, a
group of state agencies, termed lead states, was formed to share knowledge regard-
ing the MEPDG and to expedite its implementation. The lead states and other
interested agencies have already begun implementation activities in terms of staff

6



training, collection of input data (materials library, traffic library, etc.), acquiring of
test equipment, and setting up field sections for local calibration.

The NCHRP 1-37A project was much more comprehensive and broad-based than NCHRP
1-26 and considered the development of the following distresses: HMA alligator cracking,
HMA longitudinal cracking, HMA transverse cracking, and pavement rutting. A consider-
able emphasis was placed on predicting pavement IRI (International Roughness Index). An
important feature of the MEPDG is that reliability estimates are provided for the distress
models and IRI.

The elastic layer program (JULEA—Jacob Uzan Linear Elastic Analysis) is the flexible
pavement structural model in the current version of the MEPDG. In the initial versions of
the MEPDG, a 2-D finite element program was included. However, the program was not
used in the calibration studies and it is not available for use in the current software. AASHTO
initially issued the MEPDG as “DARWIN-ME.” The most recent version of the MEPDG [3]
was issued as “AASHTOWare Pavement ME Design” in 2013. The software is periodically
modified as it is utilized.

Comprehensive reports on many topics/issues were prepared by the Flexible Pavements
Team during the conduct of NCHRP 1-37A. The major findings and recommendations were
presented in the March 2004—NCHRP 1-37A Final Report (Part 1. Introduction/Part 2.
Design Inputs/Part 3. Design Analysis/Part 4. Low Volume Roads).

7 NCHRP 1-37A CALIBRATION

GLOBAL CALIBRATIONS for pavement distress were developed in the NCHRP 1-37A
project. The calibration results [as presented in Ref.12] for fatigue, rutting, and IRI are shown
in Figures 2-4. The statistical summary data shown in the figures (R?, Se, Sy, Se/Sy) indicate
the difficulty in establishing accurate/precise transfer functions on a large scale.
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Figure 2.  Alligator cracking calibration.
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Figure 4. IRI calibration.

AASHTOWare [3] has indicated:

“AASHTO encourages each licensing agency to calibrate and validate using local
materials.”

Many agencies have conducted calibration studies and established “typical” input values
for routine pavement design. The distress prediction models are “tweeked” by adjusting the
model B factors to achieve better model statistics.
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8 EXISTING TECHNOLOGY

It is important to note that both NCHRP 1-26 and NCHRP 1-37A were to utilize “currently
available technology.”

e It was not the purpose of NCHRP Project 1-26 to devote significant effort to develop new
technology, but rather to assess, evaluate, and apply available M-E technology.

e A key goal of NCHRP Project 1-37A was the development of a design guide that utilized
existing mechanistic-based models and data reflecting the current state-of-the-art in
pavement design.

As implementation issues emerge and new technology is developed, there are ongoing
efforts to incorporate the developments into AASHTOWare Pavement ME Design.

9 ISSUE AND CHALLENGES

M-E flexible pavement design has made significant progress since the late 50’s and early 60’s.
There are many examples of successful utilization of M-E procedures by various US and
international entities. However, as noted in previous sections of this paper, there are still
issues and challenges to be addressed that are common to many of the procedures.

Several important (per the author’s opinion) issues and challenges are noted below.

e Stress dependent moduli characterization of soils and granular materials.

e Stress dependent finite element models that can accommodate stress dependent soil/
material moduli and failure criteria should be further considered for implementation.

e Transfer functions (HMA fatigue/HMA fatigue endurance limit, HMA rutting, granular
material and subgrade soil rutting).

Progress continues in addressing these issues and challenges. The resources/ability to
develop/provide good inputs, ease of use/complexity, implementation potential, ability to
accommodate new technology/developments (particularly new materials and pavement
loading conditions) are some key factors that should be considered as M-E flexible pavement
design procedures continue to evolve and improve.
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Insights into binder chemistry, microstructure, properties
relationships—usage in the real world

Jean-Pascal Planche
Western Research Institute, Laramie, WY, USA

ABSTRACT: Asphalts/bitumens have been extensively used for years in road paving, mak-
ing them perceived as commodity materials by most road stakeholders. However, bitumen
production has changed significantly over the past two decades, following the impact of
oil recovery from bituminous/tar sand and oil shales. Refining processes have adapted to
this new context as well as to changes in fuel demand. This evolving context not only has
made asphalt/bitumen a specialty product for oil companies but an even more complex mate-
rial with chemical composition and properties more dependent on the crude oil source and
process. Simultaneously, worldwide economic crises and environmental awareness have shown
the need for more durable pavements and increased recycling of old pavements, promoting
the use of modified binders, long lasting roads concepts, Warm Mix Asphalts, Reclaimed
Asphalt Pavement recycling and their combinations. Consequently needs have been created
for R&D efforts and more engineered bituminous binders meeting Life Cycle Cost Assess-
ment constraints. New sophisticated analytical tools, rheological measurements and concepts
are emerging that will certainly impact binder selection and modification.

This paper gives examples and trends to help understanding the relationships between
binder chemical composition, microstructure and properties and using this understanding
in the binder selection or formulation. This challenge has stakes of the utmost importance in
the new economic and environmental context.

Keywords:  Asphalt, composition, microstructure, properties, relationships

1 INTRODUCTION

Asphalts/bitumens (terms used interchangeably in this paper) have been extensively used for
years in road paving, so much that they are part of the scenery and are perceived as standard
engineering materials by the road users and even by most of the stakeholders. But are they?

Bitumen production has changed significantly over the past two decades. Crude oil avail-
ability has gone towards heavier, higher sulfur crudes, ultimately to residues from bitumen/
tar sands. Meanwhile, economics and demand for lighter petroleum products have driven the
refining industry to modify refinery processes and install cokers, notably in North America,
which can quasi-eliminate bitumen production. This complex evolving context has made
bitumen a specialty product as opposed to a commodity product from an oil company mar-
keting and strategy standpoint. From a technical standpoint the impact is also significant,
since asphalt is a very complex material with chemical composition and properties highly
dependent on the crude oil origin and refinery process.

Simultaneously, worldwide economic crises and environmental awareness have shown the
need for more durable pavements and recycling of old pavements. This evolving context has
impacted regulations and asphalt materials application techniques tremendously. Although
materials specifications differ a lot from one country to another, there is a common trend in
developed countries to move towards Performance Related Specifications (PRS). This move
is more or less advanced whether in the US or in Europe, for example, but it exists for both
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binders and mixes. Implementation of durable pavements has promoted the use of modified
binders [1, 2] and new concepts for long lasting roads, whereas the search for more sustain-
able and economic application techniques has favored the use of Warm Mix Asphalt (WMA)
technologies, Reclaimed Asphalt Pavement (RAP) recycling and combinations of all.

As a result of these context changes, needs have been created for research and development
efforts to develop more relevant characterization methods and more engineered bituminous
binders to meet life cycle cost assessment constraints.

For the most part, binder engineering has been trial and error, but new sophisticated ana-
lytical tools will certainly have an impact on binder selection and modification. This paper
gives some examples of those evolutions in binder characterization and the main insights to
take away from them in the understanding of binder behavior, particularly the relationships
between asphalt composition/microstructure/physical properties.

2 ISSUES WITH ASPHALT CHARACTERIZATION

Regardless of the precision of a standard and application of best practices, difficulties inher-
ent to asphalt binders tend to pop up when trying to characterize them.

The bitumen composition and structure are generally assumed to follow the model of a
colloidal suspension of asphaltenes in a maltene matrix [3]. Although widely used, this model
contains a few inherent issues: it describes a generic bitumen composition based on solubility
properties which do not consider molecular weight of species and their possible interactions
and/or associations.

Works by LCPC now IFFSTAR, the Highway Central Laboratory of the France Road
Administration, on high concentration and fast Gel Permeation Chromatography showed
in the late 80’s how important these interactions were, and how they could increase with
aging [4]. Works by others showed that asphaltenes were not such high molecular weight
molecules but were susceptible to self association in clusters behaving as higher molecular
weight materials [5].

Oxidative aging is another important parameter affecting all bitumen chemical and
mechanical characteristics. It occurs during mixing with aggregates in the plant, contin-
ues during the asphalt pavement service life, and varies with pavement porosity and depth.
Although studied for a long time [6], both reaction mechanisms and kinetics are still largely
unknown and have prevented finding effective solutions to increase pavement service life.

Another issue with binder structure is its temperature dependency resulting from the
chemical types present and from the strengths of the intermolecular interactions in the
bitumen. The interactions can be Van der Waals forces, aromatic pi stacking, hydrogen and
ionic bonds. Major contributors to the temperature dependency are paraffinic waxes which
are naturally present in some bitumen. They have an impact on bitumen morphology or
microstructure as well as on mechanical properties.

Temperature dependency makes bitumen morphology tricky to observe and to interpret.

Key questions are: at which temperature is the sample examined correlatively to the tem-
perature at which it is tested, is the observed area an average or is it local? Risks of artifacts
are enormous: many asphaltene observations in the past were in fact waxes!

Obviously, binder mechanical properties are temperature dependant. Bitumen may be the
most temperature susceptible engineering construction material as it changes from a glassy
solid brittle material to a true flowing liquid in less than 80 °C. Whereas, for decades practi-
tioners have used empirical testing to evaluate and grade bitumen, like penetration and ring
and ball, the advance of bitumen modification and changes in refining practices have led to
looking more and more into more rational binder rheology.

Dynamic oscillatory Shear Rheology (DSR) was largely developed during the Strategic High-
way Research Program (SHRP) and was a huge move towards PRS. Based on measurement of
modulus and phase angle in the linear viscoelastic domain, it captures the time and temperature
related responses of straight-run bitumens. However it misses some features of modified binder,
particularly their response to non linear solicitation under repeated heavy load.
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Current test methods tend to underestimate the effect of thermal history on the material
response as well, although the real impact on asphalt performance has not been fully estab-
lished yet. Binder thermal properties play an important role in steric and physical hardening
which occur during storage of a bitumen sample at temperatures near the bitumen glass
transition. This time-dependent hardening is an intrinsic property of materials. It is widely
observed and accounted for in the polymer field, but vastly ignored in the bitumen field,
although it does play a role in the low temperature fragility of bitumen and pavement thermal
cracking.

3 ADVANCES IN BINDER CHARACTERIZATION AND STRUCTURE
KNOWLEDGE

This brief panorama of the main issues affecting binder characterization may sound pes-
simistic; however, researchers from various institutions have made tremendous progress in
recent years opening doors to a better understanding of bitumen composition and behavior.
Here are some examples, not meant to be exhaustive.

3.1 Composition

e Bitumens can be separated into five chromatographic fractions and three asphaltene solu-
bility subfractions with the automated SAR-AD (saturates, aromatics, resins-Asphaltene
Determinator) separation. The fractions obtained provide correlations with stability, phase
separation propensity, and degree of aging[7, §].

o Crystallized fractions measured by Differential Scanning Calorimetry (DSC) can compete
with asphaltenes and lead to phase separation, affecting bitumen mechanical properties
[9, 10]. See Figure 1.
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Figure 1. DSC measurement of the glass transition temperature and crystallized fraction for 9 SHRP
core asphalts (left) and effect of 1 day isothermal conditioning (from —30 to +25C) on Waxy bitumen
AAM thermal properties (right)}—Credit to Thermochimica Acta 324 (1998) 223-227.
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¢ 3D solubility parameter accounts for various interactions between the various bitumen
molecules and helps to embrace solubility issues as a whole [11]. See Figure 2.

3.2 Thermal properties

e Bitumen thermal properties and history dependency as a function of conditioning tem-
perature time can be assessed by Differential Scanning Calorimetry (DSC). This technique
allows understanding the role of the crystallized fraction and the glass transition tempera-

ture in the binder mechanical properties [10].

3.3 Morphology and microstructure

e Crystallized fraction can be observed through optical microscopy techniques in phase con-

trast or dark field modes, upon cooling or heating [10]. See Figure 3. They stand out at the
interface air-asphalt as a bee-like structure due to surface freezing as seen under Atomic
Force Microscopy. See Figure 4 [12].
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Figure 2.

3D Diagram of titration of venezuelan bitumen—black squares indicating precipitation
points—Credit To Fuel 79 (2000) 27-35.

Figure 3.

Observation of crystallized fraction precipitation upon cooling by DSC and phase contrast
microscopic observation (left—Credit to Thermochimica Acta 324 (1998) 223-227), and by dark field
microscopy (right).
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Figure 4. Observation of bee structures in asphalt by AFM—credit to T. Pauli, WRI.

Polymer modified Binders (PmB) have very complex morphology depending on the pol-
ymer compatibility with the bitumen matrix. Polymer molecules usually swell with oily
aromatic maltene molecules—this local phase separation can be quantified by FTIR
microscopy [13]. How well-dispersed the polymer is affects its “reptation ability” which is
highly responsible for some PmB mechanical properties—a phenomenon earlier described
by Nobel prize De Gennes [14].

3.4 Links with mechanical properties

Thermal susceptibility of binders impacts their rheology. Black space diagram plotting
with no shift phase angle as a function of the stiffness modulus from DSR measurement
shows a single smooth curve for rheologically simple binders, but not for complex binders.
The shape of the black curve can be related to asphalt composition, particularly the
asphaltenes and crystallized fractions contents [15] which undergo time dependent phase
transition. See Figure 5.

Isothermal physical hardening at low temperature has an effect on bitumen low tempera-
ture mechanical properties. This was shown during the SHRP program measuring bitu-
men stiffness and relaxation after various conditioning times. This was later related to
some extent to the bitumen crystallized fraction and quantified relative to its glass transi-
tion temperature See Figure 6 [10]. These composition parameters also show up in steric
hardening, affecting fatigue measurement.

In real life, binders can be subjected to stresses outside the linear domain. The Multiple
Stress and Recovery (MSCR) test allows measuring unrecovered strain which is related to
permanent deformation and to the binder impact in mix rutting. Evaluating binders under
conditions closer to field conditions is even more relevant for highly structured or modi-
fied binders which respond differently [16]. It shows reasonable relationships with mixture
rutting performance evaluated in the lab, as shown in Figure 7.

Other DSR tests are under development to capture binder fatigue properties, like the linear
amplitude sweep or the time sweep. Fracture mechanics based tests run on notched speci-
mens are getting attention for characterizing thermal cracking both in Europe and North
America. These tests are pushing the limits of classical rheology theories.

3.5 Aging

Bitumen oxidative aging has long been studied [6]. Work at Western Research Institute
under the US Federal Highway Administration (FHWA) contracts has shown lately that
formation of carbonyls and sulfoxides under reaction with oxygen, measured through Fou-
rier Transform Infrared (FTIR) spectroscopy, accounts for changes in unmodified asphalt
rheological properties as a function of oxidation time. These researchers also confirmed
by modulated DSC that a change of molecular interaction under oxidative aging expands
the bitumen glass transition temperature range.
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Figure 6. Effect of the glass transition temperature (Tg) and Crystallized Fraction (CF) on bitumen
physical hardening—C45, D45, E60 having respectively 3.6, 0.5, 4.3% CF—Credit to Thermochimica
Acta 324 (1998) 223-227.
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Testing and Characterization of Bituminous Materials, Rhodes, Greece, Vol. 2, 2009, pp. 971-980.

e Polymer modified bitumen aging gets very complex: FTIR microscopy studies using an
oxidation cell have shown that the respective oxidation of the bitumen and the polymer
molecules change the system compatibility [13]. Homogeneous Polymer modified Binders
(PmB’s) tend to evolve less than heterogeneous materials from both a morphology and
rheology standpoints. Polymer chain scission, although related to polymer degradation,
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Figure 8. Kinetic evolution of the polymer network of a 6% SBS PmB by infrared mapping (130 °C
under air during 2 h) (based on the ratio of SBS infrared absorption band at 965 cm™ to the specific
bitumen band at 1376 cm™)—Credit to Fuel 87 (2008) 1270—1280.

can actually improve polymer dispersion, whereas stable macromolecules can become less
compatible and phase separate. See Figure 8.

4 CONCLUSIONS AND PERSPECTIVES

Bituminous materials feature unique chemical and physical properties that make them dif-
ficult to analyze and characterize. Traps are numerous, but advances in this field are likely
to improve binder understanding and create applications more relevant to the stakeholders,
from researchers to producers, road users, all the way to tax payers.

Among those significant improvements, one must cite the assessment and understand-
ing of molecular associations and interactions, phase separations, their impact on thermal
history to compare binders in the same physical state. This will allow to measure intrinsic
properties that ultimately influence pavement performance.

Powerful tools and research teams are becoming available to look at the fundamentals,
from the nano molecular level all the way to the pavement performance. The FHWA Asphalt
Research Consortium, for instance, looks at the mechanics of bitumen at nano-level using
atomic force microscopy to attempt to predict field cracking behavior, with the support of
TU Delft.

These advances will have an impact on binder production. Smart engineering will be able
to replace classical refined asphalt “goodies” and make durable and performing binders.
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There will be more cost effective additives that will be more widely used. They will include
new polymer types, bio-additives and nanotechnology modifiers ... Developing relevant ana-
lytical techniques for asphalt binders will foster innovation from industrial partners that are
not currently present in the field.

Furthermore, governmental agencies have officially initiated the move towards greener/
durable and LCA efficient pavements through projects like European “Forever open road”
or “Every Day Counts Innovation Initiative” from the FHWA [16, 17]. Lately the Infravation
Transnational Project was launched to boost innovation in infrastructure [18].
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and challenges
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ABSTRACT: Pavement preservation has been an important topic for flexible pavements
for many years. It was not until the Foundation for Pavement Preservation (FP2) was estab-
lished in 1992 that it became an important aspect in the area of system maintenance and
preservation. There are several types of treatments included in the pavement preservation
tool box including thin HMA overlay, chip seals, slurry surfacings, and cape seals. This paper
addresses the definitions, types of treatments currently included in the tool box, the reported
benefits of the treatments (including, cost, energy and environmental), and the challenges
still facing agencies in documenting the benefits and increasing the use of these types of
treatments. Recent developments with funding pavement preservation and rehabilitation and
the implications of the new Technical Advisory for the ADA act are also discussed.

Keywords: Pavement preservation definitions, challenges, benefits, pavement management
systems

1 INTRODUCTION

Americans are accustomed to easy mobility on safe, smooth, and well maintained roads.
These same roads play a critical role in the nation’s economy providing opportunities for
agriculture, industry, commerce and recreation. Unfortunately, many of our road networks
are deteriorating in quality requiring better management of our assets. This paper discusses
the importance of preservation and many of its benefits and challenges. We have come a long
way, but still have much to do.

2 BACKGROUND

Pavement preservation is similar in concept to conducting regular maintenance on an auto-
mobile or a house to keep them in good condition. For example, a low-cost maintenance
activity such as routinely changing the motor oil in an automobile can improve the likelihood
that the engine will not require a major overhaul prematurely and extend the lifespan of the
engine. Similarly, paying for minor work now to prevent major work earlier in the future is
an important concept of pavement preservation.

For example, the California Department of Transportation (Caltrans) has been describ-
ing the benefit of pavement preservation to that of pavement rehabilitation using a 6 to 1
ratio, meaning that the costs of pavement preservation treatments are about 1/6 of that for
pavement rehabilitation [1]. Figure 1 illustrates this concept, where $1 invested in preventa-
tive measures while the pavement is in good condition can delay or avoid spending $6 for
more substantive work. It is important to note that these figures are based on first costs only
and do not consider the lives of the treatments, the life extension of the existing pavement
associated with the treatments, and other costs such as user and safety costs; including these
other factors and costs would result in even greater savings.
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Figure 1. Pavement preservation concept used by Caltrans and other agencies.

3 DEFINITIONS

A clear presentation of pavement preservation in the United States requires the development
and adoption of standard definitions. The following presents the current definitions related
to pavement preservation used by the Federal Highway Administration (FHWA) and the
American Association of State Highway and Transportation Officials (AASHTO).

3.1  Asset management

FHWA and AASHTO define asset management as a systematic process of maintaining,
upgrading, and operating physical assets cost-effectively [2]. Asset management combines
engineering principles with sound business practices and economic theory and provides tools
to facilitate an organized, logical approach to decision-making. Asset management provides a
framework for both short- and long-range planning. Asset management is important to state
and local governments because of the Governmental Accounting Standards Board’s (GASB)
Policy Statement 34, “Basic Financial Statements for State and Local Governments,” issued in
June 1999. GASB 34 encourages government agencies to promote asset management practices
and to report the value of capital assets such as utilities, roadways, and other infrastructure [3].
The value and maintenance of these assets eventually affects the bond ratings of government
agencies, which in turn affect the government’s ability to borrow the money to repair and
replace the investments. The objective of an asset management program, therefore, is to:

e Consider various investment strategies,
e Provide a more rational decision process, and
e Improve the overall condition of the highway system at a lower cost.

3.2 Preventive maintenance

According to AASHTO, preventive maintenance is a planned strategy of cost-effective treat-
ments that preserves, maintains, or improves a roadway system and its appurtenances and
retards deterioration, but without substantially increasing structural capacity [4]. Preventive
maintenance is a tool for pavement preservation where non-structural treatments are applied
early in the life of a pavement to prevent deterioration and extend the life of pavement.
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3.3 Pavement preservation

Pavement preservation is the sum of all the activities to provide and maintain serviceable
roadways, including corrective and preventive maintenance, as well as activities such as pot-
hole patching, rut filling, or unplugging drainage facilities. Reactive maintenance, therefore,
is unscheduled; sometimes immediate response is necessary, to avoid serious consequences.

3.4 Emergency maintenance

Extreme conditions, when life and property are at risk, require emergency maintenance.
Examples include washouts, rigid pavement blow-ups (the shattering or upward buckling of
concrete slabs along a joint), and rockslides or earth slides.

4 TREATMENTS

In the past, many maintenance practices have not been effective, because they were
applied reactively to roads in poor condition instead of proactively to roads still in good
condition. Succinctly stated, the correct approach to preventive maintenance is to “place
the right treatment on the right road at the right time.” They also need to be placed in the
right way.

Preservation became a topic in the early 1990s, when highway agencies examined effective
maintenance practices. The preservation concept, whether for pavements or for bridges, is
a departure from traditional approaches, which wait until deficiencies are evident and until
reconstruction or major rehabilitation are the only means to correct the problem.

Preservation, however, addresses minor deficiencies early, before the defects become major
problems, and extends the life of the asset at a relatively low cost. A strong preservation
program is essential to asset management. Because preservation activities include so many
kinds of treatments, agencies should build their own preservation toolboxes to serve their
particular needs. Just as a mechanic’s toolbox contains many different tools, each designed
for a specific job, a preservation toolbox should include a host of treatments to address spe-
cific conditions.

No treatment will be suitable for every location. For example, a chip seal may be a
long-lasting, cost-effective surface treatment in a rural area, but not in a large urban area.
Conversely, concrete ultrathin white-topping may be cost-effective in a large urban area, but
not in a rural area. Similarly, performance and cost-effectiveness should be evaluated in the
context of the areas in which the preservation treatments are applied. Typical treatments used
for flexible and rigid pavements in California are given in Table 1 [1].

Table 1. Caltrans maintenance technical advisory guide-volumes and chapters.

Flexible pavements Rigid pavements
1. Introduction 1. Introduction
2. Materials 2. Surface characteristics
3. Treatment selection 3. Treatment selection
4. Crack sealing 4. Joint resealing & crack sealing
5. Patching & edge repair 5. Diamond grinding & grooving
6. Fog and rejuvenating seals 6. Dowel bar retrofit
7. Chip seals 7. Isolated partial depth concrete repair
8. Slurry seals 8. Full depth concrete repair
9. Microsurfacing

10. Thin maintenance overlays
11. Bonded wearing course

12. Interlayers

13. In-place recycling

25



The preservation community has identified several potential benefits associated with

implementing a pavement preservation program. The most significant benefits include the
following:

Life extension of the existing pavements. Pavement preservation treatments can extend
the life of a pavement thereby delaying the need for pavement rehabilitation [5]. Figure 2
illustrates this conceptually. That is, timely, low-cost treatments that defer pavement reha-
bilitation or reconstruction preserve current funds for use on other more urgent or needed
activities.

Lower treatment costs. Pavement preservation treatments typically cost from $1-6 per
square yard, while the cost to rehabilitate roads can be 6 to 10 times more expensive, and
the cost to reconstruct roads can be 15 to 30 times more expensive [0].

Reduced user costs. Driving on rough roads increases vehicle operating costs through
accelerated vehicle depreciation, reduction in fuel efficiency, and damage to tires and
suspensions. TRIP estimates an added cost of $335 annually for the average driver to as high
as $746 annually for drivers in urban areas with high concentrations of rough roads [7].
Improved safety (to the public and the workforce). As compared with rehabilitation work,
pavement preservation treatments usually take less time to complete; that is, the contractor
can get in and get out faster minimizing the chances for work-zone crashes during long
work periods. Better roads surfaces also provide for good drainage and skid resistance
thereby improving safety to road users [8].

Improved overall network health. Some agencies have shown an improvement in overall
network health by keeping good roads in good condition.

Pavement preservation is “green.” Use of preventative maintenance treatments such as chip
seals and micro-surfacing consume 12 to 34% of the annualized energy and emit 10 to 27%
of annualized greenhouse gases in comparison with major rehabilitation work involving
a 4-inch hot mix asphalt overlay [9]. The comparisons include the energy required for and
emissions produced in obtaining the raw materials from the earth and all the operational
steps (i.e., transport, refining, manufacturing, mixing, and placement) required to produce
a finished product. The comparison also accounted for differences in life extension of a
pavement provided by the different treatments. According to the authors, energy savings
are slightly lower and greenhouse gas emissions are about the same when compared to
major rehabilitation work involving a 4-inch warm mix asphalt overlay. In addition, use
of preventative maintenance treatments such as fog seals and cracking sealing resulted in
substantially lower consumption of energy and emission of greenhouse gases.
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Figure 2. Life extension due to preventative maintenance.
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To realize the above benefits, agencies and industry need better information to convince
the transportation commission and the legislature (or the other decisions makers) to provide
more dedicated funding for pavement preservation while at the same time finding additional
funds to repair pavements beyond the preservation stage. Work has been accomplished at the
California Pavement Preservation Center (CP2 Center) to provide better information on the
economic benefits of pavement preservation [10].

5 CHALLENGES

Several issues and barriers can be identified for implementing pavement preservation. Some
of these are discussed below.

5.1 Agency issues

The first and most important is dealing with the paradigm shift from fixing worst pavements
first to fixing good pavements first. One of the biggest obstacles to overcome is to convince
agency personnel to move from the conventional worst-first practice of fixing pavement
problems to fixing good pavements first while letting the bad ones continue to deteriorate.
People simply have a hard time making this adjustment without documented evidence of the
cost savings associated with pavement preservation.

Next there is a need for top management commitment. Pavement preservation programs will
not succeed without top management commitment. This includes getting a commitment for
dedicated funding and for resources needed to collect information on the effectiveness of pre-
ventive maintenance treatments. Caltrans has done much in this area without the best of data
due to an inadequate pavement management system. This is now being dealt with as Caltrans
moves forward with the development of a new and improved pavement management system.

There is also a need to identify a champion for the program within the agency. Pavement
preservation programs need a champion for them to be effective. As with any new effort or
program within an agency, someone must be constantly promoting the importance and ben-
efits of the effort. Without a champion, the new effort will simply not succeed. For example,
Caltrans has champions for pavement preservation and they are promoting the benefits of
the program to the legislature [11, 12].

It is necessary to show the early benefits of the pavement preservation program using pave-
ment management system that is able to show treatment lives, life extensions, and/or reduced
life cycle costs. In the absence of good data from Pavement Management Systems, alternative
methods for estimating treatment lives and life extension may have to be employed.

Preventive maintenance treatments can be ineffective if the correct treatments are not used
at the right time. One failure is equivalent to hundreds of successes in a new program such as
one like pavement preservation. It is important that the right treatment be used on the pave-
ment and that it is applied in a timely manner. In a recent study for FHWA, it was determined
that the loss of life and increased costs of not placing treatments right can be significant as
shown in Figure 3.

5.2 Industry issues

The issues and barriers for industry groups mostly involve reluctance to disturb the status-
quo and include the following:

e Competition between the suppliers of maintenance and rehabilitation treatments. With
the shift from the traditional rehabilitation programs of HMA overlays applied every 10 to
20 years to pavement preservation programs using new or different treatments, some resist-
ance has occurred from the suppliers of traditional rehabilitation materials. For example, hot-
mix suppliers might\resist new cold treatments because of the likely loss in market share.

o Competition between various suppliers of maintenance treatments. When markets
have been established for certain types of treatments and a new treatment type is being
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Figure 3. Cost impact if thin HMA treatments are not placed on the right road using good practice
for climate, traffic materials and construction factors [13].

introduced, industry often works to block the new products, whether for technical reasons
or for business reasons, again to avoid loss of market share.

e Political lobbying to prevent use of new maintenance treatments. In some cases, industry
will resort to political lobbying to prevent new technologies from entering the market.
Again the reasons may be technical but more than likely are related to the effect on the
market if an agency adopts the new technology.

o Establishing the benefits of new technologies or treatments. Suppliers often introduce new
technologies without adequate evidence of the benefits. The supplier must provide the
agency with detailed documentation of the product’s benefits and performance.

5.3 Convincing the public

The introduction of preservation programs also affects the traveling public, the ultimate cus-
tomer, raising a different set of issues and barriers as follows:

e Understanding the shift from repairing the worst pavements first to the best pavements
first. The public does not understand why agencies would be working on good roads but
letting the bad roads deteriorate. Most of the public understands the importance of main-
taining a car or a house to prevent major repairs. Pavement preservation engineers should
be able to explain the value of preventive maintenance treatments now compared with the
cost of major repairs later.

e Understanding the effects of the various maintenance and rehabilitation strategies on
delays and vehicle costs. Primary benefits of pavement preservation include the potential
for reducing traffic delays by using faster repair techniques and for reducing user costs by
maintaining pavement net-works in better condition. Although widely acclaimed, these
benefits still lack the documentation of national studies.

e Understanding safety issues. Increased safety for the traveling public and for workers in the
work zone are other potential benefits from keeping roads in good condition through pavement
preservation treatments; these benefits also need to be documented and communicated.

e Another challenge is to convince public that frequent short-term interruptions to their
travel plans are better than less frequent long-term interruptions, especially in business
districts.
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5.4  Regulatory

A recent issue emerged in 2013 when the US Department of Justice and the USDOT jointly
issued a technical advisory that redefines what maintenance and alteration is in terms of
requiring curb ramps according to the Americans with Disabilities Act of 1990 (ADA)
requirements. In the new technical advisory, slurry seals are defined as maintenance and
microsurfacing is defined as alterations which requires construction of missing or upgrading
of noncompliant curb ramps. Cape seals and thin bonded overlays are now alternations as
well. It is expected that this issue will impact the treatments that will be used by agencies
as well as the cost of providing well maintained roads and streets in urban areas [14].

6 SUMMARY AND RECOMMENDATIONS

Many agencies have been very successful in implementing a pavement preservation program,
but there is still more to do. This section summarizes the major accomplishments during the
past two decades:

e In the United States, formation of the FP2 Inc. and Preservation Centers at Michigan
State, University of Texas, and CSU, Chico. Also, pavement preservation partnerships
were developed for the various regions of the United States. These have aided in promot-
ing the concept of pavement preservation and provide for opportunities to exchange ideas
on treatments and specifications.

e Many agencies have developed and implemented a pavement preservation program with
top management support. This includes permanent funds for pavement preservation. For
example, Caltrans is currently funded at nearly $300 million per year for preservation. This
should be increased to $800 million per year in order to treat 7,000 lane-miles per year. By
doing this, they can save 50% or more of the rehabilitation budget each year, allowing the
savings to help reconstruct the more distressed roads.

e Agencies have developed guidelines for preservation for flexible and rigid pavements.
These have assisted the states as well as local agencies to become more aware of the avail-
able techniques and how and when to apply them.

e Agencies have developed innovative programs to place new preservation techniques. In
California, these new technologies are monitored by the CP2 Center using a pavement
preservation database that can be accessed by agencies or industry to help with this effort.
This has been used by industry to show the performance of their new innovations.

e Caltrans developed a computerized strategy selection program which considers cost effec-
tiveness of the various treatments. This is available on the CP2 Center website for use by
state or local agencies. It continuously undergoes upgrades as new treatments or technolo-
gies are deployed.

Recommendations for the next several years included the following:

e Developing new and improved tests for mix designs and quality control and acceptance
testing for pavement preservation treatments. The industry still has much to do in this
regard.

e Upgrading performance based specifications for many of the treatments to minimize the
chances for early failure.

e Providing continuous education on how to place successful pavement preservation
treatments.

e Documenting the long term performance of the various treatments using improved databases
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Urban heat island effect: Comparing thermal and radiation effects
of asphalt and concrete pavements on adjacent buildings using
CFD methods
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ABSTRACT: There is a the perception among some that asphalt pavements, particularly
as surfaces for parking lots for facilities such as shopping centers, apartment buildings, and
office buildings, are contributing to global warming through the so called urban heat island
effect. The contention is that Portland Cement Concrete (PCC) is a less significant contribu-
tor to global warming via this mechanism and is, therefore, the preferred paving material.
This rationale with some supporting science has succeeded sufficiently to result in PCC being
given an advantage in building codes toward obtaining building LEED certification. The
basis for this thought is that, since asphalt pavements are black and concrete pavements are
white, the asphalt will absorb more solar radiation and become hotter during the course
of daylight hours. Because empirical data in urban environments is difficult to obtain and
clouded by a myriad of other effects Computational Fluid Dynamics (CFD) was chosen to
compare an idealized configuration of an office building and parking lot. Only the reflectiv-
ity (albedo) of the parking lot was altered to simulate both asphalt and concrete. The results
showed that the building surface temperature was actually higher for the concrete parking
lot than the asphalt lot indicating a higher cooling load would be required. These results
run counter to commonly held beliefs about the superiority of concrete pavements in urban
environments and suggest the need to re-examine the suitability of asphalt pavement in urban
settings.

Keywords: Asphalt pavement, urban thermal loading, urban heat island effect, CFD,
environmental radiation

1 INTRODUCTION

Urban areas with a high percentage of paved surfaces are often several degrees warmer than
rural areas with less paved surfaces. Because most paved and roof surfaces are dark they
absorb more solar radiation resulting in higher local temperatures. This is commonly known
as the Urban Heat Island effect (UHI). Higher localized air temperatures increase the energy
required for cooling and as a result contribute to global warming [1]. Some studies suggest
that the mitigation of UHI can result in peak utility savings of 5 to 10% [2].

In an effort to mitigate UHI green infrastructure often requires the use of cool pave-
ments—pavements which reflect more solar radiation. Cool pavements are in integral part
of a strategy to minimize the effects of UHI put forward by the U.S. EPA [3]. Because PCC
has greater reflectivity than traditional asphalt pavements it is often preferred [4]. However
recent work has called into question the use of materials with higher reflectivity siting many
potential negative effects [5].

Because uncluttered thermal data is difficult to collect in urban setting a computer simula-
tion whereby all the environmental inputs are controlled is a good method to test the effects
of pavement reflectivity on adjacent buildings, specifically the difference between two com-
mon paving materials: asphalt and PCC.
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2 SIMULATION METHODS

Computational Fluid Dynamics (CFD) has been well established as a tool for simulating
fluid phenomena in a wide range of industrial applications [6-8]. Because CFD methods
are well documented only an overview of the models used in this study are mentioned. The
governing equations are time averaged using the Reynolds Average Navier-Stokes (RANS)
method. The equations are discretized over a computational grid and solved iteratively. The
k-epsilon turbulence model was used and incompressible ideal gas which provides tempera-
ture dependent density was used for air. The Discrete Ordinates (DO) radiation model was
used to calculate the radiation heat transfer. The DO model solves the Radiation Transport
Equations (RTE) shown in Eq.(1) for emitting, absorption, and scattering within the fluid
domain.
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where 7 = position vector

s = direction vector

s’ = scattering direction vector

s = path length

a = absorption coefficient

n = refractive index

o, = scattering coefficient

o = Stefan-Boltzmann constant (5.672 x 107 W/m? — K*)
I = radiation intensity, which depends on position 7 and direction s
T = local temperature

@ = phase function

£ =solid angle

The RTE are solved for a finite number of discrete solid angles in the global Cartesian
system each with a direction vector s as shown in the field equation for the RTE, Eq. (2). The
DO model solves as many transport equations as there are directions defined by s with the
angular discretization of 5 as a user input [9].
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The appropriate solar loading for the specified geographic location, time, and date was
calculated using Fluent’s Solar Calculator and applied as radiation emitter from the sky
boundary. The solar load was applied using direction and intensity calculated according the
solar conditions listed in Table 1. The Solar Calculator uses the ASHRAE Fair Weather
Conditions method to solve for the direct normal solar irradiation given by Eq. (3) where 4 is
apparent solar irradiation at air mass m = 0, B is the extinction coefficient, and [ is the solar
altitude in degrees above the horizontal.

Edn=—4 3)

eSin(ﬁ)

To pursue this analysis, it was arbitrarily decided that a 10 story office building with a
large parking lot would represent an idealized test case. A 3D CAD model of the building,
parking lot, and surrounding ground and air was created and a computational mesh gener-
ated comprising of 9.6 million cells with prism boundary layers on the building, ground, and
parking lot. Dimensions of the building and parking lot along with boundary conditions are
shown in Table 2.
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Table 1. Inputs and outputs of solar calculator.

Inputs

Date, time July 4th, 1 PM

Position Chattanooga, TN
Orientation South facing parking lot
Outputs

Sun direction vector (-0.21, 0.975, -0.057)
Direct normal solar irradiation 880.02 W/m?

Diffuse solar irradiation—vertical surface 78.372 W/m?

Diffuse solar irradiation—horizontal surface 118.685 W/m?

Ground reflected solar irradiation—vertical surface 97.74 W/m?

Table 2. Building and parking lot dimensions
and boundary conditions.

Parking lot 228.6 X 76.2 x0.61 m
Building 60.96 x 30.48 x 60.96 m
Ambient temp 300 K

Wind 2.23 m/s West to East
Gravity (0, -9.81 m/s, 0)

m/s Crosswind : Solar Position: July 4, 13:00
Location: Chattanooga, TN, USA
Fair Weather Conditions
Ambient Temperature 300K

Figure 1. CFD boundary conditions with solar load inputs.

Table 3. Material properties.

Asphalt Concrete Ground
Density (kg/m?) 2240 2240 1600
Specific heat (J/kg-K) 750 750 800
Thermal conductivity (W/m-K) 1 1 0.5
Reflectivity 0.1 0.35 0.1
Emissivity 0.9 0.65 0.9
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The CFD simulations were performed using the commercial CFD code ANSYS Fluent.
The fluid domain and boundary conditions along with the dimensions of the building and
parking lot are shown in Figure 1. A 2.23 m/s cross wind was set using a velocity inlet condi-
tion on the west wall with a pressure outlet on the east wall. The wall and sky boundaries were
positioned far enough away to have minimal effect on the area of interest. The parking lot
was modeled with a depth of 0.61 m while the ground layer surrounding the parking lot had
a depth of 243.84 m. The building itself was modeled as a solid volume of concrete.

The Fluent radiation model assumes grey band radiation which implies that reflectivity or
albedo of an opaque wall is defined as 1—emissivity. With the exception of reflectivity and
emissivity identical physical properties were used for both asphalt and concrete. The material
properties with surface emissivities and reflectivities are shown in Table 3.

3 RESULTS

The CFD results can be visualized by coloring the surfaces by the element value of the vari-
able in question. Temperature contour plots show that the asphalt parking lot becomes hot-
ter than the concrete parking lot (Fig. 2). Plotting reflected radiation on the same surfaces
(Fig. 3) shows that indeed more radiation is reflected from the concrete parking lot and more
is absorbed by the asphalt parking. However, closer examination of the building surface tem-
perature reveals that higher temperatures are seen with the concrete parking lot (Fig. 4).

Temperature data was taken on a vertical line at the peak temperature on the southern
face of the building to compare values. The data plotted in Figure 4 shows higher surface
temperatures for the concrete parking lot.

The explanation for these higher temperatures is that lower absorptivity of the concrete
parking lot reflects more radiation (Fig. 5) than the higher absorptivity of the asphalt.

Figure 2. Surface temperature on ground, building, and parking lot.
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Figure 3. Reflected radiation heat flux on building, ground, and parking lot.
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Figure 4. Contours of temperature on building surface.
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Figure 5. Building surface temperature on southern face.
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Figure 6.  Absorbed radiation flux on the building.
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Table 4. Summary of results.

Asphalt Concrete
Building average temperature (K) 327.01 326.99
Parking lot average temperature (K) 328.71 323.26
Parking lot reflected radiation (W) 1.898E+06 6.646E+06
Building incident radiation (W) 7.777E+06 7.882E+06
Building absorbed radiation (W) 5.055E+06 5.123E+06

As a consequence more incident radiation is received on the building surfaces for the con-
crete lot and more of this radiation is absorbed (Fig. 6) resulting in higher surface tempera-
tures. Table 4 shows a summary of the results.

4 CONCLUSIONS

The results of the CFD study show that for this particular idealized case the pavement with
lower absorptivity and highest reflectivity (PCC) actually created moderately higher building
surface temperatures. This is clearly related to the increased amount of incident radiation
on the building from radiation reflected by the PCC parking lot (Table 4). This runs counter
to published advice [3] on mitigating UHI, and calls into question the use of so called cool
pavements for all applications. This study demonstrates that for certain scenarios it is bet-
ter for pavements to absorb rather than reflect solar radiation. The assumption that PCC is
superior to asphalt for mitigating UHI is not supported by the results of this study. Certainly
reducing energy consumption via mitigating UHI is a worthwhile endeavor, but a balanced
approach that considers all modes of heat transfer including reflected radiation as well as the
local urban infrastructure is needed.
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ABSTRACT: Air pollution is a public health issue that may cause health problems for
workers in the construction industry including workers involved in asphalt paving opera-
tions. Epidemiological studies have reported an increase loss of lung function among asphalt
workers over the asphalt paving season. Therefore, the goal of this study is to quantify and
characterize nanoparticle and ultrafine particle exposure to workers during asphalt mixture
preparation activities in an asphalt laboratory. Scanning Mobility Particle Sizer (SMPS) was
used to measure the size distribution, surface area, mass, and particle concentrations during
pouring, mixing, and compaction activities. Particles were also characterized using Transmis-
sion Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) to get a better
understanding of their particle size and morphology. Based on the results of the study, the
highest number of particles was observed during the pouring process. Laboratory measure-
ment showed that more than 70% of particles in asphalt preparation activities were ultrafine
particles, which have diameter smaller than 0.1 micrometer. In addition, the size of the par-
ticles obtained by SMPS was compared to the particle size based on the TEM analysis. The
estimated sizes obtained by TEM analysis in the asphalt workplace study were in agreement
with the estimate size obtained by calculations using SMPS.

Keywords: Hot-Mixed Asphalt, ultrafine particles, worker exposure, construction safety

1 INTRODUCTION

The growth of using nanomaterials in different products increases the concern for their
potential impacts on the environment and on the biological systems. Inhalation of nanopar-
ticles has been associated with adverse health effects that range from myocardial infarction
to decrements of lung function among asthmatics. Epidemiological studies have showed the
relationship between ambient ultrafine particle concentrations and mortality or morbidity
of urban populations. These studies indicated that exposure to ultrafine particles may cause
pulmonary diseases, cardiovascular health effects and impairment of the immune system.
The toxicological mechanisms behind these effects are not clear [1, 2]. Animal nanoparticles
exposure studies also showed that ultrafine particles cause a stronger airway inflammation
than similar mass concentrations of larger particles [3]. Epidemiological data indicated that
exposure to ambient ultrafine particles worsens respiratory diseases [4].

Nanoparticle exposure can be from natural, incidental or engineered nanoparticles making
risk assessments even more problematic. Naturally occurring nanomaterials such as volcanic
ash, ocean spray, magnetotactic bacteria, mineral composites and others exist in our environ-
ment. Incidental nanoparticles, sometimes called ultrafine particles, are particles unintention-
ally produced during an intentional operation. Combustion, welding, metal processing, and
emissions from diesel engines are examples of major sources of incidental nanoparticles. Engi-
neered nanoparticles are particles designed and produced intentionally to have a certain struc-
ture and size, usually less than 100 nm. Both natural and incidental nanoparticles may have
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irregular or regular shapes. Engineered nanoparticles most often have regular shapes, such as
tubes, spheres, ring, etc. [5, 6]. However, the difficulties in distinguishing between engineered
and incidental occurring nanoparticles complicate the assessment of exposure to humans and
the environment. In order to understand the potential effect of the nanoparticles on the environ-
ment, the levels of the natural, incidental, and engineered nanoparticles should be quantified.

Safety in nanotechnology is determined through comprehensive studies that include exposure
assessment, determination of metrics, toxicological and epidemiological studies, and life cycle
analysis [7]. Studies show that a major route of exposure to ultrafine particles is through the res-
piratory system [8]. Several factors including size, shape and particulate matter density influence
the impact of these particles on different parts of the respiratory system and the amount of time
that it takes for them to settle [8]. Thus, exposure measurements that use an appropriate dose
metrics such as number, mass and surface area concentration of particles should be considered.
Several studies have investigated the toxicity and risk management of nanoparticles based on
the different exposure scenarios that may occur during the production and use; however, little is
known about nanoparticle exposure from construction activities [2, 6, 7, 9-13].

One reason for this trend is that there are currently no national or international standards
on measurement techniques for nanomaterials in the workplace. The National Institute for
Occupational Safety and Health (NIOSH) established a nanotechnology field research team
that identified numerous techniques to measure airborne nanomaterials with respect to par-
ticle size, mass, surface area, number concentration, and composition. One of these meas-
urement techniques is the Nanoparticle Emission Assessment Technique (NEAT) that uses
a combination of measurement techniques and instruments to assess potential inhalation
exposures in facilities that handle or produce nanomaterials [14]. The following instrumenta-
tions are recommended to be used by NEAT for measuring ultrafine particles in workplaces:
the Condensation Particle Counter (CPC), Optical Particle Counter (OPC), Scanning Mobil-
ity Particle Sizer (SMPS), Fast Mobility Particle Sizer (FMPS), and Electrical Low-Pres-
sure Impactor (ELPI). These technologies measure the number, surface area or mass metric
directly or indirectly. In order to characterize morphology of the particles and verify the
primary size distribution, Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) can be used [1].

The objective of this study is to assess the exposure to nanoparticles associated with dif-
ferent asphalt laboratory activities. To achieve this objective, the number concentration, size
distribution, surface area concentration, and mass concentration were measured for different
activities including dry mixing, wet mixing, pouring, and compaction in an asphalt labora-
tory using a SMPS. SEM and TEM were also used to characterize morphology, geometry,
and to verify the primary size distribution of the particles.

2 METHODOLOGY

2.1 Sampling site

An AMRL accredited asphalt laboratory with an area of 23 m? was used as the test environ-
ment in this study. The total particle concentrations and size distributions were measured for
asphalt mixture preparation activities in a laboratory environment under different prepara-
tion tasks including pouring, mixing, and compaction, see Figures 1 and 2. Background
levels were measured every day prior to the start of any work and between tasks. The results
of the nanoparticles released during each task were compared to background nanoparticles
counts of the laboratory indicating that nanoparticles were released. The measuring instru-
ments were located as close as possible to the job activities without disturbing the ongoing
work. The experimental plan and testing conditions are summarized in Table 1.

2.2 Sampling strategy

Since nanoparticles naturally exist in the environment and to accurately assess occupa-
tional exposure risk, it is important to characterize background nanoparticles before quan-
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Figure 1. Mixing aggregates with asphalt binder.

Figure 2. Asphalt compaction.

Table 1. Experimental plan and test condition.

Material type Task Task description
Asphalt Pouring Pouring binder into the aggregates
Mixing Mixing binder and aggregates
Compaction Compacting the ready mix by using gyratory
compactor

tifying the nanoparticles resulting from the different laboratory activities. This includes
particles that penetrate from outdoors to indoors and particles that are suspended by
background activities in the facility. Thus, a preliminary measurement was conducted to
quantify additional sources of ultrafine particles in order to distinguish those emitted
from asphalt laboratory activities. The first step is to identify the sources of ultrafine
emissions in the workplace atmosphere by measuring particle number, particles concen-
tration, and size distribution. Thus, to determine the nanoparticle concentration level in
the laboratory under normal conditions, background data were collected before the start
of laboratory activities. Background measurements were collected before the beginning
of each task.

2.3 Particles measurements and characterization

Characteristics of nanoparticles were measured in the workplace using a CPC and SMPS.
Size distributions were measured by a SMPS system, which consists of an electrostatic

43



Electrostatic NAS

Classifier CPC

Figure 3. Scanning Mobility Particle Sizer (SMPS).

classifier (TSI Model 3080) and a Differential Mobility Analyzer (DMA, TSI 3081) coupled
with CPC (TSI model 3776) (see Fig. 3). Scanning mobility particle sizer brings aerosol to
electrostatic equilibrium ensuring that the aerosol has known charge distribution. The system
was operated at 1.5 Ipm of sheath flow rate and 1.5 Ipm of aerosol inlet flow rate. The aerosol
instrument manager software is capable of collecting data weighted by number concentra-
tion, diameter, surface area, volume, and mass, recorded the SMPS spectrometer data. Par-
ticles were collected on silicon nitride grids with 100 nm square membrane using a vacuum
pump sample collector set to 7000 V. The collected particles were analyzed by SEM (Model
Quanta 3D FEG, FEI Company, USA) and TEM (Model JEOL 100CX) for size and shape
characterization.

3 RESULTS AND DISCUSSION

3.1 Asphalt laboratory activities

Figure 4 shows the particle number concentration as measured in the background before any
activity, and after pouring, mixing, and compaction. Background level as measured prior to
process was 9,436 particles per cm?®, background level after mixing was 11,851 particles per
cm?® and background level after compaction was 12,057 particles per cm?®. Peak concentra-
tion was 85,500 particles cm?, which was during pouring process. As shown in Figure 4, the
pouring process had the highest concentration. Furthermore, subtracting the total number
of background particle concentration from the total number concentration of each activity
shows that 1,179,000, 459,000, and 155,600 particles per cm?® are emitted during pouring,
mixing, and compaction, respectively.

Table 2 shows the total concentration, mean size, and ultrafine particle percentage for
each task separately. As shown in this table, the mean size of pouring and mixing activities is
almost the same while compaction has a higher mean size (160 nm). Based on these results,
it was determined that the total concentration of pouring and mixing is higher than the total
concentration for compaction.

Figure 5 shows the particle number size distribution of ultrafine particles during back-
ground, pouring, mixing, and asphalt compaction. The total number concentration of the
particles during pouring, mixing, and compaction was 2 x 10°, 1.28 x 10°, 9.77 x 10° particles
per cm?, respectively. Ultrafine particles originated mainly from pouring and mixing. It is
also noted that the background after mixing and compaction activities is slightly higher than
the background before any activity began. This suggests that some of the ultrafine particles
emitted remain in the air after completion of the activities.
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Figure 4. Particle number size distribution.

Table 2. Exposure measurement to nanoparticles during asphalt preparation activities.

Particle size

measured Mean
Total particle Ultrafine
Task Min Max concentration  diameter =~ Mean mass  particle
0 (nm)(2)  (am)(3)  (#em’) (4) (nm) (5)  (ug/m’) (6)  percentage (7)
Pouring 10.2 224.7 2.00 x 107¢ 121 172 40%
Mixing 10.2 224.7 1.28 x 107¢ 122 171.6 40%
Compaction  10.2 224.7 9.77 x 10" 160 17.8 14%
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Figure 5. Particle number concentration.

The measurements carried during background, pouring, and mixing are presented in a box
plot in Figure 6. The plot shows the minimum, the 25% percentile, the median value, the 75%
percentile and the maximum nanoparticles concentrations. Pouring released more nanoparti-
cles compared to the nanoparticles released during background, mixing, and compaction. As
shown in Figure 6, the nanoparticle concentration is widely spread during pouring, mixing,
and compaction activities.
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100 nm

Figure 7. (a) SEM images of particles collected on electron microscope grids. (b) TEM images of
particles collected on electron microscope grids.

3.2 TEM and SEM characterization results

The morphology, geometry, shape, surface, composition, and size of the nanoparticles
released during asphalt preparation were characterized. To identify these properties, electron
microscope analysis was used. Typical images obtained from SEM and TEM are presented
in Figures 7(a and b). Figure 7 shows the size, shape, and morphology of the particles col-
lected during asphalt preparation. SEM images show that the particles are spherical in shape
with primary particle size less than 400 nm. To get a higher resolution image of the smaller
particles, TEM was used. Figure 7(b) shows the size, shape, and morphology of the particles
collected during asphalt mixture preparation. As shown in this figure, TEM images show
spherical particles with primary particle size less than 100 nm. It is noted that several smaller
particles were unstable and were destroyed by the electron beam, thus they were not detected
in Figure 7(b). The estimated sizes that were obtained by TEM analysis are very similar to the
sizes obtained by calculations using SMPS in the experimental study.
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4 CONCLUSIONS AND RECOMMENDATIONS

Ultrafine particles are increasingly being recognized as a potential threat to human health.
Aerosols in workplace environments may come from a wide variety of sources, depending on
the type of activity and processes taking place. Measurements from a laboratory in this study
showed that more than 70% of the particles in the asphalt preparation activities were ultrafine
particles. However, the best choice of ultrafine particle metric in relation to health effects in
workplaces is not yet fully understood. Therefore, it is important to measure several parti-
cle metrics in an attempt to find suitable particle characteristics to use in relation to health
effects. The particle number is generally a good metric in the measurement of nano-sized
particles since a high particle concentration is often connected to the presence of ultrafine
particles. The estimated sizes obtained by TEM analysis in the asphalt workplace study were
in agreement with the sizes obtained by calculations using SMPS in the experimental study.
Based on the results of this study, further research is needed to characterize the hazardous
nature and possible health effects of the emitted particles.
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Method for calculating warm mix energy saving based on stack gas
measurements
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ABSTRACT: In the 1950’s the Barber Greene Company studied aggregate dryers in an
effort to understand thermodynamics involved with producing Hot-Mix Asphalt (HMA).
To reduce variables, they recirculated aggregate feed and metered water onto completely dry
material. Efforts today to measure energy savings at asphalt plants are similarly challenged to
accurately measure properties that can easily vary over the period of investigation: aggregate
moisture, exit temperatures, process rates, and etc.

Fortunately, United States Environmental Protection Agency (USEPA) developed stack
test procedures that measure surrogate properties continuously to arrive at true average val-
ues. Consequently, stack test data can be used in conjunction with plant process data to cal-
culate reasonably accurate energy balance at asphalt plants. Results still depend on accurate
data collection, but produce a very detailed picture of plant efficiency and energy losses. It is
possible to calculate energy used to heat and dry aggregate, energy in stack gases, and energy
lost through uninsulated exposed steel surfaces.

A recent evaluation of stack test data for NCHRP 9-47 A found one-half of Warm Mix
energy savings are due to reducing plant casing loss. This paper present the thermodynamics
used to conduct an energy balance using stack test data. It also presents sensitivity analysis
of process variables to demonstrate importance of accurate data collection.

Keywords: Warm Mix Asphalt (WMA), energy savings, stack testing, asphalt plant
casing loss

1 BACKGROUND

1.1 Energy to produce HMAIWMA

Asphalt mixtures are produced by drying aggregate particles and mixing the dry aggregate
with asphalt binder at a temperature sufficient to (1) coat the aggregates, and (2) allow the
mixture to be properly compacted after storage (silo), haul, and placement. Aggregates start
at ambient temperature with moisture contents that vary depending on how they are pro-
duced, stored, and local weather conditions. Aggregate is heated in the dryer drum for a batch
plant or beginning portion of the drum for a drum plant. Fine aggregate tends to be heated
by convection while showering through the hot exhaust gases due to its high surface area.
Coarse aggregate is primarily heated by conduction from the fine aggregate while lying in the
bottom of the dryer due to its large mass. This is why large stone mixes are so difficult to heat
when all fines are provided by Reclaimed Asphalt Pavement (RAP). A significant amount
of energy is required to turn water into steam or otherwise dry the aggregate. Theoretically,
the temperature of the aggregate cannot increase above 100°C until surface moisture has
evaporated. Once the aggregate is dry, continued heating will bring the aggregate to the mix-
ing temperature. Energy to dry then heat aggregate is illustrated in Figure 1.
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Figure 1. Energy use as a function of aggregate heating.

Figure 2 shows a frequency distribution of fuel usage based on data collected in the
Mid-Atlantic region of the United States. The data includes both batch and drum plants.
Fuel types include: natural gas, No. 2 fuel oil, and reclaimed oil. Two distributions are
shown, one for data collected during stack emissions tests at 35 plants and another based
on average use over a two-year period at the same plants. Typically, plants were operating
at maximum design capacity for the full three hours of stack emission tests. The two-year
average values, however, include fuel used during plant warm-up, plant waste, and unsold
mix. Stack test data indicates drying/heating fuel usage for HMA average 0.271 GJ/tonne.
By comparison, fuel usage based on year-end production totals averages 0.290 GJ/tonne,
indicating 6.9 percent waste compared to steady-state production. This inherent differ-
ence between energy use during steady state operation and historical averages demonstrates
comparisons between HMA and WMA must be based on identical time intervals to be
meaningful.

1.2 Reported energy savings from WMA

WMA technologies allow the complete coating of aggregates, placement, and compaction
of asphalt mixtures at lower temperatures than conventional hot-mix asphalt. Although the
reduction in temperature varies by technology, WMA is generally produced at temperatures
ranging from 20°C lower than hot-mix asphalt (HMA) to the approximate boiling point of
water (100°C). Simply put, these technologies are workability and compaction aids.

A reported benefit of WMA technologies is reduced fuel usage. Reduced fuel consump-
tion saves natural resources and cost. One objective of NCHRP 9-47 A, “Properties and
Performance of Warm Mix Asphalt Technologies,” was to document the relative energy
usage between WMA and HMA. Theoretical calculations indicate that a temperature reduc-
tion of 28°C should result in a fuel savings of 11 percent [1]. Fuel savings reported from
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Figure 2. Typical HMA drying and heating fuel usage in MMBTU/ton (1 MMBTU/ton = 1.164 GJ/
tonne).

early European WMA projects ranged from 24 to 55 percent [2-4] with typical values being
between 20 and 35 percent [5]. Reported fuel savings from fifteen North American WMA
projects, representing six technologies, ranged from a 15.4 percent increase to a 77 percent
reduction [6-15]. The average fuel savings was 23 percent.

Larger fuel savings typically occurred with technologies like Low Emission Asphalt (LEA),
WAM-Foam (Warm Asphalt Mix), and in some cases Evotherm™ ET (Emulsion Technol-
ogy), which tend to have the lowest production temperatures. LEA and WAM-Foam pro-
duction temperatures are usually close to 100°C. Casing losses and other inefficiencies are
believed to account for some of the difference between theoretical and observed fuel savings
[16] but these contributions were never quantified.

2 RESEARCH APPROACH

Data were collected from eight field projects as part of NCHRP 9-47 A. Fuel usage data
was collected from six of the projects and stack emissions were measured for three, multi-
technology projects. All projects included an HMA control section. The projects included in
this study are shown in Table 1.

2.1 Direct fuel usage measurements

Fuel usage depends on a number of factors including, but not limited to: aggregate (and
recycled materials, if used) moisture content, production rate, mix and stack temperatures,
and excess air (leakage, baghouse pulse air, burner air). For this study, data collection forms
were developed to collect information on plant energy usage, including many of the above
factors, during production.
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Table 1. Summary of information for projects used in the study.

Date

Project location

Plant site and description

Mixes

Jul. 19-21, 2010

Sep. 14-15, 2010

Oct. 19-22, 2010

Apr. 19-20, 2010

Jun. 21-22, 2010

Aug. 11-12, 2010

County Road 315,
Rapid River, M1

Calumet Ave.,
Munster, IN

Little Neck Pkwy.,
Queens, NY

US 12 near Walla
Walla, WA

1-66 eastbound, near
Centreville, VA
MT route 322, south

of Baker, MT

Escanaba, MI,
uninsulated parallel
flow drum

Griffith, IN, insulated,
counter flow dryer

New York City, NY, batch
plant with mini drum
uninsulated dryer

Walla Walla, WA, portable
plant, uninsulated,
parallel flow drum

Centreville, VA, Double
Barrel counter flow

Baker, MT, Partially insulated

parallel flow drum

HMA, Advera,
Evotherm 3G

HMA, Gencor
foam, Evotherm
3G, Heritage Wax

HMA, Cecabase RT,
SonneWarmix,
BituTech PER

HMA, Maxam foam

HMA, Astec foam

HMA, Evotherm
DAT

The participating contractors were requested to tune their plant’s burner prior to produc-
ing for NCHRP 9-47 A. For the three projects where stack emissions tests were performed,
at Rapid River, MI; Griffith, IN; and New York, NY, burner tuning was conducted by Bob
Frank. Asphalt plant burners have actuator motors that drive dampers and fuel modulating
valves. As the burner percentage is increased, dampers and fuel valves open to increase air
and fuel proportionately. If plant operators increase fuel pressure to increase production
rate, incomplete combustion is likely to occur, wasting fuel. One plant showed a 24.8 percent
reduction in fuel usage for HMA after burner tuning. This was an important variable to cor-
rect prior to quantifying energy savings from lower mix temperatures.

There are a number of ways fuel usage has been reported in prior studies. As shown in
Figure 2, fuel usage collected over the long-term includes fuel used during plant warm-up,
plant waste, and for unsold mix, resulting in 6.9 percent increase when compared to steady-
state runs. Typically, each mix evaluated in NCHRP 9-47 A represented one-day’s production.
Fuel usage was monitored with a number of techniques depending on the fuel used:

o Natural Gas—gas meter readings,
e Liquid Fuel Oils—fuel meters or tank sticks, and
e Liquid propane—percent of tank volume.

Cumulative production tonnage was collected at approximately the same time that the
meter readings were taken. After the data were collected, it was found that commercial gas
meters only update periodically (up to 15 minute intervals) and therefore could give inac-
curate measurements of fuel usage over short-time intervals. Additional discussion will be
provided in the results and analyses.

The Rapid River, MI project used reclaimed motor oil as fuel. Since the Rapid River plant
did not have a fuel meter, fuel consumption was calculated using tank charts and tanks sticks
at the beginning and end of each day’s production. The Baker, MT project used Liquid
Propane (LP). Fuel usage for the LP was based on percent tank volume. The Griffith, IN and
New York, NY, projects used natural gas with gas meter readings taken hourly at beginning
and end of each stack test run. Gas meter readings were taken at the beginning and end of
each day’s production for Centreville, VA and Walla Walla, WA.

2.2 Stoichiometric fuel measurements

Unfortunately, precision of direct fuel measurements was questionable for a number of
reasons and an alternative method to determine average heat input was investigated. Stack
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emission tests were conducted at Rapid River, MI; Griffith, IN; and New York, NY sites
with flow rate and composition of the exhaust gases measured continuously for two, one-
hour runs on each WMA technology and HMA control. These stack gas data enabled back
calculating average heat input using US EPA’s Method 19 f-Factor. EPA developed f-Factors
for commercially available fuels to calculate the stoichiometric volume of exhaust gases gen-
erated by burning one MMBTU (1.06 GJ) of fuel. For example, burning 27.2 cubic meters
of natural gas (1.06 GJ) results in 246.6 dry standard cubic meters of (exhaust) gas at zero
percent oxygen. Zero percent oxygen is what makes it a stoichiometric volume.

Stack gas velocity was measured according to US EPA Method 2 based on velocity pres-
sures. Molecular weight and percent water vapor of the gas stream were measured using US
EPA Method’s 3 and 4, respectively. Carbon dioxide (CO,) and oxygen (O,) concentrations
were also determined using US EPA Method 3. Stack gas velocity was converted to dry
volumetric flow rate at a standard temperature and pressure based on stack area and per-
cent water vapor in exhaust gases. These calculations are typically provided in any stack test
reports and are too complex to cover here.

Fuel firing rate can be calculated from the average exhaust flow rate and oxygen concentra-
tion using Equation 1:

0
60 x Q x (20.9—02 A;j
20.9

Fuel usage =
& F

where,

Fuel usage = MMBTU/hr, (1.0 MMBTU/hr = 1.06 GJ/hour)

60 = minutes/hr., converts flow per minute to flow per hour

Q = average stack gas dry volumetric flow rate (dscfm) at standard temperature and
pressure,

20.9 = standard O,% of air,

0,% = percent stack O, by volume, dry basis, units are percent and not decimal.
(20.9-0,%/20.9) = correction factor to remove excess air and calculate resulting stoichio-
metric volume

F = volume of combustion products per unit of heat content dscf/MMBTU: 8,710 dscf/
MMBTU for natural gas and propane and 9,190 for oil (US EPA Method 19).

3 RESULTS AND DISCUSSION

3.1 Direct fuel usage measurements

Table 2 summarizes fuel usage based on direct measurement and back calculated fuel con-
sumption and the corresponding cumulative production. An error was made reading the gas
meter for the Virginia HMA; therefore fuel usage for that mix is not reported.

The potential error in determining fuel usage over a short time period based on tank sticks
is illustrated in Table 2. The Michigan Advera and Evotherm 3G mixes were produced at the
same average temperature. The production rates are almost identical. The aggregate moisture
content was 0.2 percent higher for the Evotherm 3G, which would tend to increase fuel usage.
However, the fuel usage based on tank measurements for the Evotherm 3G production is
0.044 GJ/tonne (17 percent) less than that calculated for the Advera WMA. By comparison
the fuel usage based on stoichiometric calculations, corrected for a slight difference in aggre-
gate moisture, are identical.

Similar inconsistencies between measured mix temperature and fuel usage were noted for
the Indiana mixes. The local Indiana stack emissions contractor did not take stack veloc-
ity readings during the HMA and Heritage Wax stack emissions runs. Readings were taken
only at the end of the run. Therefore, the stoichiometric calculations of fuel usage for those
two mixes are suspect. The Indiana fuel usage in Table 2 based on gas meter readings are
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Table 2. Fuel usage.

Avg. Agg. GJ/tonne
Avg. Avg. prod. stack Stoichiometric moisture corrected
stockpile rate, metric  Avg. mix temp. Fueluse, fuel use correction  for agg Delta GJ/  Delta
Site  Plant' Mix moist., % TPH temp., °C  °C GJ/tonne GlJ/tonne GlJ/tonne moisture  tonne GJ/°C
WA  Uninsulated HMA 2.6% 287 163 171 0.324 NA NA 0.324
PF drum Maxam foam 3.0% 281 141 146 0.254 NA 0.01 0.243 0.080 0.0036
VA  Double HMA 2.3% 245 159 103 NA NA NA NA
Barrel Astec foam 2.1% 200 142 88 0.236 NA —-0.006 0.242
MI  Uninsulated PF HMA 3.6% 281 149 166 0.315 0.3322 NA 0.332
drum Advera 3.9% 293 132 144 0.262 0.276 0.008 0.268 0.064 0.0037
Evotherm 3G 4.1% 290 132 147 0.218 0.281 0.013 0.268 0.064 0.0037
MT Partially HMA 1.3% 336 148 121 0.183 NA NA 0.183
insulated Evotherm DAT 1.5% 343 122 114 0.159 NA 0.006 0.154 0.029 0.0011
PF drum
IN  Insulated CF HMA 3.2% 265 149 117 0.263* 0.2343 NA 0.263
Dryer Gencor foam 3.5% 272 136 111 0.243 0.260 0.008 0.235 0.028 0.0022
Evotherm 3G 3.8% 272 124 105 0.247 0.2413 0.016 0.230 0.033 0.0014
Heritage wax 3.8% 253 131 108 0.234 0.185 0.016 0.218 0.045 0.0025
NY Batch-mini drum HMA 3.1% 246 167 140 0.303 0.3482 NA 0.348
uninsulated Cecabase RT 3.4% 221 116 101 0.275 0.274 0.008 0.265 0.083 0.0016
dryer SonneWarmix  2.4% 242 122 91 0.251 0.230 -0.019 0.249 0.099 0.0022
BituTech PER  3.6% 243 123 94 0.294 0.246 0.013 0.233 0.115 0.0026

'PF = parallel flow, CF = counter flow. 2Highlighted values used where two measures of fuel usage available. *Stack velocity measurements only taken at end of each stack
emissions run, stoichiometric fuel usage believed to be erroneous.



overall daily averages. Increased fuel usage of 0.261 GJ/tonne for the Gencor foam WMA
was observed over the course of the day, including start up, pre-heat, plant waste, and shut
down (values in Table 2 correspond to hourly readings taken during stack emissions tests).
The production temperature of the Gencor foam mix was increased to HMA temperatures
after stack emissions tests were completed.

3.2 Fuel savings

The average fuel usage for the HMA production based on five projects was 0.290 GJ/tonne.
This compares well with the 0.271 GJ/tonne calculated based on the data from the Mid-
Atlantic region reported in Figure 2. To make meaningful comparisons between the WMA and
HMA, the WMA fuel usage were corrected for the difference between the HMA and WMA
aggregate moisture content at each site. By definition, it takes 1 British Thermal Unit (BTU)
(1055.1 J) to raise the temperature of 1 1b (0.454 kg) of water by 1 °F (0.556 °C). Similarly, it
takes 4.184 J (one calorie) to raise the temperature of 1 g of water 1 °C. Therefore, it takes 142
BTUs to raise the temperature of water from an ambient temperature of approximately 70 °F
to 212 °F and 1,000 BTU to vaporize 1 1b. of 212°F water. Similarly, it takes 330,118 J to heat
1 kg of water from 21.1 to 100 °C and 2,260,000 J to vaporize 1 kg of water. The fuel usage
was corrected based on 2,590,118 J/kg (1,142 BTU/Ib) of moisture difference. The fuel usage
for the normalized WMA data indicated an average savings of 0.064 GJ/tonne, or approxi-
mately 22.1% for an average temperature reduction of 27 °C (48 °F). This compares well to the
average 23 percent savings reported in the literature. Since final mix temperatures for all mixes
were greater than 100 °C, the theoretical fuel savings should be equal to differences between
WMA and HMA mix temperatures multiplied by the specific heat of the aggregate. Assuming
a specific heat of 1004.8 J/kg/°C (0.24 BTU/Ib/°F) for a bituminous mixture, a 27 °C reduc-
tion in temperature should result in 0.0268 GJ/tonne savings, or 9.3 percent. The question then
becomes how to account for the additional 13 percent in fuel savings from WMA technologies
over and above the theoretical 9.3 percent savings due to lower mix temperatures?

3.3 Distribution of fuel savings

Additional calculations were performed to allocate fuel savings for the multi-technology sites
where stack emissions tests were performed. Thermal energy generated to produce hot or
warm mix is consumed by drying aggregate moisture, heating aggregate, heating stack gases,
and casing losses. Casing losses are thermal energy used to heat plant iron and then radiated
to the atmosphere, rather than being used to heat the aggregate. Components that account
for the majority of casing loss include aggregate dryer, duct work, baghouse and batch tower/
mixing chamber (if applicable). The differences in fuel usage reported in Table 2 were allo-
cated based on thermodynamic properties to three sources: 1) differences in mix tempera-
ture, 2) differences in stack exhaust mass, moisture, and temperature, and 3) the remainder,
believed to be attributed to casing losses.

Table 3 shows the results of calculations to appropriately allocate energy savings. Differences
in thermal energy based on mix temperature were calculated using a specific heat of 1005 J/
kg/°C for the asphalt mixture. The difference in the average HMA and WMA mix temperature
at a site were multiplied by 1004.8 J/kg/°C, converted to GJ, and expressed as a percentage of
the difference (delta) in GJ/tonne, corrected for aggregate moisture. Differences in mix tem-
perature (%o Mix Temp.) explained 27 to 76 percent of the fuel savings, with an average of 45
percent. Actual stack exhaust flow rates in cubic feet per minute (ACFM) were converted to
standard conditions at 21.1°C (SCFM). The energy required to heat the air and moisture in the
exhaust gas between the minimum observed stack gas temperature of 90.6 °C and the average
stack exhaust temperatures was calculated for each mix (GJ/tonne up stack). The average stack
gas temperature for NY SonneWarmix was 90.6 °C, therefore its GJ/tonne up the stack = 0.000.
The calculation used a specific heat of 1842 J/kg/°C for water vapor and 1005 J/kg/°C for dry
air. Air at standard conditions has a mass of 1.227 kg/m®. The difference between the HMA
and WMA GlJ/tonne up stack at a given site (relative to 90.6°C) was expressed as a percentage
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Table 3. Breakdown of fuel savings.

Fuel usage,
Avg.prod. Avg. Avg. GJ/tonne Delta
rate, mix stack  corrected (HMA- GJ/tonne Yo % %
metric temp temp for Agg. WMA) up stack Stack Mix  Casing
Site Plant Mix TPH °C °C moisture GJ/tonne ACFM SCFM % Moisture (above 90.6C) temp. Temp. Loss
MI  Uninsulated HMA 281 149 166 0.332 53,656 35,997 33.0% 0.0256
PF drum Advera 293 132 144 0.268 0.064 50,870 35,853 33.0% 0.0176 13%  27%  60%
Evo. 3G 290 132 147 0.268 0.064 50,704 35,546 33.0% 0.0184 11%  27%  62%
IN Insulated CF HMA 265 149 117 0.263 48,380 36,526 29.0% 0.0094
dryer Gencor foam 272 136 111 0.235 0.028 46,844 35,878 28.0% 0.0070 9% 46%  45%
Evo. DAT 272 124 105 0.230 0.033 49,494 38,520 33.0% 0.0055 12%  76%  12%
Heritage wax 253 131 108 0.218 0.045 44,944 34,673 33.0% 0.0065 6% 40%  54%
NY Batch-mini HMA 246 167 140  0.348 67,820 48,313 21.0% 0.0240
drum Cecabase RT 221 116 101 0.265 0.083 54,566 42,972 21.0% 0.0048 23%  62%  14%
uninsulated SonneWarmix 242 122 91 0.249 0.099 54,088 43,766 16.0% 0.0000 24%  45%  31%
dryer BituTech PER 243 123 94 0.233 0.115 53,267 42,646 14.5% 0.0016 19%  38%  43%
Average 0.0664 15%  45%  40%

Note: 1.0 CFM = 0.0283 cubic meters per minute.



of the total delta in energy usage per ton (% Stack Temp.). The remaining unexplained differ-
ences in the measured energy use are attributed to casing losses (% Casing Loss). These losses
are heat lost through, for example, the shell of the drum and ductwork.

3.4 Influence of aggregate moisture content

A recommended best practice for both HMA and WMA is to minimize aggregate moisture
content. Average aggregate moisture content for the Montana project was 1.4 percent; less
than half the average moisture content from the other sites. Measured fuel usage for the
Montana HMA was 0.183 GJ/tonne, compared to an average of 0.317 GJ/tonne for all other
HMA and 0.299 for the Michigan and Indiana HMA, which were produced at the same aver-
age temperature. This indicates a savings of 0.061 GJ/tonne per percent of moisture reduc-
tion. Thus, a one percent reduction in stockpile moisture content can produce savings similar
to the average savings between HMA and WMA, 0.064 GJ/tonne.

4 CONCLUSIONS

o To make meaningful comparisons, fuel usage between HMA and WMA should be com-
pared over short, steady-state runs at similar production rates and aggregate moisture.

o WMA mixes were produced an average of 27 °C cooler than the corresponding HMA
mixes, resulting, on average, in 22.1 percent fuel savings.

e The measured fuel savings were higher than predicted by calculations of energy required
to dry then heat mix and exhaust gases.

e The additional fuel savings are attributed to casing losses—heat radiated through the
drum, ductwork and baghouse or otherwise lost. Insulated plants will have lower fuel sav-
ings from WMA technologies than uninsulated plants.

e Best practices, such as burner tuning and reduced stockpile moisture, produced reductions
of similar magnitude to the use of WMA.

e There is a high potential for error when calculating fuel usage over short intervals from
tank fuel depth measurements (tank sticks), or natural gas meter readings. A difference of
two minutes between fuel and tonnage produced measurements can result in a 3.3 percent
error in hourly fuel usage calculations. A 2.5 mm (1/10 inch) error in a tank depth of a
75,708 liter (20,000 gallon) horizontal tank at the 37,854 liter (10,000 gallon) mark results
in a 129 liter (34 gallon) (5.489 GJ (4.715 MMBTU)) error in measured fuel usage.

5 RECOMMENDATIONS

e Fuel savings should be based on comparison of steady state conditions and be of the
longest duration possible. Historic average fuel use may be informative but a poor basis to
quantify savings.

e Stoichiometric fuel calculations, in accordance with EPA Method 19, should be made in
conjunction with direct measurements of fuel consumption when stack tests are part of
demonstration or study.

e Take fuel meter and cumulative tonnage readings at the same time and over as long of an
interval as possible to minimize errors due to measurement accuracy.
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ABSTRACT: For environmental reasons, low installation cost and initial investment; low
energy infrastructure materials are becoming of high interest. A potential option to replace
current hot mix asphalts is emulsifications, where bitumen binder is dispersed in a water
phase aided by emulsifier and shear forces, and mixed at ambient temperature with unheated
stones. Long term performance must, however, be guaranteed, otherwise the application ben-
efits will be significantly diminished. In this paper, the main issues of cold mix (emulsion
based) asphalt, like wetting in the presence of moisture and dust, and coalescence issues are
discussed. Since both bitumen droplets and mineral surfaces were upscaled, pure mineral
surfaces were investigated as stone material consists of different minerals. As a measure of
the interfacial bond strength, surface free energies of different mineral aggregates and bitu-
men have been investigated in this paper as a stepping stone for further analyses of emulsions.
From the analyses it was found that bitumen has only dispersive forces whereas most of
the minerals surfaces have polar nature. According to Fowke’s additive nature of the forces,
bitumen and water are roughly equally strongly adsorbed to plagioclase and calcite, whereas
water will displace bitumen from quartz, gypsum, potassium feldspar and mica surface.

Keywords: Low energy infrastructure materials, cold mix asphalts, bitumen emulsions,
wettability, minerals Surface energy

1 INTRODUCTION

Bitumen is a highly viscous semi-solid at room temperature and there are many ways to
reduce its viscosity and thus make it as an effective binder such as heating, dissolving in
solvents (cut-back bitumen), foaming the bitumen, or making oil/water type bitumen
emulsions. In the pavement industry, hot mix and, more and more, warm mix asphalts are
rather common practices. Cold mixture is however much less used and its applications have
been mainly limited to recycling of low traffic roads. There are several options in cold mix
technology like foaming the bitumen, cutback bitumen and bitumen emulsions. In bitumen
emulsification, the bitumen phase is heated and dispersed in water in the presence of emul-
sifier by the application of shear forces. The process of manufacturing bitumen emulsions
must be highly controlled to ensure the storability, workability and adhesion, making it thus
an effective binder for road products. In cold asphalt mixtures, the aggregates are not heated
and, as a result, a lot of energy can be saved. In addition to this, initial investment cost in
terms of cold mix setup and transportation of raw material is low as compared to hot mix
technology [1-2].
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All types of emulsions (except for micro emulsions) are thermodynamically unstable and
generally separate into two phases over a certain period of time [3]. Bitumen emulsions are
classified in grades according to their reactivity, particle charge and physical properties. These
are basically o/w type emulsions and contain 60-80 wt% bitumen, around 0.15-2 wt% emul-
sifier [4] and 20—40 wt% water plus minor additives like salts. The particle size of bitumen
in bitumen emulsions is generally in the range of few um (0.5-10 um) and size distribution
is strongly influenced by the emulsion recipe, temperature of the bitumen and water phase,
mechanics and the operating conditions of the emulsion manufacturing mill [5]. Further-
more, the size of the droplets and the nature of the bitumen are two major variables that
affect the breaking and coagulation of bitumen emulsions. But how they affect the breaking
rate and curing process is not yet clear [6].

The emulsions are formulated to have a sufficient level of repulsive force between the par-
ticles that prevents any premature coagulation. The coalescence will occur if changes occur
in the hydrophilic/lipophilic balance of the emulsifier, a variation in the pH, an increase in
the ionic force of the medium or desorption of surfactant at bitumen-water interface. The
interaction between the emulsion and the aggregates is the main cause for one of more of
these changes [6]. The main purpose and an effective use of emulsification are to transport
bitumen to the right location between the aggregates. The phase separation must thus take
place at the right place followed by wetting of the stone surfaces and gluing the aggregates
together. Along with water separation from the bitumen; a good adhesion to the stone sur-
face is also required. Generally due to the hydrophilic nature of the stone surface, affinity
for the water at aggregate surface is higher as compared to the bitumen that can be modified
with emulsifiers which displace water from the stone surface and improve adhesion between
the binder and the aggregates. This desired breaking process varies according to the required
applications e.g. fast, medium and slow breaking as well as some other applications like dry,
wet, clean or dusty stone surface. The exact nature of breaking mechanism of bitumen emul-
sion is not completely known. The bitumen emulsions are destabilized due to the adsorption
of emulsifiers on the aggregate surface and agglomeration of bitumen particles forming a
cheesy state that further more leads to coalescence of the bitumen droplets. A complete adhe-
sion between binder and aggregate surface is achieved after complete evaporation of water
and the strength of the asphalt is improved with time [7].

Bitumen emulsions are designed to start breaking or rupturing when mixed with aggre-
gates, and a phase separation by flocculation and coalescence should quickly occur that leads
to partial loss of water in emulsion as shown in Figure 1. A continuous film of bituminous

Emulsion Flocculation

Coalescence

RAISF =Y

M—

Bitumen Coated Layer (Poor Adhesion) Bitumen Coated Layer (Good Adhesion)

t

Mineral Substrate

Figure 1. Coalescence process in bitumen emulsion and bitumen interactions with aggregates.
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binder is developed that, if all is well, covers the aggregates completely followed by curing or
setting of the binder which eventually gives the mechanical strength. Considering the rela-
tive complexity of emulsion technology compared with hot mix technology, there are several
components in emulsion technology that need to be investigated more closely to ensure the
long term performance of cold mix asphalt and reduce the sensitivity of their application.
With regard to asphalt pavements, it is common knowledge that adhesion between bitumen
and stones can be reduced in the presence of moisture (stripping) and that dust particles on
the surface of the aggregates can lead to poor adhesion. In the case of bituminous emulsion,
this risk is amply present, since moisture is available from the emulsions as well as the wet
aggregates and dust can be present on the (unheated) stones, Figure 1. But on the other hand
a well-chosen emulsifier could improve the bitumen wetting of the stones.

The coalescence process plays an important role in the water separation and evaporation
process. It is possible that during this process, some of the water after separation from the
emulsion, cannot evaporate and gets trapped inside the mixture. The presence of trapped
water in the wrong locations can seriously affect the durability and performance of the pave-
ment. This is one of many factors that must be considered carefully when designing the emul-
sion. Thus an in depth understanding of the forces that come into play during the breaking
and curing of bitumen emulsion binders is fundamental in order to control their behavior
and to produce high quality pavements.

To investigate the thermo-dynamical interface properties of bitumen-stone combinations,
the surface energy properties of both binder and aggregates need to be determined. Sessile
drop is one method utilized for such investigations. In this paper, pure mineral and bitumen
surfaces were examined using surface chemistry principles by measuring static contact angles
of different probe liquids. Both dispersive and non-dispersive surface free energy compo-
nents for the binder and aggregates were calculated using the Fowkes theory, as it is more
applicable to the situations where adhesion occurs in the stone-bitumen system.

1.1 Theoretical background

The theories of adhesive and cohesive bonding are well established in the fields of surface chem-
istry and physics. All materials, including bitumen and aggregate, have surface energies that can
be measured independently from each other. From this information, one can predict how well
asphalt mixture component will wet each other and thus their bonding potential. Investigations
of surface free energies of bitumen and aggregates have been performed over the last years by
many researchers. [e.g. 8-9] whereby the focus mainly lied on hot mix asphalt applications.

Surface energy “y’ is the amount of work required to create a unit area of a given materials
in a vacuum. This surface energy is known to have dispersive (non-polar) and non-dispersive
(polar and hydrogen bonding) components. The direct measurement of surface energy of a
solid is for practical reasons not a very common practice and usually indirect methods are
used to measure surface energies of solids. Therefore, some methods [10] have been developed
to study the interactions between liquid, solid and gas surfaces that among others include
contact angle measurements, gas adsorption, inverse gas chromatography and micro calorim-
etry. Among all, contact angle measurement is the most economical, easy to operate and less
time consuming. Surface tension and contact angles are outcomes of short-range intermo-
lecular forces. Methods for measuring interfacial tension include Wilhelmy Plate, Du Nouy
Ring, Pendant Drop and Sessile Drop. Each method describes the surface energy param-
eters and Wilhelmy plate and Sessile drop are today the most commonly used for liquid-
solid substrates. The Wilhelmy plate method is used for dynamic contact angle measurement
while sessile drop measure static contact angle. The Du Nouy Ring method is developed
for liquid-air interface and Pendent drop method is opted for liquid-liquid interface. An in
depth understanding of the surface forces action is very important to explain the wetting and
spreading processes.

Young-Laplace developed a relation between contact angle and surface energy as below;

Ys = Yo + Y *COSO (D
63



— :

No Wetting (0 is bigger Partial Wetting (0 is between Complete Wetting (0 become
than 90°%) 0 and 90") Zero with time)

Figure 2. Wettability as a function of contact angle [11].

Ys 1s solid surface energy, 7, is liquid surface energy, 7y, is solid-liquid interface energy and
0 is contact angle as shown in Figure 2.

Fowkes developed a theory to calculate the component of surface energy from the known
surface tension as shown below; (D represents the dispersive component of surface energy)

Yso=Ys + VL — 2\/(’YSD*’YLD) 2

Later on, Fowkes uses the above relationship in Equation 2 combined with Young’s equa-
tion, Equation 1, to create an equation 3 based upon the contact angle.

cos® = 2\(yP)*[ 1Ny, P -1 (3)

By plotting the contact angle versus the known dispersive surface energy of the liquid, this
equation can be used to find the dispersive surface energy of the solid, which is the slope of
the line. The polar component is also found using a linear regression relationship. Fowkes
extended equation 2 to include the polar components of surface energy by the following
equation.

Yso =Ys + VL — Z[V(YSD*YLD) + \/(YSP*YLP)] 4)

In the Sessile method, dispersive and polar components required a minimum of two probe
liquids with known surface tensions.

2 MATERIALS AND EXPERIMENTAL METHODS

A bottom-up approach was considered to investigate surface free energy of aggregate material.
Stone materials that are mostly being used for the roads constructions consist of many min-
erals like quartz, mica, potassium feldspar, gypsum, biotite, calcite, plagioclase and others.
For example Skdrlunda granite in Sweden contains 40 vol.% quartz, 35.5 vol.% k-feldspar,
14 vol.% plagioclase, 4 vol.% mica, 3 vol.% biotite, 2.5 vol.% chlorite and 1 vol.% other
materials. Since in this research, emulsions are the main focus point, bitumen droplets are
being up-scaled to (later on) represent the microscale droplets present in emulsions. Similarly,
mineral surfaces are up-scaled by studying each mineral individually. Hereby the future
assumption is made that the different types of aggregated stone material can be described as
the sum of its component minerals, as well as to develop fundamental understanding of the
effect of the individual minerals themselves.

The samples have been cut using power hexa machine and surfaces of these minerals were
polished using different mesh size Silicon Carbide papers starting from coarse to a fine mesh.
No polishing aids have been used since they may affect surface tension. The surface smooth-
ness of the minerals was given much more importance, since the investigation is focused on
the surface interaction of between the liquid and mineral. The level of smoothness or texture
was compared under optical microscope. Later on, these polished samples were mounted on
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glass slides to achieve plane symmetry condition for getting precise measurement of con-
tact angles. KRUSS DSA100—Drop Shape Analysis System was used to measure contact
angles of known probe liquids drops on the analyzing substrate surface. KRUSS uses optical
method for contact angle measurement and DSA100 setup can be used for sessile drop as
well as pendent drop methods. It contains four automatic dosing units on its left arm that
are connected through four channels for different probe liquids and one manual dosing unit.
Contact angle is measured when drop is static and gravitational forces are balanced with inter
facial tension. In this study, drop size was 7 ul for all probe liquids and deposition height was
optimized to avoid splashes. Bitumen 160/220 samples were heated around 90 °C and coated
on glass slides and cooled down till room temperature under covered glass hood to prevent
any dust on the surface of the bitumen coating. An emulsion grade unaged and unmodi-
fied straight run bitumen 160/220 was investigated in this study and provided by Nynas AB,
Sweden. The chemical constituents according to latroscan or SARA fractions for bitumen
160/220 are 9% Saturates, 54.3% Aromatics, 22.2% Resin and 14.5% Asphaltenes.

3 RESULTS AND DISCUSSIONS

From the Sessile drop contact angle measurement, the drop shape [12] was analyzed using
three different approaches known as height-width, Young-Laplace and circle fitting methods.
Each method has advantages and limitations. For example, all methods are applicable for
static drops and not valid for dynamic drops. The reason behind this comparison was to
achieve precision and accuracy in results. In height-width method, the drop contour line
is enclosed within a rectangle. In this method, the drops are regarded as being symmetrical
that means contact angle at left side is equal to the contact angle at right. This is the main
limitation of the height-width method. In the circle method, the drop contour is fitted to
a segment of a circle and it follows the same assumption of drop being symmetrical as in
height-width method. In the case of Laplace-Young method, a complete drop contour is
evaluated that is why it is the most complicated. It includes both interfacial and gravita-
tion effects in the calculations. The slope of the contour line at three phase contact point
is represented in terms of mathematical equation that is very well known and often called
Laplace-Young equation (1).

The liquid used, called the probe liquid, must be a non-reactive, homogeneous liquid, for
which the surface energy components (Dispersive, Polar, H-H, acid, base, etc.) are known.
Generally, there are five liquids recommended for use with this method, water, ethylene gly-
col, methylene iodide, glycerol, and formamide. Commonly, two to four probe liquids are
used to find the surface energy of the solid substrate [13]. For investigation of surface free
energy and contribution of surface interactions has been studied by using following three
probe liquids as shown below in Table 1a.

The liquids, used for contact angle measurement and in surface energy calculations, are
very well known from a chemistry point of view and many references can be found in the lit-
erature [14-28] where surface tensions and surface energy components are reported for such
liquids. Many researchers proposed different surface tensions of the liquids used in this study
as presented in Table 1b. Thus, selected values of surface tensions in Table la are the most
commonly agreed ones in surface chemistry society.

Table 1a. Probe liquids used and their surface tensions [14-15].

Total liquid Dispersive Polar part (p)
Probe liquids IFT (1) [mN/m] part (d) [mN/m] [mN/m]
Diiodo-methane 50.80 48.50 2.30
Formamide 58.20 39.50 18.70
Water 72.80 21.80 51.00
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Table 1b. Referred surface tensions of probe liquids in literature.

Total IFT Dispersive Non-dispersive (polar)
Substance [mN/m] [mN/m] [mN/m]
Water 72.10'¢ 19.90 52.20
72.307 18.70 53.60
72.75' 22.10 50.65
72.80" 26.00 46.80
72.8014-15.20-23 21.80 51.00
Diiodo-methane 50.00'¢ 47.40 2.60
50.80 48.50 2.30
50.80!5:20-21.23 50.80 0.00
50.80% 49.50 1.30
Formamide 56.90'¢ 23.50 33.40
58.00%!23 39.00 19.00
58.201422 39.50 18.70
58.30% 37.90 20.40

Table 2. Mean contact angles of probe liquids on minerals surface using LY-method.

Minerals Quartz Mica K-Feldspar Gypsum Biotite Calcite Plagioclase Probe liquids

Mean contact 31.5 46.8 31.4 33.6 63.2 57.1 37.1 Diiodo-
angle [deg.] methane
(Laplace-Young 13.7 24.1 145 5.2 529 39.1 42.1 Formamide
method) 10.3 26.7 243 139 59.9  82.0 74.0 Water

Table 3. Surface energy contributions of different minerals based on LY-method.

Total IFT Dispersive Non-dispersive (Polar and H-H)

Mineral [mN/m] [mN/m] [mN/m]

Gypsum 68.1£0.32 26.5£0.09 41.7£0.22
Quartz 68.0£0.49 26.8£0.25 41.2+0.24
Potassium-feldspar 64.6 £1.28 28.1+£0.49 36.5+£0.78
Mica 63.3+£3.14 21.6£1.0 41.7+2.14
Plagioclase 43.7+1.84 36.6x+1.12 7.1£0.71
Biotite 41.0+4.4 17.6 £1.64 23.4+2.75
Calcite 37.0+£2.76 28.6+2.0 8.4+0.76

Table 4. Mean contact angles of probe liquids on minerals surface using HW-method.

Minerals Quartz Mica K-Feldspar Gypsum Biotite Calcite Plagioclase Probe liquids

Mean contact ~ 29.5 424 243 34.2 50.3 50.9 36.8 Diiodo-
angle [deg.] methane
(height-width  13.5 246 21.5 12.0 50.5 34.3 35.0 Formamide
method) 10.8 253 230 11.8 54.2 78.6 59.3 Water

The contact angles were evaluated with three different methods which have resulted in
different surface energy calculations. These methods are Laplace-Young (LY), Height-Width
(HW) and Circle (CIR) methods, which are based on different approaches to analyze drop
shapes. Tables 2, 4 and 6 present the mean contact angles of different probe liquids evaluated
on the surface of different minerals by LY, HW and CIR methods respectively.
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Table 5. Surface energy contributions of different minerals based on HW-method.

Total IFT Dispersive Non-dispersive (polar and H-H)

Mineral [mN/m] [mN/m] [mN/m]

Gypsum 68.1+£0.22 25.9+0.07 42.2+0.15

Quartz 67.9+1.09 27.5+0.47 40.4 £0.62

Potassium-feldspar 64.1+1.13 30.0+0.44 34.1+£0.69

Mica 63.3£2.93 23.8+£0.82 39.5+£2.11

Plagioclase 48.2+2.23 32.5+0.57 15.7+1.66

Biotite 44.7+3.88 23.0+£1.82 21.7£2.06

Calcite 404+ 1.62 31.6£0.71 88+0.9

Table 6. Mean contact angles of probe liquids on minerals surface using CIR-method.

Minerals Quartz Mica K-Feldspar Gypsum Biotite Calcite Plagioclase Probe liquids

Mean contact 29.6 435 247 37.6 50.9 49.8 36.2 Diiodo-
angle [deg.] methane
(circle 13.1 241 17.6 11.5 50.4 35.1 37.8 Formamide
method) 10.1 256 23.0 11.6 56.3 78.9 56.9 Water

Table 7. Surface energy contributions of different minerals based on CIR-method.

Total IFT Dispersive Non-dispersive (polar and H-H)

Mineral [mN/m] [mN/m] [mN/m]

Gypsum 68.4£0.52 24.6+0.2 43.8+£0.32
Quartz 68.0£0.99 27.5+£0.46 40.6 £0.52
Potassium-feldspar 64.7+1.23 30.1+04 34.5+0.82
Mica 63.4+1.71 22.9+0.43 40.5+£1.28
Plagioclase 48.5£2.9 31.8+£1.37 16.7£1.53
Biotite 43.8£5.36 232+1.78 20.6 £3.58
Calcite 40.5+£2.04 323+£1.48 8.2+0.56

Fowke’s theory was used to calculate the surface free energy of different minerals. Tables 3,
5 and 7 show the calculations based on contact angles measured by LY, HW and CIR meth-
ods respectively. All these methods are well explained in many literatures [29-30].

Based on the measured sessile drops contact angles using LY, HW and CIR methods, it can
be observed that results of HW and CIR methods are very much overlapping quantitatively
as compared to LY method. Similar observation can be made in surface energy calculations
where the HW and CIR methods seem to agree very well, whereas the LY-method seems to
deviate from the other two on the lower IFTs. These small deviations depend upon different
factors for example physics behind shape analysis, optical resolution of the image and base
line position. The results obtained with HW and CIR methods are more accurate as com-
pared to LY method.

The results in Table 3 indicate that gypsum, quartz, potassium feldspar and mica have very
high total Interfacial Tensions (IFTs) due to high wettability. Furthermore, non-dispersive
(Polar and H-H) interactions for these minerals are very dominant as compared to the disper-
sive part. The high polarity of these mineral surfaces will make them more hydrophilic than
hydrophobic. On the other hand, plagioclase and calcite surfaces appeared in the range with
major dispersive interaction with low total IFTs. Biotite mineral has a low total IFT similar
to plagioclase and calcite, but its surface is more polar. Plagioclase and calcite have similar
polarity but plagioclase is more dispersive than calcite as shown in Table 3.
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The contact angles that are presented in Tables 2, 4 and 6 are mean contact angles based
on at least five repeated measurement.

Surface free energy contributions of same minerals were calculated using Fowkes approach in
Table 5 as well. The quantitative results were slightly different from this method as presented in
Table 3 but qualitatively they followed similar paths. Biotite surface that seems to be more polar
than dispersive with LY method, turned out more dispersive with the HW method. Whereas
plagioclase showed almost double polarity as compared to calcite in HW calculations.

So we can conclude from these results that though most minerals have dominance of polar
interactions, they do have some subtle differences which can become important especially in
sensitive systems such as emulsified bitumen. Results of all these methods are comparable with
each other and Table 7 shows that major contribution in the total interfacial tension is due to
polar interactions for gypsum, quartz, potassium feldspar and mica. The results obtained in
HW and CIR methods are very much similar and according to the calculations calcite has the
lowest total IFT with high dispersive surface energy contribution. An important observation
could be the surface energy and almost hydrophobic surface nature of the calcite mineral.

In the methodology section it was earlier described how the bitumen samples were pre-
pared for the surface energy studies. Table 8 shows the mean contact angles of same probe
liquids described in Table 1a on bitumen surface.

Table 8. Mean contact angles of probe liquids on the surface of emulsion grade binder.

Mean contact Mean contact
angle [deg.] Mean contact angle [deg.]
Bitumen (Laplace-Young angle [deg.] (height-width
substrate method) (circle method) method) Probe liquids
160/220 37.4 32.8 33.0 Diiodo-methane
91.9 86.5 87.2 Formamide
97.7 93.4 93.7 Water

Table 9. Image views of contact angles measurements on binder surface.

Mean contact Mean contact

angle [deg.] Mean contact angle [deg.]
Bitumen (Laplace-Young angle [deg.] (height-width Probe
substrate method) (circle method) method) liquids

160/220 e = m Diiodo-
methane

i ] Formamide

s l o I g I Water
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Table 10.  Surface energy contributions of emulsion grade binder.

Total IFT Dispersive Non-dispersive (polar and H-H)
Bitumen (160/220) [mN/m] [mN/m] [mN/m]
Laplace-Young method 37.7+1.46 37.5+1.41 0.2+0.05
Circle method 39.0+1.36 39.0+1.24 0.0£0.12
Height-width method 38.9+1.43 38.8+1.32 0.0£0.11

In Table 8, it can be seen that Circle and Height-Width methods results for bitumen
surface are also very close as compared to Laplace-Young method. Height-Width method
is less robust than Circle fit whereas Laplace-Young fit is reliable for angles above 30°. As
wetting angle of the water on bitumen surface is greater than 90°, thus it is truly hydro-
phobic. These variations in contact angles and profiles can be visually observed in Table 9
that shows image views of these measurements. Accuracy of the results can be compared
only when such comparison are made. Accurate baseline detection, smooth and clean
surface, optical clearance and gray levels; these all parameters contribute to high quality
results.

Surface free energy calculations of bitumen are presented in Table 10 and here the major
contributions are due to dispersive interactions. From the results, it can be expected with
regards to Fowke’s hypothesis that the two categories of forces are additive! Bitumen has
only dispersive forces i.e. it can develop bonds to minerals which are equal to the smaller
of the mineral and bitumen. For water it is the sum of the smallest dispersive force acting
between the mineral and bitumen and the smallest non-dispersive forces acting between
water and the mineral. Furthermore, bitumen and water are roughly equally strongly
adsorbed to plagioclase and calcite, whereas water will displace bitumen from the other
minerals.

As bitumen emulsions contain water, it is of paramount importance that water is either
pushed out completely from the mineral-bitumen interface, giving it the opportunity to evap-
orate or drain off. Furthermore, the above measurements will be important when introducing
the emulsifier itself to the system and will largely determine where it will go after the breaking
of the system or in other words phase separation.

4 CONCLUSIONS

It can be concluded from the above research work that bitumen has only dispersive forces
whereas most of the minerals surfaces have polar nature. According to Fowke’s additive
nature of the forces, bitumen and water are roughly equally strongly adsorbed to plagioclase
and calcite, whereas water will displace bitumen from quartz, gypsum, potassium feldspar
and mica surface. Height-Width method is less robust than Circle fit whereas Laplace-Young
fit is reliable for angles above 30°. Future research will focus on the introduction of emul-
sions into the bitumen mineral system and the effect of adding mineral fillers to the bitumen
and the characterization of long term performance of emulsion based asphalts, taking into
consideration the fundamental properties, such as Surface Free Energy (SFE).
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ABSTRACT: The dynamic complex modulus test for asphalt mixtures is conducted in
the linear viscoelastic region and measurements assume that no damage is induced during
the testing process. In contrast, the level of damage taking place in the flow number test is
expected to be significant but it has not been quantified. The objectives of this study are to
quantify the levels of damage in the dynamic complex modulus and flow number tests using
x-ray Computed Tomography (CT) and to characterize the heterogeneous properties of
asphalt mixtures under loading. Four asphalt mixtures, one conventional Hot-Mix Asphalt
(HMA) and three Warm-Mix Asphalt (WMA) mixes, were evaluated. Two WMA processes
(i.e., water foaming and Rediset™ additive) were used in the preparation of the WMA mixes.
Results of the experimental program indicated that the damage taking place in the dynamic
modulus test is minimal and homogeneous while the damage taking place in the flow number
test is significant and heterogeneous. In addition, preparation procedure may significantly
influence the three-dimensional air voids distribution in laboratory-compacted specimens.

Keywords:  Asphalt pavements, x-ray computed tomography, dynamic modulus test, dam-
age, warm mix asphalt

1 INTRODUCTION

The Mechanistic-Empirical Pavement Design Guide (MEPDG) introduced new concepts
and methodologies that address limitations in previously employed semi-empirical design
models such as the 1993 AASHTO design guide [1]. A major milestone of the MEPDG
is that Hot-Mix Asphalt (HMA) is no longer described as a purely linear elastic material.
Instead, both the effects of temperature and rate of loading on the behavior of HMA are
considered through the complex modulus |E*| [2]. The dynamic modulus test was introduced
in NCHRP 9-19 as a Simple Performance Test (SPT) that can be used to predict field per-
formance of asphalt mixes [3]. Research activities in NCHRP 9-19 also recommended the use
of the Flow Number (Fn), from the triaxial repeated load test, as a performance indicator of
mix resistance to permanent deformation.
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The standard test method for determining the dynamic modulus of asphalt mixes,
AASHTO T342 “Standard Method of Test for Determining Dynamic Modulus of Hot-
Mix Asphalt Concrete Mixtures,” assumes that measurements are conducted within the lin-
ear viscoelastic region, in which the dynamic modulus is independent of the stress or strain
amplitude. To ensure that the relationship between stress and strain is linear, the axial strains
in the specimen should range between 50 and 150 microstrains. Calculation of the dynamic
modulus also assumes proportionality of the induced strain to the applied stress on the speci-
men. Therefore, no damage should be induced in the specimen in order to ensure validity of
the measurements and the calculations. In contrast, the flow number test is continued until
10,000 cycles or until the specimen fails through excessive tertiary permanent deformation.
Therefore, substantial damage is expected to occur during the test process.

Although the assumptions made in the dynamic modulus test and the flow number test
are well-defined, the levels of damage taking place during testing have not been quantified.
The objectives of this study are to quantify the levels of damage in the dynamic complex
modulus and flow number tests using x-ray Computed Tomography (CT) and to characterize
the heterogeneous properties of asphalt mixtures under loading. Results of this experimental
program were used to provide insight into damage and Three-Dimensional (3D) air voids
distribution in asphalt mixes prior to and after loading. While this approach neglects the area
of micro-cracks in the CT image, it provides a valid indication of damage in the material.

2 BACKGROUND

Digital image analysis allows one to enhance desired features in acquired digital images
and to analyze the images based on the differences in grayscale intensities of the features.
Enhanced digital images can also be converted into a numerical FE mesh. In the 1990s, dig-
ital image analysis techniques were utilized to analyze the surface characteristics of HMA
[4]. This methodology was utilized to investigate the influence of compaction levels on the
internal structure of HMA in the field and in the laboratory [5]. Elseifi and co-workers (2008)
employed a high resolution digital camera to investigate the concept of asphalt binder film
thickness in asphalt mixtures [6]. Adhikari and You (2007) used x-ray CT imaging technol-
ogy to characterize aggregate orientation, aggregate gradation, mastic distribution, and air
void distribution in HMA [7]. The locations of aggregates, air voids, and mastic were defined
based on the grayscale intensities of x-ray CT images. Kassem et al. (2009) successfully
employed 3D x-ray CT to evaluate the quality of the compaction of asphalt layers within
full-depth pavements [8]. Image analysis technique was used to determine the average percent
of air voids through the depth of the HMA layer. In general, it is widely recognized that x-ray
CT is an effective method to evaluate the internal structure of asphalt mixtures.

3 EXPERIMENTAL PROGRAM

3.1 Test materials

Four dense-graded asphalt mixtures including one conventional HMA and three Warm-Mix
Asphalt (WMA) mixes were evaluated. Two processes (i.e., water foaming and Rediset™
additive) were used in the preparation of the WMA mixes. In addition, Reclaimed Asphalt
Pavement (RAP) was used in the preparation of the mixes at a content ranging from 15 to
30%. Table 1 provides a description of the eight test specimens. For the dynamic modulus
specimens, loose mixtures were sampled from plant-produced materials for a project in Loui-
siana, located on US 171, and were compacted in an on-site mobile laboratory using a Super-
pave pneumatic gyratory compactor with no reheating to a target air voids content of 7.0%.
Dynamic complex modulus specimens were compacted to a 165-mm height and a 150-mm
diameter. Test specimens were then cored and cut from the center of the gyratory specimens
to result in 100-mm diameter by 150-mm high specimens. For the flow number specimens,
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Table 1. Descriptions of the test specimens.

VTM! (%)

Mix type Specimen 1D Test Before testing  After testing
WMA 15% RAP foamed 1 Dynamic modulus 7.3 7.4

2 Flow number 6.3 9.5
WMA 30% RAP foamed 3 Flow number 5.5 9.2

4 Dynamic modulus 5.8 5.8
Conventional 15% RAP 5 Flow number 7.1 9.9

6 Dynamic modulus 7.0 7.5
WMA 15% RAP rediset™ 7 Dynamic modulus 7.8 8.2

8 Flow number 7.4 10.2

' VTM: Voids in the total mix.

loose asphalt mixtures sampled from the same project were transported to the Louisiana
Transportation Research Center (LTRC) laboratory, reheated, and were compacted using a
pneumatic Superpave gyratory compactor to a target air voids content of 7.0%. Flow number
specimens were compacted to a 165-mm height and a 100-mm diameter. Test specimens were
cut to result in 100-mm diameter by 150-mm high specimens.

3.2 The dynamic modulus test

The dynamic modulus test was conducted in accordance with AASHTO T342. The test
was conducted by applying a uniaxial sinusoidal (i.e., haversine) compressive stress to an
unconfined HMA cylindrical test specimen. The haversine compressive stress was applied on
each specimen to achieve a target vertical strain level of 100 micro-strains in an unconfined
test mode. The dynamic modulus test was conducted at four temperatures (4.4, 20.0, 37.8,
and 54.4 °C) and at six loading frequencies of 0.1, 0.5, 1.0, 5.0, 10.0, and 25.0 Hz at each
temperature.

3.3 The flow number test

The flow number test was used to assess the permanent deformation characteristics of paving
materials by applying a repeated dynamic load for several thousand repetitions on a cylin-
drical asphalt specimen [9]. The “Flow Number” is defined as the starting point, or cycle
number, at which tertiary flow occurs on a cumulative permanent strain curve obtained dur-
ing the test. A loading cycle of 1.0 second in duration was used and consisted of applying
0.1-second haversine load followed by 0.9-second rest period. Permanent axial strains are
recorded throughout the test. The test was conducted at an effective temperature (7;) of
54 °C and at a stress level of 207 kPa.

3.4 X-ray computed tomography

The x-ray CT system in the Advanced Characterization of Infrastructure Materials (ACIM)
laboratory at Texas A&M University was used to scan the test specimens. The x-ray system
had a 350 kV x-ray source and a linear detector with a resolution of 0.17 mm/pixel. The fol-
lowing imaging parameters were used; x-ray tube current = 1.6 mA, voltage = 345 kV, and
copper filter = 3.2 mm thick. The test specimen was placed on a sample stage in between
the x-ray source and the detector. The specimen stage rotates a full rotation with a constant
speed during the scanning, and moves down at a specific distance. In this study, the interval
between two subsequent x-ray CT images was 1 mm and scanning time of each x-ray CT
images was 2 minutes. The intensity of the x-rays changes after going through the test speci-
men. The change in the intensity of the x-rays is related to the linear attenuations of different
constituents within the test specimen, where the linear attenuation of a substance is related to
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its density among other things. In an x-ray CT image, the low density material is represented
with a darker color, while the high density material is represented by a brighter color (on a
256 gray level scale). Figure 1(a) shows an x-ray CT image for one of the asphalt mixture
specimens.

In this study, the main focus was to determine the internal air voids distribution along
the height of the test specimen. Macros that were developed in the Image-Pro® software
were used to conduct the analysis [10]. By choosing the proper gray level, the air voids
phase was thresholded from the other constituents (mastic and aggregates). This method
relies on matching the calculated percent air voids using Equation (1) with the measured
laboratory percent air voids. The total percent of air voids (%5A4V) in a test specimen was
calculated using Equation (1), while the average percent air voids in an image (%,AV))
and the average radius of air voids (R) were calculated based on Equations (2), and (3),
respectively:

%AV, =%Zf’%AVi (1)
AV, =2 )
A
R=[—x
- 3)

where N is the number of images, A4,, is the total area of the air voids an image, 4, is the total
cross-sectional area of an image, and # is the number of the air voids in an image.

A scalar variable & was defined to quantify the levels of irreversible damage in HMA
[11, 12]:

4)

where A, is the initial area of the undamaged section and A is the effective cross-sectional
area in the current damaged state. The variable & describes a positively monotonically
increasing function. For the undamaged material, & is equal to 0, while for the totally
damaged material, & is equal to 1. The effective cross-sectional area of the specimen was

Figure 1. Two-dimensional X-ray image of an asphalt mixture.
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determined by calculating the total area of air voids in a CT image using image analysis
and then subtracting the areas of air voids from the total cross-sectional area of the CT
image.

4 RESULTS AND ANALYSIS

4.1 Air voids distribution

Figure 2 presents the air voids distribution along the depth of two of the eight specimens
before and after testing. While Specimen 1 is a dynamic modulus sample, Specimen 2 is a flow
number sample. Similar air voids distributions were measured for the other test specimens. As
shown in Figure 2, air voids distributions were distinctively different for the dynamic modulus
and flow number specimens. For the dynamic modulus specimens, a relatively homogeneous
air voids distribution was observed along the specimen height with higher air voids content
in the top or bottom parts of the specimen. While past research has reported a “C” shape for
the air voids distribution [4], the reason that only a partial C-shape was observed in this study
is possibly due to the uneven cutting of the top and bottom parts of the specimen. To ensure
uniformity of air voids, an equal length should be cut from both edges of the specimen. In
contrast, the flow number specimens were highly heterogeneous with low air voids concentra-
tion in the bottom and the top thirds and a significant greater air voids concentration in the
middle third of the specimen.

The discrepancy in air voids distribution is due to the different specimen sizes used in the
compaction of the dynamic modulus and the flow number specimens and the reheating of
the mixtures used in the preparation of the flow number specimens. Although both sets of
specimens were compacted to a target air voids content of 7.0%, dynamic modulus speci-
mens were compacted to a 150-mm diameter and flow number specimens were compacted
to a 100-mm diameter. As shown in Figure 2, the gyratory compaction process results in a
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Figure 2. Air voids distribution along the depth for Specimens 1 and 2.
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more uniform air voids distribution in the center of the specimen than around its circumfer-
ence, which may explain the relatively more uniform air voids distribution observed in the
dynamic modulus specimens. The effect of the foaming agent and WMA additive in facili-
tating the compaction process may have also been reduced upon reheating of the asphalt
mixtures.

The concentration of air voids in the top, middle, and bottom thirds of Specimens 1
and 2 is quantified in Figure 3 before and after testing. The values presented in this figure
confirm the homogeneous air voids distribution in the dynamic modulus specimen and the
heterogeneous air voids distribution in the flow number specimen. It also indicates that the
air voids contents in the dynamic modulus specimen remained relatively unchanged after
testing while a significant increase in air voids occurred in the flow number specimen after
testing.

4.2  Damage analysis

Figure 4 presents the x-ray visualization of the dynamic modulus and flow number speci-
mens prior to and after testing (Specimens 1 and 2). As shown in Figure 4(a), the general
visualization of the dynamic modulus specimen before and after testing appears to be
similar indicating that little or no damage occurred during testing. In contrast, the speci-
men used in the flow number test experienced significant volume change especially in the
middle third indicative of damage taking place during testing in a localized area of the
specimen.

The level of damage taking place during testing was quantified through the damage
parameter, &, previously defined in Equation (4). Figure 5 illustrates the calculated dam-
age parameters for the dynamic modulus and flow number specimens after testing. As
shown in Figure 5, little damage occurred during the dynamic modulus testing. In addi-
tion, the damage parameter was practically uniform throughout the height of the test
specimens. In contrast, the damage experienced in the flow number test was not uniform
with respect to the specimen height with little to no damage occurring in the top and
bottom thirds of the specimens and most of the damage taking place in the middle third
of the specimens. These results confirm that the assumption of no damage taking place
in the dynamic modulus test is valid. In contrast, the damage taking place in the flow
number test is heterogeneous with most of the damage occurring in the middle third of
the specimen. These findings agree with Tashman et al. [11], who reported that damage in
HMA is a localized phenomenon occurring in a critical location in the specimen due to
the heterogeneity of the mix.
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Figure 3. Air voids content along specimen height for (a) Specimen 1 (dynamic modulus) and (b)
Specimen 2 (flow number).
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(a) Specimen 1

(b) Specimen 2

Figure 4. Visualization of specimens prior to and after testing for (a) Specimen 1 (dynamic modulus)
and (b) Specimen 2 (flow number).
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Figure 5. Levels of damage for (a) Specimen 1 (dynamic modulus) and (b) Specimen 2 (flow
number).

5 CONCLUSIONS

The objectives of this study were to quantify the level of damage taking place in the dynamic
complex modulus and flow number tests using x-ray CT and to characterize the heterogene-
ous characteristics of asphalt mixtures under loading. Based on the results of the experi-
mental program, it was determined that the damage taking place in the dynamic modulus
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test is minimal and homogeneous while the damage taking place in the flow number test
is significant and heterogeneous. These results confirm that the assumption of no damage
taking place in the dynamic modulus test is valid. In addition, specimen preparation may sig-
nificantly influence the air voids distribution in HMA. To achieve relatively homogeneous air
voids distribution, 150-mm in diameter by 165-mm in height specimens should be prepared,
cored, and evenly cut from both sides of the specimen.
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The Universal Simple Aging Test (USAT): Simulating short- and
long term hot and warm mix oxidative aging in the laboratory
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ABSTRACT: Inarecentarticle Farrar et al. [Eurasphalt & Eurobitume Congress, Istanbul,
Turkey, June 1315, 2012] report development of a thin film (300 um) short- and long-term
aging test as an alternative to the standard Rolling Thin Film Oven (RTFO) and Pressure
Aging Vessel (PAV) tests. This new thin film oven test is referred to as the Universal Simple
Aging Test (USAT). The RTFO is not suitable for simulating the oxidative aging that occurs
during “warm” mix production and is problematic for aging highly modified binders. The
USAT resolves both of these problems. The focus of the previous paper was applying the
USAT for unmodified asphalt. This one examines and proposes application of the USAT for
modified asphalt binders. In addition, we propose application of the USAT for simulating
warm mix asphalt production in the laboratory. The technology that makes the USAT feasi-
ble is a Dynamic Shear Rheometer (DSR) technique recently developed at Western Research
Institute as an alternative to the Bending Beam Rheometer (BBR). The new DSR method
is commonly referred to as 4-mm DSR. This new DSR technique allows testing to very low
temperature (—40°C), requires only 25 mg of binder, and can estimate BBR m-value and
creep stiffness.

Keywords:  Asphalt, aging, oxidation, RTFOT, durability

1 INTRODUCTION

The Universal Simple Aging Test (USAT) is a new thin film (300 um) short- and long-term
aging test developed at Western Research Institute (WRI) and proposed as an alternative to
the standard Rolling Thin Film Oven (RTFO) and Pressure Aging Vessel (PAV) tests. The
new test can be applied to neat and modified asphalt binders for Hot Mix Asphalt (HMA)
and warm mix asphalt (WMA). Also, the USAT can be applied to emulsion residue recovery
and oxidative aging of the residue [1].

The USAT, and its use in conjunction with 4-mm DSR was first described in 2012 by
Farrar et al. [2] and was developed by adapting and extending previous research on thin film
aging, particularly the work performed by Glover et al. [3,4] and Petersen [5].

Before the Strategic Highway Research Program, there was considerable interest in static
thin film aging. However, the RTFO test, which at the time was already in common use, was
adopted for short term aging because of the large amount of aged asphalt needed for the
Bending Beam Rheometer (BBR) test. Since the adoption of the RTFO, it has been found
problematic for aging highly modified binders. In the case of warm mix binders, RTFO test-
ing at lower temperature to simulate a “warm” plant limits the rolling needed to uniformly
age the material. The USAT eliminates the “rolling” issue for more viscous polymer modified
and warm mix asphalts.

A new Dynamic Shear Rheometer (DSR) technique, recently developed at WRI allows
DSR testing from intermediate to very low temperature (—40°C) and requires only 25 mg
of binder [6,7]. The technique which uses 4 mm diameter plates is commonly referred to as
4-mm DSR. By combining 4-mm DSR with the USAT, the low and intermediate temperature
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rheology of short and long-term aged asphalt binders can be determined, including estimat-
ing BBR m-value and creep stiffness, as well as the thermal stress build-up in the binder and
mix from a cooling event [2,8,9]. In addition to low and intermediate temperature DSR, the
USAT generates sufficient aged material to perform high temperature DSR using 25 mm
diameter plates.

The first USAT report in 2012 considered only unmodified asphalts and proposed USAT
aging protocols to simulate RTFO and standard PAV. In this report USAT aging of two poly-
mer modified asphalt binders has been analyzed to support and supplement the 2012 Farrar
et al. study [2], and a USAT short-term aging protocol to simulate the aging that occurs in a
“warm” plant is proposed. The approach taken to establish a USAT short-term aging pro-
tocol for WMA was simply to compare differences in rheological properties between HMA
and WMA recovered binders and find a USAT WMA short term aging time and temperature
that results in similar differences between USAT HMA and WMA short term aging.

2 EXPERIMENTAL AND MATERIALS

2.1 Dynamic shear rheometry using 4 mm diameter parallel platens

Rheology was performed on a Malvern Kinexus stress control Dynamic Shear Rheometer
(DSR), and in a few cases on a TA Instruments ARES strain control rheometer. Results from
both instruments were very comparable. The low and intermediate temperature rheological
properties of the recovered binders were measured with 4 mm diameter parallel plate geom-
etry (4-mm DSR). High temperature rheological properties were measured using 25 mm
diameter parallel plate geometry.

The 4-mm DSR test method is described elsewhere by Sui et al. [6] and Farrar et al. [7].
Low and intermediate temperature frequency sweeps were typically performed at 15 or 20°C
intervals over a temperature range of —30 to 30°C and an angular frequency range of 0.1 to
50 rad/sec. High temperature frequency sweeps using 25 mm diameter plates were typically
performed at 50 and 70°C.

2.2 Materials

Table 1 describes the four asphalt binders used in this study. They are tank asphalts collected
during construction. Two of the four asphalts were modified at the refinery with Styrene
Butadiene Styrene (SBS) copolymer.

2.3 Development of the USAT for simulating RTFO and RTFO/PAV

Using a thin film aging procedure is not a completely new idea. Asphalt thin-film oxidative
aging has been extensively studied over the last 70 years; a good summary of the literature
has been performed by Airey [10].

Behera et al. [11] recently reported a study on thin film aging as an alternative to standard
RTFO and PAV aging and some aspects and conclusions of the Behera et al. study are similar
to this study and the Farrar et al. study [2]. Behera et al. concluded that a binder of 650 um

Table 1. Description: asphalt binders used in the USAT study.

Date Asphalt binder
Project location constructed label PG Description
Yellowstone National Park 2007 YNP 58-34 SBS modified binder
College Drive, Cheyenne, WY 2011 WCD 70-28 SBS modified binder
Olmsted County, MN, CR 113 2006 MNI1-3 58-28 Unmodified binder
S Manitoba Hwy 14 2010 MB 58-28 Unmodified binder
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film thickness aged in a non-forced draft oven at 163°C can produce a similar effect as RTFO
aging. The time at 163°C varied from 3 to 4.5 hours depending on the type of asphalt. Also,
Behera et al. concluded that 3 to 4 days of oven aging at 85°C for normal binders and 4 to
5 days for modified binders produced long-term aging similar to PAV aging.

The USAT aging protocols developed in the Farrar et al study [2] and validated in this
study for polymer modified asphalt are summarized in Table 2. The option of using a
forced draft oven for the long term aging rather than a PAV was included in the Farrar
et al. study [2].

One of the principal goals during development of the USAT was to make the asphalt film
as thin as possible to reduce oxygen diffusion effects. The USAT film thickness of 300 um
was arrived at as a compromise in trying to prepare a uniform thin film without solvent cast-
ing and yet obtain the amount of sample required for rheological and chemical testing.

Figure 1 A shows the latest USAT prototype for short and long-term thin film aging. There
are three slots on the plate to allow aging of three separate films. Each slot requires 1.00 g
of asphalt binder, which produces a film thickness of about 300 um. The film thickness is a
function of the specific gravity of the particular binder and temperature. The film thickness
variation is estimated to be £10 um.

Preparing USAT asphalt thin films for oxidative aging involves bringing a hot plate to
approximately 120°C in a nitrogen saturated glove box or tent and then placing the USAT
plate (with asphalt) onto the hot plate. The nitrogen atmosphere is used to prevent unde-
sirable oxidation. As the asphalt temperature approaches 120°C it spreads out to roughly
two-thirds of the slot surface. A small spatula is used to spread the asphalt to the remaining
unwetted surface as shown in Figure 1B. After spreading, the asphalt is allowed to remain
at temperature for several minutes to level and evenly spread out. The USAT plate is then
removed from the hot plate and allowed to return to room temperature under nitrogen.

The USAT short and long-term aging scheme is illustrated in Figure 2. The USAT plate is
placed on a preheated block of aluminium to rapidly bring the USAT plate to temperature.
The plate dimensions were selected so the plate can be inserted into a standard pressure aging
vessel tray.

Table 2. USAT HMA binder protocol descriptions.

USAT protocol Description Equivalent AASHTO aging test

ST USAT HMA  Short term universal simple aging test 50 min.  RTFO (ASTM D2872,
at 150°C in a forced draft oven AASHTO T240)

LT USAT PAV? Long term universal simple aging test in a RTFO/PAV (ASTM D6521,
pressure aging vessel for 8 hours at 100°C AASHTO R28)

LT USAT FDO*  Long term universal simple aging test in a ~ RTFO/PAV (ASTM D6521,
forced draft oven for 40 hours at 100°C AASHTO R28)

3 LT USAT PAV or LT USAT FDO samples are initially aged using either the ST USAT HMA or WMA
protocols.

-~
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B
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Figure 1. USAT plate dimensions (A) and spreading asphalt to unwetted surfaces using a small
spatula (B).
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Figure 2. USAT short and long term aging scheme.

3 CONTINUOUS GRADE AND RHEOLOGICAL COMPARISON (USAT VS.
RTFO AND RTFO/PAV) FOR MODIFIED ASPHALTS

3.1 Linear viscoelastic region

The continuous grade of the RTFO, RTFO/PAV, and USAT aged binders are presented in
Table 3 for the YNP and WCD binders. For both the short and long-term aging, good agree-
ment was found between USAT aging (Table 2 aging protocols) and RTFO and RTFO/PAV
aging.

Comparisons of the low (m-value) and creep stiffness S(t), intermediate (G* sin d), and
high temperature (G*/sin §) grading criteria for the USAT, RTFO and RTFO/PAV are shown
in Figure 3. All of the asphalt binders either fall within or are close to falling within the single
operator precision limits (d2 s%), indicating the USAT and RTFO and RTFO/PAV rheologi-
cal measurements are comparable.

3.2 Nonlinear viscoelastic region

Table 4 compares the MSCR non-recoverable creep compliance (/) at 64°C and 58°C and
0.1 and 3.2 kPa stress levels for the YNP and WCD aged using the USAT short term HMA
aging protocol and RTFO aging. The J,, results are surprisingly close.

4 DEVELOPMENT OF THE USAT FOR SIMULATING THE SHORT-TERM
AGING THAT OCCURS IN A “WARM” PLANT
Table 5 describes the short term USAT aging protocol considered for WMA in this study.

4.1  Rheological differences in recovered asphalt binder: HMA versus WMA

4.1.1 Linear viscoelastic region
In a recent study, Bonaquist [12] evaluated the low, intermediate and high continuous grades
of recovered binders from a number of HMA/WMA projects. Bonaquist found that for
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Table 3. Linear viscoelastic region: comparison USAT versus RTFO and RTFO/PAV.

Continuous grade temperature (°C)

Asphalt binder Aging method Low Intermediate High
YNP RTFO 60.3
ST USAT HMA 59.4
RTFO/PAV -37.0 14.2
ST USAT HMA LT PAV -37.0 14.0
WCD RTFO 70.5
ST USAT HMA 70.6
RTFO/PAV -31.0 14.6
ST USAT HMA LT PAV -32.0 17.2
YNP wco 160.00 Single optrator precision = B.1%
0.00 B
A 140.00
o & 12000 || FTEORN
-0.10 = ST USAT HMA LT PAY
- % 100.00
| =4
S o2 £ 8000
g v
£ 025 i 2000
@
030 S 4000
-0.35 \ 20.00
-0.40 :mmum‘ Sangle Dperator precision « 4% —
0.45 YNP WwCeD
4500 (3 single operator precision = 13.8% 10 D
4000 16.0
WATFOfPAY
3300 ST USAT HMA LT PAV 140 WRTFO
— 3000 = 120 m ST USAT HMA
m o
%2500 i’ 100 Single operator precision = 9,0%
2 2000 £ 80
i; 1500 n 60 /
1000 40
0 0.0
YNP Weo YNP WwCD

Figure 3. Comparison grading criteria: A—low temperature (m-value) (-28°C); B—low temperature
grading criteria (creep stiffness) (-28°C); C—intermediate grading criteria (G* sin §) (19°C); D—high

temperature grading criteria (G*/sin 9) (58°C).

Table 4. Nonlinear viscoelastic region: comparison USAT versus RTFO.

J,, 58°C (kPa™)

J,, 64°C (kPa™)

Project asphalt USAT protocol 0.1 kPa 3.2 kPa 0.1 kPa 3.2kPa

YNP ST USAT HMA 150°C 2.33 3.42 5.09 7.89
RTFO 2.17 3.00 4.69 6.81

WCD ST USAT HMA 150°C 0.16 0.15 0.26 0.36
RTFO 0.17 0.17 0.31 0.44
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Table 5. USAT WMA binder protocol description.

USAT protocol Description Equivalent AASHTO aging test

ST USAT WMA 130°C*  Short term universal simple aging test None
50 min. at 130°C in a forced draft oven

2 LT USAT PAV or LT USAT FDO samples are initially aged using either the ST USAT HMA or WMA
protocols.

Table 6. Summary: continuous grading of recovered modified asphalt binders.

Continuous grade temperature (°C)

Production
Project asphalt Process temperature (°C) Low Intermediate High
YNP Specified N/A -28.0 - 58.0
HMA 163 -39.2 12.1 59.2
Advera 135 —41.0 8.6 61.1
Difference -28 -1.8 -3.5 1.9
WCD Specified N/A -28.0 - 70.0
HMA 166 -36.0 14.4 71.0
Foam 132 -39.0 12.6 71.6
Difference -34 -3.0 -1.8 0.6
Average difference -31 2.4 -2.7 1.3
Table 7. J,, recovered asphalt binders.
J, 58°C (kPa™) J, 64°C (kPa™)
Production
Project asphalt ~ Process temperature (°F)  0.1kPa  32kPa 0.1kPa 3.2kPa
YNP Specified N/A N/A N/A N/A N/A
HMA 163 0.88 1.22 2.01 3.09
Advera 135 0.94 1.31 2.16 3.27
Diffrence —28 0.06 0.09 0.15 0.18
WCD Specified N/A N/A N/A N/A N/A
HMA 166 0.10 0.10 0.16 0.23
Foam 132 0.07 0.06 0.03 0.12
Diffrence -34 —-0.03 —-0.04 -0.13 -0.11
Average difference  —31 0.02 0.03 0.01 0.04

the high-temperature grade of the binder an approximately 28°C reduction in production
temperature resulted in less than a 1°C decrease in high-temperature grade. Bonaquist also
reported that an approximate 28°C reduction in production temperature resulted in an aver-
age improvement in the low temperature grade of the binder of 1.5°C.

To supplement Bonaquist’s findings the continuous grades for the recovered binders from
the YNP and WCD HMA/WMA projects were determined and are shown in Table 6. The
results indicate that for an SBS modified binder and an approximate 31°C reduction in the
production temperature results in about a 1.3°C improvement in continuous high tempera-
ture grade and a 2.4°C improvement in the low temperature grade.

These results tend to support Bonaquist’s [12] contention that binder grade changes are
not necessary for WMA since the average differences in continuous grade are only one to
two degrees. However, it is particularly interesting to note the WMA process resulted in an
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improvement not only in the low temperature continuous grade, which was expected, but also
in the high temperature continuous grade, which was not totally expected. However such an
improvement has already been reported by Fort et al [13] in the case of polymer modified
asphalt used in WMA. Fort et al attributed this effect to a lower aging of the polymer net-
work, maintaining a stronger integrity under warm mixing conditions as opposed to chain
scissions occurring during high temperature HMA mixing.

4.1.2  Nonlinear viscoelastic region
To help evaluate the results presented in Table 6, the Multiple Stress Creep Recovery (MSCR)
test was performed on YNP and WCD recovered binders. Table 7 presents the MSCR non-
recoverable creep compliance (/) at 64°C and 58°C and 0.1 and 3.2 kPa stress levels for the
YNP and WCD recovered binders. In the case of the YNP binder there is a slight increase in J,
at both temperatures and stress levels in terms of the effect of a lower production temperature;
and in the case of the WCD binder there is a slight decrease in the J,, at both temperatures
and stress levels in terms of the effect of a lower production temperature. Overall, an average
reduction of 31°C in the production temperature results in essentially no change in J

nre

5 ESTABLISHING THE USAT TIME AND TEMPERATURE NECESSARY
TO SIMULATE THE OXIDATIVE AGING THAT OCCURS IN THE
“WARM” PLANT DURING THE PRODUCTION OF WMA

The approach taken here to establish the USAT short-term aging protocol for WMA is sim-
ply to compare the differences in rheological properties between HMA and WMA recovered
binders and find a USAT time and temperature for WMA binders that results in similar dif-
ferences in rheological properties between USAT HMA and WMA aging.

5.1 USAT linear viscoelastic region

Table 8§ summarizes the continuous grade temperatures using the proposed ST USAT WMA
protocol (Table 5) and the established ST USAT HMA protocol (Table 2) for both SBS

Table 8. Continuous grading: HMA and WMA ST USAT aged asphalt binders.

Continuous grade temperature (°C)

Project asphalt USAT protocol Low Intermediate High
MB ST USAT HMA 150°C -37.9 11.3 58.9
ST USAT WMA 130°C —40.4 9.8 57.1
Difference -2.5 -1.5 -1.8
MNI1-3 ST USAT HMA 150°C -36.6 14.5 61.8
ST USAT WMA 130°C -36.8 12.9 58.5
Difference -0.2 -1.6 -33
Average difference unmodified binders -14 -1.6 -2.6
Average difference (Bonaquist, ref [12]) -1.5 -1.0
YNP ST USAT HMA 150°C —41.7 9.1 59.4
ST USAT WMA 130°C —41.2 9.7 60.5
Difference 0.5 0.6 1.1
WCD ST USAT HMA 150°C -39 11.9 70.6
ST USAT WMA 130°C -39.1 11.2 71.6
Difference -0.1 —-0.7 1.0
Average difference modified binders 0.2 0.1 1.1
Average difference modified recovered binders (Table 6) 24 -2.7 1.3

85



Table 9. J, HMA WMA ST USAT aged asphalt binders.

J, 58°C (kPa™) J, 64°C (kPa™)
Project asphalt USAT protocol 0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa
YNP ST USAT HMA 150°C 2.33 3.42 5.09 7.89
ST USAT WMA 130°C 1.79 2.55 3.96 6.06
Difference —0.54 —-0.87 —-1.13 -1.83
WCD ST USAT HMA 150°C 0.16 0.15 0.26 0.36
ST USAT WMA 130°C 0.17 0.16 0.28 0.42
Difference 0.01 0.01 0.02 0.06
Average difference -0.27 -0.43 -0.56 —0.89
Average difference recovered binders (Table 7) 0.02 0.03 0.01 0.04

modified binders (YNP and WCD) as well as two unmodified binders (MN1-3 and MB). For
the unmodified asphalts, the average differences between the USAT HMA and WMA short
term aging protocol results are compared to the differences reported by Bonaquist [12]. For
the modified asphalts, the differences between the USAT HMA and WMA short term aging
protocol results are compared to the differences of the recovered binders (Table 6). Overall,
the average differences compare reasonably well.

5.2 USAT nonlinear viscoelastic region

Table 9 presents the MSCR J,, results at 64°C and 58°C and 0.1 and 3.2 kPa stress levels for
the YNP and WCD binders aged using the ST USAT WMA and HMA protocols. The aver-
age differences between the USAT and recovered binders are compared. As with the continu-
ous grade temperature, the differences compare favourably although the J,, of the recovered
binders tends somewhat lower than the USAT aged binders.

6 CONCLUSION

The USAT short and long term aging protocols for HMA when applied to polymer modified
asphalt compare favourably to RTFO and RTFO/PAV aging of the same asphalts. This conclu-
sion is based on evaluation of the rheology in both the linear and nonlinear viscoelastic regions.

In terms of applying the USAT for WMA, the differences in linear and nonlinear viscoe-
lastic properties between the short term USAT WMA and HMA aging and the differences in
recovered binder for the same asphalts are similar, which indicates the USAT short term aging
protocol for WMA is a relatively robust and promising method. To the authors’ knowledge,
this is the only method currently available for WMA short term aging in the laboratory.
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ABSTRACT: Based on Caltrans Maintenance Technical Advisory Guide (MTAG), there
are many advantages of using fog or rejuvenating seals. Fog seals improve sealing or water-
proofing of existing pavement, reduce aging of binder or prevent further stone loss by hold-
ing aggregate in place, or by simply improving the surface appearance. Rejuvenating seals
are a combination of various rejuvenating oils, and/or a mixture of asphalt emulsion and
recycling oils applied to the asphalt pavement surface. Rejuvenating emulsions restore the
maltenes or light components that have oxidized and soften the existing binder, thus reducing
the viscosity and improving the flexibility of the binder. Caltrans has been using fog or reju-
venating seals on shoulders and highways through maintenance activities. In order to safely
utilizemore fog or rejuvenating seals on the mainline of its highways, Caltrans placed a series
of pilot projects during the past five years.

This paper documents the findings from the fog or rejuvenating seal pilot studies on gap
graded and open graded surfaces. Caltrans built test sections from 2007 to 2009 with six
different fog or rejuvenating seal products on gap- and open- graded surfaces. Through field
and laboratory studies on these products, Caltrans quantified the benefits and performance
of the fog or rejuvenating seal products commonly used in California. After reviewing the
positive results from these test sections, Caltrans placed another 12 pilot projects in 2012
and 9 pilot projects in 2013 under various surface types, locations, climates, and traffic levels.
Project reports were generated by the California Pavement Preservation Center (CP2 Center)
to document the surface texture, application rates, performance, and skid resistance for these
pilot projects. These results were used to support Caltrans with its new specification develop-
ment for fog or rejuvenating seal applications.

Keywords: fog seals, rejuvenating seals, surface texture, skid resistance, open grade, gap
grade

1 INTRODUCTION

1.1 Background

Asphalt binders harden as they age because they gradually loss lighter molecular weight part
of oils and become oxidized. Asphalt hardening takes place at different rates depending on
environmental conditions and the exposure to air. Permeable pavements or pavements with
high void contents such as open graded mixes can therefore age faster. Water ingress can also
carry dissolved oxygen and trace elements that may promote aging. This means that pave-
ments with open surfaces tend to age faster than those with closed surfaces. Aging of binder
can cause cracking under traffic and loss binding ability and raveling (MTAG, 2008).

Based on the Asphalt Emulsion Manufactures Association (AEMA), the fog seal is defined
as a light spray application of dilute asphalt emulsion used primarily to seal an existing
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asphalt surface to reduce raveling and enrich dry and weathered surfaces (MTAG, 2008).
The rejuvenating seal is a combination of various rejuvenating oils or a mixture of asphalt
emulsion and recycling oils applied to the asphalt pavement surface. Rejuvenating emulsions
restore the light components that have oxidized and soften the existing binder, thus reducing
the viscosity and improving the flexibility of the binder (MTAG, 2008).

Fog or rejuvenating seals are used to seal the existing surface, prevent raveling, and/or
restoring properties of aged or oxidized binders, and such extending the pavement service
life. In California, fog seals are also used right after the chip seals to improve rock retention
and prevent windshield damage.

On shoulders, gores, or dikes, surface texture with the application of fog seals is not as
critical. Fog seals will protect the surface from weathering and aging. On travel ways, fog seals
should only be used on surfaces with adequate surface texture. Fog seals applied on tight
surface without addings and will create a slippery surface with safety concerns.

1.2 Objective
The objectives of this paper are to

e Evaluate the performance of various fog or rejuvenating seal products commonly used in
California, and

o Study the texture requirements for fog seal applications on travel way of Caltrans roadway
network and relate it to skid resistance.

2 PERFORMANCE STUDIES ON 2009 PROJECTS (ROSE TO REVIEW)

After a test site was built in 2007 on SR58 near Mojave, three additional sites were con-
structed in 2009 to evaluate different fog or rejuvenating seal products and their perform-
ances. At each site, Caltrans placed a total of six different products including CQS-1h, CRF,
PASS-QB, Reclamite, TOPEIN C, and Styraflex (Stroup-Gardiner et. al., 2011).

The SR 128 in Boonville test sections were the first to be placed on June 7 and §, 2009.
This rural roadway is a located in slightly rolling terrain, and has two lanes with no shoul-
ders and has an AADT level below 3,500. The existing surface was open-graded hot mix
asphalt. Boonville is located in a cool coastal California climate in Caltrans, District 1. The
US 395 sections in Alturas were placed on June 16, 2009. Alturas is located in the upper
northeast portion of California near both the Oregon and Nevada state lines in Caltrans,
District 2. This area is located in the high desert plains and has severe winters. The existing
surface was "2 inch rubberized gap graded hot mix asphalt with high void content (greater
than 10%) and a low binder content (about 7%) by weight of the mix. The highway is two
lanes without shoulders.

The third project was located on US 395 in Inyo County in Caltrans District 9. The exist-
ing surface was dense-graded hot mix asphalt which was constructed in 2009.

The following are discussions of the performance of open-graded surface on State High-
way 128 in Boonville and gap-graded rubberized asphalt surface on US 395 in Alturas. The
dense graded projects were not the focus of this study.

A number of tests were performed on these sections including texture and skid tests, tests
on the recovered binder, and Hamburg tests. Only a portion of the test results is included in
this paper.

2.1 Fog or rejuvenating seals on open graded mix on SR 128 in Boonville

2.1.1  Field performance study

Before construction, there was some pumping of base fines up through existing cracks. The
open-graded HMA surface was raveled in places, particularly in the wheel paths. There
were occasional small depressions or potholes. Figure 1 shows typical distresses of the exist-
ing pavement. CP2 Center revisited the project site in 2011, two years after the seal coats.
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Figure 1. Existing pavement showing cracking and raveling.

Table 1. SR 128 test section two year pavement condition survey summary.

Longitudinal Overall

Section Transverse cracking cracking Potholes  Ravelling  condition
Control Throughout the section Isolated None Extensive  Poor
Product A Similar to the None None Some Fair

control, but less
Product B Similar to the None Some Some Not as good as

control but less the Product A
Product C  Similar to control but less  Isolated Some Some Fair to good
Product D Similar to control but less  Isolated Some Some Fair to good
Product E  Similar to control but less  Isolated Some Some Fair to good
Product F Similar to control but less  Isolated Some Some Fair to good

Table 1 summarizes the condition of the various test sections. The major distresses were
raveling, transverse cracking, and some potholes. All products performed better than the
control section, and especially had less ravelling distress.

2.1.2  Laboratory performance study

To evaluate the performance of the seal coat at the SR128 test site, a set of 6 inch cores were
taken at the control section as well as six different products test sections. Several tests were
performed using the cores including penetration and viscosity tests on recovered binders, stiff-
ness test using Bending Beam Rheometer, and Hamburg Wheel Tests on control and treated
cores. The Hamburg Wheel test has the advantage over the BBR test because it utilizes larger
samples. CP2 Center conducted Hamburg Wheel Tests on the core samples. The tests were
performed under water with temperature of 50°C. The fog or rejuvenating seal products had
better resistance to rutting and moisture damage based on the graph shown in Figure 2. The
results of the other tests are included in the full report (Stroup-Gardiner et. al., 2011).

2.2 Fog or rejuvenating seals on gap graded mix on US 395 in Alturas

2.2.1 Field performance study
The CP2 Center reviewed the performance of this project two years after construction in
2011. The results indicated that the seals were effective in controlling ravelling compared to
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Figure 2. Hamburg test results for core samples from SR 128 in Boonville.

Figure 3. Visual comparison of sealed with non-sealed section at the US 395 test site.

the control section. Figure 3 illustrates that a fog sealed section seals the surface and lessens
ravelling when compared with the non-sealed control section.

Table 2 summarizes the condition of the pavement in 2011. The predominant distress was
thermal cracking with some minor longitudinal cracking.

2.2.2  Laboratory performance study

To evaluate the performance of the seal coat at the US 395 test site, a set of 6 inch cores were
taken at the six different products test sections before and after fog or rejuvenating seal appli-
cations. CP2 Center conducted Hamburg Wheel Tests on the core samples. The tests were
performed under water with temperature of 50°C. Figures 4 and 5 show the Hamburg Wheel
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Table 2. US 395 testing section two year pavement condition survey summary.

Transverse Longitudinal Overall
Section cracking cracking Potholes  Raveling condition
Control-in between Throughout the Isolated None Some Fair
test sections pavement section

Product A Similar to the None None Littleto  Fair

control some
Product B Similar to the None None Little Fair to good

control
Product C Similar to control  Isolated None Little Fair to good
Product D Similar to control  Isolated None Little Fair to good
Product E Similar to control  Isolated None Little Fair to good
Product F Similar to control  Isolated None Little Fair to good
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Figure 4. Hamburg tests on samples before fog seal treatment from US 395 test site.

Testing results for the six products sites before and after treatments. The fog or rejuvenating
seal products had better resistance to rutting and moisture damage as the number of passes
to reach 10 mm rut depth were much higher for treated than untreated surfaces.

2.3 Summary of 2009 performance studies

Based on the field evaluation and laboratory study on the performance of the 2009 pilot
projects, the following conclusions can be drawn:

e The field evaluation clearly showed that fog or rejuvenating seal treatment sections per-
formed better than the untreated or control sections. The treatment reduced the rock loss
and preserved the surface with slower rate of deterioration.

o Six different fog or rejuvenating seal products were evaluated in the fields. Although they
all performed better than the control section, they performed differently.
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Figure 5. Hamburg tests on samples after fog seal treatment from US 395 test site.

e Performance based laboratory testing was conducted using the cores extracted at various
locations of the 2009 pilot projects. The Hamburg Wheel Track tests showed that fog or
rejuvenating seal treated cores had better rutting resistance and less moisture damage than
the control cores, but different products performed differently.

3 TEXTURE AND SKID STUDY ON GAP AND OPEN GRADED SURFACES
IN 2012 AND 2013

After the positive results of the 2007 and 2009 test sections, Caltrans continued the pilot
projects in 2012 to further study the surface texture, skid resistance, and proper application
rates for fog and rejuvenating seals. The following tests were conducted at the 2012 pilot
sites.

3.1 Field performance testing

Several tests were performed on the various projects to evaluate the effectiveness and safety
of the fog seals. Tests included Circular Track Meter (CTM) ASTM E2157, Dynamic Fric-
tion Test (DFT) ASTM E1911, Ring Test, Sand Patch Test ASTM E965, British pendulum
test (BPT) ASTM E303, and the ASTM skid trailer ASTM E274.

3.2 2012 pilot projects

In an effort to return to the use of fog seals as a strategy to extend the life of mainline pave-
ments in California, Caltrans conducted a series of fog or rejuvenating seal pilot projects in
2012. The goals of these projects were to measure surface textures before and after fog seals;
to determine optimum applications rates for the fog seal, and the friction coefficient of the
pavement. Application rates were studied using the ring test, the surface texture information
such as mean texture profile and Mean Texture Depth (MTD) were explored using a Circular
Track Meter (CTM) and sand patch test, respectively. Pavement skid resistance was studied
using a Dynamic Friction Tester (DFT), British Pendulum Tester (BPT), and the ASTM
E274 skid trailer (Winter, et. al., 2012).
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Table 3.

Caltrans 2012 fog or rejuvenating seal pilot projects information.

Construction One/two Existing Application Sanding

District County Highway date (2012) PM starts PM ends Num of lanes way pavement type rates, gal/sqyd yes/no
2 Modoc SR-395 7/31-8/1 45 61.5 2 Two GG 0.12 Yes

2 Shasta SR-299 8/18-8/19 24 30.3 4/2 Two GG 0.12 Yes

2 Shasta 1-5 8/21-8/22 7.2 10.8 4 Two oG 0.14 Yes

2 Siskiyou SR-96 8/13-8/15 23.23 50 2 Two Chip seal 0.10 Yes

3 Placer SR-193 9/10-9/11 1.8 33 2 Two oG 0.11 Yes

3 Placer SR-193 9/12 4 5.7 2 Two DG 0.08 Yes

3 Sutter SR-99 10/10-10/11 14.3 16.6 4 Two oG 0.10 Yes

3 Sutter SR-20 10/9 2.5 4.22 2 Two oG 0.10 Yes

10 San Joaquin SR-12 10/10-10/11 23.4 27.4 2 Two Chip seal/DG 0.10/0.07 No

10 Stanislaus SR-132 8/26-8/27 41 51 2 Two Chip seal 0.12 No

10 Tuolumne SR-120 10/1-10/2 7.4 11.3 2 Two GG 0.11 Yes

10 Calaveras SR-12 10/3-10/4 10.5 18.2 2 Two GG 0.11 Yes
Table 4. Caltrans 2013 fog or rejuvenating seal pilot projects information.

Construction Existing pavement  Application rates,  Sanding

District  County Highway  date (2013) PM starts PMends Num of lanes One/two way  type gal/sqyd yes/no
2 Tehama 1-5 7/8-719 0.0 5.6 4 Two HMA-O 0.14 Yes

2 Tehama 1-5 6/19-6/20 5.6 11.34 4 Two HMA-O 0.14 Yes

2 Tehama 1-5 7/10-7/11 11.34 17.34 4 Two HMA-O 0.14 Yes

2 Tehama 1-5 6/17-6/18 17.34 22.14 4 Two HMA-O 0.14 Yes

3 Colusa 20 6/5-6/6 23.7 28.2 2 Two RHMA-O 0.10 Yes

3 Glenn 45 6/4 17.2 20.7 2 Two HMA-O 0.10 Yes

10 Tuolumne 120 8/7 32.8 35.8 2 Two HMA-Dense 0.07 No

10 Tuolumne 120 8/6 46.8 51.65 2 Two RHMA-G 0.09 No

10 Amador 104 8/16 0.0 5.0 2 Two RHMA-G 0.11 Yes




A total of 12 pilot projects were visited in Caltrans Districts 2, 3, and 10 with a variety of
pavement types including open-graded, gap-graded, dense-graded, and chip sealed surfaces.
Table 3 shows the locations, application rates, and surface type information of these pilot
projects.

3.3 2013 pilot projects

To further study the performance and safety of fog or rejuvenating seals, Caltrans conducted
9 additional pilot projects in 2013. The goals of these projects are the same as the earlier pilot
projects. These pilot projects were placed in Caltrans Districts 2, 3, and 10 with a variety of
pavement types including open-graded, gap-graded, and dense-graded. Because of the rough
texture and high skid resistance of chip seals, no chip seal surface was selected for the 2013
study. Table 4 shows the locations, application rates, and surface type information of the 2013
pilot projects.

3.4 Summary of the 2012 and 2013 pilot projects
From the testing conducted in this study, the following conclusions were made:

e Generally, with all pavement types the MTD decreased when the fog seal application was
applied. This was verified by both the sand patch test and the CTM. In addition, a direct
correlation was demonstrated between the CTM and sand patch test results.

e The emulsion breaking times of the ring tests using fog or rejuvenating seals were highly
dependent on the temperature, climate, type of fog seal material, application rate, and
pavement type.

o Generally, skid resistance of the pavement surfaces decreased after the fog seal was applied
but then increased on the projects that included sanding or texture sealing as a precaution.
The ASTM skid trailer and the DFT, which both provided data for high speed skid resist-
ance, supported this trend. The BPT was used to determine the low speed skid resistance
and how it changed with applications. The data gathered from the BPT tests also sup-
ported the same findings mentioned above.

e With increased application rates on both the open-graded and chip sealed surface, the
MTD decreased. The effects of increased application rates on the gap-graded pavement
were inconclusive and increased application rates on dense-graded pavements did not sig-
nificantly change the MTD.

e Depending on materials, project sizes, and locations, the costs of fog seals are between
$0.40/sqyd and $0.6/sqyd for these projects.

4 TEXTURE AND SKID STUDY ON GAP AND OPEN GRADED SURFACES

One purpose of this study was to measure the surface friction and texture of an asphalt pave-
ment after applying a fog or rejuvenating seal. When applied, the surface of asphalt pavement
will experience a short term reduction of friction and loss of texture. Friction is affected by
a combination of microtexture and macrotexture of pavement surface, and fog seal applica-
tion rates. Sand Patch, CTM are simply measures of the macrotexture. This study measured
those characteristics to assess whether the reduced skid resistance levels were still acceptable
for placing traffic on the roadway. Table 5 is a summary of skid and macrotexture measure-
ment results for the gap-and open-graded flexible pavement surfaces of the 2012 and 2013
pilot projects. Friction was measured with a ASTM skid trailer (ASTM E274). Texture was
measure using the Sand Patch (SP) (ASTM E965). Tests were performed before and after
applying the fog or rejuvenation seals.

4.1 Macrotexture summary

The pavement experienced a slight reduction in the macrotexture measurements after treat-
ment based on Table 5. The reduction can be attributed to both the fog seal and application
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Table 5. Summary of skid and macrotexture measurements for 2012 and 2013 pilot projects.

Texture  Texture

Road (SP) (SP) Skid Skid

surface Direction/ Construction (before), (after), number number
Location type lane # date mm mm (before) (after)
Sha-5-7.2/10.8 HMA-O NB/#2 8/21/2012 2.23 1.90 54 41
Teh-5-0.0/5.6 HMA-O NB/#1 7/8/2013 1.82 1.27 52 41
Teh-5-0.0/5.6 HMA-O NB/#2 7/8/2013 1.15 1.10 47 32
Teh-5-17.3/22.1 HMA-O NB/#1 6/17/2013 1.36 1.01 42
Teh-5-5.6/17.3 HMA-O SB/#1 6/19/2013 1.47 1.01 52 39
Teh-5-5.6/17.3 HMA-O SB/#2 6/19/2013 1.55 1.10 47 30
Teh-5-17.3/22.1 HMA-O SB/#1 6/17/2013 2.03 1.13 39
Teh-5-17.3/22.1 HMA-O SB/#2 6/17/2013 0.87 50 29
Col-20-23.7/28.2 HMA-O WB/#1 6/5/2013 1.63 1.47 42 30
Gle-45-17.2/20.7 RHMA-O SB/#l 6/4/2013 1.32 0.94 42 32
Cal-12-10.5/18.2 RHMA-G WB/#1 10/4/2012 1.21 1.05 47 33
Ama-104-0.0/5.0 RHMA-G EB/#l 8/16/2013 1.37 0.92 47 40
Ama-104-0.0/5.0 RHMA-G WB/#I 8/16/2013 0.95 0.66 47 36
Tuo-120-46.8/56.5 RHMA-G EB/#1 8/6/2013 1.06 0.94 51 35
Tuo-120-46.8/56.5 RHMA-G WB/#I 8/6/2013 0.75 0.66 51 30
Tuo-120-7.4/11.3 ~RHMA-G WB/#1 9/30/2012 1.38 1.25 50 42

Note: The empty cell in the table means that no test was performed due to construction schedule conflict.

of sand filing up valley of the surface texture. The purpose of the sanding was to enhance
the friction of the surface immediately after fog seal applications. The skid number usually
increased after sanding applications.

The texture test results show that texture levels for open-graded asphalt were between
1.15 to over 2.00 mm before fog seal applications and were reduced between 0.87 and
1.90 mm after fog seal applications. For gap-graded asphalt surfaces, the macrotexture
levels were between 0.75 and 1.38 mm before fog seal applications and between 0.66 and
1.05 mm after fog seal applications. These are typical values for the surfaces measured for
RHMA-G and HMA-O, which are greater than typical macrotexture on HMA surfaces
(0.50 and 0.75 mm).

4.2 Skid testing summary

In all cases, the average friction measurement exceeded the 30 minimum threshold recom-
mended by Caltrans on all pavement surfaces except at one location on Tehama County I-5
between post mile 17.3 and 22.1. The skid number on the first day after fog seal applica-
tion at this location dropped to 29, and then the skid number came back to 34 a month
later. Generally, the skid numbers dropped right after the fog seal application and returned
to higher values within a few days. The application of sand increases the short term skid
numbers.

4.3 Texture and skid correlations

Both microtexture and macrotexture contribute to the friction between tire and pavement.
The microtexture dominates the friction at low speed while the macrotexture is an important
high speed component for overall friction. The macrotexture provides both the escape for the
surface water and subsequently good contact between the tire and pavement when a vehi-
cle travels at high speed. The friction component due to macrotexture increases with speed
significantly, and at speeds above 65 mph (105 km/hr) accounts for over 95 percent of the
friction (PIARC, 1987).
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4.4 International friction index

The International Friction Index (IFI) was developed by Permanent International Associa-
tion of Road Congress (PIARC) to harmonize different friction and texture measurement
methods. The IFI is composed of two numbers, F(60) and SP, while F(60) is the international
friction number and Sp is the speed constant (gradient). Both F(60) and Sp are closely related
to the macrotexture of pavement surface.

4.4.1 Speed constant

The friction changes with different sliding speed. The speed constant is related to the gradient
of the friction—sliding speed curve. Based on ASTM E1960, S, can be calculated using the
following equation:

Sp=a+bxTX (1)

where TX = Macrotexture, mm, and
a, b = Calibration constants dependent on the method used to measure macrotexture. For
the CTM, measuring MPD (ASTM E1845) (Liu and Steven, 2006),

S,=-3.75+107.6 MPD,,, 2)
The MPD can be calculated using Sand Patch, MTD value as following:
MPD =1.056x MTD —0.073 3)

4.4.2  International friction number
The international friction number can be calculated using the following equation:

F(60) = A + Bx FR(60) + Cx TX @)

where A, B = Calibration constants dependent on friction measuring device,
C =Calibration constant required for measurements using ribbed tire, and FR(60) = Adjusted
value of friction measurement FR(S) at a slip speed of S to a slip speed of 60 km/hr.

Based on a study by UCPRC (Liu and Steven, 2006), the constant A, B, and C for ASTM
skid trailer are—0.023, 0.607, and 0.098, respectively. The FR(60) can be calculated using the
following equation:

FR(60)= FR(S)x e[ S‘;:Oj (5)

where FR(S) = Friction value at selected slip speed S.
S = Selected slip speed, km/hr.

Vice versa, one can calculate the friction at any speed FR(S) if the friction value are given
for the standard speed, FR(60) by following equation:
5-60)

FR(S)= FR(60)x e \ 5 (6)

4.5 Recommended minimum macrotexture

Based on the previous section, both S, and F(60) are directly related to the macrotexture of
the pavement surface. From Equation 1, the higher the macrotexture, the higher the speed
constant, S,. From Equation 4, the higher the macrotexture, the higher the international fric-
tion number, F(60).
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Figure 6. IFI friction model for different macrotexture depths.

To further illustrate the importance of macrotexture, especially at high speed, the friction
speed curve shown in Figure 6 was developed using the constants developed by UCPRC in
Equation 4. Figure 6 shows that the higher the macrotexture, the flatter the friction-speed
curve and higher the friction at high speed. For low macrotexture surfaces, the friction drop
significantly at high speed. Therefore, minimum macrotexture level should be provided to
ensure the safety of vehicles under high speed and wet pavement conditions.

Based on the testing results of the 2012 and 2013 skid and texture measurement, the recom-
mended minimum macrotexture for open-and Gap Graded RHMA are 1.15 and 0.75 mm,
respectively. These two macrotexture values are corresponding to skid numbers that are
greater or equal to 30 for ASTM skid trailer test.

Calculated using the UCPRC developed constants, the IFI corresponding to the minimum
macrotexture for the HMA open-graded are F(60) = 19, and S, = 74 mph, while the IFI cor-
responding to the minimum macrotexture for the RHMA-Gap Graded are F(60) = 19, and
S, =46 mph.

5 CONCLUSIONS AND RECOMMENDATIONS

Based on the fog or rejuvenating seal studies in 2007 and 2009, and the pilot project placed by
Caltrans in 2012 and 2013, the conclusions and recommendations are as follows:

5.1 Conclusions

The following are the major conclusions of the fog or rejuvenating studies of Caltrans:

e The field evaluation showed that fog or rejuvenating seal treatment sections performed
better than the untreated or control sections. The treatment reduced the raveling and had
fewer distresses. However, different products performed differently.
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Performance based laboratory testing were conducted on field cores. The Hamburg Wheel
Track test results showed that fog or rejuvenating seal treated cores had better rutting
resistance and less moisture damage than the control cores. Again different products per-
formed differently.

Generally, the macrotexture decreased when the fog seal application was applied. This was
verified by both sand patch test and the CTM.

The emulsion breaking times of the ring tests using fog or rejuvenating seals were highly
dependent on the temperature, climate, type of fog seal material, application rate, and
pavement type. Based on the pilot projects, a 15-20 minutes emulsion breaking time can
help to determine the proper fog or rejuvenating seal application rates. Longer breaking
time indicates that application rates is too heavy and may cause skid loss.

Generally, skid resistance of the pavement surfaces decreased after the fog seal was applied
but then increased on the projects that included sanding or texture sealing.

High macrotexture surface generally has higher high speed friction than low macrotexture
surface for the same type of pavement. Macrotexture is a very important parameter for
increasing speed constant and friction number of the international friction index.

For the 2012 and 2013 pilot projects, the range of texture levels for open-graded asphalt
were from 1.15 to over 2 mm. Generally, the skid numbers of these open-graded pilot
projects were higher than Caltrans recommended minimum skid number.

For the 2012 and 2013 pilot projects, the range of texture levels for gap-graded asphalt
were from 0.75 to 1.38. The skid numbers of these gap-graded pilot projects were higher
than Caltrans recommended minimum skid number.

5.2 Recommendations

The following are the recommendations from this Caltrans fog seal study:

To account for these varying textures and pavement types, a ring test (similar to CT 345)
should be run to determine the appropriate application rate of the fog seal. This test deter-
mines the rate that provides adequate coverage and also has break time approximately
15-20 minutes. This is an important feature when considering opening to traffic. The fin-
ished surface will typically be dry and slightly tacky.

Good results can be attained when the fog seal is placed at the pavement temperature
above 50°F, ambient temperatures above 60°F, no anticipated precipitation for 3—5 days.
The higher the macrotexture levels, the less the risk for safety issue due to high speed
skid loss. Based on the 2012 and 2013 Caltrans pilot studies, the recommended minimum
macrotexture for open-graded mixes is 1.15 mm, and the recommended minimum macro-
texture level for rubberized gap-graded mixes is 0.75 mm.

Different fog or rejuvenating seal products perform differently. Some would have less fric-
tion than others. Sanding should be applied to ensure the initial friction right after these
fog seal applications on highways.
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ABSTRACT: One of the most cost-effective pavement preservation treatments is the chip
seal. Roads with newly constructed chip seals normally are opened to traffic three to four
hours after construction, so it is important that the chip seals reach a sufficient performance
level within three to four hours. In order to evaluate this early performance of chip seals,
this study compares PMEs to an unmodified emulsion for their usage in chip seals in terms
of curing and aggregate retention. The curing and adhesive behavior study of the two types
of emulsion was performed using the evaporation test, Bitumen Bond Strength (BBS) test,
and Vialit test. The third-scale Model Mobile Load Simulator (MMLS3) was employed for
aggregate retention testing.

Based on the test results, the main findings presented in this paper are: (1) the use of
PME:s improves chip seal performance and (2) four hours is not long enough for the CRS-2
(unmodified) emulsion to exhibit sufficient aggregate retention performance, but within four
hours (at least three hours) is enough time for the PMEs to exhibit sufficient aggregate reten-
tion performance.

Keywords:  Chip seal, early performance, aggregate retention, curing and adhesive behavior,
Polymer-Modified Emulsion

1 INTRODUCTION

Chip seals are one of the most efficient and cost-effective methods of pavement preserva-
tion and offer significant advantages in terms of skid resistance and fast construction.
Chip seals have proved to be cost-effective due to their low initial costs in comparison with
thin asphalt overlays and due to other factors that affect treatment selection decisions
where the structural capacity of the existing pavement is sufficient to sustain its existing
loads [1].

Due to the low-cost maintenance benefits of chip seals, state highway agencies would
like to extend their use to include roadways with traffic volumes that are higher than those
typically used. For high-volume roads, Polymer-Modified Emulsions (PMEs) can be used
in the chip seal design because the polymer modification decreases the pavement’s suscepti-
bility to changes in temperature, increases adhesion to reduce aggregate loss, and allows the
road to be opened to traffic earlier than would otherwise be the case. Together, these benefits
have led to the increased use of PMEs by the chip seal industry.

The use of emulsions is very common in pavement preservation because emulsions do
not require a hot mix set-up, they have a low sensitivity to temperature changes, and they
are not likely to be hazardous to the construction crew. In addition to these benefits, most
sources agree that the use of PMEs also provides benefits to the binder after modification.
Most scientific sources are also in agreement that the best and most effective concentration
of polymers is one that allows for the formation of a continuous polymer, and 3% to 5% is a
typical advisable application rate for polymers [2, 3].
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The adhesion of the emulsion to the aggregate in a chip seal system is strongly associated
with the performance and service life of the chip seal. Wood et al. [4] explain that the addi-
tion of polymer can enhance certain properties of an asphalt emulsion. Generally, four types
of polymers can be used in PMEs: natural latex, synthetic latex, Styrene Butadiene Rubber
(SBR), and Styrene Butadiene Styrene (SBS). Typically, approximately 2.5% to 3% polymer,
by weight, is added to the emulsion. When polymer is added to the emulsion, several benefits
emerge; e.g., early aggregate retention raises the softening point of the base asphalt, the chip
seal is better protected, and fewer materials are wasted.

One of the most prevalent failures of chip seals is the aggregate loss that occurs from
traffic loading. One of the benefits of using PMEs for chip seals is that PMEs mitigate such
aggregate loss. Takamura [5] compared the aggregate retention performance of unmodi-
fied emulsion and PME (3% cationic SBR latex). The brush test, which was developed to
reduce problems associated with loose aggregate in chip seal operations, was used. The brush
test was conducted using eight different aggregate types after five hours of curing at 35°C
(95°F). A comparison of the unmodified emulsion and the emulsion modified with SBR
latex showed that the SBR latex-modified asphalt emulsion provided faster strength develop-
ment, with above 80% aggregate retention, than the unmodified emulsion.

Kim and Lee [6] compared the aggregate retention performance of an unmodified emul-
sion (CRS-2) and two PMEs (CRS-2L and CRS-2P). They performed the third-scale Model
Mobile Load Simulator (MMLS3) test, flip-over test, Vialit test, bleeding test, and rutting
test on both laboratory and field-fabricated samples under different temperature conditions.
The benefits of using PMEs in chip seal construction are supported by this study. The
CRS-2L emulsion manifested a reduction in the amount of aggregate loss during early cur-
ing times, less curing time needed to obtain the desired adhesion, and the ability to allow
traffic on the newly constructed road safely and relatively soon. Also, the CRS-2L emulsion
improved the aggregate retention performance at low temperatures. The CRS-2L emulsion
tested by the Vialit test met the Alaska Department of Transportation specifications crite-
rion of 10% maximum allowable aggregate loss at —20°C and 5°C.

Building on the work of these previous studies, this study investigates the curing and adhe-
sive behavior and the aggregate retention performance properties of chip seal samples fab-
ricated in the laboratory using an unmodified emulsion and five PMEs to evaluate the early
performance of chip seals.

2 OBIJECTIVE

The objective of this paper is to evaluate the early aggregate retention performance of chip
seals made with PMEs in the laboratory based on a comparative study. Because public traf-
fic typically is allowed on roads with newly constructed chip seals three to four hours after
construction is completed, the early aggregate retention performance plays a vital role in the
success of chip seals.

3 MATERIALS

One unmodified emulsion (CRS-2) and five PMEs (PME-A, PME-B, PME-C, PME-D, and
PME-E) are used in this study. The CRS-2 and PME-A (SBR latex-modified) emulsions
were selected because they are used widely in North Carolina and best match the surface
charge of the granite aggregate that is commonly used in North Carolina. In order to com-
pare the emulsion properties of the PMEs, PME-B and PME-C were selected as SBS PMEs.
In addition, PME-D and PME-E are employed in this study because they are produced
especially for high performance chip seals. Based on the most common usage for chip seal
construction in North Carolina, a 78 M graded granite aggregate was used to fabricate the
laboratory samples. Figure 1 shows the gradations of the granite aggregate plotted on the
0.45 power chart.
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Figure 1. Aggregate gradations for granite aggregate.

For the aggregate loss tests (the Vialit test and MMLS3 test), single-seal specimens were
fabricated using the granite 78 M aggregate. The optimal Aggregate Application Rates
(AARs) and Emulsion Application Rates (EARs) were determined for these single seals
based on an earlier chip seal mix design study [7]. All the specimens were fabricated with
AARs of 8.7 kg/m? (16 1b/yd?). For all the specimens, an EAR of 1.13 L/m? (0.25 gal/yd?) was
applied for all the emulsion types.

4 EXPERIMENTAL PROGRAMS

In order to evaluate the curing and adhesive behavior of the chip seals, evaporation testing was
used for a direct comparison of the curing characteristics of the test emulsions. The BBS test and
the Vialit test were conducted at four curing times (30, 60, 120, and 240 minutes) and at three
curing temperatures (15°C, 25°C, and 35°C) to investigate the performance within the early cur-
ing times. The aggregate retention performance, which reflects one of the main failure character-
istics of chip seals, i.e., aggregate loss, was evaluated using the Vialit test and MMLS3 test.

Figure 2 (a—c) show the apparatus used for the evaporation test, BBS test, and Vialit test,
respectively.

4.1 Evaporation test

It is important to determine the curing times that are required for the respective emul-
sions to reach their asymptotic percentage of water loss, that is, the point at which no
more water loss occurs. This determination requires a direct comparison of the curing
characteristics of the test emulsions. For these evaporation tests, emulsions were heated
to the application temperature, 60°C, and placed in small cans 90 mm diameter each. All
emulsion samples were exposed to the same curing condition; i.e., each was subjected to
the same curing temperature, 35°C, and EAR of 0.25 1.13 L/m? (gal/yd?) in the environ-
mental chamber.

4.2 Bitumen Bond Strength ( BBS) test

In the pavement field, the Pneumatic Adhesion Tension Testing Instrument (PATTTI) test can
be used to measure the bond strength between the hot asphalt binder and aggregate surface
or between the emulsion and aggregate surface by providing the maximum pull-off tensile
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Figure 2. Apparatus used for: (a) Evaporation test, (b) BBS test, and (c) Vialit test.

strength that is converted from air pressure. AASHTO TP-91 was developed for asphalt
binders and emulsions and provides the specifications for the BBS test [§].

In this study, the BBS test is used to compare the adhesive behavior of each emulsion as a
function of different curing times and temperatures. Therefore, the BBS test results are used to
determine not the bond strength itself, but the change in bond strength as a function of curing
time. In previous fog seal research [9], the BBS procedure was modified so that it can be applied
to fog seal emulsions. From the fog seal BBS test results, it was found that the modified BBS
procedure works well. The only difference between the BBS procedure and the modified
BBS procedure is the testing time. In the BBS procedure [8], once the pull-stubs are affixed, one
hour is required to allow the samples to acclimate to the test conditions. Therefore, when the
BBS test is conducted for two hours of curing, the actual test is performed at three hours of
curing. This additional one hour not only can affect the bond strength but it also can be a major
variable in determining the emulsion curing rates, because any significant change in the curing
rate of the emulsion normally occurs during the early part of the test. Therefore, in this study,
the modified BBS test procedure, whereby the actual test is performed at an exact curing time in
an environmental chamber, is used for analysis of the adhesive behavior of each emulsion.

The BBS tests were conducted for all the test emulsions with granite aggregate under the
same conditions. In order to capture the early bond strength, the BBS tests were performed
at four curing times (30, 60, 120, and 240 minutes) and at three curing temperatures (15°C,
25°C, and 35°C).

4.3 Vialit test

The Vialit test was developed by the French Public Works Research Group and is stand-
ardized in BS EN 12272-3 [10]. This test method can be used as an indicator of aggregate
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Figure 3. (a) MMLS3 and (b) Samples in MMLS3 chamber.

retention for chip seal specimens. A stainless steel ball is dropped three times from a height
of 50 cm (19.7 inches) onto an inverted chip seal specimen. The averaged percentage of aggre-
gate loss after three ball drops is used to evaluate the aggregate retention of the specimen.

In this study, the Vialit test was performed for granite aggregate to determine the adhesive
behavior of the chip seal specimens and to evaluate their aggregate retention performance
at different curing times (30, 60, 120, and 240 minutes) and at different curing temperatures
(15°C, 25°C, and 35°C). Four replicates were fabricated for each condition to ensure confi-
dence in the resultant data.

4.4 Third-scale Model Mobile Load Simulator ( MMLS3 ) test

Figure 3 (a) and (b) present the MMLS3 and chip seal samples in the environmental chamber,
respectively. The MMLS3 uses a continuous loop for trafficking. It is comprised of four bogies
each with one wheel, which is a pneumatic tire that is 30 cm (11.8 inches) in diameter, one-
third the diameter of a standard truck tire approximately, per bogie. The MMLS3 provides
repeated wheel loads onto the pavement surface at a consistent rate (990 wheel loads applied
every 10 minutes) and accelerates wear on the pavement. The MMLS3 allows researchers to
simulate years of damage in mere days. Also, the MMLS3 can simulate the actual wandering
of vehicles across the wheel path by wandering across the entire width, 17.8 cm (7 inches), of
chip seal specimens. In order to control the test temperatures, the MMLS3 is placed inside a
temperature chamber during testing.

Specimens for MMLS3 testing can be fabricated in the field or in the laboratory. For the
laboratory-fabricated specimens, asphalt felt disks are cut to 30.5 cm by 35.6 cm (12 inches by
14 inches), and emulsion is applied on the felt paper in dimensions of 17.8 cm (7 inches) wide
and 30.5 cm (12 inches) long, which covers the MMLS3 wheel path (Kim and Lee 2005). The
MMLSS3 test procedure involves the following steps [6, 7, 11]:

1. Cure the specimens in the temperature chamber at 35°C (95°F) for 12 hours and 35 £ 3%
relative humidity, as specified by ASTM D7000 [12].

2. Weigh the initial specimen.

3. Condition the specimens to 25°C (77°F) for 3 hours.

4. Apply MMLS3 loading for 10 minutes, which is the time required for the MMLS3 to
complete one wandering cycle, and then weigh the specimen.

5. Apply MMLS3 loading for 120 minutes, and weigh the specimen periodically.

5 PERFORMANCE EVALUATION BY LABORATORY TESTING

5.1  Curing and adhesive behavior

Figure 4 (a) shows the evaporation test results and (b), (c), and (d) show the BBS test results
for curing at 15°C, 25°C, and 35°C, respectively.
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Figure 4. Curing and adhesive behavior test results: (a) Evaporation test; and BBS test at (b) 15°C,
(c) 25°C, and (d) 35°C.

5.1.1  Evaporation test

Figure 4 (a) presents the evaporation test results that indicate that the PME-B emulsion reaches
its asymptotic final percentage of water loss (curing) the fastest of all the emulsion types.
It reaches its asymptotic curing value in approximately one hour, and the PME-C emul-
sion reaches its asymptotic curing value in two hours. Both the CRS-2 and PME-A emulsions
reach their asymptotic curing values at around three hours. Thus, in this test, the PME-B
emulsion cures about two times faster than the PME-C emulsion and about three times faster
than the CRS-2 and PME-A emulsions.

5.1.2  Bitumen Bond Strength ( BBS) test

The BBS test results (see Fig. 4 (b—d)) indicate that the PMEs show better bond strength
than the CRS-2 unmodified emulsion at 35°C and 25°C not only during curing, but also after
curing. However, at 15°C, the PMEs show lower bond strength values than the CRS-2 emul-
sion in the early curing times (before four hours). The bond strength values of the PMEs after
four hours of curing are similar to that of the CRS-2 unmodified emulsion. This unexpected
behavior at 15°C seems to be related to the contact area between the pull-off stubs and aggre-
gate substrate and seems also to be dependent on the test temperature. The test temperature
may affect the viscosity of the emulsion, and the viscosity will then affect the penetration
of the emulsion into the voids in the aggregate substrate. For BBS testing, it is important
to maintain the same contact areas in order to compare the bond strength values directly,
because a smaller contact area causes less bond strength when the same load is applied to the
specimen. The porosity of the aggregate substrate also can affect the bond strength because
air can be trapped in the surface voids when the emulsion is poured [13].

5.1.3  Vialit test

Figure 5 (a—c) show the Vialit test results as percentages of aggregate loss at the differ-
ent curing times for all six emulsion types with granite aggregate at 15°C, 25°C, and 35°C,
respectively. Figure 5 shows that low curing temperatures lead to more aggregate loss than
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Figure 5. Vialit test results at: (a) 15°C (b) 25°C (c¢) 35°C for granite aggregate.

high curing temperatures. The reason for this outcome is that emulsion is more fluid at higher
temperatures, and this emulsion state allows the aggregate particles to be reoriented in a man-
ner that maximizes the embedment depth in the compaction state and improves aggregate
retention. As expected, a direct relationship is found between the curing temperature and
aggregate loss results, regardless of emulsion type.

At four hours of curing, the CRS-2 specimens show more aggregate loss than the PME
specimens regardless of the PME type and test temperature. The difference in aggregate reten-
tion performance between the unmodified emulsion and the PMEs becomes greater as the
temperature increases. Recognizing that the chip seals are constructed more frequently at tem-
peratures closer to 25°C and 35°C, the improved aggregate retention benefits of the PMEs
would be an important factor in the early aggregate retention performance of chip seals.

5.2 Aggregate retention performance

Figure 6 (a) and (b) present the cumulative aggregate loss results obtained by the MMLS3 tests
and the aggregate loss comparison between the MMLS3 and Vialit test results, respectively.
Figure 6 (a) presents aggregate retention test results that show that the CRS-2 chip seal per-
forms the worst of all the emulsion types; in particular, the CRS-2 samples show approxi-
mately 12% aggregate loss after MMLS3 loading. This result can be considered to be a failure
of chip seal performance according to the maximum allowable aggregate loss (10%) criterion
established by the Alaska Department of Transportation. The PMEs meet the criterion.

Figure 6 (b) shows that the Vialit test leads to more aggregate loss than the MMLS3 test
for all emulsion types. In particular, the difference in aggregate loss between the Vialit and
MMLSS3 test results is the greatest for the CRS-2 emulsion. The benefit of improved aggre-
gate retention in the PMEs over the CRS-2 emulsion is more dramatically captured by the
Vialit test than by the MMLS3 test. This difference is probably due to different loading mech-
anisms employed by the two test methods to cause aggregate loss in chip seal samples, i.e.,
the third scale of tire loading in the MMLS3 test and the impact loading by steel ball drop
in the Vialit test.
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The relationship between the aggregate loss measured by the Vialit test and by the MMLS3
test is depicted in Figure 6 (c). It is noted that the aggregate loss under real traffic is better
represented by the moving load imparted by the MMLS3. However, the Vialit test is much
simpler and more practical to be used in specifications and routine evaluation of chip seals
by state highway agencies. Therefore, there is a need to convert the maximum allowable
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aggregate loss (10%) criterion established by the Alaska Department of Transportation into
the aggregate loss by the Vialit test. According to the relationship shown in Figure 6 (c), the
10% aggregate loss in the MMLS3 test is approximately 13% aggregate loss in the Vialit test.

5.3 Correlation between BBS and aggregate loss by vialit test

Figure 7 presents the correlations between the Vialit test results and the BBS test results in
terms of aggregate loss. The inverse relationship between the aggregate loss and the bond
strength is clearly shown in Figure 7. The maximum allowable aggregate loss of 13% from
the Vialit test results in the minimum bond strength of approximately 270 kPa. According to
the data shown in Figure 7, all the emulsions at 2 hour curing time do not meet this criterion.
Also the CRS-2 emulsion does not meet the criterion even after 4 hours of curing time. This
approach can be used to develop the emulsion specification criteria for chip seals.

6 CONCLUSIONS

This paper presents an evaluation of the early aggregate retention performance of polymer-
modified chip seals. For the evaluation, the curing and adhesive behavior of different emul-
sions was investigated, and chip seal aggregate retention performance testing was conducted
in the laboratory. Based on the test data and findings, the following conclusions are drawn:

e PMEs show better performance in curing and adhesive behavior and aggregate retention
than the unmodified emulsion (CRS-2 in this study).

e The curing temperature of 15°C is too low for the Vialit specimens made of granite aggre-
gate and for PMEs to be cured completely within four hours.

e Maximum allowable aggregate loss criteria of 10% in the MMLS3 test is equivalent to
about 13% of aggregate loss in the Vialit test.

e There exists a strong inverse relationship between the aggregate loss in the Vialit test and
the bond strength in the BBS test. The maximum allowable aggregate loss of 13% in the
Vialit test translates to about 270 kPa of bond strength.

e The CRS-2 unmodified emulsion does not exhibit sufficient aggregate retention within
four hours, but PMEs do exhibit sufficient aggregate retention within four hours.
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ABSTRACT: Pavement and Materials Technology Review (PMTR) is a method that can
provide guidance in assessing improvements and advancements that are applicable to a spe-
cific municipality. A PMTR first involves an evaluation of typical pavement condition in the
area and determining the current state-of-the-practice. This includes thorough assessment of
the current specifications, submittals from contractors, construction testing results, labora-
tory testing results that cover the span of multiple recent years, acceptance and follow ups.
With this information it is possible to identify practices that are working well and producing
quality results and also highlight areas where improvements or changes are required.

Findings of a PMTR and action recommendations are specific to a particular area and
may include any or all of the following: appropriate technology; modification to specifica-
tions; acceptance; enforcement of specifications; follow ups; staff training and education/
workshops within the area including owners, contractors and consultants; and implementa-
tion of new technologies. The conclusion of a PMTR is intended to be the development of a
clear system that can be routinely applied to projects within the municipality.

The PMTR completed for the City of Moncton in 2010 is used as a case study in this

paper.

Keywords: technology review, state-of-the-practice, pavement performance, specifications,
training

1 INTRODUCTION

Advancements and improvements in technologies are continual in the pavement industry.
Some of the current areas of advancement and growth include: materials including asphalt
cements; mix designs; recycling; rehabilitation methods; pavement preservation; and pavement
design methodologies. Various reasons lead to the advancement of pavement technology.
Economics are generally a substantial contributor when there is a need to change the cur-
rent method or materials. Other contributing factors include performance improvements and
sustainability. Evaluating and understanding which of these is applicable for a particular
municipality can be challenging. In order to effectively determine when and which method
or technologies should be integrated it is necessary to understand the current state of the
practice in the municipality. By understanding the current state of the practice it is possible
to select new methods and technologies that will at least maintain the current quality of pave-
ment or possibly lead to improvements in quality of pavements.

It is necessary to understand the current practices before new technologies and methods
can be implemented. A Pavement and Materials Technology Review (PMTR) carried out
by an experienced pavement engineer can provide guidance in assessing improvements and
advancements that are applicable to a specific municipality. A PMTR involves pavement
condition inspection and identifying typical pavement distresses in new, relatively new and
older pavements and an evaluation of the current state-of-the-practice in a municipality. This
includes a thorough assessment of the current specifications, submittals from contractors,
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construction testing results, laboratory testing results that covers the span of multiple recent
years, acceptance, and follow ups. With this information it is possible to identify practices that
are working well and producing quality results and also highlight areas where improvements
or changes are required. A successful PMTR is a combined effort between the municipality
technical staff members and the reviewing engineer, with the goal of both parties aiming to
continually improve the quality of pavements in a municipality.

Many municipalities find premature distresses developing on pavements and the causes are
often unclear. Probably the most common premature distresses noticed by Canadian munici-
palities are: poor longitudinal joint performance; early ravelling; and premature cracking.
The purpose of a PMTR is to work with the municipality and identify areas in the current
practice that could be improved and determine what improvements would be most effective,
suitable and feasible.

2 OBIJECTIVE

The intent and objective of a PMTR is described in the following section. The objective
of this paper is to describe the basics of PMTR and describe a case study. A PMTR was
completed for the City of Moncton (City) in 2009 and will be presented in this paper to
demonstrate the various aspects of the PMTR. The objective of carrying out the PMTR in
the City was to identify problems with pavement performance and to evaluate the current
state of the practice of the pavement industry in the City. After identifying and understand-
ing the current state of the practice the intent was to build on the successful aspects and
identify those that could be improved or changed.

3 PAVEMENT AND MATERIALS TECHNOLOGY

A PMTR is an objective method of evaluating the current state of the practice of the pave-
ment industry in a particular municipality. It is a tool that can assist a municipality in effec-
tively managing its pavement assets. A PMTR can be carried out in municipalities of various
sizes and is highly dependent on the involvement of municipal staff members. A PMTR
includes the following steps, each of which will be discussed in the following sections:

Document and results review from current and previous years;

Field visits and condition evaluation of new, relatively new and older pavements;
Specification review;

Evaluation of current state of the practice;

Identification of effective aspects;

Identification of possible areas of improvement;

Implementation, including staff training;

Monitoring; and

Updating.

Figure 1 presents a flowchart describing a PMTR.

Figure 1 shows the connections between various aspects of a PMTR. The terms refer-
enced in Figure 1 generally represent aspects of a PMTR and change slightly depending on
the specific municipality. The ability to link these various aspects within a municipality is
one of the key reasons that PMTR are successful. Municipalities vary in size and many have
multiple departments that all contribute to work 