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Integrating Quality Assurance in Balance Mix Designs for
Durable Asphalt Mixtures: State-of-the-Art Literature Review

Yizhuang David Wang, M.ASCE"; Jun Liu?; and Jenny Liu, M.ASCE?

Abstract: Delivering durable asphalt concrete within a reasonable cost is one of the great ambitions of pavement material engineers. This
state-of-the-art review article documents the efforts spent in the past two decades to ensure the durability and performance of asphalt mixtures
in mix design and production. A perspective with the attempt to integrate laboratory mix design, plant production quality assurance, and field
place acceptance is applied in the review. The development of the performance specification and performance mix design is summarized. The
paper categorizes performance specification into index-based performance specification and predictive performance specification that include
performance-related specification and performance-based specification. The approaches to developing index-based performance mix design/
balanced mix design and predictive performance mix design are also compared in the review. The challenges and solutions in incorporating
performance tests in asphalt productions are documented and discussed. The challenges include selecting performance testing methods,
determining index threshold limits, estimating and incorporating testing variability and uncertainty, determining sampling position and testing
frequency, and so forth. The paper also provides suggested areas of future research and implementation activities. DOI: 10.1061/JPEODX.
PVENG-957. © 2022 American Society of Civil Engineers.

Author keywords: State-of-the-art review; Balanced mix design (BMD); Performance specification; Asphalt mixture; Performance test;

Quality assurance; Performance-based and performance-related specification.

Introduction

Pavement engineers have been seeking methods to improve the
durability of asphalt mixtures ever since asphalt pavements were in-
troduced. In the United States, 4.1 million miles of public roads have
been paved over the past few decades, and 350 million tons of asphalt
mixtures are produced each year (NAPA 2019). Paving with durable
materials can prevent premature pavement distresses, improve the road
rideability and traffic safety, and benefit the taxpayer economically.

One of the early research efforts was the AASHO Test Road
in the 1960s. The findings were incorporated in the 1972 Interim
Design Guide and the 1993 AASHTO Guide for Design of
Pavement Structures, which are still used in some state highway
agencies (SHAs) as the primary pavement design guide. In the late
1980s, Congress approved $150 million to initiate the Strategic
Highway Research Program (SHRP). Besides the asphalt binder
performance grading system, another major product of the research
effort was the Superpave mix design method. It originally envi-
sioned three hierarchical levels: volumetric-based mix design for
mixtures targeting low traffic volume (Level 1) and volumetric
and performance mix design (Levels 2 and 3) for mixtures targeting
over one million equivalent standard axial loads (ESALS ) of traffic.
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However, due to the limited modeling and testing techniques
at that time, only the Level 1 volumetric design method was
implemented for all the traffic volumes. However, the efforts to de-
velop performance-based asphalt pavement and mixture design
methods continued. In early 2000, the mechanistic-empirical pave-
ment design guide (MEPDG) was introduced. The design guide
intended to directly use the predicted pavement performance from
the mechanistic-empirical (ME) models based on the project’s local
traffic and climate information to adjust the designed pavement
structure. The MEPDG (now known as the AASHTO Pavement
ME Design or the PMED) and other similar ME design methods
were later incorporated into quality assurance (QA) methods and
construction specifications. In recent years, as various performance
testing methods have been introduced to the pavement industry,
there has been a growing trend of including simple performance
tests to design asphalt mixtures. Those efforts spawned the con-
cepts of the balanced mix design (BMD).

As research studies on the aforementioned topics have been con-
ducted, remarkable review studies have been completed and ac-
knowledged (West et al. 2018; Yin and West 2021; McCarthy et al.
2016). In this state-of-the-art review, the authors aim to organize
and present the latest information related to the great efforts in
incorporating performance in mix mixture design and mixture pro-
duction, and most importantly, a new perspective with the attempt
to integrate laboratory mix design, plant production, and field place
acceptance is applied in the review. The challenges and solutions in
the implementations are also summarized in the article.

Improving Mixture Durability under the Framework
of Volumetric Design

Past and Current Practices in Mix Design Methods

Pavement engineers have been trying to understand asphalt mix-
ture since the late 19th century. The early work focused on the
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development and usage of the volumetric parameters as well as
some pass/fail tests. Some of these concepts were inherited by
today’s mix design methods. In the 1890s, the first mixture design
formula and construction specification were published by F. V.
Greene. In 1905, the concept of voids in mineral aggregate (VMA),
an important volumetric parameter that is still used in today’s mix
design specifications, was introduced by Clifford Richard, as well
as a pat-paper test to determine the mixture gradation and binder
content. Based upon Richardson’s design method, in the 1920s, the
Hubbard Field design method was introduced, where the binder
content was adjusted based on air voids, VMA, and mix stability.
The philosophy of the design method was to have sufficient asphalt
binder to satisfy the binder absorption in aggregates and form a
binder film with a minimum thickness. The design used a test with
motor oil to estimate the binder absorption of aggregates and
applied the Hveem stabilometer to test the mixture stability. Com-
pared to other mix design approaches (for example, the Marshall
design), this method tended to yield lower binder content in mix-
tures and fewer rutting problems. The method is still used in some
western US states. The Marshall mix design method was developed
in the late 1930s and early 1940s and adopted by the Corps of
Engineers. The compaction method and the stability tests from the
Hveem design were upgraded with automated devices. This method
is currently widely used outside of the United States, and its phi-
losophy has been inherited from the Superpave mix design method
(McDaniel et al. 2011).

In 1987, to deliver more durable mixes, the pavement commu-
nity initiated the SHRP. Fifty million dollars was allocated, which
made SHRP the largest and most highly focused pavement re-
search effort since the AASHO Road Test. As one major product
of the SHRP program, the performance-based binder specification
(based on rheology tests) was successfully implemented. However,
on the mixture side, the Superpave mix design was finalized pri-
marily based on volumetric parameters, which were originally
planned mixtures with a design traffic volume of less than one
million ESALs. The approaches drafted for higher traffic levels
involved performance tests that could not be widely adopted
due to the limitations in the modeling and testing technologies
in the 1990s. The Superpave mixtures have been shown to perform
better than previous mixes, and a benefit-cost study conducted in
1996-1997 quantitively showed that improved pavement perfor-
mance and the increased pavement service life introduced by
the new binder specification and the Superpave design method
could bring a direct saving of $637 million per year or over 1.7 bil-
lion in 20 years if counting the reduced maintenance-related delays
and vehicle maintenance (McDaniel et al. 2011). However, after
years of practice, concerns about the Superpave volumetric design
method have also been raised by pavement engineers. For exam-
ple, it was reported that Superpave mixes often lack sufficient
binder content for adequate durability (Maupin 2003), and the
Superpave design lacks proof tests to ensure the mixture’s perfor-
mance (AAT and LLC 2011).

Improving Mix Durability by Adjusting Volumetric
Parameters

Over decades of usage, revisions to the volumetric parameters
have been tried to produce more durable mixtures. VMA is one
of the most important control parameters. A VMA within the
proper range can provide sufficient space for effective binder
and air voids as well as the potential for adequate permeability
(Asphalt Institute 2015). Some states have proposed to establish
the maximum VMA values of 1.5% to 2.0% above the minimum
values and remove the upper limit of Voids filled with asphalt (VFA)
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to simplify the design procedure (Christensen and Bonaquist
2006). While attempting to adjust the VMA limit, one needs
to consider the interactions among the volumetric parameters.
For example, adjusting the aggregate structure to target a higher
VMA may decrease the mixture compatibility, thus potentially
leading to a lack of compaction or a low density in the field
(Christensen and Bonaquist 2006). VFA and effective binder con-
tent (Vy) are also important factors. Some states attempted to ad-
just the minimum requirements for VFA to ensure sufficient
binders in the mixture (AAT and LLC 2011). Alternatively, some
engineers proposed using the concept of binder film thickness to
determine the optimum binder content. While some researchers
believed that there was no physically existing film in compacted
mixtures, others thought it did exist in loose mixtures and the cal-
culated ‘apparent film thickness’ had higher correlations with
mixture performance than the conventional VFA. Researchers
found that apparent film thickness between 7 and 9 microns could
yield both suitable workability and rut resistance (AAT and LLC
2011). In the National Cooperative Highway Research Program
(NCHRP) 9-25 Project, the fineness modulus (FM300) was intro-
duced to quantitatively represent the effective surface area of ag-
gregates. It was believed that the effective surface area can be
used to calculate the film thickness and further determine the
binder content (Newcomb et al. 2015).

Air voids at the design number of gyrations (Ny) or the design
air voids have also been adjusted. The design air void was fixed at
4% in the Superpave mix design. The Indiana Department of Trans-
portation (INDOT) showed that increasing the design air void to
5% can increase the average mixture density compacted in the field
from 93.3% to 95.3% (Montoya et al. 2018). Broadening the design
air void content from a fixed value of 4.0% to a range of 3.0% to
5.0% is another common adjustment among SHAs (Christensen
and Bonaquist 2006). The associated additional compaction effort
and stability are believed to be the major benefits of increasing the
design air voids in most cases. However, it is important to know
that, like VMA, the design air void is a function of many other
factors, i.e., the gradation, binder content, and compaction energy.
Some researchers pointed out that increasing the design air void
might lead to an aggregate structure that is hard to compact as well
as lower effective binder content, which might compromise the ex-
pected benefits (AAT and LLC 2011).

In addition to the volumetric variables in asphalt mixtures,
engineers have also attempted to adjust other parameters, for exam-
ple, Nges- Some studies suggested increasing the Ny, by one level
to request more compaction energy in the field (Christensen and
Banaquist 2006). Meanwhile, some others including the Utah DOT
proposed to decrease the Ny, to increase the design binder content
(AAT and LLC 2011; Tran et al. 2016). Essentially, the mechanism
and the results of adjusting the Ny, are similar to changing the
design of air voids. Increasing or lowering the required values may
lead to the expected improved mixes, but the adjustments should be
determined carefully with the consideration of the changes and in-
teractions of other volumetric parameters.

The dust-to-binder ratio or the dust ratio is specified with a limit
of 0.6-1.2 in the current Superpave design. This parameter is re-
lated to the specific aggregate surface area. A survey conducted by
the New Jersey DOT showed that most of the states have adjusted
the limit in their design specifications (NJDOT 2011). The NCHRP
9-25 Project mentioned that some adjustments in the dust-to-binder
should be able to reduce the mixture permeability. In a study con-
ducted for the Colorado DOT, an increase in dust-to-binder ratio
was suggested to account for the 1 percent hydrated lime (Scott
2019).
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Quality Assurance under the Framework of Volumetric
Design

According to a survey by McCarthy et al. (2016), QA is the most
popular type of construction specification. In this system, mix
design, mix acceptance, and QA usually share the same set of
volumetric-based parameters and have consistent threshold limits.
The pay adjustments or the incentives/disincentives are usually de-
termined based on the percentage within limits (PWL). However,
since the early 2000s, almost one decade after the Superpave was
deployed, the pavement community has realized that using volu-
metric parameters only is not sufficient to ensure mixture durability
and performance, especially when recycled materials and innova-
tive composites are involved. One solution is to incorporate the
mixture performance directly in mix design and construction speci-
fication. The efforts to develop performance mix design and per-
formance specification are documented in the next section.

Development of Performance Specifications

A construction specification includes information and methodolo-
gies to complete the project (i.e., project initiation, bidding, design,
production and placement, and acceptance and payments) (TRB
2005, 2018). The developments and the merits of different types
of pavement construction specifications, including the performance
specifications, are briefly documented in this section.

Construction Specification Types and Methods

Fig. 1 lists existing types of construction specifications. From left to
right, the risk in a construction project gradually shifts from the
agency to the contractor. The earliest specification was the method
specification (or the recipe specification), which required the con-
tractor to produce and place a product using the specified materials
in definite proportions and specific types of equipment and meth-
ods under the direction of the agency. It could not incorporate the
construction variability and did not allow any innovations from the
contractors. In the 1950s, the end-result specifications were intro-
duced along with the construction of the AASHO Road Test. It
required the contractor to take the entire responsibility for produc-
ing and placing a product. The agency would either accept or reject
the final product or apply a price adjustment commensurate with
the degree of compliance with the specification.

Agency’s Risk \

Although it provided the contractor with some flexibility, the
agency would take the risk of having to reject a large quantity of
materials at the end of the project.

Since its introduction in the 1960s, QA specifications have been
prevalent among SHAs. According to Ksaibati and Butts (2003),
among the 45 SHAs that responded, 40 US state agencies had
adopted QA specifications. It has inherited the merits of both
method specifications and end-result specifications by requiring
the contractor to conduct quality control (QC) and the agency to
perform acceptance activities throughout the production and place-
ment of a product. The final acceptance of the product is usually
based on a statistical sampling of the measured quality level for key
acceptable quality characteristics (AQCs). While the contractors are
granted the flexibility for innovations in their products, the agencies
have control of the key AQCs and the product quality on a real-time
basis during production. Another type of specification is the war-
ranty specifications, which guarantees the integrity of a product and
assigns responsibilities for the repair or replacement of defects to
the contractor (TRB 2018).

In the 1990s, the component of pavement performance was
proposed to be added to the QA specifications, which led to the
development of performance-related specifications (PRS) and
performance-based specifications (PBS). PBS is defined as “a QA
specification that describes the desired levels of fundamental engi-
neering properties that are predictors of performance and appear in
primary prediction relationships (i.e., models that can be used to
predict stress, distress, or performance from combinations of pre-
dictors that represent traffic, environment supporting materials, and
structural conditions)” (TRB 2005, 2018). The fundamental engi-
neering properties include but are not limited to dynamic modulus,
creep properties, and fatigue properties. In a PBS, the acceptance
should be based on the measurement of the fundamental engineer-
ing properties of the finished product instead of the AQCs that are
indirectly related to performance, and the pay adjustment should be
determined based on the difference between the as-designed life-
cycle cost (LCC) and the as-built or as-constructed LCC. However,
no true PBS for hot mix asphalt (HMA) has been implemented be-
cause most of the fundamental engineering properties cannot be
measured within the time requirements during production (TRB
2018). Given the challenges in developing PBS, PRS is an alter-
native solution.

PRS is defined as “a QA specification that uses quantified
quality characteristics and LCC relationship that are correlated

Contractor’s Risk /

B 000 >
Method End-result Long-term
Specification Specification Warranties
| . |
l——___, QualityAssurance _ __ _ _ _ |
Specification |
| |
b e e |
I e
| } ! :
| Performance-related  Performance-based |
: Specification Specification :
I )
‘v ~ !
Index-based Performance Predictive Performance Performance
Specification Specification Warranties
\ J

Performance Specification

Fig. 1. Relationships among different types of construction specifications.
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to product performance” (AASHTO 2003; TRB 2005). In other
words, PRS can use AQCs to estimate or predict fundamental
engineering properties. Like the PBSs, pay factors in PRSs are
determined based on pavement life predicted using the estimated
fundamental properties. Along with the performance warranty
specifications, which are derived from the long-term warranty spec-
ifications, the PBSs and PRSs form the performance specification
family.

As simple performance tests become prevalent, pavement engi-
neers have been trying to incorporate these tests into QA specifi-
cations. Instead of predicting pavement performance using
mechanistic models and ME programs, the performance tests use
index parameters to evaluate mixture performance and durability.
The relevant QA specifications are also written based on the per-
formance indices. In this article, those types of QA specifications
are designated as index-based performance specifications (IPS).
Some researchers have named their index-based specifications as
PBS; to avoid confusion, in this article, they are referred to as IPSs.
The integration of mixed design and performance specification is
discussed later in this article.

Development of Performance Specifications

Predictive Performance Specifications

Predictive performance specifications, including the PRS and PBS
for HMAs, are the QA specifications that base the acceptance and
the pay adjustments on the predicted pavement performance. The
research PRS and PBS starting from the early 2000s intended to
utilize the ME performance predictive models. A PRS framework
was developed using the WesTrack test road data during the
NCHRP 9-20 project. One major product was the software pack-
age, HMA Spec. It could generate the project-specific PRS and pay
adjustments based on the differences between the as-design and the
as-constructed pavement performance. The program used stiffness,
permanent deformation, and fatigue cracking as the three primary
variables to determine the pay factors. The performance predictive
models considered factors including the construction material,
environment, traffic, and roadbed soil. The cracking and rutting
model was developed based on the regression analysis using the
collected field data (Epps et al. 2002).

The NCHRP 09-22 project was later launched to conduct further
investigation on the PRS framework (Fugro Consultants, Inc. and
Arizona State University 2011). The main difference between the
proposed PRS in the new project and the previous one was the pre-
dictive performance models. The MEPDG program (ARA 2004)
was adopted to predict the as-design and the as-constructed pave-
ment lives. A PRS program called the Quality Related Specification
Software (QRSS) was developed to generate project-specific PRSs.
The predicted pavement distresses, i.e., rutting, fatigue cracking,
thermal cracking, and rideability quantified by the international
roughness index (IRI) were used to adjust the payments in the
specification. The AQCs that were required to estimate fundamental
engineering properties included air voids, asphalt content, aggre-
gate gradation, volumetric properties, and the binder viscosity of
the AC layer. The program used the probabilistic method consid-
ering the variabilities in the construction and laboratory measure-
ments to the pay factors. The method applied the Monte-Carlo
simulations for rutting and fatigue cracking, while the Rosenblueth
probabilistic point estimate method was used for thermal cracking
analysis. The pay factors were determined based on the PF-PLD
relationship (where PLD stands for predicted life differences).
The final incentive and disincentive were calculated in dollars by
considering all individual pay factors.
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Due to the limitations in the prediction accuracy of the MEPDG
models and the efforts required to calibrate the models, from 2008
to 2021, the Federal Highway Administration (FHWA) funded the
Applied Research Associates, Inc. (ARA) and North Carolina State
University (NCSU) to develop an improved PRS framework (Kim
et al. 2022a, b). The outcomes of the research included the
development of three fundamental material models and the corre-
sponding material testing protocols, a structural performance sim-
ulation program, a performance mix design framework, and a QA
strategy. Among the three material models, both the fatigue crack-
ing model, i.e., the simplified viscoelastic continuum damage
(S-VECD) fatigue model, and the low-temperature cracking model
stemmed from the VECD theory, and one cyclic fatigue test was
able to calibrate the model coefficients for both models. The mod-
els used fundamental material properties, such as the describe the
relationship between the reduction of material pseudo stiffness (C)
and the growth of damage (S) (Underwood et al. 2012; Wang and
Kim 2017; Ashouri et al. 2021), which were independent of loading
conditions (i.e., modes of loading, loading amplitudes, frequency,
and loading temperatures) and could be used to predict material
behaviors under different circumstances. The rutting model
was able to the permanent strain formed under different loading
amplitudes with various resting periods at different temperatures.
The materials models were implemented in the structural perfor-
mance simulation program, FlexPAVE, that conducted a three-
dimensional viscoelastic analysis with the consideration of the
in-situ pavement structure, traffic, and climate data. Good agree-
ments have been found between the FlexPAVE predictions and
field measurements (Wang et al. 2016, 2018, 2021b). To determine
incentive/disincentive based on predicted performance and save
the material testing time during QA, a bridge connecting the rou-
tine AQC and the predicted performance, i.e., the performance-
volumetric relationship (PVR), was developed (Wang et al. 2019).
During production, the contractor and the agency only needed to
measure the volumetric properties, the same as in the existing QA
procedures, and the PLD for each lot could be predicted using PVR.
Shadow projects using the PRS framework have been deployed in
some US states (Jeong et al. 2020; Kim et al. 2022a, b); however,
extensive efforts for training and demonstration would still be
needed for future implementation.

In addition to the research efforts supported by the NCHRP and
FHWA, other researchers have also developed performance spec-
ifications that were suitable for local applications. Since the late
1990s, California has been spending efforts to develop PBS based
on the ME methods. The original performance mix design and con-
struction specification incorporated performance tests, i.e., the
flexural beam test and the repeated simple shear test. In 2000,
the CalME flexible pavement design software was first introduced.
It was developed based on incremental-recursive damage models
regarding the fatigue and rutting performance (Harvey et al. 2014).
The CalME program calculated the pavement fatigue life with the
given material and structural conditions. The reliability of the pre-
dictions was evaluated using the Monte-Carlo analysis. The CalME
calculated the mechanical responses using the linear layered-
elastic-based ELSYMS5 program. The obtained largest maximum
principal tensile strain was then used to evaluate the temperature
equivalency factor (TEF) and temperature conversion factor (TCF).
The pavement fatigue life was predicted using the three-stage
Weibull equation (Tsai et al. 2012) considering the reliability and
the effects of pavement structure and climate.

In 2004, Williams et al. (2004) developed a PRS for the
Michigan DOT. The specification used predictive equations and re-
lationships between field performance (i.e., rutting and cracking)
and mix properties (i.e., air voids and binder content) to determine
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the pay factors. In the proposed PRS framework, the testing meth-
ods included the four-point beam fatigue test and the asphalt pave-
ment analyzer test, and the obtained performance indices were
correlated with field performance based on past testing experience.
The sampling methods were thoroughly discussed in the study, and
the existing mix designs were verified.

In summary, many researchers and organizations have partici-
pated to establish the PRS framework in the past two decades.
The proposed PRSs utilize either mechanistic or empirical material
and structural models to predict pavement lives. These approaches
have the merits of both PBSs and conventional QA specifications.
On the other hand, the challenges to deploying the PRSs include
effectively quantifying and encompassing the risk and reliability in
the specifications (Hughes 2005; Hughes et al. 2012), providing
training and instructions for SHAs and contractors, developing lo-
cal material database and local model calibration coefficients, and
simplifying the performance tests. Some of these problems have
been mitigated in the IPS.

Index-Based Performance Specification

Since the late 2000s, various simple mixture performance tests have
been introduced to the asphalt community. The tests usually define
indices to evaluate the mixture’s durability or its resistance to a cer-
tain type of pavement distress, and most of the tests can be easily
and quickly performed compared to mechanistic-based material
characterization tests. The index-based performance specifications
or the IPSs have been introduced with the integration of simple
performance tests and QA specifications.

In 2016, Mohammad et al. (2016b) developed a standard PBS
method and a simplified PBS approach. The standard PBS was
based on the AASHTO Pavement ME Design Software and con-
sidered the pavement structure, climate, traffic, and material prop-
erties (i.e., dynamic modulus). The simplified PBS was an IPS that
required the rutting and cracking test results. The comparison be-
tween the standard PBS approach and the simplified PBS approach
suggested the simplified PBS was recommended because the pave-
ment ME program had not been locally calibrated.

Given the limitations in the volumetric-based mix design and
QA specifications and to accommodate the usage of reclaimed as-
phalt pavement (RAP), the New Jersey DOT (NJDOT) started to
develop performance specifications with performance-based accep-
tance procedures (Bennert et al. 2014). In the proposed IPS, the
contractor should design mixtures passing the volumetric criteria,
and the agency conducts performance tests with the submitted com-
ponent materials. Once the mixture is approved, the contractor
should construct a test strip where plant-produced mixtures are
sampled and tested. If the mixture meets the performance criteria,
the production can be continued, and the mixtures should be
sampled and tested at a certain frequency during production. The
asphalt pavement analyzer (APA) should be used to assess the mix-
ture rutting resistance, and either the flexural beam fatigue test or
the overlay test should be adopted for the cracking resistance evalu-
ation depending on the mixture type. The NJDOT has successfully
developed five performance-based asphalt mixtures, namely, high-
performance thin overlay (HPTO), binder-rich intermediate course
(BRIC), bridge deck waterproofing surface course (BDWSC),
bottom-rich base course (BRBC), and high RAP (HRAP) (Bennert
et al. 2014).

The Northeast Pavement Preservation Partnership (NEPPP) de-
veloped a pilot specification for HPTO mixtures. The specification
encompassed surface preparation, material properties, mixture de-
sign requirements, RAP testing requirements, and mixture perfor-
mance criteria. Performance tests, i.e., the overlay test, the thermal
stress restrained specimen test (TSRST), the four-point flexural
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beam fatigue test, and the APA test, were required to be conducted
on plant-mixed mixture during production and placement. The
mixtures must meet both the performance index limits and the
Superpave volumetric requirements. After two years of field mon-
itoring, the HPTO mixture from New Hampshire performed well
with minimal cracking observed; in contrast, the conventional mix-
ture had 25% cracking returned. No apparent distress was found in
the Vermont test sections for both HPTO mixtures with and without
RAP (Mogawer et al. 2012).

In summary, the IPSs are QA specifications with simple perfor-
mance tests incorporated. Compared to the predictive performance
specifications, the IPSs are more intuitive and can adopt perfor-
mance tests that can be completed in a timely manner. However,
there are still challenges in implementing the IPSs, including the
relatively high cost and uncertainties, lack of communication be-
tween the SHA and the contractors, and the delay in production
for conducting performance tests (McCarthy et al. 2016).

Development of Performance Mix Design Methods

Performance Mix Design Approaches

In the 2000s, several years after the Superpave mix design was
widely implemented in the United States, multiple simple perfor-
mance tests were developed and incorporated into mix design
methods, including the prevalent BMD. Like the performance spec-
ifications, in this article, the performance mix design methods are
introduced as index-based performance mix design (IPMD) and
predictive performance design. The existing BMD methods are
IPMDs as the incorporated performance testing methods are index
or tolerance tests.

Index-Based Performance Mix Design/Balanced Mix Design
The concept of BMD was first proposed in 2007, as a balanced
binder content was expected to be identified for given mix compo-
nents through index-based performance tests so that the designed
mix was neither too lean to form pavement fatigue cracking or too
wet to yield deep rut depth (Zhou et al. 2007). In September 2015,
the FHWA Expert Task Group (ETD) on Mixtures and Construc-
tion founded a BMD Task Force. The BMD Task Force defined
BMD as “asphalt mix design using performance tests on appropri-
ately conditioned specimens that address multiple modes of distress
taking into consideration mix aging, traffic climate and location
within the pavement structure” (West et al. 2018). Three pathways
were originally developed by the task force, and later, they were
expanded to four approaches when the corresponding provisional
AASHTO standards PP105-20 and MP 46-20 were submitted, as
presented in Fig. 2 (Yin and West 2021). The details and the high-
lights of each approach are demonstrated in Table 1. Under the
BMD framework, several implementation plans have been devel-
oped among SHAs (Paye 2014; Cross and Li 2019; ALDOT 2020;
Bennert 2020; Coleri et al. 2020).

Like the IPSs, the advantages of IPMD or BMD include the rel-
atively short turnaround time of the simple performance tests and
the intuitive design philosophy. Using both the volumetric and per-
formance criteria provides the pavement engineers confidence in
the mixture quality. However, the index threshold limits can only
be determined based on empirical relationships between field per-
formance and performance test results. Besides, the indices cannot
take the project-specific information (i.e., structural, environmen-
tal, and traffic conditions) into account, and neither can the forma-
tion of pavement distress as a function of service time be predicted
using the index-based approaches, as envisioned in the original
SHRP project.
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Fig. 2. Flowcharts demonstrating BMD approaches based on Yin and West (2021).

Table 1. Highlights of different BMD approaches

Approach Description Highlights
BMDApproach 1 Volumetric design with e This approach makes sure that all the mix designs are products of volumetric design methods with
performance verification performance requirements satisfied.
approach ¢ This approach applies additional constraints for performance requirements to the original volumetric
designs. This combination provides the engineers the most confidence but the least design flexibility for
the contractors.
BMDApproach 2 Volumetric design with e This approach is an expanded version of Approach 1, and it was not included in the original three
performance optimization approaches proposed by the former FHWA BMD Task Force.
approach ¢ This approach allows a potential offset in optimum binder content determined based on the performance
test results from volumetric optimum binder content while the mixture gradation and other mix
components will remain the same as designed by the volumetric-based method.
¢ When this approach is adopted, the binder contents for performance testing will usually be preliminary
OBC — 0.5%, preliminary OBC, preliminary OBC + 0.5%, and preliminary OBC + 1.0%.
BMDApproach 3 Performance-modified e This approach and Approach 1 both start with a volumetric design.
volumetric design ¢ Unlike Approach 1, this approach allows adjustments for both the gradation and binder content based
approach on the performance test results. The final combination of the gradation and binder content is not directly
obtained from volumetric design, and only some volumetric criteria are required to be met.
BMDApproach 4 Performance design ¢ This approach is similar to the third approach proposed by the former FHWA BMD Task Force, but
approach more details and instructions were provided than the descriptions when it was first introduced by the
task force.
¢ This approach is a combination of Approach 2 and Approach 3, and it may not necessarily start with a
volumetric design.
¢ After the initial selection of aggregate gradation, recycled asphalt materials, content, and virgin binder
grade is determined, the binder contents for performance testing will usually be initial binder content
—0.5%, initial binder content, initial binder content +0.5%, and initial binder content +1.0%.
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Fig. 3. (a) Volumetric space formed by VMAp and VFAp and effects of mix design parameters on VMAp and VFAp; and (b) % damage contour in
a pavement structure in the volumetric space. [Y. D. Wang, A. Ghanbari, B. S. Underwood, and Y. R. Kim, “Development of a Performance-
Volumetric Relationship for Asphalt Mixtures.” Transportation Research Record 2673 (6): pp. 416-430, © 2019 by SAGE, reprinted by permission

of SAGE Publications, Ltd.]

Predictive Performance Mix Design

Predictive mix design utilizes the mixture/pavement performance
predicted from the mechanistic models to determine the optimum
mixture design. One predictive design approach has been proposed
by NCSU. The method is also known as the performance-
engineered mix design (PEMD) (Wang 2019; FHWA 2019; Kim
et al. 2022a, b; Wang et al. 2021a). One feature of the method
is that instead of using the trial-and-error approach (creating one
trial design and using volumetric or performance criteria to deter-
mine pass or fail), the PEMD identifies the performance-optimum
design directly from the infinite numbers of combinations of the
given material components. The identification of the optimum de-
sign can be achieved by using the PVR. PVR characterizes a given
mix design with two variables, the in-place VMA (VMA}p) and in-
place VFA (VFAp), and forms a two-dimensional volumetric
space. Each point in the space corresponds to one combination
of gradation, binder content, and compaction level, as presented
in Fig. 3(a). Previous research (Wang et al. 2019) found that when
the climate, traffic, and structural conditions are known, the pre-
dicted pavement performance (% fatigue damage and permanent
deformation) is a bilinear function of VMAp and VFAp. The
PVR function, therefore, provides a spectrum of performance
as a function of the change of gradation, binder content, and com-
paction level, as presented in Fig. 3(b). The performance-optimum
design can be acquired by combining the predicted pavement life
determined by fatigue life and rutting failure (Wang 2019; Wang
et al. 2021a). It will be the SHA’s discretion to require all or some
of the volumetric limits to be met, and the moisture susceptibility
of the design mixture can be tested afterward. The design pro-
cedure requires four sets of performance tests to calibrate the
PVR function coefficients. The performance tests used in PEMD
are the cyclic fatigue test and the SSR test. If the design candidate
fails the volumetric or moisture tests, the designer can select an-
other combination from the volumetric spectrum without conducting
additional performance tests. Therefore, unlike the unknown num-
ber of iterations that the IPMD methods may require, with the fixed
number of performance tests and testing time, the design timeline
can be planned by the SHAs and contractors. Twelve days are ex-
pected to complete the design including the specimen preparation
and testing time (Wang et al. 2021a).
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Comparison of Performance Mix Design Approaches

Table 2 summarized several important criteria to evaluate the per-
formance design approach. Among the four BMD approaches,
the involvement of the performance increases from Approach 1
to Approach 4 as the volumetric restrictions for binder contents
and gradations are gradually released. As a result, Approach 1 pro-
vides the agency highest confidence and lowest risks when BMD is
first implemented. However, Approach 1 meanwhile grants the con-
tractor the least design flexibility. As for the predicative performance
mix design methods, the performance involvement and design flex-
ibility would be the highest among all the methods; however, the
agency may have the least confidence since the design will primarily
be based on the predicted performance instead of the conventional
volumetric parameters.

In terms of the design effort needed in each approach, the pre-
dictive performance mix design method may consume the longest
time because of the complexity of the required performance tests.
However, the BMD approaches may take longer time if multiple
iterations are needed for redesign or adjustments; in contrast,
the number of performance tests is fixed for the predictive perfor-
mance design method. As for the development of performance
specifications, in each approach, the same performance require-
ments can be consistently applied in mix design and in QA as long
as the specifications are well engineered.

Integrating Performance Mix Design with QA

As both mix design and QA are important steps on the asphalt pro-
duction chain, it is necessary to develop holistic methodologies to
accommodate performance mix design and QA methods. Consis-
tent evaluation strategies and criteria would be preferred for the
system. As BMD methods are implemented, great efforts have been
made by researchers and SHAs to form such coherent systems. For
example, Zhou et al. (2020, 2021) proposed a framework. It started
with a mix design method where the volumetric criteria are used to
obtain the initial candidate and performance tests are conducted at
multiple binder content levels to determine the final binder content.
The agency was required to conduct performance tests on the sub-
mitted mix design for verification and acceptance. During produc-
tion, the plant-mixed mixtures would be sampled for QA testing.
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Table 2. Factors to consider for comparing performance design approaches

Evaluation criteria

Description

Performance involvement

Confidence and risk

Design flexibility

Design effort

Performance prediction
capacity

Compatibility with QA

The extent of performance involved in the design procedure. If the performance tests are only used for pass/fail decisions after
volumetric design, the approach will be evaluated with low-performance involvement. High involvements are granted to the
methods where gradation, binder content, and other design parameters are determined based on the mix performance.

The confidence level that SHA has when they first switch from volumetric mix design to this approach. For example, if
volumetric limits are not required in a new mix design, the SHA would have less confidence and take a higher risk on the mix
than on the mixtures that meet the volumetric requirements.

The flexibility that the contractor has while conducting the mix design. For example, if the volumetric requirements are
inherited, the additional constraints added for performance will further limit the design flexibilities for contractors. Higher
design flexibility can provide contractors incentives to apply innovative materials and technologies.

The design effort indicates the time and resources that the performance design approach costs. This criterion should be
evaluated based on the number of gyratory specimens required to be fabricated, the number of performance tests, the testing
turnaround time, and the estimated design time in days.

The performance prediction capacity indicates how well the mixture performance is incorporated in the mix design approach.
Does the mix design rigorously consider the target pavement structure, climate, traffic volume, and other factors? Can the mix
design approach predict the pavement distress deterioration with time as initially expected in the Superpave Level I1I design?
Are the performance threshold limits determined by empirical or mechanistic methods?

The compatibility with the QA index indicates the difficulty level to develop a Quality Assurance method and a performance

construction specification with pay adjustments using the same testing methods and/or performance threshold limits.

The same performance tests and performance index limits as in the
mix design were suggested for QA. To meet the time requirement,
simple tests, such as the IDEAL-CT, IDEAL-RT, and HWTT, were
proposed to assess the mixture cracking resistance, rutting resis-
tance, and moisture susceptibility, respectively. Meanwhile, several
states have specified performance requirements during production,
as presented in Table 3.

As for the predictive performance designs and specifications
that rely on performance testing results to predict mix performance
and determine pay factors, the testing turnaround time during pro-
duction would be the main challenge to developing the coherent
framework. To integrate the PRS and PEMD, one strategy that
was applied was to use the PVR (Jeong et al. 2020). While the
volumetric parameters were measured as AQCs during production,
with PVR, the performance of the mixes in each lot could also be
estimated. To accommodate the variabilities in materials, the per-
formance tests were suggested to be conducted once every several
thousands of tons to calibrate the PVR coefficients. The challenges
for implementing and integrating the performance mix design and

Table 3. Summary of state-of-the-practice on BMD implementation

performance construction specifications are discussed in the fol-
lowing section.

Challenges and Solutions in Development of
Holistic Methods

Introducing the performance specifications/mix design methods
will make changes to the process of bidding, mix design, accep-
tance, production, and payment/reward and penalty. Though some
simple performance tests have been developed, one major chal-
lenge is still their turnaround time compared to the conventional
volumetric tests. Also, depending on the type of performance
specification/mix design method that the SHA uses, some extent
of communication and training is also necessary at the initial stage
of the deployment. Selecting the type of performance specification
and mix design method that is suitable for the local area is usually
the SHA’s responsibility. If an index-based mix design method will
be applied, the SHA also needs to determine the design approach

BMD approach State Rutting test Cracking test Performance testing for production acceptance?
Approach 1 [linois HWTT I-FIT Yes, HWTT for “Pass/Fail”
Louisiana HWTT SCB-Jc Yes, “Pass/Fail”
New Jersey APA OT, BBF Yes, “Pass/Fail” or Pay Adjustment
Texas HWTT OT,IDEAL-CT Yes, “Pass/Fail”
‘Vermont HWTT I-FIT Yes, PWL
Approach 1 and 4 Virginia APA Cantabro, IDEAL-CT Yes, “Pass/Fail”
Approach 3 California FN, HWTT BBF, I-FIT Yes, HWTT for “Pass/Fail”
Missouri HWTT I-FIT, IDEAL-CT Yes, HWTT for “Pass/Fail”, I-FIT, and IDEAL-CT
for Pay Adjustment
Oklahoma HWTT IDEAL-CT No
Approach 4 Alabama HT-IDT AL-CT Yes, “Pass/Fail”
Tennessee HWTT IDEAL-CT To be determined
Source: Data from Yin and West (2021).
Note: OT = overlay test.
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Table 4. List of performance test methods

Distress Test method

Testing standard Type of test result

Intermediate-temperature  Direct Tension Cyclic Fatigue Test
cracking Flexural Bending Beam Fatigue Test

Indirect Tensile Asphalt Cracking Test
(IDEAL-CT)

Illinois Flexibility Index Test (I-FIT)
Semi-Circular Bend Test (Louisiana
method)

Overlay Test

Njex Factor

Rutting Asphalt Pavement Analyzer
Flow Number Test

Hamburg Wheel-Tracking Test

Stress Sweep Rutting

High Temperature Indirect Tension
Rapid Shear Rutting Test (IDEAL-RT)

Low-temperature IDT Creep Compliance and Strength
cracking Test
Disc-Shaped Compact Tension (DCT)

Test
Mixture toughness Cantabro Test

Moisture susceptibility ~ Tensile Strength Ratio

ASTM D8225-19

AASHTO TP 124-20
LADOTD TR 330, ASTM D8044-16

NJDOT B-10Tex-248-F

AASHTO TP 141-20

AASHTO T 340-10
AASHTO T 378-17

AASHTO T 324-19
AASHTO TP 134-19

Draft ASTM Work Item (WK 71466)
AASHTO T 322-07

ASTM D7313-20

AASHTO TP 108-14
AASHTO T 283-21

AASHTO TP 107-18, AASHTO TP 133-21 Performance index; predicted performance
AASHTO T 321-17, ASTM D8237-21

Performance index; predicted performance
from empirical relationships
Performance index

Performance index
Performance index

Performance index; predicted performance
from empirical relationships
Performance index

Performance index

Performance index; predicted performance
from empirical relationships

Performance index

Performance index; predicted performance
None Performance index

Performance index

Performance index; predicted performance

Performance index

Performance index

Performance index

(Approaches 1, 2, 3, or 4), the performance testing methods, and the
corresponding threshold values. Some other potential challenges in
developing and deploying performance specification/mix designs
are listed in the following (Harvey et al. 2014; McCarthy et al.
2016; Diffenderfer and Bowers 2019; Lee et al. 2020; Kim et al.
2022a, b):

* lack of experience and confidence in developing and using the
new specification/design methods;

* lack of historical data to develop material testing database, cal-
ibrate prediction models, and determine index threshold limits;

* needs to quantitatively estimate the risk and reliability in the
specification and design method in a multilayer pavement
system;

* needs to specify the details in the specifications/mix design
methods, such as the sampling position and sampling frequency,
type of mixture for performance testing (laboratory mix versus
plant mix), and aging conditions in performance tests (short-
term aging versus long-term aging); and

* needs to evaluate and account for the effects of the testing var-
iabilities in the specification/mix design.

The following discussion focuses on the details and solutions
to some of the common challenges in developing performance
specification/mix design.

Selection of Performance Testing Methods

Selecting the performance testing methods is one major step to de-
velop an IPS or IPMD. The performance tests should correspond to
the major types of pavement distresses in the region (Diffenderfer
and Bowers 2019; Yin and West 2021). There are multiple cracking
and rutting tests that can be used in an IPS or IPMD [AASHTO TP
107-18 (AASHTO 2021a); AASHTO TP 133-21 (AASHTO
2021b); AASHTO T 321-17 (AASHTO 2021c); ASTM D8237-
21 (ASTM 2021a); ASTM D8225-19 (ASTM 2019); AASHTO
TP 124-20 (AASHTO 2021d); LADOTD TR 330 (LADOTD
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2014); ASTM D8044-16 (ASTM 2017); NJDOT B-10 (NJDOT
2007); Tex-248-F (Tex 2007); AASHTO TP 141-20 (AASHTO
2021e); AASHTO T 340-10 (AASHTO 2021f); AASHTO T
378-17 (AASHTO 2021g); AASHTO T 324-19 (AASHTO
2021h); AASHTO TP 134-19 (AASHTO 2021i); WK 71466
(ASTM 2022); AASHTO T 322-07 (AASHTO 2021j); ASTM
D7313-20 (ASTM 2021b); AASHTO TP 108-14 (AASHTO
2021k); AASHTO T 283-21 (AASHTO 20211)]. Some of the tests
may require longer testing time but provide the material fundamen-
tal engineering properties along with performance indices, such as
the cyclic fatigue test and the disc-shaped compact tension (DCT)
test. Some of the tests are tolerance tests performed under a single
testing condition. A parameter obtained from the test is usually
used as the index representing the material’s resistance to a certain
pavement distress. When selecting the testing methods, SHAs
should consider key factors such as users’ experience, availability
of existing data, availability of testing equipment, cost of the test,
turnaround time, and the effectiveness of the test. Table 4 presents
some commonly used performance testing methods. West et al.
(2018) provided a nine-step guide for determining the testing meth-
ods in BMD. The features of each testing method have been doc-
umented in articles (McCarthy et al. 2016; Lee et al. 2020; Yin and
West 2021) and AASHTO MP 46-20.

To develop a BMD protocol for Virginia, the state DOT consid-
ered the Cantabro test (for its uniqueness in testing durability and
simplicity), the APA test (due to its historical application in the
state), the overlay test (to test resistance to reflective cracking),
the I-FIT test (based on previous research results), the Ny, factor
test (based on available research results in West et al. (2018) and its
simplicity), and the IDEAL-CT test (for its simplicity) as candidate
performance testing methods. During the evaluation, factors includ-
ing the test effectiveness (by comparing test results with known
mixture performance), cost of running each test, state-wide equip-
ment distribution, training requirements, specimen preparation time,
and test repeatability were considered. The Cantabro test, APA test,
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and IDEAL-CT tests were eventually selected (Diefenderfer and
Bowers 2019; Diefenderfer et al. 2021).

Climate is another factor in the determination of performance
testing methods. In Minnesota, the most common pavement dis-
tress was found to be low-temperature cracking due to its cold
weather. Therefore, the Minnesota DOT included the DCT fracture
energy test in the specification provision for BMD (Johanneck et al.
2015). Likewise, in addition to the HWTT and the SCB test, the
DCT test was also required by the Wisconsin DOT (Paye 2014).

SHASs usually validate the performance testing results with their
local mixtures. One method is to compare the ranking of the mix-
tures obtained from the testing results with the known mixture per-
formance. Another approach is to conduct performance tests on
local mixtures with systematically varying design parameters. The
candidate test should be able to distinguish mixtures with different
properties and design variables (such as different binder contents,
air voids, gradation, RAP contents, aging levels, binder type, and
so forth). In the research conducted by the Indiana DOT, the I-FIT
SCB test and the HWTT were evaluated as the primary candidate
testing methods for BMD (Lee et al. 2020). The effectiveness of the
tests was assessed by their sensitivity to different design variables,
which included the specimen air void, specimen geometry, and
binder performance grade. The results indicated that the I-FIT
did not follow the engineers’ intuition that asphalt specimens with
lower air void contents or modified binders should yield higher FI
values. Therefore, the I-FIT test was determined not to be imple-
mented in a BMD in Indiana.

Determination of Performance Failure Criteria

The determination of the performance index threshold values is an-
other important step in developing IPS or IPMD. In this article,
methods to determine index limits in existing research are catego-
rized into two primary approaches: using the performance of
existing mixtures and using the existing performance index thresh-
old from other testing methods.

Correlation with Performance of Existing Mixtures

One practical way to determine the performance index criteria is to
use the mixtures with known field performance. Meanwhile, com-
paring the testing results with field performance can validate the
effectiveness of the test. In the study conducted by FHWA
(Golalipour et al. 2021), the same set of asphalt mixtures was tested
using multiple cracking testing methods, i.e., cyclic fatigue, I-FIT,
IDAL-CT, overlay, the Ny, indirect tension test, and the Cantabro
abrasion loss test. The testing results were compared with the ob-
served cracking on the accelerated lane facility (ALF). The asphalt
mixture on each test lane varied in binder performance grades and
contents of RAP and reclaimed asphalt single (RAS). The compari-
son results showed that most of the cracking tests had good corre-
lations with the amount of cracking observed on test lanes. Among
the testing methods, the S,,,, parameter from the cyclic fatigue test,
CTipgex from the IDEAL-CT test, and the Ny, parameter from the
indirect tension test showed the highest correlation (approxi-
mately 0.6).

Buttlar et al. (2020) suggest using field performance to deter-
mine performance criteria in a study to support the development
of BMD specifications for the Missouri DOT. The study showed
that DCT, I-FIT, and IDEAL-CT testing results had good correla-
tions with the observed field performance, and the DCT test results
yielded the highest R?. The results also indicated that the scores
from the pavement condition rating system (PASER) had higher
correlations than the IRI. The PASER deterioration rate was then
used to determine the thresholds for the performance tests. To cal-
culate the threshold values for roads with different criticality levels,
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Fig. 4. Tentative guidelines of laboratory rutting performance indica-
tors. (LWT RD = Loaded Wheel Tracking Rut Depth.) (Reprinted from
Mohammad et al. 2016a.)

the relationship between the PASER deterioration rate was first ob-
tained. The deterioration rate varied between 1.0 and 0, and the
lower rate indicated superior materials were used. The values of
the performance indices corresponding to the PASER deterioration
rate at 0.4, 0.3, and 0.25 were used as the initial thresholds for mix-
tures targeting low, medium, and high criticality levels, respec-
tively. The final values could be obtained after initial thresholds
are adjusted with the consideration of aging and testing variability.
A similar method was also applied in a study conducted for the
development of BMD for Illinois (Buttlar et al. 2021).

In a study conducted in Louisiana, the threshold values for the
HWTT rutting test and the SCB cracking test were determined
based on the correlation between the testing results and field per-
formance (Mohammad et al. 2016a). To set the rutting limit, an
enclosed area under 6 mm of rutting in both field measurement
and laboratory test was created for Level 2 traffic, as presented
in Fig. 4, and a 10 mm by 10 mm area was made for Level 1 traffic
volume. The rutting limits of 6 mm and 10 mm were determined for
Level 2 and Level 1 traffic, respectively.

SHAs sometimes do not have sufficient field performance re-
cords for the tested mixtures when a new test method is intro-
duced. In this case, Diffenderfer and Bowers (2019) proposed
three approaches to determine performance criteria based on test-
ing results from commonly used mixtures. Method 1 adopted the
minimum value from the testing results as the threshold, assuming
all the mixtures would provide satisfactory performance since
they had passed the existing volumetric criteria. This method
would have the lowest risk for SHAs to initiate the BMD imple-
mentation. Method 2 used the average value of the testing results
from all tested mixtures, which might lead to an immediate im-
provement by introducing BMD and yet might result in half of the
existing mixtures being rejected or redesigned. Method 3 consid-
ered the average value and the testing variability. The SHA can
decide on a suitable strategy to determine the criteria. For exam-
ple, in Virginia, since historically no severe rutting was reported,
Method 1 for APA was adopted. However, because the cracking
on pavements was a major concern, Method 2 was used to deter-
mine the IDEAL-CT index limit.

Lee et al. (2020) developed performance criteria for Indiana
mixtures using methods similar to the aforementioned Method 2.
The Indiana DOT intended to use the thresholds to exclude the
poorest quality mixtures. The density function and cumulative dis-
tribution function of the reported values of the performance indices
were plotted. The 10th and 20th percentile of the testing result of a
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Table 5. Recommended threshold values for S,,, based on GDOT mixture selection criteria assuming 5% truck traffic and 1.17 ESAL factor

Traffic level
Two-way ADT  (million ESALSs) Sapp Mix type Remarks
10,000-25,000 >4 and <10 >12 12.5-mm Superpave mix with For state routes and shoulders of interstate routes

PG 64-22 or PG 67-22 binder

25,000-50,000 >10 and <20 >15.5  12.5-mm Superpave mix with
polymer-modified binder

>50,000 >20 N/A 12.5-mm stone matrix asphalt

For high-ADT state routes, interstate routes when recommended by
GDOT, all flexible pavement interstate ramps, and all flexible pavement
roundabouts

For interstate routes and for state routes when recommended by GDOT

Source: Reprinted from Etheridge et al. (2019), © ASCE.

series of mixtures were hereby calculated. The final performance
threshold values considered the binder performance grade and the
nominal maximum aggregate size (NMAS). For example, the FI
value for a 9.5 mm mixture containing PG 64-22 binder was
2.6, which was the 10th percentile limit among all the tested mix-
tures with the same NMAS and binder PG.

Etheridge et al. (2019) conducted a study to determine the thresh-
old limits for the fatigue resistance index parameter, S,,,, obtained
from the cyclic fatigue test for the Georgia DOT. Local mixtures with
different binder grades, NMAS, and polymer modifiers were tested.
The testing results were consistent with the observed performance of
these mixtures, and the ranking of the mixtures with different design
parameters was in line with the engineers’ intuition. Good correla-
tions were also observed between the S,,, values and predicted
pavement fatigue cracking from FlexPAVE and the AASHTO Pave-
ment ME Design Software. Based on the performance of the existing
mixtures, the predicted pavement performance, and the SHA’s re-
quirements for mixtures at each traffic level, the threshold values
of S,,, for the Georgia DOT were determined, as presented in
Table 5. The values are different from the recommendations for na-
tionwide applications (Wang et al. 2020).

Correlation with Other Testing Methods

Another way to evaluate the effectiveness of the candidate perfor-
mance tests is to compare the testing results from different tests when
there is no sufficient field performance data. A high correlation be-
tween the testing results from two or more test methods can provide

Table 6. Correlations between cracking tests in recent studies

some confidence. One can determine the preliminary threshold index
values for a new test based on the limits of an existing test.

There are multiple cracking tests available for performance con-
struction specifications or mix design methods. Many research
studies have compared the test methods and attempted to develop
correlations among the testing results. Table 6 presents the corre-
lations between testing results from different cracking test results
reported in recent studies.

In some recent studies (Zhou et al. 2020, 2021), a correlation
with R? of 0.97 between the CTy,.x and the FI was presented.
The limits for the CTy,ge Obtained from the IDEAL-CT test were
determined based on the existing threshold values of FI. As a refer-
ence, CTygex = 90 was believed to be equivalent to FI = 8.

As good correlations between the results from the IDEAL-CT
test and the I-FIT test had been reported in many research studies,
Al-Qadi et al. (2021) studied the mechanisms behind the two tests
and presented a different opinion. The researchers pointed out that a
good correlation between the CTy, 4., and the FI only exists in some
conditions. With a notch induced in the SCB cracking test, the en-
ergy dissipates into the cracking propagation. In contrast, in the
IDEAL-CT test, the energy is distributed between plastic deforma-
tion and cracking propagation. When plasticity is not dominating at
low temperatures and/or high loading rates, a good correlation be-
tween the two tests can be observed. The study also used the digital
image correlation results to verify the mechanisms. The test results
in the study showed that under different testing conditions, the R?
between the CTy,q., and the FI varied between 0.56 and 0.04.

Tests R? Remark Research
I-FIT and IDEAL-CT 0.61 and 0.81 e QOhio coarse aspha]t concrete base mixture Garcia-Ruiz and Sargand (2021)
¢ Field cores from two projects
¢ Over 10 datapoints in each project
IDEAL-CT and CPR from overlay 0.96 ¢ Texas Superpave mixtures Al-Khayat and Epps Martin (2021)
¢ limited number of tests and a relatively high margin
of error
I-FIT and IDEAL-CT 0.74 e 12 field projects in Wisconsin Abdalla et al. (2021)
IDEAL-CT and S,,, from cyclic fatigue 0.86 * 6 mixtures with different binder grades and contents of Golalipour et al. (2021)

recycled materials
¢ ALF test lanes

I-FIT and IDEAL-CT 0.89 e 6 mixtures with different binder grades and contents of Golalipour et al. (2021)

recycled materials

e FHWA ALF test lanes

I-FIT and IDEAL-CT 0.87 ¢ 36 mixtures from Missouri Buttlar et al. (2020)
I-FIT and IDEAL-CT 0.97 e O data points from Texas mixtures Zhou et al. (2020)
IDEAL-CT and CPR from Overlay 0.90 * 18 data points from Texas mixtures Zhou et al. (2020)
I-FIT and IDEAL-CT 0.56 e 8 mixtures tested at low temperature and high Al-Qadi et al. (2021)

loading rate

I-FIT and IDEAL-CT 0.04 * 5 mixtures tested at intermediate temperature Al-Qadi et al. (2021)

Note: CPR = cracking progression rate.
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Table 7. Threshold values of CTyg., in existing research and current practices

SHA Criterion

Testing protocol Air void (%) Aging level

Missouri
(MoDOT 2021a, b)

Alabama
(ALDOT 2020)

CTjpgex between 32 and 60 for 100% pay, Superpave
CTindex between 80 and 159 for 100% pay, SMA

CTjpaex = 55 (ESAL < 1M, mix design)
CTingex = 50 (ESAL < 10M, production acceptance)

Short-term
(AASHTO R 30)

ASTM D8225-19 7+£05

Short-term
(AASHTO R 30)

ALDOT 459 7T+£1

CTingex = 83 (ESAL < 30M, mix design)
CTinaex = 75 (ESAL < 1M, production acceptance)
CTingex = 110 (ESAL < 10M, mix design)
CTipgex = 100 (ESAL < 30M, production acceptance)

Oklahoma
(Cross and Li 2019)

CTindex > 80

Tennessee
(Yin and West 2021)

CTinaex = 50 (state routes, <10,000 ADT)
CTipgex = 75 (state routes, >10,000 ADT)

Short-term
(AASHTO R 30)

ASTM D8225-19 7+£05

7+0.5 Short-term
(AASHTO R 30)

ASTM D8225-19

CTjpgex = 100 [interstates and state routes (controlled access), <10,000 ADT]

Texas Correlation between IDEAL-CT and overlay test

(TxDOT 2019)

Tex-250-F 7+0.5 Short-term

In terms of rutting test methods, new tests have also been intro-
duced to the family, for example, the IDEAL-RT test. In the study
conducted by Al-Khayat and Epps Martin (2021), the testing results
showed that the IDEAL-RT test and the HWTT could both effec-
tively evaluate the rutting resistance of asphalt mixtures. A corre-
lation with R? of 0.92 between the measured APA rut depth and the
shear strength from the IDEAL-RT test was reported by Zhou et al.
(2020, 2021). To develop a BMD framework in Nebraska
(Nsengiyumva et al. 2020), a new rutting test called the gyratory
stability test was proposed. A good correlation between the tested
G-stability from the gyratory stability test and the flow number was
presented. The performance limit was then determined based on the
relationship between the two test results and the known flow num-
ber limits. The threshold values of prevalent performance tests in
some current practices are presented in Table 7.

Testing Variability and Uncertainty

Variability exists in all performance tests, and the uncertainty de-
rived from the testing variability needs to be accounted for in the
performance specification/mix design. The testing variability of
different performance tests has been reported in many studies.
In the study conducted by Golalipour et al. (2021), mixtures from
FHWA ALF lanes were tested using six performance testing meth-
ods: the Cantabro mass loss test, the Ny, test, the overlay test, the
I-FIT test, the IDEAL-CT test, and the cyclic fatigue test. The co-
efficients of variation (COV) are presented in Table 8. The test re-
sult showed that the S, parameter from the cyclic fatigue test and
the critical fracture energy parameter from the overlay test had
the lowest COV. The FI parameter from the I-FIT showed the
highest COV among all the tests. Garcia-Ruiz and Sargand (2021)

Table 8. Coefficient of variation (COV) of performance tests

compared the testing variability of the I-FIT test and the IDEAL-CT
test. The CT Index from the IDEAL-CT test showed 30% less vari-
ability than the FI from the I-FIT test in the study.

To understand and estimate the testing variabilities in different
laboratories, before the full deployment of the BMD, the Virginia
DOT started round robin to evaluate the testing repeatability. Forty-
one laboratories from the agency, contractor, and independent test-
ing labs participated. Two different mix designs were used, and 46
sets of test specimens for each design were distributed. The Phase 1
study aimed to evaluate the IDEAL-CT test results from different
labs, followed by the Phase 2 study starting in 2021 (Diefenderfer
et al. 2020; VAA 2021).

Another way to estimate the testing uncertainty was demon-
strated by Ding et al. (2020). The researchers computed the un-
certainty in the cyclic fatigue testing results given the testing
variabilities in the precedent dynamic modulus measurements and
the fatigue test. The Bayesian inference-based Markov Chain
Mont-Carlo method was adopted. In the analysis, the uncertainties
from the previous step (i.e., dynamic modulus test) propagated into
the following step (i.e., the fatigue test, in this case), and the in-
teractions from different steps were accounted for in the final cal-
culation. The 95% credible interval and 95% prediction interval
were calculated when a different number of testing replicates were
used in the analysis. Four replicates of the cyclic fatigue test were
recommended considering the balance between the acceptable un-
certainty of fatigue prediction and the testing efficiency.

A completed performance specification/mix design method
should consider the testing variabilities and uncertainties. In the
PRS developed by Caltrans (Harvey et al. 2014), the specification
limits were determined based on the 95% confidence interval for

Cantabromass OT: crack OT: critical

loss Niex resistance index fracture energy FI CTydex Sapp
Mixture (%) (%) (%) (%) (%) (%) (%)
Lane 3 20 18 17 4 28 30 3
Lane 5 5 20 19 2 29 7 3
Lane 6 18 22 6 5 30 14 3
Lane 7 18 31 11 1 29 40 6
Lane 8 1 31 7 4 34 1 1
Average 12 24 12 3 30 18 3

Source: Data from Golalipour et al. (2021).
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Table 9. Sampling position and testing frequency in performance specifications

State Sampling position Testing frequency

Minnesota (Newcomb 2018) Plant Every 2,000 tons (wearing course)

Missouri (MoDOT 2021a) Plant Every 10,000 tons

Alabama (ALDOT 2020) Plant Once per day (agency) every 700 tons (contractor)

Virginia (Diefenderfer and Bowers 2019) Plant Every 1,000 tons (agency) every 500 tons (contractor)

California (Yin and West 2021) Plant Every 10,000 tons or once per project (HWTT)
three specimens per day (flow number and I-FIT)

linois (IDOT 2021) Behind paver Once per day or every 1,000 tons

Louisiana (LDOTD 2016) Plant Every 2,000 tons

Louisiana (Mohammad et al. 2016a) Field core 25 cores per lot

Vermont (VTrans 2019) Plant Every 3,000 tons

the given measured material properties. Similarly, Buttlar et al.
(2020) performed cracking tests (i.e., DCT test, I-FIT test, and
the IDEA-CT test) to develop a local BMD method. It was reported
that while the average DCT COV was 19.5% for field section eval-
uations, the I-FIT test had a much higher average COV (52.2%).
The recommended threshold values for the performance tests in-
cluded two times of standard deviation to accommodate the testing
variabilities.

Aging Conditioning and Sampling for Design and QA

Aging is one important factor for mix performance evaluation dur-
ing design and QA. The short-term and long-term aging condition-
ing should be performed to simulate the aging effects during
construction and service. However, the conditioning is time con-
suming. Short-term aging may take 2 to 4 h, while long-term aging
usually requires at least eight hours (Zhou et al. 2021). Based on the
binder chemistry and rheology study in the NCHRP 9-54 project,
depending on the climate conditions, one may need to oven con-
dition loose mixes for 24 to 696 h at 95 °C (Kim et al. 2018) to
simulate the long-term field aging. Moreover, during production,
the aging level of the mix samples may vary depending on the sam-
pling time, storage time in the silo, hauling time to the construction
site, and so forth. Thus, it is critical to developing methodologies to
incorporate aging factors to implement performance mix design
and construction specification.

Researchers have provided several potential strategies to con-
sider the aging effects. For example, Zhou et al. (2020, 2021) pro-
posed a short-term aging protocol with a loose mixture conditioned
at compaction temperature for 2 h for both cracking and rutting
tests during mix design and QA and a midterm aging procedure
(20 h at 100°C) following the short-term aging treatment before
the loose mixture were reheated and compacted to fabricate crack-
ing testing samples for performance verification during mixture
acceptance. To minimize the inconsistencies of aging levels in
mix samples, the Missouri DOT (MoDOT) requires the QC and
QA samples for IDEAL-CT cracking tests to be compacted in
the plant laboratory without reheating the loose mixes in their re-
cent specification (Balanced Mix Design Performance Testing for
Job Mix Approval NJSP-21-08A).

In addition, since the performance tests usually have a longer
turnaround time than the conventional volumetric tests, the sam-
pling method and the testing frequency should be well-planned.
Williams et al. (2004) conducted thorough research for the develop-
ment of a performance specification, and a study about sampling
methods was included. Different sampling methods, including sam-
pling in a haul truck, sampling in a haul truck from a platform, and
sampling on a roadway behind a paver, were compared, and the
sampling procedure for each method was documented. It was found
that the mixture test results correlated better with tank-sampled
binder than with the truck-recovered samples. The testing results
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also indicated that binder aging was still occurring during the trans-
port and laydown of the mixture.

Tremendous research effort has been spent to understand the
difference between asphalt samples prepared by different methods
(lab produced versus plant produced). Mohammad et al. (2016b)
found that the process-based factors (i.e., return of baghouse fine,
delay in specimen fabrication, aggregate absorption, aggregate
hardness, and stockpile moisture content) did not have significant
effects on the volumetric properties and mechanical properties.
However, the sample preparation methods [i.e., plant-mix field-
compact (PF), lab-mix lab-compact (LL), and plant-mix lab-
compact (PL)] had impact on the mechanical properties of the
mixtures. The PF samples were significantly softer than the LL
and PL samples at the same air void level, and PF samples consis-
tently yielded higher rut depth in the loaded-wheel test. The study
proposed conversion factors to convert the tested rut depth with one
sample preparation method to rut depth with other preparation
methods. The finding was confirmed by Liu et al. (2017). Liu et al.
(2017) also concluded that the variability in volumetric property
measurements was found generally lower than in the mechanical
property measurements. Daniel et al. (2018) found that the reheat-
ing process during the preparation of PL samples had a great impact
on the mixture properties. A similar trend was also reported by
Al-Khayat and Epps Martin (2021). In addition, several research
studies have indicated that the measured fatigue cracking resis-
tance of LL mixtures was consistently higher than that of plant-
mixed mixtures (Johanneck et al. 2015; Newcomb 2018; Lee et al.
2020). The sampling position and testing frequency in existing re-
search and current practices are presented in Table 9.

Summary and Recommendations

In this state-of-the-art review, the efforts in ensuring the durability
and performance of asphalt mixture in mix design and production
are documented. The development of the performance specification
and performance mix design is summarized. The challenges and
solutions in incorporating performance tests in asphalt productions
are discussed. The paper aims to provide hints to the asphalt com-
munity in developing holistic methodologies and integrating QA in
the performance mix design. The summary and future recommen-
dations are stated as follows.

Under the Framework of Volumetric Design

* Some states have proposed to increase the VMA by 1.5 to 2.0%
and remove the upper limit of VFA. Some agencies increased
the design air void or increased the Ny, aiming to gain more
compaction effort during field placement. Some others de-
creased the design air void or decreased the N to create more
space for the binder.
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* SHAs should be careful when adjusting the volumetric require-
ments. The interactions between volumetric variables should be
thoroughly considered. Increasing the VMA can theoretically
generate more room for binder; however, the adjustment may
lead to changes in gradation and mixture compactibility.

e It is difficult to use the volumetric-based design method only to
accommodate the usage of recycled materials and support con-
tractors to apply new technologies in asphalt mixtures.

Development of Performance Specification and
Performance Mix Design

e The definition and history of different types of construction
specifications are summarized in this article. The relationships
among all types of construction specifications are illustrated
in Fig. 1.

* The paper categorizes performance specification into index-
based performance specification and predictive performance
specification that include PRS and PBS.

e Predictive performance specifications utilize fundamental
material engineering properties to predict pavement perfor-
mance and use the difference between the as-design and as-
built pavements to determine the pay adjustments. While no
true PBS exists in practice due to difficulties in measuring the
fundamental material properties, PRS is one solution to the
concern, which uses AQCs to estimate fundamental material
properties and predict pavement performance. Challenges to
deploying PRSs include effectively quantifying and encom-
passing the risk and reliability, providing training and instruc-
tions for SHAs and contractors, developing local material
database and local model calibration coefficients, and simpli-
fying the performance tests.

* [PSs are QA specifications with simple performance tests incor-
porated. Compared to predictive performance specifications,
IPSs are more intuitive and can adopt performance tests that
can be completed in a timely manner. However, selecting suit-
able testing methods and determining appropriate index thresh-
old limits are major challenges in IPSs. Besides, IPSs have
limited capability to consider project-specific information such
as traffic, structure, and climate conditions.

* Four approaches in balanced mix design/IPMD and one predic-
tive performance mix design method are demonstrated. The five
approaches are compared based on six evaluation criteria pro-
posed in this paper.

Challenges and Solutions in Developing and Deploying
Performance Specification/Mix Design

» Selecting the testing method is one important step to develop a
BMD. SHAs should consider key factors such as users’ expe-
rience, availability of existing data, availability of testing equip-
ment, cost of the test, turnaround time, and the effectiveness of
the test when selecting a performance test.

* One major challenge to developing an index-based performance
specification is to determine the appropriate index threshold
limit. This article provided two approaches: using the perfor-
mance of existing mixtures and using the existing performance
index threshold from other testing methods.

*  When there is no sufficient field performance data, preliminary
threshold values can be determined using testing results from
existing mixtures. Three approaches to selecting the limits
are listed in the paper.

* Many researchers have reported good correlations between dif-
ferent performance tests. The testing results from the I-FIT test
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and the IDEAL-CT test were found to have high correlations in
several studies. However, some researchers (Al-Qadi et al.
2021) pointed out that a good correlation could only exist under
limited conditions. The relationships between two tests can be
used to determine the threshold values for a new test method.

» Different performance tests have different levels of COV. The
testing variability should be accounted for in the determination
of the threshold limits.

» Researchers have found the lab-mix lab-compacted samples
generally performed better than the plant-mix samples. Reheat-
ing the plant-mix loose mixes during sample preparation can
have a great impact on the testing results. Sampling position
and testing frequency in current practices are presented in this

paper.

Future Research Directions

* Predictive performance specification/mix design is more com-
plicated but may have long-term benefits compared to index-
based methods. Researchers may continue to simplify the testing
methods and the model calibration process to further practicalize
the framework.

* The risk and reliabilities in using the index-based performance/
mix design should be quantitatively evaluated. The pay adjust-
ments determined based on the index values should be further
justified with systematic research studies.

* Comprehensive material testing database and pavement perfor-
mance database should be established. The performance of
the mixtures with performance testing results should continue
to be monitored. The long-term benefits of using performance
specification/mix design can be evaluated.

e To further simplify the performance specification/mix design,
one way is to accurately predict the performance testing results
from simple measurable variables. New technologies like the
machine learning algorithm can contribute to this direction.
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