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Executive Summary

This study was conducted to support the Tennessee Department of Transportation’s (TDOT)
implementation of Balanced Mix Design (BMD) for TDOT 411-D dense-graded surface mixtures.
The project developed a Tennessee-specific benchmarking database, evaluated practical short-
and long-term aging procedures, compared 6-inch Superpave gyratory-compacted specimens
with 4-inch Marshall-compacted specimens from both laboratory- and plant-produced
mixtures, and proposed preliminary performance thresholds to support future BMD
implementation. These efforts were intended to help TDOT transition from primarily volumetric
specifications toward performance-informed asphalt mixture design and acceptance.

A total of twenty-four currently approved TDOT 411-D dense-graded surface mixtures were
collected from all four regions across Tennessee. Both plant-mixed, laboratory-compacted
(PMLC) and laboratory-mixed, laboratory-compacted (LMLC) specimens were collected and
prepared using the Superpave gyratory compactor (SGC) and Marshall hammer. The adopted
performance tests included the Indirect Tensile Asphalt Cracking Test (IDEAL-CT), Tennessee
Cracking Test (TN-CT), IDEAL Rutting Test (IDEAL-RT), high-temperature indirect tensile strength
(HT-IDT), and Hamburg Wheel Tracking Test (HWTT).

The study focused on three major objectives. First, five long-term aging (LTA) protocols were
evaluated to identify a practical aging condition for cracking resistance evaluation. Second,
performance results from 6-inch SGC specimens and 4-inch Marshall specimens were
compared and correlated to evaluate the suitability of Marshall specimens and associated
Marshall-based performance tests for BMD practice. Third, preliminary performance thresholds
were developed based on the benchmarking database to support future TDOT BMD
implementation. Together, the long-term aging evaluation, generalized aging method,
benchmarking performance database, specimen-type comparison, test correlation analysis, and
preliminary threshold recommendations provide a technical basis for TDOT's stepwise
implementation of BMD for dense-graded surface mixtures.

Key Findings

e For the plant-mixed mixtures evaluated, the reheated PMLC specimens showed the
highest CT index values, while long-term aged specimens showed substantial reductions
in CT index. The aging severity generally followed the order: reheated condition < 85°C
for 5 days compacted aging < 115°C for 20 hours loose aging < 95°C for 3 days loose
aging < 135°C for 8 hours loose aging < 85°C for 5 days loose aging.

e Loose-mixture aging at 115°C for 20 hours was identified as the most practical LTA
protocol for the current stage of TDOT BMD implementation. This protocol produced CT
index results comparable to the 95°C for 3 days loose-aging protocol, which is
considered a robust long-term aging condition, while requiring a shorter conditioning
time and avoiding potential high-temperature concerns associated with 135°C aging.
The 20-hour duration also provides a more laboratory-feasible conditioning schedule
than multi-day aging protocols.

e Ageneralized aging method framework was developed to support the interpretation
and comparison of cracking resistance under different long-term aging conditions. By




converting oven aging time to equivalent aging time, the framework integrates the
effects of aging temperature and duration into a unified aging severity parameter and
provides a potential bridge between laboratory aging protocols and field aging
conditions once field-aged mixture data become available.

The 4-inch Marshall-based TN-CT index showed a reasonably strong correlation to the 6-
inch SGC-based IDEAL-CT index, with R* = 0.86 when PMLC and LMLC data were
combined. Rutting-related relationships among IDEAL-RT, HT-IDT, and HWTT were
weaker than the cracking-test relationship because these tests involve different loading
modes, specimen configurations, and stress states. Therefore, HT-IDT may be
considered as a Marshall-compatible rutting test but is not recommended to replace
HWTT at this stage. Performance space diagrams showed similar overall distribution
trends between 4-inch Marshall-based and 6-inch SGC-based tests, supporting the
feasibility of Marshall-based performance testing for TDOT BMD implementation. The
CT index and TN-CT index characterize post-peak cracking tolerance, whereas peak
strength provides additional information on pre-peak tensile resistance. Interpreting
these parameters together provides a more complete characterization of the cracking-
test load-displacement response.

The benchmarking results showed that PMLC and LMLC specimens had different
performance distributions. For cracking-related tests, LMLC specimens subjected to 4
hours short-term aging generally showed lower CT index and TN-CT index values than
reheated PMLC specimens. For rutting-related tests, LMLC specimens generally showed
higher RT index and HT-IDT strength values than reheated PMLC specimens. These
differences indicate that separate thresholds should be developed for LMLC specimens
used in mix design and PMLC specimens used in QA/QC or production verification,
respectively.

Key Recommendations

Loose-mixture aging at 115°C for 20 hours is recommended as the primary LTA protocol
for continued BMD research and preliminary implementation. This protocol provides a
practical balance between aging severity and laboratory feasibility because it produces
cracking results comparable to the 95°C for 3 days protocol while allowing a shorter,
more practical conditioning schedule. Field validation would still be needed before
formal specification adoption.

Performance thresholds for PMLC and LMLC specimens should be developed separately
because the two specimen preparation conditions produced different cracking and
rutting performance distributions. LMLC thresholds are more appropriate for mix
design evaluation, while PMLC thresholds are more appropriate for QA/QC or
production verification.

Performance thresholds for 6-inch SGC-based and 4-inch Marshall-based tests should
also be developed separately because specimen size, compaction method, loading
configuration, and test mechanics affect the measured performance indices. TN-CT can
be used as a practical Marshall-compatible cracking test to support TDOT's transition
toward BMD. HT-IDT can be used as a rutting test for Marshall specimens. Neither HT-
IDT nor IDEAL-RT are considered as ideal replacements for HWTT. The peak strength of




cracking tests is recommended as a supplementary parameter to be interpreted
together with the applicable CT index or TN-CT index.

The 25th percentile and average minus one standard deviation are recommended as
initial statistical approaches for preliminary BMD threshold development. These
methods can identify lower-performing mixtures among currently approved TDOT
mixtures without imposing overly restrictive requirements during the initial
implementation stage. Preliminary recommended thresholds are summarized as
follows: for reheated PMLC specimens, CT index = 75, RT index = 70, TN-CT index = 45,
and HT-IDT strength = 210 kPa; for PMLC specimens after LTA at 115°C for 20 hours
(LTA115), CT index = 25 and TN-CT index = 15; for LMLC specimens under STA
conditions, CT index = 50 (STA for 4h at 135°C), RT index = 85 (STA for 2h at 135°C), TN-
CT index = 30 (STA for 4h at 135°C), and HT-IDT strength = 230 kPa (STA for 2h at 135°C);
and for LMLC specimens after LTA115, CT index = 15 and TN-CT index = 10. These values
should be considered preliminary and refined using field performance data before
formal specification adoption.

Overall, this study provides TDOT with a local performance benchmarking database, a
practical LTA recommendation, preliminary relationships between SGC-based and
Marshall-based performance tests, and initial distribution-based threshold values. These
outcomes can support TDOT's stepwise BMD implementation by identifying achievable
performance ranges for currently approved 411-D mixtures, providing Marshall-
compatible testing options, and establishing preliminary criteria that can be refined
through future field performance validation.
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Chapter1 Introduction

1.1 Problem Description

Like many state agencies, the Tennessee Department of Transportation (TDOT) seeks to
enhance asphalt mixture durability to support a more sustainable, longer-lasting, and cost-
effective roadway network. BMD addresses this need by incorporating performance criteria
into asphalt mixture design and acceptance. TDOT's transition from primarily prescriptive
volumetric specifications to performance-informed specifications requires reliable local data
that reflect Tennessee materials, mixture designs, and production practices.

Thousands of asphalt mixtures are approved under existing specifications. TDOT, producers,
and contractors therefore need to understand how currently approved TDOT 411-D mixtures
perform relative to potential BMD criteria. Benchmarking current mixtures provides a practical
basis for defining achievable performance ranges and identifying how much improvement may
be required for future specification implementation.

TDOT has historically used Marshall hammer compaction for asphalt mix design, whereas many
nationally developed BMD performance tests were developed around 6-inch SGC specimens.
This creates an implementation need to evaluate whether 4-inch Marshall-based tests can
provide performance information that is compatible with SGC-based BMD testing.

In addition, no national consensus has been established for the short-term and long-term aging
procedures that should accompany BMD performance testing. A practical aging protocol is
needed so that cracking resistance can be evaluated in a manner that is meaningful,
repeatable, and feasible for implementation.

1.2 Objectives of the Research
The objectives of this research are to:

e Benchmark currently produced D mixes in Tennessee against the IDEAL-CT, TN-CT,
Hamburg Wheel Tracking Test (HWTT), and Hot Indirect Tensile Strength.

e Develop a practical method for asphalt mixture short and long-term aging.

e Correlate the performance results of the samples compacted with Marshall Compactor
and Superpave Gyratory Compactor (SGC).

e Recommend specification limits for different performance tests.

1.3 Scope of Work

The scope of the research work includes the following;:

e Selecting materials and developing the testing plan.

e Collecting asphalt plant mixtures and component materials.

e Conducting performance tests of plant-produced and laboratory-produced mixtures.

e Comparing different asphalt mixture aging methods.

e Correlating performance results obtained from 4” Marshall compacted specimens and
6" SGC specimens.

e Making recommendations to TDOT specifications regarding Balanced Mix Design.




The scope of this study was limited to TDOT 411-D dense-graded surface mixtures, laboratory-
compacted specimens prepared from plant-produced or laboratory-produced mixtures, and
the performance tests included in the approved test plan. The preliminary thresholds
recommended in this report were based on the benchmarking database and should be refined
using field performance data before formal specification adoption.

The remainder of this report is organized as follows. Chapter 2 reviews BMD benchmarking,
performance testing, and aging methods. Chapter 3 describes the materials, specimen
preparation, aging procedures, performance tests, and data analysis methods. Chapter 4
presents the aging evaluation, benchmarking results, correlation analysis, and threshold
recommendations. Chapter 5 summarizes the conclusions and implementation
recommendations.




Chapter 2 Literature Review

2.1 Introduction

Traditional volumetric mixture design methods, including Hveem, Marshall, and Superpave,
primarily control mixture proportions through volumetric properties such as air voids, voids in
the mineral aggregate, voids filled with asphalt, and effective binder content. These volumetric
parameters remain important for constructability and quality control; however, they do not
directly quantify how mixtures resist cracking, rutting, moisture damage, or the effects of
recycled and modified materials [1]. Consequently, mixtures that satisfy volumetric
requirements may still exhibit premature distress under field traffic and environmental

conditions.

BMD was developed to address this limitation by incorporating mechanical performance tests
on appropriately conditioned specimens. Current BMD practice considers multiple distress
modes, mixture aging, traffic, climate, and pavement-layer location[2], [3]. There are four BMD
approaches described in Standard Practice for Balanced Design of Asphalt Mixtures (AASHTO
R132-25)[4]. Approach A uses performance testing only to verify a conventional volumetric
design at the selected optimum binder content. Approach B expands this process by testing
multiple binder contents and selecting the binder content that best satisfies performance
criteria. Approach C allows performance test results to modify the conventional volumetric
design, including changes in binder content or mixture proportions. Approach D relies primarily
on performance testing for mixture design, with limited or no mandatory volumetric
requirements. Figure 2-1 illustrates the flow chart of the four BMD approaches.
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Figure 2-1 Graphical lllustration of BMD approaches [1] : (a) Approach A, (b) Approach B, (c) Approach C,
and (d) Approach D.

Table 2-1 provides status of BMD implementation in United States [5]. Although six states have
adopted Approach A, four have implemented Approach B, and two are utilizing Approach C,
many states (24) have currently remained in the pre-implementation phase, indicating the need
for local benchmarking before performance criteria are adopted.

Table 2-1 BMD implementation information from NAPA website [5].

BMD Approach State

Approach A Texas, Louisiana, Wisconsin, lllinois, New York, Vermont

Approach B Virginia, Oklahoma, Missouri, Kentucky

Approach A&B New Jersey

Approach C Alabama, California

Approach D NA
Arkansas, Mississippi, Tennessee, North Carolina, South Carolina,

Pre- Georgia, Washington, Oregon, Idaho, Montana, North Dakota, South

implementation Dakota, Utah, Colorado, New Mexico, lowa, Ohio, Kansas, Pennsylvania,
Maine, Massachusetts, Maryland

2.2 Benchmarking Study for BMD

Establishing performance-test criteria is one of the most important steps in BMD
implementation. Criteria that are too strict can increase contractor risk and production cost,
while criteria that are too lenient may allow mixtures with inadequate long-term performance.




Therefore, many state highway agencies use benchmarking as an intermediate step before
implementing formal BMD specifications.

Benchmarking is the performance testing of a representative set of currently approved asphalt
mixtures used within a state to understand the variability and distribution of test results under
local materials, production practices, and environmental conditions [6]. The primary objective
of a benchmarking experiment is to evaluate existing mix designs using selected performance
tests so that the agency can establish realistic preliminary criteria for future specification
implementation. Benchmarking datasets commonly include laboratory-mixed, laboratory-
compacted (LMLC) specimens for mix design and plant-mixed, laboratory-compacted (PMLC)
specimens for production verification. Comparing LMLC and PMLC results helps agencies
understand how laboratory design performance translates to plant-produced mixture
performance.

Previous benchmarking efforts have used different performance tests and statistical
approaches depending on agency needs. Virginia [7], [8], Alabama [1], Georgia [9], Louisiana
[10], [11], Oregon [12], [13], Nebraska [14], [15], Wisconsin [16], and other agencies have
evaluated existing mixtures to select appropriate cracking and rutting tests, quantify variability,
and establish preliminary thresholds. Common threshold approaches include minimum or
maximum values, averages, average plus or minus one standard deviation, and percentile-
based values. Performance thresholds are often region-specific and may vary with mixture
type, traffic level, and material characteristics. Benchmarking datasets are also frequently used
to establish relationships among different performance tests, enabling the development of
surrogate tests for quality control and acceptance. For example, Zhou et al. established the
relevance between the IDEAL-CT and Overlay Test (OT). The results show the CT index
correlates well with the OT cracking parameters. Based on the OT results, the CT index criteria
were established [17].

For TDOT, benchmarking is especially important because current practice relies on Marshall-
compacted specimens, whereas many nationally used BMD performance tests were developed
for 6-inch SGC specimens. A TDOT-specific benchmarking database is therefore needed to
define achievable performance levels for 411-D mixtures and to relate Marshall-based tests to
SGC-based tests.

2.3 Performance Tests for BMD

BMD relies on performance tests to evaluate asphalt mixture resistance to major distress
mechanisms, particularly cracking, rutting, and moisture damage. Test selection directly affects
the reliability, cost, turnaround time, and practicality of BMD implementation in both mix
design and quality assurance/quality control (QA/QC).

A wide range of laboratory performance tests have been used for BMD. Common cracking tests
include Disk-shaped Compact Tension (DCT), Semi-Circular Bend (SCB), Illinois Flexibility Index
Test (I-FIT), Overlay Test (OT), and Indirect Tensile Asphalt Cracking Test (IDEAL-CT). For rutting
resistance, the Hamburg Wheel Tracking Test (HWTT), Asphalt Pavement Analyzer (APA), Flow
Number (FN), and the Rapid Shear Rutting Test (IDEAL-RT) are widely used. Moisture
susceptibility is commonly evaluated using Tensile Strength Ratio (TSR) and HWTT-based
stripping indicators.




As summarized in A key gap for TDOT is that most standardized performance tests were
developed for 6-inch SGC specimens. Limited research has validated equivalent or correlated
procedures for 4-inch Marshall-compacted specimens, even though Marshall compaction
remains important for TDOT mix design practice

Table 2-2, these tests differ substantially in equipment cost, testing time, complexity, and
suitability for routine implementation. Advanced mechanistic tests such as Beam Fatigue and
cyclic fatigue tests require 3-5 days of conditioning and testing time and involve high-cost
equipment (>$85,000-%$100,000). In contrast, simplified tests such as IDEAL-CT, IDEAL-RT, and
HT-IDT can typically be completed within one day using relatively low-cost equipment
(<$10,000), making them more suitable for routine laboratory use and QA/QC applications.

From a practical implementation perspective, test selection must balance accuracy and
feasibility. While mechanistic tests provide detailed material characterization, their long testing
duration and high cost limit their applicability in production environments. On the other hand,
simpler monotonic tests, such as IDEAL-CT and IDEAL-RT, have gained increasing attention due
to their rapid turnaround, ease of operation, and acceptable repeatability, which align better
with construction schedules and QA/QC requirements.

A key gap for TDOT is that most standardized performance tests were developed for 6-inch SGC
specimens. Limited research has validated equivalent or correlated procedures for 4-inch
Marshall-compacted specimens, even though Marshall compaction remains important for
TDOT mix design practice

Table 2-2 Commonly used performance tests for BMD implementation[5], [17], [18], [19]

Tests A't.) p ro;l(/mated total' Evaluation metrics Equipment
conditioning and test time cost
Cracking tests
Disk-shaped Compact Tension (DCT)
ASTM D7313 4-5 days Fracture energy $50,000
. days to weeks .
Beam fatigue test ) ) Number of cycles (fatigue
AASHTO T321 depending on strain life) >$100,000
level
Cyclic fatigue test .
AASHTO TP 107 4-5 days Fatigue damage parameters $85,000
Indirect Tensile Asphalt Cracking Test .
(IDEAL-CT) 1day Cracitoleran o index (T <$10,000
ASTM D8225
IDT-University of Florida .
AASHTO T322 4-5 days Energy ratio >$100,000
Illinois flexibility index test (I-FIT) 2-3 days (including G
AASHTO TP124 sample drying) Flexibility index <$10,000
Overlay test (OT) . .
Tex-248-F 3-4 days Crack resistance index $50,000
Semi-Circular Bend (SCB)
AASHTO TP105 3-4 days Fracture energy $100,000
SCB-Jc 7-8 days (including 5 Jc-critical strain energy $10.000
ASTM D8044 days aging @ 85°C) release rate '
Rutting Tests




Rutting depth (mm) after a
Asphalt avement Analyzer (APA) 2 days set number of wheel passes >$100,000
AASHTO T340 )
(typically 8,000 cycles).
Hamburg Wheel Tracking Test (HWTT) Rut depth gfter 20'(.)00. cycles
2 days or at failure, Stripping $50,000
AASHTO T324 . ) ;
inflection point (SIP)
Rapid Shear Rutting Test (IDEAL-RT)
ASTM D8360 1 day RT Index <$10,000
High Temperature Indirect Tensile .
Strength Test (HT-IDT) 1 day IDT strength at high <$10,000
. temperature
Agency-specific
Flow Number Test (FN) Flow number (FN), Creep
AASHTO T378 4 days slope $85,000
Hveem Stability Test .
AASHTO T246 - Hveem stability value -
o Permanent deformation
Repeated Load Triaxial Test (RLT) i (strain) vs. Cycles, Elastic i
AASHTO T307-99 - LYCes,
modulus
Marshall Stability Test .
AASHTO T245 / ASTM D6927 1 day Marshall stability, Flow value <$10,000
Moisture Damage Tests
Tensile Strength Ratio (TSR) ) )
AASHTO T283 3-4 days Tensile Strength Ratio (TSR) <$10,000
Hamburg Wheel Tracking Test (HWTT) Rutting depth, Stripping
AASHTO T324 2 days inflection point $50,000
Cantabro Test Mass loss (%) after 300
ASTM D7064 or AASHTO TP 108 (for - revolutions (or other $10,000
OGF(C) specified cycles)
Modified Lottman Test . .
AASHTO T283 (Modified) 3-4 days Tensile Strength Ratio <$10,000

2.4 Asphalt Mixture Aging Methods for BMD

Aging strongly affects asphalt mixture performance because oxidation increases binder
stiffness, reduces ductility, and increases cracking susceptibility. Asphalt mixtures experience
short-term aging (STA) during production, transportation, placement, and compaction [20],
followed by long-term aging (LTA) during service life [21]. For BMD applications, STA is generally
sufficient for rutting-related tests, while cracking evaluation often requires consideration of
both STA and LTA.

The subject of long-term aging protocol has been widely investigated. Several protocols have
been developed but no single method has been universally accepted. AASHTO R30 specifies
aging compacted asphalt specimens for 5 days at 85 °C [22],but compacted aging may create
radial and vertical oxidation gradients within the specimen[23].Loose-mixture aging protocols
were therefore developed to improve aging uniformity, including 85°C for 5 days, 95°C for
variable durations, 115°C for 20 hours, and 135°C for shorter durations [23], [24], [25], [26],
[27], [28].

Table 2-3 summarized commonly used laboratory aging protocols. The diversity of aging
protocols limits direct comparison among agencies and studies. For TDOT BMD
implementation, the aging procedure must be severe enough to represent long-term cracking
susceptibility but practical enough for laboratory workflow. Accordingly, this study evaluated




multiple LTA protocols to compare aging severity, testing practicality, and suitability for future
TDOT specifications.

Table 2-3 Summary of laboratory aging protocols

Aging type Duration Temperature Mixture status Reference
2 hours 135°C for HMA Loose AASHTO R30 - 22[22];Newcomb
116°C for WMA et al.[20];Epps-Martin et al.[29]
Short-term 4 hours 135°C Loose AASHTO R30 - 02[30]
asing 2 hours Compaction Temperature Loose Verginia DOT[31]
4 hours Compaction temperature Loose Verginia DOT[32]
120 hours 85°C Compacted REATOR 12[13_32]4 lesithod 2
120 hours 85°C Loose AASHTO R 12[13—32]4 (Method B)
Long-.term Baseq on Climate 95°C Loose AASHTO R 121-24(33] (Method
aging Aging Index C) [33]
20 hours 100-125°C Loose AASHTOR 12[13';4 (Method D)
o AASHTO R 121-24
6 or 8 hours 135°C Loose (Method E) [33]
2.5 Research gaps

Although significant progress has been made in BMD research, several gaps remain for TDOT
implementation:

e ATDOT-specific benchmarking database is needed for currently approved 411-D mixtures
to define achievable performance levels and variability under local materials, mix designs,
and production practices.

e A wide range of short-term and long-term aging protocols has been proposed; however, no
consistent and practical method has been established for BMD implementation. In
particular, long-term aging procedures are often time-consuming and difficult to integrate
into laboratory workflows and QA/QC processes, creating a gap between laboratory
evaluation and field application.

e Most BMD performance tests are developed based on 6-inch SGC specimens, while limited
research has been conducted on 4-inch Marshall-compacted specimens. The lack of well-
defined relationships between these two specimen types restricts the applicability of BMD
in agencies that continue to rely on Marshall mix design methods.




Chapter 3 Methodology

3.1 Materials

A total of twenty-four (24) TDOT 411-D dense-graded surface mixtures were collected from
different regions across Tennessee and labeled from Mix A to Mix X according to the order in
which the materials were received. The collected mixtures covered a broad range of binder
grades, coarse aggregate types, NMAS, optimum asphalt contents, RAP contents, volumetric
properties, and Marshall design properties. The JMF information, including Gmm, VMA, VFA,
effective aggregate specific gravity, Marshall stability, and flow, is summarized in Table A-1.
These materials were used to establish a representative performance database for currently
approved TDOT 411-D mixtures and to support the development of preliminary BMD
performance thresholds.

3.2 Aging conditions

The aging conditions used in this study included reheated PMLC mixtures, two short-term aging
protocols for LMLC mixtures, and five different long-term aging protocols for evaluating the
aging sensitivity of asphalt mixtures.

3.2.1 Reheated Conditioning for PMLC specimens

For PMLC specimens, plant-produced loose mixtures were reheated to the laboratory
compaction temperature specified in the JMF. No additional short-term aging was applied to
PMLC mixtures before compaction, except for the reheating required to make the plant mixture
workable for quartering, weighing, and compaction.

3.2.2 Short-term aging for LMLC specimens

For laboratory-produced mixtures, short-term aging was selected based on the testing purpose:
2 hours at 135°C for rutting-related tests and 4 hours at 135°C for cracking-related tests.
Additional no-STA and 2-hour STA cracking conditions were investigated for selected mixtures
to compare LMLC performance with reheated PMLC specimens.

3.2.3 Long-term aging conditioning

To evaluate the cracking resistance of asphalt mixtures under different LTA conditions, five
aging protocols specified in AASHTO R121-24 were examined, including 85°C for 5 days
compacted aging, 85°C for 5 days loose aging, 95°C for 3 days loose aging, 115°C for 20 hours
loose aging, and 135°C for 8 hours loose aging. Table 3-1 summarized all the different LTA
protocols used in this study.

Table 3-1 Summary of Long-term aging protocols [33]

. Temp . . . .
Method ing Type Duration Simulated etd|Aging Simulated
Aging Typ 0 2] Aeid|Aging
2 Compacted 85 5 days 23,000 1-2 yrs (warm reglon)
Specimens 2-3yrs (cold region)

7-10 yrs (warm
B Loose Mixture 85 5 days 134,000 region),
12-14 yrs (cold region)



Hong Park
What is CDD, and how did you obtain these numbers?

Zhang, Jingyu
CDD refers to Cumulative degree-days, which is a field metric that allowed the analysis to account for both in-service temperature (i.e., climate) and time.  CDD is the sum of the daily high temperature above freezing(32℉) for all the days being considered from the time of construction to the time of core sampling. The CDD values reported in Table 3-2 were obtained from AASHTO R 121-24.  /

Hong Park
Can you please explain how "field aging simulated" periods were obtained? 

Zhang, Jingyu
Field Aging Simulated were obtained from AASHTO R 121-24. These protocols established relationships between laboratory aging conditions and field aging through field validation. Source:https://doi.org/10.17226/25608  /


Based on (Al ~8

C Loose Mixture 95 3 days yrs @ 3 1 8 yrs @ 30 mm depth
depth

Simulates ~12 yrs

D Loose Mixture 115 20 hours at 50 mm depth

12 yrs @ 50 mm depth

E Loose Mixture 135 8 hours 70,000 4.6 yrs (Tennessee)

Note: CDD = cumulative degree-days; CAl = Climate Aging Index. The CDD values and estimated
field aging periods were obtained from AASHTO R121-24 and the original studies referenced
therein.

3.3 Specimen Preparation

Two specimen compaction methods were used in this study: Superpave Gyratory Compactor
(SGC) compaction and Marshall hammer compaction. The SGC specimens were used for the 6-
inch performance tests, including IDEAL-CT, IDEAL-RT, and HWTT. The Marshall specimens were
used for the 4-inch performance tests, including TN-CT and HT-IDT. Both plant-mixed
laboratory-compacted (PMLC) and laboratory-mixed laboratory-compacted (LMLC) specimens
were prepared to evaluate the difference between plant-produced mixtures and laboratory-
produced mixtures.

3.3.1 Preparation of PMLC Specimens

For PMLC specimens, the plant-produced mixtures were reheated to ensure that mixtures were
sufficiently soft to be separated manually. After the mixtures became workable, the loosened
mixtures were then quartered and weighed into individual containers for each specimen, as
shown in Figure 3-1. The weighed mixtures were reheated to the laboratory compaction
temperature specified in the corresponding JMF. Once the mixtures reached a stable target
compaction temperature, they were compacted using either the SGC or Marshall hammer,
depending on the specimen type. Trial specimens were prepared for each mixture to
determine the required mass needed to achieve the target air void content. After the target
mass was established, batch specimen production was conducted.

For 6-inch SGC specimens, the mixtures were compacted using the Superpave Gyratory
Compactor in height-control mode to the height of 62 + 1 mm. The target air void content was 7
1 0.5%. The bulk specific gravity of each compacted specimen was measured according to ASTM
D2726, and the air void content was then calculated.

4-inch Marshall specimens were quartered, weighed, and compacted using a Marshall hammer.
The specimen air voids were controlled by adjusting the number of Marshall blows and the
mass placed in the Marshall mold. Trial specimens were prepared for each mixture to
determine the specific mass and compaction effort required to produce specimens with a
height of 63.5 + 2.5 mm and an air void content of 7 + 0.5%.
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Hong Park
what is CAI?

Zhang, Jingyu
CAI refers to climatic aging index, which was developed in NCHRP Project 09-54. The CAI maps were used to determine the laboratory aging duration required to simulate a target level of field aging for different geographic locations and pavement depths.  Source:  https://doi.org/10.17226/26133  /


Figure 3-1 breaking down and quartering the reheated plant-produced mixtures

3.3.2 Preparation of LMLC Specimens

For LMLC specimens, the component materials were prepared according to the approved JMF.
Aggregates were oven-dried at approximately 110°C to remove moisture. The required mass of
each aggregate stockpile was determined based on the JMF proportions. Each batch of
laboratory-produced mixture was designed to produce either three SGC specimens or six
Marshall specimens. Aggregates and asphalt binder were preheated to the target mixing
temperature specified in the JMF. Approximately 30 minutes before mixing, RAP was added to
the preheated aggregates to allow the recycled material to reach the target mixing
temperature. Once temperature was reached, the aggregates, RAP, and asphalt binder were
mixed using an asphalt bucket mixer. After thoroughly mixing, the loose mixture was
transferred to a pan and spread to a uniform thickness of approximately 0 50 mm for STA,
as shown in Figure 3-2. During STA, the mixture was stirred every 60 min to promote
uniform conditioning.

After aging in short-term, the laboratory-produced mixtures were quartered and weighed into
individual containers for each specimen. Then mixtures were reheated to the compaction
temperature and compacted by SGC to 62 + 1 mm with 7 £ 0.5% air voids and Marshall
specimens were compacted to 63.5 + 2.5 mm in height with 7 + 0.5% air voids.

(a) mixing the aggregates and asphalt binder (b) lab-produced mixture for short-term aging

Figure 3-2 Lab mixture preparation

3.3.3 Preparation of LTA Specimens

LTA specimens were prepared to evaluate the influence of laboratory aging conditions on
asphalt mixture cracking resistance and to support the selection of a practical aging protocol. In
the earlier phase of the study, five LTA protocols listed in Table 3-1 were applied to Mix A to L.
These LTA protocols were applied to both PMLC and LMLC 6-in SGC specimens.
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Hong Park
Could you please elaborate why you spread 20 to 50mm thickness? Is it based on NMAS? 

Zhang, Jingyu
The 25–50 mm thickness was adopted directly from the AASHTO R30 short-term aging (STA) protocol, which specifies that loose mixtures should be spread in a pan at an even thickness ranging between 25 and 50 mm prior to conditioning. /


3.3.3.1 Compacted Specimen Aging

For the plant-produced mixtures, the PMLC specimens were prepared as described above for
the reheated condition. For LMLC mixtures, the laboratory-produced loose mixtures were first
subjected to 4 hours of STA at 135°C and then mixtures were compacted using the SGC to a
target height of 62 £ 1 mm and an air void content of 7 + 0.5%. Only specimens meeting the
target air void range of 7 + 0.5% were selected for compacted LTA. The selected specimens
were placed on steel plates to ensure that they did not touch each other and were then placed
in a forced-draft oven at 85°C for 5 days (120 hours). During the aging period, the oven door
was kept closed to maintain a stable aging environment. After 5 days of aging, the oven was
turned off, the door was opened, and the specimens were allowed to cool to room temperature
before being removed and prepared for performance testing.

3.3.3.2 Loose Mixture Aging

For PMLC specimens, the plant-produced mixtures were reheated until workable and broken
apart. The loose mixture was spread in pans following the requirements of the corresponding
aging protocol in AASHTO R121-24. Methods B and D specified a layer thickness of
approximately 0 50 mm, whereas Methods C and E required the loose mixture layer
thickness to N +2mm. For LMLC specimens, the laboratory-produced loose mixtures were
first subjected to 4 hours of short-term aging at 135°C. After STA was completed, the loose
mixtures were allowed to cool to room temperature then were placed in a forced-draft oven at
the target LTA temperature. After the target aging duration was completed, the loose mixtures
were allowed to cool to room temperature and then were reheated. Once a stable compaction
temperature was reached, the mixtures were compacted. For SGC specimens, the target height
was 62 = 1 mm with an air void content of 7 + 0.5%. For Marshall specimens, the same loose
mixture aging procedure was used. It should be noted that only the 115°C for 20 hours loose
mixture aging condition was applied to Marshall specimens for both PMLC and LMLC
specimens.

Figure 3-3 Compacted and loose LTA conditioning

3.4 Performance Test

Table 3-2 summarized the performance tests used in this study.
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Hong Park
25mm to 50mm is 2 to 4 times of 1/2" NMAS, and 2.6 to 5.3 times of 3/8 NMAS. NCHRP 9-54 recommended any loose mix thickness for oven aging?

Zhang, Jingyu
For the LTA methods, the layer thickness requirements differ among the aging protocols in AASHTO R121-24. Methods B and D specify a loose mixture thickness of approximately 25–50 mm, whereas Methods C and E specify a thickness based on the mixture NMAS. //


Table 3-2 Summary of Performance tests

Target
Tests sTf;; dard ;Zfrt)p Sample size zfn”;/z I;ft rcnoer;;ﬁ; adct air Test parameter | Aging methods
) voids
PMLC:
Failure ener Reheated; LTAs
IDEAL- | ASTMD | L., | D=150mm | 5samples | o 05 | il & | A B,CD,E)
T 8225 h =62 mm per mix =7 c7; ind:’X LMLC:
STA 4h; LTAs (A,
B,C D, E)
Failure energy. PMLC:
IN-CT ASTM D e D =100mm 5 samples Marshall 740.5% | s/ | mys| Reheated; LTA(D)
8225 h=63.5mm per mix TNCT index LMLC:
STA 4h; LTA (D)
IDEAL- | ASTM D o D =150 mm 3 samples 0 . PMLC: Reheated
RT 8360 >0°C h=62mm | permix | -CC US| R LMLC: STA 2h
ASTM D D =100mm 3 samples PMLC: Reheated
- o +i 0,
HT-IDT 6931 50°C h = 63.5mm per mix Marshall 7+0.5% | IDT strength LMLC: STA 2h
50°C TRD20K, RRI
AASHTO D =150 mm 4 samples 0 o PMLC: Reheated
HWIT | 1324 (r;“e%r)ne h=62mm permix | >°C 7£0.5% 2'; CRD20k, | | ML sTA 2h

3.4.1 Indirect Tensile Cracking Test (IDEAL-CT)

The Indirect Tensile Cracking Test (IDEAL-CT) was used to evaluate the intermediate
temperature cracking susceptibility of 6-inch SGC specimens, as shown in Figure 3-4 (a). For
each mixture and aging condition, three or five replicate specimens with a diameter of 150 mm,
height of approximately 62 mm, and air void content of 7 + 0.5% were prepared. Before testing,
specimens were conditioned in a water bath at 25°C for 2 hours + 10 minutes. The specimens
were then tested at 25°C using a monotonic loading rate of 50 mm/min following ASTM D8225.
The test was completed within 4 minutes after specimen removal from the water bath to
maintain uniform specimen temperature.

The CT index was used as the primary cracking performance parameter. In general, a higher CT
index indicates better cracking resistance. The fracture energy, Gf, was calculated from the
work of failure and the cross-sectional area of the specimen, using Equation (3-1). The CT index
was calculated based on specimen thickness, diameter, fracture energy, post-peak slope, and
displacement at 75% of the post-peak load, using Equation (3-2) .

w.
__r 6 (3-1)
Gr = X 10
F " Dxt
t Ls Gf
CTingex = — X — X (3-2)
index 62 D |m75|

where Wris work of failure (Joules); CTindex is cracking tolerance index; Gyis failure energy
(Joules/m?); |m7s| is absolute value of the post-peak slope m7s (N/m); /75 is displacement at 75%
of the peak load after the peak (mm), t is thickness of specimen (mm), and D is specimen
diameter (mm).
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3.4.2 Tennessee Cracking Test (TN-CT)

The Tennessee Cracking Test (TN-CT), a modified IDEAL-CT test, was used to evaluate the
cracking resistance of 4-inch Marshall specimens, as shown in Figure 3-4 (b). This test followed
the same general conditioning and loading procedure as the IDEAL-CT test. Each Marshall
specimen was conditioned in a water bath at 25°C for 2 hours + 10 minutes and tested at a
loading rate of 50 mm/min at 25°C. The fracture energy and TN-CT index were calculated using
Equation (3-1) and Equation (3-2), the same conceptual framework as the IDEAL-CT index with,
specimen geometry adjusted for the 4-inch Marshall specimen. The TN-CT test was included to
determine whether cracking resistance measured using 4-inch Marshall specimens could be
correlated with the IDEAL-CT results obtained from 6-inch SGC specimens.

3.4.3 Rapid Shear Rutting Test (IDEAL-RT)

The IDEAL Rutting Test (IDEAL-RT) was used to evaluate the rutting resistance of 6-inch SGC
specimens, as shown in Figure 3-4 (c). For each mixture, three replicate specimens with a
diameter of 150 mm, height of 62 mm, and air void content of 7 + 0.5% were prepared.
Specimens were conditioned in a water bath at 50°C for 45 + 5 minutes, and a monotonic load
was applied at a loading rate of 50 mm/min, following ASTM D8360. The test was completed
within 2 minutes after specimen removal from the water bath. The loading conditions created
two shear planes in the specimen, and the resulting peak load was used to calculate the shear
strength(ty) and rutting tolerance index, RTingex, Using Equation (3-3) and Equation (3-4),
respectively. In general, a higher shear strength or higher RTindex indicates better rutting
resistance.

P,
7 = 0.356 X 2% (3-3)
tXw

T
RTingex = 6.618 x 1075 X F{a (3-4)

where tris the shear strength (Pa); RTingex is the rutting tolerance index; Pmax is the maximum
load(N); t is the specimen thickness (m); and w is the width of the upper loading trip (0.0191m).

3.4.4 High-Temperature Indirect Tension Test (HT-IDT)

The High-temperature Indirect Tensile Strength test (HT-IDT) was used to evaluate the rutting-
related strength of 4-inch Marshall specimens. Each specimen was conditioned in a water bath
at 50°C for 45 + 5 minutes and then tested by applying an indirect tensile load at a loading rate
of 50 mm/min. The test was completed within 2 minutes after removing the specimen from the
water bath. The HT-IDT strength was calculated from the maximum load, specimen thickness,
and specimen diameter, using Equation (3-5).

_ 2000Py;qx (3-5)
7 Dt

Where Pmax is the maximum load (N); t is the specimen thickness (mm); D is the diameter of

specimens (mm)

3.4.5 Hamburg Wheel-Tracking Test (HWTT)

The Hamburg Wheel Tracking Test (HWTT) was used to evaluate the rutting resistance and

moisture susceptibility by applying cycles of loaded steel wheels passing across test specimens,
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as shown in Figure 3-4 (d). For each mixture, four SGC specimens with a diameter of 150 mm,
height of approximately 62 mm, and air void content of 7 £ 0.5% were prepared and trimmed
to fit the Hamburg test molds. Testing was conducted using the Asphalt Pavement Analyzer
according to AASHTO T324-19. Before testing, the equipment was calibrated for temperature,
vertical displacement, and load. Specimens were mounted in the test mold and submerged in
water at 50°C for 45 + 5 minutes. The test was conducted under a wheel load of 158 + 1 |b for
up to 20,000-wheel passes while the specimens remained submerged at 50°C. Rut depths (RD)
along the specimens are recorded during each wheel pass. The specimens are commonly
loaded for a maximum of 20,000 passes or until the RD reaches the preset failure point.
Analysis of the plots of RD versus passes are used to assess rutting susceptibility and/or
moisture damage susceptibility of the mixture.

HWTT results are typically evaluated using the total rut depth at 20,000 passes (TRD20k) and
the number of passes required to reach 12.5 mm rut depth (N12.5). However, relying solely on
rut depth measurements may not always provide an accurate assessment of mixture rutting
resistance. This is primarily due to the confounding effects of permanent deformation and
moisture-induced damage (i.e., stripping), especially for asphalt mixtures that are susceptible to
moisture damage. To address these limitations, several alternative HWTT parameters have
been proposed by researchers and practitioners. These include rutting resistance index (RRI)
and corrected rut depth (CRD) for evaluating rutting resistance, as well as stripping-to-creep
slope ratio (SS/CS ratio) and stripping number (SN) for assessing moisture susceptibility [34].

Rutting Resistance Index (RRI) was developed to address the difficulty of comparing the rutting
resistance determined by the rut depth at 20,000 cycles or number of cycles at specified
maximum rut dept like 12.5mm. As expressed in Equation (3-6), RRI considers both rut depth
and the number of wheel passes at completion of the test.

RRI = N x (25.4 — RD) (3-6)

where N is the number of wheel passes at completion of test; RD is the rut depth in mm.

According to the studies from NCAT, the RT index exhibits a strong correlation with CRD20k as a
representative pure rutting parameter [35]. This relationship has been found to be applicable
across mixtures with varying material compositions, test temperatures, and performance
characteristics, including those with significantly different rutting and moisture resistance.
Based on these findings, a similar framework was adopted in this study to process and analyze
the HWTT data.

A HWTT data processing template was developed using Excel, as shown in Figure 3-5, to
streamline the analysis of rut depth data, particularly for mixtures exhibiting a SIP. The raw rut
depth data were directly copied into the template. The SIP location was visually identified by
inspecting the rut depth versus load cycle curve. Based on this observation, the corresponding
pass number was manually input as the Working SIP. In addition, a Fit Start Pass was specified to
define the starting point of the fitting range.

The rutting behavior prior to stripping was modeled using a power function of the form in
Equation (3-7).
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y=yo+A-NF (3-7)

where y is the rut depth, N is the number of load cycles, and y,, 4, and P are fitting parameters.
The fitting is performed using only the data between the Fit Start Pass and the Working SIP,
thereby capturing the pre-stripping rutting trend. Once the model is established, the fitted
curve is extrapolated from the Working SIP to 20,000 passes. The extrapolated rut depth at
20,000 passes is taken as the corrected rut depth (CRD20k), which represents the rutting
component without the influence of stripping.

I b

(d) HWTT

Figure 3-4 Performance tests
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HWTT Enhanced Auto-Fit Template

Controls Notes
Paste the raw HWTT export into RawDatal,

D starting at row 3. The template

Analysis Side Right automatically uses the selected side and clips negative depths to zero.
The model is y =y0 +A-N"P. Fitting uses only data between Fit Start Pass and
Target Pass Count 20000 Working SIP.
) Suggested SIP is based on a rolling slope trigger. Override SIP and y0 if the
Fit Start Pass BT automatic estimate is not reasonable for a specific mix.
Use the corrected rut depth at the target pass count to reduce stripping
Minimum SIP Search Pass & influence, consistent with the reviewer comment.
Rolling Window (passes) 200.0000 Recommended starting values: Right side, Fit Start =500, Minimum SIP Search = 8000. Override SIP if the
Slope Multiplier for SIP 1.4000
sIP Override (optional) 10000 Chart helper sip line
siPx1 10000 10000 [}
Auto Estimates / Fit Outputs. siPYL r 0 10000 11.2696351
Baseline Slope 0.0003 sipx2 10000
Suggested SIP siPy2 11.2696951
Working SIP 10000 4
Auto yO (from first 100 passes) e - Measured selected depth——Fit window curve
Yo Override (optional) b ~——Full extrapolated curve ——Warking SIP
Working y0 0.5026/ e
Exponent P 0.540 ‘ ‘
Coefficient A 0.0314 12
Corrected Rut Depth @ Target 71288 —10
Measured Rut Depth @ Target 0.0000 E
Difference (Corrected - Measured) 7.1284 ra il
B in i window g wamtord e i i
in Fit Window (log-transform : :. [— Al
QuickUse il °
1. Paste raw data into RawDatalA:D starting at row 3. 2 77 I
2.In Summary, select Right or Left. o
3. Review Suggested SIP. Enter SIP Override if needed. i) 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
4. Read Corrected Rut Depth @ Target and use the chart for documentation. Loading Pass

Figure 3-5 HWTT data processing template
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Chapter 4 Results and Discussion

4.1 Long-term Aging Protocol Evaluation

A major objective of this study was to identify a practical LTA protocol for evaluating the
cracking resistance of TDOT 411-D surface mixtures within a BMD framework. Cracking
resistance is strongly affected by oxidative aging. Therefore, a mixture that performs well under
an unaged or short-term aged condition may not necessarily maintain adequate cracking
resistance after long-term field aging. However, current LTA protocols vary considerably in
aging temperature, aging duration, and whether the mixture is aged in the loose or compacted
state. This creates uncertainty for BMD implementation because different aging protocols can
produce different cracking performance results and, consequently, different conclusions
regarding mixture acceptability.

To address this issue, the research team evaluated several LTA protocols using PMLC
specimens and the IDEAL-CT test. The aging protocols included: compacted specimen aging at
85°C for 5 days, loose mixture aging at 85°C for 5 days, loose mixture aging at 95°C for 3 days,
loose mixture aging at 115°C for 20 hours, and loose mixture aging at 135°C for 8 hours. A
reheated condition without additional LTA was used as the control condition.

4.1.1 CT index results under various long-term aging conditions

Figure 4-1 presents the CT index results of twelve evaluated PMLC specimens (Mix A to L) under
six different aging conditions. The column and error bars represent average value, average
value plus or minus one standard deviation, respectively. It is worth noting that the CT index
value of Mix | is significantly higher compared to the other mixtures, which could mislead the
overall distribution of CT index values. Therefore, the results of Mix | were removed from the
database.

As shown in Figure 4-1, there is significant variation in CT index across different mixtures, with
reheated specimens showing a range from 62 to 230, and specimens subjected to different LTA
methods showing a range from 11 to 123, which reflects the difference in cracking resistance of
various mixtures. In general, the reheated specimens exhibited the highest CT index values, while
those subjected to LTA conditions, whether compacted aging or loose aging, showed a
significant reduction in CT index. This indicates that LTA conditions diminish the cracking
resistance of asphalt mixtures. This observation is consistent with the expected effect of
oxidative aging, where asphalt binder becomes stiffer and more brittle, leading to lower
cracking tolerance. In addition, these observations also confirmed that the CT index, as an
indicator of asphalt mixture cracking resistance, is highly sensitive to different aging conditions,
which aligns with the findings of other researchers [36], [37].

The reduction in CT index following the 5-day aging at 85 °C in compacted specimens is less
pronounced compared to that observed in loose aging protocols. This suggests that compacted
aging is less severe than loose aging, even with a longer duration. This may be because the
aging of the compacted specimens mainly affects the outer layer of the specimens, while the
aging degree of the inner part of specimens is lower. Notably, Mix K is the only exception,
exhibiting a slightly higher CT index after aging at 85 °C for 5 days in compacted specimens
compared to its reheated condition. This anomaly may be related to the issues inherent in the
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compacted aging method. Previous studies have stated that compacted aging method may lead
to softening or slumping of specimens during the aging process, which potentially alter air
voids and specimens geometry [38]. Additionally, compacted specimen aging could induce
radial and vertical aging gradients within the asphalt mixture, resulting in non-uniform aging
degree throughout the specimen. This variability could be a cause for concern when compacted
specimens are used for performance testing, as it may compromise the accuracy and
representativeness of the test results [25].
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Figure 4-1 CT index results of PMLC specimens under various aging conditions

To further evaluate the effects of different long-term aging protocols on the cracking resistance
of plant-produced mixtures, Figure 4-2 presents the cumulative distribution curves of CT index
values under different aging conditions. The reheated PMLC condition, which did not receive
additional long-term aging, showed the highest CT index values. Its cumulative distribution
curve shifted farthest to the right and covered the widest range, indicating that the mixtures
retained the greatest cracking resistance under this condition.

In contrast, the 85°C for 5 days loose-mixture aging condition showed the most severe aging
effect. Its cumulative distribution curve shifted farthest to the left and exhibited a relatively
narrow range of low CT index values, indicating a substantial reduction in cracking resistance.
The 85°C for 5 days compacted-specimen aging condition resulted in higher CT index values
than the 85°C for 5 days loose-mixture aging condition. This indicates that compacted-
specimen aging produced a less severe apparent aging effect than loose-mixture aging at the
same temperature and duration. This difference is likely related to nonuniform oxidation within
compacted specimens. During compacted aging, the outer portion of the specimen is directly
exposed to heat and oxygen, while the inner portion is less exposed and therefore experiences
a lower degree of aging. In contrast, loose-mixture aging provides greater exposure of the
asphalt-coated aggregates to oxygen, resulting in more uniform and more severe aging.
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The other loose-mixture aging conditions, including 95°C for 3 days, 115°C for 20 hours, and
135°C for 8 hours, produced intermediate levels of aging severity. Their cumulative distribution
curves were located between the reheated PMLC condition and the 85°C for 5 days loose-aging
condition. The CT index values of specimens aged at 135 °C for 8 hours, 115 °C for 20 hours,
and 95 °C for 3 days are comparable overall, suggesting that these LTA protocols produce
similar levels of cracking degradation. Among them, the results from 115 °C for 20 hours and
95 °C for 3 days appear particularly close, indicating a more consistent aging response between
these protocols.
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Figure 4-2 Cumulative distribution curve of CT index under different aging conditions

Sensitive analysis of CT index results under various aging protocols was conducted. The one-
way analysis of variance (ANOVA) results yielded a p-value of 6.28x 108, indicating that the
differences in CT index values under various long-term aging protocols are statistically highly
significant. This confirms that the LTA method has a pronounced effect on the cracking
performance of asphalt mixtures as measured by the CT index. Tukey's Honest Significant
Difference (HSD) test was employed to identify statistically significant differences among
individual aging protocols, and the results are presented in Figure 4-3 (a) using the Compact
Letter Display (CLD). Groups with the same letters mean that the difference between their
means is not statistically significant at the chosen significance level. Conversely, if groups do not
share the same letter, it indicates there is a significant difference between them.

The box plot in Figure 4-3 (a) shows the distribution of CT index values under the different LTA
protocols, with superimposed letters indicating Tukey HSD post-hoc groupings. The reheated
condition exhibits the highest median CT index, along with a wider interquartile range (IQR) and
overall spread than the aged samples. This group is uniquely labeled “0,” indicating that the
reheated condition yields a statistically higher CT index than all LTA conditions, confirming the
pronounced detrimental effect of aging on cracking resistance. The 85 °C 5-day Compacted
protocol, labeled “b,” has a CT index significantly lower than reheated condition but significantly
higher than the 85 °C 5-day Loose condition, labeled “c.” The 95 °C 3-day Loose, 115 °C 20-hour
Loose, and 135 °C 8-hour Loose protocols share the grouping letters “b¢,” indicating no
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statistically significant differences in CT index among them. This is consistent with the similar CT
index cumulative distribution curves observed in Figure 4-2.

Figure 4-3 (b) presents the key statistics derived from the box plot and key distribution metrics,
including median, interquartile, and percentile value. Based on the cumulative distribution
curves, boxplot and key statistics, the aging severity generally followed this order: Reheated
condition < 85°C for 5 days compacted aging < 115°C for 20 hours loose aging < 95°C for 3 days
loose aging < 135°C for 8 hours loose aging < 85°C for 5 days loose aging.

240 240

[ 125%~75% 75th Percentile
—|_ I Range within 1.5xIQR Median
200 | — Median 200 o 25th Percentile
* —_
* Outlers I AvG
o Q160 L AVG-STDV
160 | st i
= a —_ = < Mini
= z 2
A " — 7
[ 1) =
S0 w1200 5
Q0
Q =]
E E =
= ‘b * ; o
LB T T+ el
ho v
A v
* =4 g
40 F c e he o N z =
T - 5 =
- T T
Reheated 85°C5d Comp. 115°C20h  95°C3d  135°C8h 85°C5d L
Reheated  85°C Sday 85°C Sday 95°C3day 115°C20h  135°C 8h cheate omp oose
PMLC Comp. loose Loose Loose Loose Aging methods
(a) (b)

Figure 4-3 CT index under different long-term aging conditions, (a) Box plot; (b) key statistics

4.1.2 Long-term aging protocol recommendation

Although the 85°C for 5 days compacted-specimen aging protocol, specified in AASHTO R30,
has been widely used by state highway agencies, several concerns have been reported
regarding the use of compacted specimens for long-term aging, as discussed previously.
Specifically, compacted-specimen aging may cause changes in specimen air voids and geometry
due to specimen softening and slumping [39] and may also produce radial and vertical aging
gradients within the asphalt mixture, which is a concern for the use of compacted specimens in
performance testing because properties differ throughout a specimen [25].

The cumulative distribution curves and box plot showed that the CT index distributions for the
95°C for 3 days and 115°C for 20 hours loose-mixture aging conditions were close to each
other, indicating that these two protocols produced similar aging effects. The 95°C for 3 days
loose protocol is generally considered one of the most robust because it was developed and
validated with more than 35 sets of lab-to-field aging data from 10 field projects across the US
[40]. However, this method requires a 3-day aging period, followed by additional time for
reheating, compaction, cooling, specimen preparation, conditioning, and testing. Therefore, it is
not practical for routine BMD implementation, particularly for QA/QC applications where timely
results are required [21].

The 115°C for 20 hours and 135°C for 8 hours loose-mixture aging methods offer improved
efficiency because accelerated aging at elevated temperatures allows test results to be
obtained within approximately two days. This is beneficial for state highway agencies and
asphalt contractors. However, the 135°C for 8 hours protocol may not be appropriate for all
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HMA mixtures because very high aging temperatures could cause potential thermal
degradation of SBS-modified binders [40]. In addition, aging loose mixtures at elevated
temperatures may lead to asphalt mastic drain-down because of the reduced viscosity of
asphalt binder at high temperatures [25].

Based on the cumulative distribution curves and the recommendations from previous studies
[40], the aging effect of loose-mixture aging at 115°C for 20 hours is comparable to that of
loose-mixture aging at 95°C for 3 days, which is one of the most robust loose aging methods.
Compared with the 135°C for 8 hours protocol, the 115°C for 20 hours condition uses a lower
aging temperature, which may reduce the risk of excessive high-temperature effects while still
providing practical laboratory efficiency. In addition, the 20-hour duration is more compatible
with routine laboratory scheduling because the aging process can be conducted overnight and
followed by compaction and testing on the next workday. It fits the 8-hour work schedule
better. Therefore, loose-mixture aging at 115°C for 20 hours is recommended as a reasonable
long-term aging protocol for the current stage of TDOT BMD implementation. However,
additional field validation is still required before this protocol is adopted as a formal
specification requirement.

4.2 Development of a generalized aging method

In the current BMD framework, the variables in the aging protocols primarily focus on three
factors: aging temperature, duration, and the state of the mixture (loose or compacted). To
identify the optimal aging protocol, it is necessary to understand the influence of these three
factors on the aging effect. Because compacted aging introduces additional complexity related
to nonuniform oxidation [25], the generalized aging analysis focused on the loose-mixture
aging protocols.

Laboratory aging of asphalt mixtures is primarily influenced by oven temperature and oven
aging duration, both of which critically affect the rate and severity of oxidative aging. Higher
temperatures accelerate oxidation, enabling simulation of long-term field aging within a shorter
timeframe, while longer durations increase the overall aging effect.

4.2.1 Shifting aging time according to aging temperature

Figure 4-4 (a) presents scatter plots of the CT index versus oven aging time for Mix C, illustrating
the relationship between CT index, aging temperature, and aging duration. CT index generally
decreased with aging time. However, specimens aged at a higher temperature of 135°C for 8
hours exhibited significantly lower CT index, highlighting the pronounced effect of elevated
temperature. The CT index for specimens aged at 95°C for 72 hours and 115°C for 20 hours
were comparable, as mentioned in the previous section, despite the aging duration for the 95°C
condition being more than three times longer. The phenomenon indicates that oven aging time
or temperature alone cannot fully represent the severity of aging.

To further explore this observation, an integrated parameter, referred to as the dimensionless
coefficient of “equivalent aging time”, is introduced to account for the combined effects of aging
temperature and duration. This parameter reflects the cumulative aging effect by shifting the
oven aging time based on temperature, where higher temperatures correspond to longer
equivalent aging times. The shifting is visualized in Figure 4-4 (b). The plot of the CT index and
the equivalent aging time is shown in Figure 4-4 (c), therefore, the CT index follows a more
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consistent descending exponential pattern with equivalent aging time fitted well using an
exponential function, with R?=0.9407. To further validate the rationality of the fitted curve, two
additional aging methods (100°C for 12 hours and 100°C for 132 hours) were conducted on the
asphalt mixture, and the corresponding CT index values were measured under these
conditions. These two aging conditions are to check whether CT index measurement follows the
exponential curve specified in Figure 4-4 (c): (i) between unaged and 115°C 20 hours and (ii)
beyond 85°C for 120 hours, respectively. After applying the same shifting process to the results,
it was found that the CT index values from the two additional aging protocols aligned well with
the fitted curve, as shown in Figure 4-4 (d).
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Figure 4-4 Plots of CT index versus oven aging time (hours) and equivalent aging time for Mix C: (a) CT
index versus oven aging time, (b) conceptual shifting from oven aging time to equivalent aging time, (c)
CT index versus equivalent aging time, and (d) with two additional aging conditions: 100°C for 12 hours

and 100°C for 132 hours.

The same experiments were further conducted on another plant mixture, Mix E, with generally
a lower level of CT index, including two additional aging conditions and corresponding data
processing. The results, as shown in Figure 4-5 (a), indicate that the shifted data also exhibit a
similar exponential relationship, and the additional two random aging conditions produced
results that closely align with the fitted curve. This consistency further demonstrates the
robustness and applicability of the proposed aging curves across different asphalt mixtures.
Additionally, it can be observed from Figure 4-5 that the fitted curve for Mix C lies above that of
Mix E, indicating that Mix C has generally better cracking resistance than Mix E under various
aging conditions. As shown in Figure 4-5 (b), a semi-logarithmic graph exhibited different slopes
for the two mixtures. The slope represents the severity of the mixture's response to the aging
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effect, or in other words, the sensitivity of the mixture to aging effects. This provides a more
nuanced understanding of how each mixture is influenced by long-term aging.
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Figure 4-5 Plots of CT index versus equivalent aging time for Mix C and E: (a) Linear and (b) semi-
logarithmic.

4.2.2 Determine the coefficient of equivalent aging time

The equivalent aging time follows the mathematical structure of the Time-Temperature
Superposition Principle (TTSP), commonly used in constructing dynamic modulus master
curves. In master curve development, time (or frequency) is shifted through a temperature-
dependent shift factor ar, allowing responses at different temperatures to be represented on a
single reference curve. The reduced time can be expressed using Equation (4-1) [41]

t
= 4-1)
T

where . is the reduced time, t is the real time, ax(7T) represents a temperature-dependent shift
factor. The shift factor follows the Williams-Landel-Ferry (WLF) equation, as shown in Equation
(4-2)

—C1(T = Trey) (4-2)
Co+ (T = Trep)

where C; and C; are the constants, 7and 7., are the temperature and reference temperature,
respectively.

log(ar) =

By substituting the shift factor back into the reduced time in Equation (4-1).

C1(T=Trey)

CZ+(T—Tref) (4_3)

C1(T=Trer)

1060 Tre) = 19 5"

t
Cap(T)  —Cu(T-Tref)
10C2+(T=Tref)
In this study, the shift factor was inspired by the WLF functional form to allow sufficient
flexibility in capturing the nonlinear acceleration observed at elevated temperatures. The
“equivalent aging time” can be expressed using the aging temperature and oven aging time

through Equation (4-4)

tr

tog = Je, 10K2108(0) ks (10g(T~Tye) (4-4)
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where teq is the equivalent aging time; t is the oven aging time (hour); T is the aging temperature
(°C); Tref is the reference temperature that is set to be room temperature, 25°C; ki are constants,
where i =(1,2,3,4). ki = 6.5, k» = 0.578792271, k3 = 1.92495%10, and ks = 14.6726882. The
parameters ki are calibrated using the least root mean squared error (RMSE) on the CT index
results and the proposed equivalent aging time for all the tested mixtures in this work. The
parameter ki serves as a global scaling factor controlling the magnitude of equivalent aging
time. Parameter k2 governs the sensitivity to oven aging duration, while k3 represents the
temperature acceleration effect. The exponent ks introduces curvature to capture nonlinear
aging acceleration at elevated temperatures.

This method was applied to the CT index results of other tested plant-produced mixtures, as
shown in Figure 4-6. It can be observed that all the curves fit well, with R? ranging from 0.8744
to 0.9845. From the semi-logarithmic plot, the curve slopes range approximately from -0.008 to
-0.014, indicating the mixtures’ sensitivity to aging effects. For the five aging protocols adopted
in this work, the corresponding equivalent aging times are listed in Table 4-1, which are
considered as an aging effect severity metric in the framework of the generalized aging
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Figure 4-6 Plots of CT index versus equivalent aging time for PMLC mixtures: (a) Linear scale and (b)
semi-logarithmic scale.

Table 4-1 The corresponding equivalent aging time for different long-term aging protocols for loose

mixture.
Method Temp.(°C) Duration Field Aging Simulated Equii’f:et asing
7-10 yrs (warm region),
B 8 > days 12-14 yrs (cold region) 129.39
C 95 3 days 8 yrs @ 30 mm depth 107.25
D 115 20 hours 12 yrs @ 50 mm depth 82.14
E 135 8 hours 4.6 yrs (Tennessee) 102.98
Reheated - - None Zero

4.2.3 Comparative analysis of the general aging method

To further evaluate the robustness of the equivalent aging time method for capturing the
pattern of CT index with aging in dense-graded asphalt mixtures in other states, a comparative
study was conducted using CT index results reported by Zhou et al. [28] and Elwardany et al.
[42].

In the study by Zhou et al. [28], seven dense-graded laboratory-produced asphalt mixtures with
a nominal maximum aggregate size (NMAS) of 9.5 mm were evaluated, with six originating from
the state of Texas and one from the state of Massachusetts. Five aging protocols were
examined, including 3-day and 6-day loose mix aging at 95°C, and 20-hour aging at 110°C,
115°C, and 120°C.

Figure 4-7 (a) presents the CT index results under these five conditions plotted against oven
aging time, emphasizing two distinct effects: (1) the impact of increasing temperature (from
100°C to 125°C) at a constant aging duration of 20 hours, and (2) the effect of extended aging
duration (from 72 to 144 hours) at a constant temperature of 95°C. The equivalent aging times
for Mix 3 and Mix 5, reported in Zhou et al. [28], were calculated using (4-4) and are presented
in Figure 4-7 (b). After applying the equivalent aging time transformation, the CT index for both
mixtures exhibits a more consistent exponentially decreasing trend. Figure 4-7 (c) plots the CT
index VErsus equivalent aging time in semi logarithmic scale. It can be observed that all the
curves fit reasonably well, but with lower R? ranging from 0.55 to 0.69 compared with the
results presented in the previous section. Besides, the semi-logarithmic curve slopes range
approximately from -0.005 to -0.009 that descend relatively more slowly than Tennessee’s
results. The CT index of Tennessee Mix C is also plotted in red dots in Figure 4-7 (c) and is
observed in a similar range to all other curves and exhibits a similar slope in semi-logarithm
scale.
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Figure 4-7 Plots of CT index versus oven aging time (hours) and equivalent aging time using test results
from Zhou et al., [28] (2022): (a) CT index versus oven aging time, (b) conceptual shifting from oven aging
time to equivalent aging time, and (c) CT index versus equivalent aging time in semi logarithmic scale.

In the study by Elwardany et al. [42], the tested mixtures were plant-produced and laboratory-
compacted specimens from Florida, Montana, Ohio, and Vermont, featuring varying nominal
maximum aggregate sizes (NMAS) and reclaimed asphalt pavement (RAP) contents. Based on
the aging duration map developed by Elwardany et al., which estimates the oven aging time at
95°C equivalent to 8 years of field aging at 20 mm depth, the following durations were selected:
7 days for Florida (FL) mixtures, 4 days for Ohio (OH) mixtures, and 3 days for Montana (MT)
and Vermont (VT) mixtures. Figure 4-8 (a) shows the CT index results for Ohio and Montana
mixtures under these aging conditions plotted against oven aging time. Figure 4-8 (b) presents
the CT index Versus with the equivalent aging time after applying the aging duration shifting.
Figure 4-8 (c) displays the CT index on a semi-logarithmic scale with respect to equivalent aging
time. It can be observed that all the data points fit well with exponential curves, with R? values
ranging from 0.86 to nearly 1.0. The slopes of most curves fall between -0.006 and -0.01 on the
semi-logarithmic scale. Notably, Tennessee Mix C also demonstrates a similar trend, both in CT
index range and slope, indicating consistent aging behavior across different mixtures from
different sources.
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Figure 4-8Plots of CT index versus oven aging time (hours) and equivalent aging time using test results
from Elwardany et al.,) [42]: (a) CT index versus oven aging time, (b) conceptual shifting from oven aging
time to equivalent aging time and (c) CT index versus equivalent aging time in semi-logarithmic scale.

4.2.4 Discussion of generalized aging method framework
The dimensionless coefficient of equivalent aging time is derived solely from IDEAL-CT test
results of dense-graded mixtures under various aging temperatures and durations. While other
cracking resistance tests and other mix types within the BMD framework may exhibit similar
trends when analyzed using the concept of equivalent aging time, this study provides no
empirical evidence to support the generalization of this approach across all cracking tests.
Additionally, the evaluated aging temperatures ranged from 85°C to 135°C, with long-term
aging durations between 8 hours and 132 hours. Therefore, the applicability of the resulting CT
index trend beyond these temperature and time ranges remains uncertain to some extent.

After shifting the oven aging time to the equivalent aging time, the CT index exhibits a
consistent exponentially descending pattern, which can be described using an exponential
function. Thus, an aging curve relating the CT index to equivalent aging time could be
established using only two or more IDEAL-CT results, based on at least one from the unaged
condition and one from a long-term aging condition.
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The comprehensive aging curve provides a means to evaluate the cumulative aging effect and
the corresponding CTindex value. As shown in Figure 4-9 (a), equivalent aging time curves at
various constant temperatures (ranging from 85°C to 135°C) are plotted based on (4-4). These
curves depict the nonlinear relationship between oven aging time and equivalent aging time,
with higher temperatures resulting in substantially greater aging severity for the same oven
duration. This exponential trend highlights the amplified impact of temperature on the aging
process. Figure 4-9 (b) conceptually demonstrates how cumulative aging can be quantified by
summing the equivalent aging times from multiple aging stages. Once the total equivalent
aging time is determined, the corresponding CT index can be estimated using the aging curve
presented in Figure 4-9 (c), if such a curve is available.

This method could be valuable in the implementation of BMD, as it reveals the relationship
between the aging effects of different aging protocols and the cracking resistance of asphalt
mixtures, represented by the CT index. It could be used to evaluate the cracking resistance of
mixtures. For instance, a higher position of the fitted curve suggests better cracking resistance
of the mixture. Moreover, it illustrates the sensitivity of the cracking resistance of asphalt
mixtures to aging. In the semi-logarithmic plot, a steeper slope indicates greater sensitivity to
aging effects. In other words, the mixture is more prone to being affected by aging.

In addition, this method allows the prediction of the cracking resistance of mixtures under
different aging conditions if field validation is available. Since the relationship between
equivalent aging time and cracking resistance takes the form of an exponential function, its
expression can be determined using only two data points. For example, the results from
unaged samples and the ones aged at 115°C can be used to derive the aging curve for the
mixture, which in turn can predict the CT index value for samples aged at 85°C. This could
provide valuable guidance for state agencies, particularly as various states currently adopt
different long-term aging protocols during the implementation of BMD. Such variability makes
it challenging to compare the performance of similar asphalt mixtures across different regions,
due to inconsistencies in aging conditions applied prior to performance testing.

Additionally, this method serves as an effective bridging tool for linking field aging with
laboratory aging protocols. For instance, once the CT index values of field cores from in-service
pavements are determined, the proposed generalized aging method can be applied to design
realistic laboratory aging protocols. This method utilizes the established relationship between
CTindex and equivalent aging time, in conjunction with the correlation between equivalent
aging time and oven-aging conditions, to simulate field-aged conditions with better accuracy.
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Figure 4-9 Plots of (a) equivalent aging time versus oven aging time at different aging temperatures, (b)
accumulated aging effect with various aging histories, and (c) CT index with accumulated aging effect
with various aging histories.

4.3 Benchmark performance results

This section summarizes the benchmarking performance results of TDOT 411-D mixtures using
both plant-mixed, laboratory-compacted (PMLC) and laboratory-mixed, laboratory-compacted
(LMLC) specimens. The results provide a basis for developing preliminary threshold values for
TDOT BMD implementation.

For the cracking evaluation, the comparison focused on the IDEAL-CT index obtained from 6-
inch SGC specimens and the TN-CT index obtained from 4-inch Marshall specimens. Based on
the LTA protocol evaluation presented in the previous section, only the 115°C for 20 hours
loose-mixture aging protocol, referred to as LTA115, was used for the subsequent cracking
resistance evaluation. For PMLC mixtures, cracking-related tests were conducted under both
the reheated condition and the LTA115 condition. For LMLC mixtures, cracking-related tests
were conducted under the 4-hour short-term aging condition and the LTA115 condition. For
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rutting evaluation, the comparison included the IDEAL-RT index from 6-inch SGC specimens,
HT-IDT strength from 4-inch Marshall specimens, and Hamburg Wheel Tracking Test (HWTT)
results from 6-inch SGC specimens. For LMLC mixtures, the 2-hour short-term aging condition
was used for rutting-related tests.

4.3.1 CT index of PMLC and LMLC

4.3.1.1 CT index of reheated PMLC and STA4h LMLC

Figure 4-10 (a) presents the IDEAL-CT index results of reheated PMLC specimens and LMLC
specimens subjected to 4 hours of short-term aging at 135°C. The column and error bars
represent the average value and the average value plus or minus one standard deviation,
respectively. Overall, the CT index values of the LMLC specimens were noticeably lower than
those of the corresponding reheated PMLC specimens. The average CT index of the LMLC
specimens ranged from approximately 30 to 171 across the evaluated mixtures, whereas the
reheated PMLC specimens showed a much wider and higher range, from 62 to 449. This result
indicates that the laboratory-produced mixtures after 4 hours of STA generally exhibited lower
cracking resistance than the reheated plant-produced mixtures.
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Figure 4-10 PMLC VS LMLC (a) CT index; (b) CT index cumulative distribution;(c) CT index thresholds

The cumulative frequency distribution curves further confirmed this trend, as shown in Figure
4-10 (b). It is worth noting that the CFD curves were constructed based on the average CT index
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values of 3 to 5 replicate specimens for each mixture. The LMLC distribution shifted toward
lower CT index values compared with the PMLC distribution. For the LMLC specimens, the 25th,
50th, and 75th percentiles were approximately 47, 90, and 128, respectively. In contrast, the
reheated PMLC specimens showed higher percentile values, with the 25th, 50th, and 75th
percentiles approximately equal to 90, 147, and 222, respectively. This difference suggests that
the 4-hour STA protocol applied to LMLC mixtures may create a higher aging level than that
experienced by reheated PMLC mixtures.

From a threshold development perspective, four statistical metrics were considered: minimum
value, mean value, mean minus one standard deviation, and selected percentile values. The
percentile-based thresholds provide insight into the overall distribution of cracking
performance. For example, adopting the 25th percentile as the threshold implies that 25% of
the unaged mixtures would fall below this value. If this value is selected as the minimum
acceptable CT index, approximately 25% of the currently approved mixtures would not satisfy
the cracking resistance requirement. In contrast, adopting the 50th percentile as the threshold
would result in approximately half of the tested mixtures being rejected. Using the mean or the
75th percentile as thresholds would be overly stringent, as the majority of mixtures would fail
to meet the requirement.

It is important to note that the mixtures evaluated in this study were all surface mixtures
previously approved by TDOT based on current volumetric design specifications. Therefore,
both the 25th percentile and the mean minus one standard deviation are reasonable initial
candidates. For example, assuming the CT index threshold is set at the 25th percentile, the
corresponding values are 90 for PMLC specimens and 47 for LMLC specimens. As shown in
Figure 4-10 (a), Mix F, H, K, S, and X did not meet the PMLC threshold of 90, while Mix F, H, I, K,
P, and X failed to meet the LMLC threshold of 47. Notably, Mix F, H, K, and X were consistently
identified as failing to meet the threshold in both PMLC and LMLC conditions, indicating
relatively poor cracking resistance. These thresholds can filter out asphalt mixtures with
relatively poor cracking resistance, thereby enhancing the overall durability of pavements in
Tennessee, without imposing unrealistically high-performance requirements that may be
difficult for local contractors to achieve under current mix design practices.

4.3.1.2 CT index of PMLC and LMLC under LTAT15 C for 20h

The CT index of PMLC and LMLC specimens after loose aging at 115°C for 20 hours are shown in
Figure 4-11. After LTA, both PMLC and LMLC specimens exhibited substantial reductions in CT
index, confirming that long-term aging significantly reduced cracking resistance. The LMLC
specimens generally remained lower than the PMLC specimens after the same LTA protocol.
This is consistent with the short-term condition, where the LMLC specimens already showed
lower initial cracking resistance before LTA. Therefore, when both specimen types were
subjected to the same 115°C for 20 hours LTA protocol, the LMLC mixtures continued to show
lower cracking tolerance.
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thresholds

Under the LTA115 condition, the 25th percentile and mean minus one standard deviation
values were relatively close, indicating that either metric could be considered as an initial
threshold candidate. Assuming the 25th percentile is adopted as the threshold, Mix E, G, P, S, W,
and X did not meet the PMLC threshold of 29, while mixtures F, G, |, K, P, and X failed to meet
the corresponding LMLC requirement. Among these, Mix P and X consistently failed under both
LMLC and PMLC conditions, whereas the other mixtures showed different pass/fail outcomes
between the two specimen preparation methods. This inconsistency indicates that the ranking
and screening outcomes of mixtures can be affected by the aging effect and specimen
preparation. Specifically, some mixtures that were rejected under short-term aging conditions
may satisfy the threshold after long-term aging, while others that passed under short-term
aging conditions may fail under long-term aging conditions.

Overall, the CT index results showed that LMLC specimens with 4-hour STA generally produced
lower cracking indices than reheated PMLC specimens. This difference should be considered
when developing a performance threshold. Directly applying a PMLC-based threshold to LMLC
specimens may be overly stringent, while applying an LMLC-based threshold to PMLC
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specimens may be too lenient. Therefore, the threshold framework should clearly specify the
specimen preparation condition and aging condition associated with each criterion.

4.3.1.3 Effect of LTA115 on CT Index and Cracking Components of PMLC Specimens
Figure 4-12 (a) compares the CT index of PMLC Specimens under reheated conditions and
LTA115°C for 20 h. For all evaluated mixtures, the CT Index values decreased markedly after
LTA, indicating a consistent degradation in cracking resistance due to aging. To better interpret
the mechanisms responsible for the CT index reduction, Figure 4-12 (b) presents the interaction
diagram between fracture energy, Gf, and asphalt flexibility ratio, I75/|m75|. The interaction
diagram includes a series of CT index contour curves and provides a more mechanistic
interpretation of cracking performance than relying on CT index alone. Based on the CT index
equation, higher values of Gf and 175/|m75| generally produce higher CT index values.
Therefore, mixtures with higher cracking tolerance are located closer to the upper-right portion
of the interaction diagram.
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Figure 4-12 PMLC under reheated and LTA115°C 20h (a)CT index; (b)Gf vs 175/m75 interaction diagram.

As shown in Figure 4-12 (b), the solid markers represent the reheated PMLC condition, while the
hollow markers represent the LTA115 condition. After LTA115, most data points shifted
predominantly leftward along the asphalt flexibility ratio axis, indicating a substantial reduction
in asphalt flexibility. In contrast, the vertical displacement along the fracture energy axis was
comparatively small. This suggests that the reduction in CT index after long-term aging was
governed primarily by the decrease in asphalt flexibility ratio rather than by a large reduction in
fracture energy.

Further analysis of the CT index components showed that the percentage change in 175/|m75|
was consistently larger than the percentage change in Gf for nearly all mixtures, as shown in
Figure 4-13. Specifically, the reduction in I75/|m75| ranged from approximately 40% to more
than 80%, whereas the change in Gf was generally smaller and more variable. For some
mixtures, Gf even increased after aging (such as Mix B, J, U, and V). This increase can be
attributed to the increase in peak strength caused by binder hardening after aging. Since
fracture energy is calculated from the area under the load-displacement curve, an increase in
peak strength may lead to a modest increase in Gf for certain mixtures. These results indicate




that 175/|m75| is more sensitive to long-term aging than Gf and is a key parameter controlling
the aging-induced reduction in CT index [43].
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4.3.1.4 Peak strength in IDEAL-CT test results

Although the CT index is the primary parameter used in the IDEAL-CT test to evaluate the
cracking resistance of asphalt mixtures, relying on this index alone may not fully characterize
the cracking behavior of a mixture. The CT index is strongly influenced by the post-peak portion
of the curve, particularly the post-peak slope, | m,5 |, and the displacement corresponding to
75% of the peak load. Consequently, a mixture with a steep post-peak slope may produce a
relatively low CT index value even when its fracture energy or peak strength is high. Figure 4-14
presents representative load-displacement curves for Mix K and Mix U to illustrate this
behavior. Mix K exhibited a relatively high peak strength of 209 psi and a fracture energy of
11,940 J/m?, but its CT index was only 75. In contrast, Mix U exhibited a substantially lower peak
strength of 131 psi and a similar fracture energy of 11,578 J/m?, while its CT index reached 290.
This difference is mainly attributed to the post-peak response. Mix K reached a higher peak
load but showed a much steeper post-peak descending branch, indicating a more brittle
cracking response after the peak load. Mix U, although having a lower peak load, exhibited a
more gradual post-peak reduction and greater displacement tolerance, resulting in a higher CT
index.
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Figure 4-14 Load vs displacement curve of Mix K and Mix U.

To provide a more complete interpretation of the IDEAL-CT response, peak strength was further
evaluated as an additional parameter. Figure 4-15(a) compares the peak strength of reheated
PMLC specimens and LMLC STA4h specimens. In general, the LMLC STA4h specimens showed
higher peak strength than the reheated PMLC specimens. As summarized in Figure 4-15(b), the
average peak strength increased from 156 psi for reheated PMLC specimens to 188 psi for
LMLC STA4h specimens. The 25th percentile also increased from 132 psito 172 psi, and the
average-minus-standard-deviation value increased from 129 psi to 158 psi. Figure 4-15(c)
compares the peak strength of PMLC and LMLC specimens after LTA at 115°C for 20 h. After
long-term aging, the peak strength values increased substantially for both PMLC and LMLC
specimens. As shown in Figure 4-15(d), the average peak strength increased to 211 psi for PMLC
specimens and 224 psi for LMLC specimens after LTA115°C20h. The 25th percentile values were
189 psi and 203 psi for aged PMLC and aged LMLC specimens, respectively. The average-minus-
one-standard-deviation values were 184 psi for aged PMLC specimens and 196 psi for aged
LMLC specimens. The increase in peak strength after long-term aging is consistent with
oxidative binder hardening, which generally increases mixture stiffness and peak tensile
resistance.
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Figure 4-15 Peak strength comparison and threshold analysis: (a) peak strength of reheated PMLC and
STA4h LMLC specimens; (b) peak strength thresholds for reheated PMLC and STA4h LMLC specimens; (c)
peak strength of PMLC and LMLC specimens after LTA115°C20h; and (d) peak strength thresholds after
LTA115°C20h.

These results indicate that the CT index and peak strength characterize different portions of the
IDEAL-CT load-displacement response. The CT index primarily reflects post-peak cracking
tolerance, whereas peak strength characterizes pre-peak tensile resistance. A mixture with
relatively high peak strength but a low CT index may exhibit a stiff and brittle response,
whereas a mixture with a high CT index but relatively low peak strength may exhibit favorable
post-peak deformation tolerance but limited pre-peak tensile resistance. Therefore, peak
strength should be interpreted together with the CT index. A preliminary combined threshold
framework is recommended for cracking evaluation, in which the CT index remains the primary
cracking-tolerance parameter and peak strength serves as a supplementary parameter for
identifying combinations of pre-peak and post-peak response.

4.3.2 RT index of PMLC and LMLC

Figure 4-16 presents the IDEAL-RT index results of reheated PMLC specimens and LMLC
specimens subjected to 2 hours of short-term aging at 135°C. The RT index values ranged from
approximately 50 to 137 for PMLC specimens and from approximately 50 to 173 for LMLC
specimens, indicating substantial variability in rutting resistance among the evaluated mixtures.
Overall, the LMLC specimens generally exhibited higher RT index values than the corresponding
PMLC specimens. This trend was reflected in the bar chart, threshold summary, and cumulative
frequency distribution curves. The higher RT index values of LMLC specimens may likely be
attributed to aging conditioning applied during specimen preparation. The LMLC mixtures were
subjected to 2 hours of STA at 135°C, whereas the PMLC mixtures were only reheated to the
compaction temperature. The additional laboratory aging likely increased binder stiffness,
which improved resistance to shear deformation at high temperature.

The RT index results also suggest that separate preliminary rutting thresholds should be
developed for PMLC and LMLC specimens. Because LMLC specimens subjected to 2 hours of
STA generally exhibited higher RT index values than reheated PMLC specimens, applying a
single RT index threshold to both specimen preparation conditions may lead to inconsistent or
biased mixture evaluation. Therefore, if the RT index threshold is used for production
verification, it should be developed based on reheated plant mixture behavior. In contrast, if a
threshold is used during mix design, a separate threshold should be established to account for
the effect of 2-hour STA on rutting resistance of LMLC specimens.

37



200 200
[ JpMmLC Avg:90 e 170 Avg:115
180 - Avg-Stdv:67 180 - 153 173 Avg-Stdv:84
152
160 | 160 b 148 % %
137
L L 138
140 12s 125 . 140 120 10 - o
w 120 - 109 105(L], 00 L1201 112 116
'Qg) 100 o % 103 3 HIRETS " o "
= 0 F % 86 23 o 85 i; %0 39 o
~ o P 5T 74 Lo & S R S | | 5 = -
20 73 76 68
60__5%1_____ 1ol s T 1
40 I+
20 |-
0
ABCDEFGHIJKLMNOPQRSTUVWX ABCDEFGHIJKLMNOPQRSTUVWKX
Mix Mix
(a)
100%
’ — PMLC 160 75th Percentile|
90% LMLC [ ]Median
140 -l:| 25th Percentile 134
80% - 75th Percentile: 104 AVG
75th Percentile: 134 120 [ JAVG-STDV
70% Mini 2 A

S
2

60% |- 100 |-

Median: 88 88 90 | 91 |

50% / Median: 112
S 80 74
40% — 67
60
30% [ 25th Percentlle 74 50 50
25th Percentile: 91
20% 40
10%
20
100 120

Frequency
RT index

0% L L
140 160 180 200

RT index Reheated PMLC STA2h_LMLC

(b) (0
Figure 4-16 PMLC vs LMLC (a) RT index; (b) RT index cumulative distribution;(c) RT index thresholds

4.3.3 TN-CT Index of PMLC and LMLC

4.3.3.1 TN-CT index of reheated PMLC and STA4h LMLC

Figure 4-17 presents the TN-CT index results for reheated PMLC specimens and LMLC
specimens subjected to 4 hours of STA. Similar to the IDEAL-CT results, the TN-CT index values
of LMLC specimens were generally lower than those of the corresponding reheated PMLC
specimens. This confirms that the lower cracking resistance observed in LMLC specimens was
not limited to the 6-inch SGC IDEAL-CT test but was also reflected in the 4-inch Marshall TN-CT
test.

Under the short-term condition, the cumulative distribution curves showed that the 25th, 50th,
and 75th percentiles of the TN-CT index for LMLC specimens were approximately 39, 54, and
78, respectively. The corresponding percentile values for PMLC specimens were higher,
approximately 48, 66, and 150, respectively.
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4.3.3.2 TN-CT index of PMLC and LMLC under LTA115 T for 20h

Figure 4-18 shows the TN-CT index results of PMLC and LMLC under LTA115°C for 20h. After
loose-mixture aging at 115°C for 20 hours, TN-CT index values decreased significantly for both
PMLC and LMLC specimens. The cumulative frequency distribution curves shifted leftward,
demonstrating a clear reduction in cracking tolerance due to long-term aging. For PMLC
specimens after LTA115, the 25th, 50th, and 75th percentiles decreased to 20, 29, and 59,
respectively. For LMLC specimens after LTA115, the 25th, 50th, and 75th percentiles decreased
to 18, 24, and 44, respectively. Consistent with the CT index results, LMLC specimens
maintained lower TN-CT index values than PMLC specimens after LTA. This is likely because the
LMLC specimens already had lower cracking resistance after 4-hour STA; therefore, after the
same long-term aging protocol, their TN-CT values remained lower. These results suggest that
the TN-CT index is sensitive to aging and can capture the reduction in cracking resistance after
LTA.
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4.3.3.3 Peak strength in TN-CT test results

Figure 4-19 summarizes the TN-CT peak-strength distributions under the evaluated
conditioning conditions. Overall, the LMLC specimens exhibited higher peak strengths than the
corresponding PMLC specimens, and specimens subjected to LTA at 115°C for 20 h generally
exhibited higher peak strengths than those under reheated or STA conditions. This trend was
consistent with the IDEAL-CT peak-strength results and reflects the increased stiffness and
tensile resistance associated with binder aging. However, aging increased peak strength while
reducing the TN-CT index, indicating that peak strength alone should not be interpreted as
improved cracking resistance. The TN-CT index primarily characterizes post-peak cracking
tolerance, whereas peak strength represents pre-peak tensile resistance. Therefore, peak
strength should be interpreted together with the TN-CT index.
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Figure 4-19 Peak strength comparison and threshold analysis: (a) peak strength thresholds for reheated
PMLC and STA4h LMLC specimens; (b) peak strength thresholds after LTA115°C20h.

4.3.4 HT-IDT Strength of PMLC and LMLC

Figure 4-20 presents the HT-IDT strength results for reheated PMLC specimens and LMLC
specimens subjected to 2 hours of STA. For PMLC specimens, the HT-IDT strength ranged from
142 to 466 kPa. The overall mean value was approximately 283 kPa, the mean minus one
standard deviation was approximately 210 kPa, and the 25th, 50th, and 75th percentiles were
approximately 241, 278, and 316 kPa, respectively. The LMLC specimens generally exhibited
higher HT-IDT strength values than the corresponding reheated PMLC specimens. This trend is
consistent with the IDEAL-RT results, where LMLC specimens also showed higher RT index
values. The higher HT-IDT strength of LMLC specimens can be attributed to the 2-hour STA
conditioning, which likely increased binder stiffness and improved high-temperature strength.
Therefore, both the 6-inch IDEAL-RT and 4-inch HT-IDT tests indicated that LMLC specimens
tended to show greater rutting resistance than reheated PMLC specimens.
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4.3.5 HWTT rut depth of PMLC and LMLC

Figure 4-21 presents the corrected rut depth at 20,000 passes (CRD20K) for PMLC and LMLC
specimens. In this analysis, the HWTT rut depth was corrected when the rutting curve exhibited
a stripping inflection point (SIP). The original plots of the HWTT results are provided in Appendix
B Figure A-1 and Figure A-2 . For the majority of the mixtures tested, no obvious SIP was
observed in the rut depth versus load cycle curves. For these mixtures, the final rut depth was
determined as the average total rut depth at 20,000 passes (TRD20k) of the two-wheel tracking
paths. The values highlighted in red in Appendix B Table A-2 indicate that a stripping point was
identified in the corresponding wheel path. For these cases, the rutting curve before the SIP
was fitted using the previously described method, and the corrected rut depth at 20,000 passes
was extrapolated from the pre-stripping rutting trend. Therefore, the red values represent
corrected CRD20K values rather than the raw rut depth directly measured after stripping
occurred. This correction was used to reduce the influence of moisture-induced stripping and
to better isolate the rutting component of the HWTT response. As shown in Figure 4-21, the
fitted linear regression line had a slope of approximately 0.50. This suggests that, on average,
the LMLC CRD20K values were lower than the corresponding PMLC CRD20K values. In other
words, the LMLC specimens generally exhibited less rutting in HWTT than PMLC specimens.
This may be attributed to the 2-hour short-term aging applied to LMLC mixtures, which
increased mixture stiffness and improved rutting resistance.
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Figure 4-21 Corrected rut depth at 20k pass of PMLC and LMLC
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4.3.6 Preliminary threshold recommendations

Based on the benchmarking results, both the 25th percentile and the average minus one
standard deviation were considered as practical statistical approaches for preliminary
threshold development. To facilitate implementation, the recommended threshold values were
rounded to the nearest 5 or 10. Since the performance distributions differ between PMLC and
LMLC specimens and between reheated/STA and LTA conditions, separate preliminary
thresholds are recommended for each specimen preparation and aging condition, as listed in
Table 4-2. These preliminary threshold values are intended to identify mixtures with relatively
poor cracking or rutting resistance among currently approved TDOT 411-D mixtures without
imposing overly restrictive requirements at the initial stage of BMD implementation.

Table 4-2 Preliminary threshold

Specimen Type | Aging Condition CT Index (with RT TN-CT Index (with | HT-IDT Strength
Peak strength) Index Peak strength)

PMLC Reheated 75 (130psi) 70 45 (175psi) 210 kPa
LTA115°C . .

PMLC 20hours 25(185psi) — 15 (200psi) —
STA135°C ) )

LMLC Ahours 50(160psi) 85 30 (200psi) 230kPa
LTA115°C . .

LMLC 20hours 15(200psi) — 10 (230psi) —

4.4 Correlation between performance tests

One of the major objectives of this study was to evaluate whether the performance results
obtained from 4-inch Marshall specimens could be correlated with those obtained from 6-inch
SGC specimens. This comparison is important for TDOT because the current TDOT asphalt mix
design practice is based on Marshall-compacted specimens, while many nationally developed
BMD performance tests were originally developed using SGC specimens. Therefore,
establishing reliable relationships between Marshall-based and SGC-based test results can
support TDOT's transition toward BMD implementation while maintaining compatibility with
existing Marshall-based practice. This section evaluates the relationships between cracking-
related and rutting-related performance indices. The cracking correlation focused on the
relationship between the 6-inch IDEAL-CT index and the 4-inch TN-CT index. The rutting
correlations included the relationships between IDEAL-RT index and Hot-IDT strength, IDEAL-RT
index and HWTT corrected rut depth, and Hot-IDT strength and HWTT corrected rut depth.

4.4.1 Correlation between CTindex and TN-CT index

Figure 4-22 presents the relationship between the IDEAL-CT index obtained from 6-inch SGC
specimens and the TN-CT index obtained from 4-inch Marshall specimens. Overall, a positive
linear relationship was observed between the two cracking indices. Mixtures with higher CT
index values generally also showed higher TN-CT index values, indicating that both tests
captured similar trends in cracking resistance.

For PMLC specimens, the correlation between CT index and TN-CT index was strong. The fitted
regression line had a coefficient of determination, R?, of approximately 0.86, indicating that the
TN-CT index was strongly related to the IDEAL-CT index for plant-produced mixtures. The fitted
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slope was approximately 0.60, suggesting that the TN-CT index was generally about 60% of the
corresponding IDEAL-CT index. In addition, the similarity of slopes across reheated, LTA, and
combined datasets indicates that long-term aging does not significantly alter the proportional
relationship between the two indices.

For LMLC specimens, the relationship between CT index and TN-CT index was weaker than that
observed for PMLC specimens, with an R? of approximately 0.75. The fitted slope was
approximately 0.60, indicating that the TN-CT values were approximately 60% of the
corresponding CT index values for LMLC specimens. The weaker correlation may be associated
with the inherent variability of laboratory-produced mixtures. Compared with plant-produced
mixtures, LMLC mixtures may have less uniform aggregate coating and homogeneity, which can
increase variability in cracking test results.

When all PMLC and LMLC data under both short-term and long-term aging conditions were
combined, a reasonably strong overall relationship was still observed, with an Rz of
approximately 0.85. The combined fitted slope was approximately 0.60, indicating that the 4-
inch TN-CT index is about 60% of the corresponding 6-inch IDEAL-CT index. These results
indicate that TN-CT can provide useful cracking performance information that is broadly
consistent with IDEAL-CT. This may be attributed to specimen size effects.
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Figure 4-22 Correlation between CT index and TNCT index

4.4.2 Correlation between RTindex and HT-IDT strength

Figure 4-23 presents the relationship between the IDEAL-RT index obtained from 6-inch SGC
specimens and the HT-IDT strength obtained from 4-inch Marshall specimens. A positive
relationship was observed between RT index and Hot-IDT strength. Mixtures with higher RT
index values generally exhibited higher Hot-IDT strength, suggesting that both indices
characterize rutting-related performance of asphalt mixtures. For PMLC specimens, the
coefficient of determination was approximately 0.64. For LMLC specimens, the R? value was
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approximately 0.61. When PMLC and LMLC data were combined, the R? value was
approximately 0.65. These values indicate a moderate correlation between the two rutting-
related indices.

The observed correlation between RT index and HT-IDT strength was weaker than the
correlation observed between CT index and TN-CT index. This difference can be attributed to
the fundamental distinctions between the two rutting-related test methods. The CT and TN-CT
tests primarily differ in specimen size and compaction method, while sharing a similar indirect
tensile loading mechanism and cracking index calculation framework. In contrast, RT index and
Hot-IDT strength are obtained from tests with different loading modes and stress states. The
Hot-IDT test involves indirect tensile loading at elevated temperature, whereas the IDEAL-RT
test is dominated by shear deformation mechanisms. As a result, the two indices captured
different aspects of mixture behavior at high temperature, which likely contributed to the
increased scatter and reduced correlation.
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Figure 4-23 Correlation between RT index and HT-IDT strength

4.4.3 Correlation Between RT Index and HWTT

Figure 4-24 presents the relationship between the IDEAL-RT index and HWTT-derived rutting
parameters. The HWTT results were evaluated using the corrected rut depth at 20,000 passes,
CRD20k, and the rutting resistance index, RRI.

Overall, the RT index showed a reasonable relationship with HWTT-derived rutting
performance. Mixtures with higher RT index values generally exhibited lower corrected rut
depths and higher RRI values. This indicates that the IDEAL-RT test was able to capture the
general trend of rutting resistance measured by HWTT. However, the linear regression results
showed only moderate predictive capability, with R? of 0.39 and 0.56 for LMLC and PMLC,
respectively. This is expected because the two tests evaluate rutting resistance using different
loading configurations and boundary conditions. The IDEAL-RT is a rapid monotonic shear-
dominated test, while HWTT measures accumulated rutting under repeated wheel loading in a
submerged condition. Therefore, HWTT captures not only rutting deformation but also
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moisture susceptibility and potential stripping behavior, which are not directly captured by the
RT index.
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Figure 4-24 Correlation between RT index and HWTT results: (@) RT index VS CRD20K; (b) RT index VS RRI

In addition to linear regression analysis, Spearman correlation analysis was conducted to
evaluate the ranking consistency between the RT index and HWTT-derived rutting parameters.
Unlike linear regression, Spearman correlation evaluates whether two variables follow a
consistent monotonic trend, regardless of the exact linear form of the relationship. Therefore,
this analysis is particularly useful for assessing whether the RT index can reasonably rank
mixtures in terms of rutting resistance relative to HWTT results.

For CRD20k, the Spearman correlation coefficients were -0.62, -0.77, and -0.71 for LMLC, PMLC,
and all data, respectively. The negative coefficients are expected because higher RT index
values indicate better rutting resistance, while lower CRD20k values indicate better rutting
performance in HWTT. These results show that mixtures with higher RT index values generally

B ———————————————
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had lower HWTT corrected rut depths. The ranking consistency was stronger for PMLC
specimens than for LMLC specimens, suggesting that the RT-HWTT relationship was more
stable for plant-mixed materials.

Similarly, the Spearman correlation coefficients between RT index and RRI were 0.63, 0.77, and
0.70 for LMLC, PMLC, and all data, respectively. The positive correlations are expected because
both RT index and RRI increase with improved rutting resistance. These results further confirm
that RT index can reasonably capture the relative ranking of mixture rutting resistance
measured by HWTT.

Overall, the Spearman correlation results indicate a moderate-to-strong monotonic relationship
between RT index and HWTT-derived rutting parameters. Although the linear regression R2
values indicate only moderate capability for direct prediction of HWTT rut depth, the Spearman
results suggest that RT index provides reasonable ranking consistency with HWTT. Therefore,
IDEAL-RT has potential as a rapid surrogate for rutting resistance evaluation, particularly for
identifying mixtures with relatively high or low rutting resistance.

4.4.4 Correlation Between HT-IDT strength and HWTT

Figure 4-25 presents the relationship between Hot-IDT strength and HWTT-derived rutting
parameters, including corrected rut depth at 20,000 passes (CRD20k) and rutting resistance
index (RRI). Overall, the linear regression results showed a weak relationship between HT-IDT
strength and HWTT-derived rutting performance. Although mixtures with higher HT-IDT
strength generally tended to show lower CRD20k and higher RRI, the scatter was relatively
large. This indicates that HT-IDT strength alone cannot reliably predict HWTT rutting
performance.

Spearman correlation analysis was also conducted to evaluate the ranking consistency between
HT-IDT strength and HWTT-derived rutting parameters. For LMLC specimens, the Spearman
correlation coefficients between HT-IDT strength and CRD20k and between HT-IDT strength and
RRI were -0.22 and 0.25, respectively. In contrast, stronger monotonic relationships were
observed for PMLC specimens. The Spearman correlation coefficients between HT-IDT strength
and CRD20k and between HT-IDT strength and RRI were -0.72 and 0.72, respectively. When all
data were combined, the Spearman correlation coefficients were -0.45 for CRD20k and 0.44 for
RRI, indicating only moderate-to-weak overall ranking consistency.
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Figure 4-25 Correlation between HT-IDT strength and HWTT results: (a) HT-IDT strength vs CRD20k;(b) HT-

IDT strength vs RRI

Overall, compared with HT-IDT strength, the RT index appears to be more suitable as a
potential surrogate for HWTT rutting performance, based on its stronger ranking consistency
with HWTT-derived rutting parameters. However, the IDEAL-RT test is currently conducted using
6-inch SGC specimens, and a comparable IDEAL-RT loading fixture is not available for 4-inch
Marshall specimens. Therefore, HT-IDT remains useful because it provides practical Marshall-
compatible rutting-related information. Nevertheless, HT-IDT should not be considered a
standalone replacement for HWTT without additional validation. For TDOT BMD
implementation, HWTT remains necessary when repeated-load rutting behavior, moisture
susceptibility, and stripping potential need to be evaluated.

4.5 Performance Space Diagram Analysis
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Performance space diagrams (PSD) were plotted to evaluate both cracking and rutting
resistance for the collected mixtures. In each diagram, the vertical axis represents a cracking-
related index, while the horizontal axis represents a rutting-related index. PSDs provide a visual
framework to assess asphalt mixture performance by combining results from multiple
performance tests, offering a comprehensive understanding of both cracking and rutting
resistance.

4.5.1 Performance Space Diagram of PMLC

Figure 4-26 compares the performance distributions obtained from 6-inch SGC specimens and
4-inch Marshall specimens for reheated PMLC mixtures. Overall, the two performance space
diagrams exhibited similar general trends, indicating that both specimen types captured
comparable performance characteristics. For example, Mix B consistently demonstrated
relatively poor rutting resistance in both PSDs. This consistency suggests that mixtures with
clearly inferior rutting resistance can be identified regardless of whether 6-inch SGC or 4-inch
Marshall specimens are used. A similar agreement was also observed for several mixtures with
relatively strong balanced performance. For instance, Mix A, L, O, Q, U, T, W, etc., were generally
located in the upper-right or acceptable-performance region of the PMLC performance space,
indicating relatively better cracking and rutting resistance. Their positions in the 4-inch
Marshall-based diagram were also generally consistent with the 6-inch SGC-based
interpretation, further supporting the ability of the Marshall performance tests to reflect the
overall performance ranking of PMLC mixtures.

However, discrepancies were observed for certain mixtures, particularly those located close to
the preliminary threshold lines. For example, Mix E exhibited a 6-inch CT index that exceeded
the CT threshold. The same mixture fell below the TN-CT threshold in the 4-inch Marshall-based
diagram. Therefore, while the 4-inch Marshall-based performance space can identify mixtures
with clearly poor or clearly acceptable performance, mixtures near the threshold region should
be interpreted with caution.
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Figure 4-26 Performance Space Diagram of PMLC: (a) SGC specimens;(b) Marshall specimens
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4.5.2 Performance Space Diagram of LMLC

Figure 4-27 presents the performance space diagrams for LMLC specimens. Compared with
PMLC specimens, the LMLC specimens generally showed lower cracking-related indices and
higher rutting-related indices. This reflects the influence of laboratory short-term aging.

4-inch Marshall-based performance space showed trends similar to the 6-inch SGC-based
performance space. This indicates that TN-CT and HT-IDT can help identify lower-performing
mixtures that are generally consistent with the CT index and the RT index. Therefore, 4-inch
Marshall performance testing appears feasible for TDOT BMD implementation. However,
because the 4-inch and 6-inch tests have different specimen geometries, compaction methods,
and loading mechanisms, separate performance thresholds should be developed for each test
and specimen preparation condition.
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Figure 4-27 Performance Space Diagram of LMLC: (a) SGC specimens;(b) Marshall specimens

4.5.3 Three-Dimensional Performance Space Considering Peak Strength
To evaluate the effect of incorporating peak strength into the conventional cracking-rutting
performance space, three-dimensional performance space diagrams were developed using the
cracking-related index, corresponding peak strength, and rutting-related index. The complete
diagrams for the PMLC and LMLC specimens prepared using the SGC and Marshall compactors
are provided in Appendix C. In each diagram, the shaded region represents the combinations
satisfying all three preliminary performance thresholds, whereas points outside the shaded
region fail at least one threshold.

The three-dimensional performance space provides an additional screening dimension beyond
the conventional two-dimensional cracking-rutting framework. In particular, some mixtures
satisfied both the cracking- and rutting-related thresholds but exhibited peak strengths below
the corresponding preliminary reference level. For example, among the reheated PMLC SGC
specimens, Mixes M, U, and V satisfied the CT index and RT index thresholds but did not satisfy
the preliminary peak-strength threshold of 130 psi. These mixtures would have been classified
as acceptable in the two-dimensional performance space but were flagged for additional review
when peak strength was incorporated.
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Chapter 5 Conclusion

This study was conducted to support TDOT's implementation of BMD for TDOT 411-D dense-
graded surface mixtures. A total of twenty-four currently approved mixtures were collected
from different regions across Tennessee. Both PMLC and LMLC specimens were prepared using
the Superpave gyratory compactor (SGC) and Marshall hammer. The performance tests
included IDEAL-CT, TN-CT, IDEAL-RT, high-temperature indirect tensile strength (HT-IDT), and
Hamburg Wheel Tracking Test (HWTT). The study evaluated five long-term aging protocols,
compared 6-inch SGC-based and 4-inch Marshall-based performance test results, developed a
generalized aging method, and recommended preliminary performance thresholds to support
future TDOT BMD implementation.

The major conclusions are summarized as follows:

e Long-term aging substantially reduced the cracking resistance of TDOT 411-D mixtures.
For plant-produced mixtures, the reheated PMLC specimens showed the highest CT
index values, while long-term aged specimens showed clear reductions. The aging
severity generally followed the order: reheated condition < 85°C for 5 days compacted
aging < 115°C for 20 hours loose aging < 95°C for 3 days loose aging < 135°C for 8 hours
loose aging < 85°C for 5 days loose aging. Loose-mixture aging at 115°C for 20 hours
was identified as the most practical LTA protocol for the current stage of TDOT BMD
implementation because it produced CT index results comparable to the 95°C for 3 days
loose-aging protocol, required less conditioning time, and avoided potential high-
temperature concerns associated with 135°C aging. Additional field validation is still
needed before formal specification adoption.

e The generalized aging method framework provides a practical tool for interpreting and
comparing cracking resistance under different aging conditions. By converting oven
aging time to equivalent aging time, this method integrates the effects of aging
temperature and duration into a unified aging severity parameter. It can be used to
evaluate mixture cracking resistance, quantify aging sensitivity, compare different
laboratory aging protocols, and provide a potential bridge between field aging and
laboratory aging once field-aged mixture data become available.

e PMLC and LMLC specimens exhibited different performance distributions. For cracking-
related tests, LMLC specimens subjected to 4 hours of STA generally showed lower CT
index and TN-CT index values than reheated PMLC specimens. In contrast, for rutting-
related tests, LMLC specimens subjected to 2 hours of STA generally showed higher RT
index and HT-IDT strength values than reheated PMLC specimens. Therefore, separate
thresholds should be developed for LMLC specimens used in mix design and PMLC
specimens used in QA/QC or production verification, respectively.

e The 4-inch Marshall-based performance tests demonstrated reasonable feasibility for
TDOT BMD practice. The TN-CT index correlated reasonably well with the 6-inch IDEAL-
CT index, particularly for PMLC specimens, while the combined PMLC and LMLC dataset
also exhibited a meaningful relationship between the two indices. Rutting-related
correlations were weaker than the cracking-test relationship because IDEAL-RT, HT-IDT,
and HWTT involve different loading modes, specimen configurations, and stress states.
Therefore, HT-IDT may be considered as a Marshall-compatible rutting test but is not
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recommended to replace HWTT at this stage. Performance space diagrams also showed
similar overall performance distribution trends between 6-inch SGC-based and 4-inch
Marshall-based tests, indicating that Marshall specimens and associated performance
tests can reasonably support TDOT BMD practice. The CT index and TN-CT index
primarily characterize post-peak cracking tolerance, whereas peak strength provides
complementary information on pre-peak tensile resistance. The peak strength can be
therefore considered as an additional parameter to be interpreted together with the
applicable cracking index.

e The 25th percentile and average minus one standard deviation of overall performance
test results are reasonable preliminary statistical approaches for TDOT BMD threshold
development. These methods can identify mixtures with relatively poor performance
among currently approved TDOT mixtures without imposing overly restrictive criteria
during the initial implementation stage. Preliminary recommended thresholds were
developed separately by specimen type and conditioning condition.

o For reheated PMLC specimens, the recommended thresholds are CT index > 75, RT
index > 70, TN-CT index > 45, and HT-IDT strength > 210 kPa.

o For PMLC specimens after LTA115, the recommended thresholds are CT index > 25
and TN-CT index = 15.

o For LMLC specimens under STA conditions, the recommended thresholds are CT
index > 50 (STA for 4h at 135°C), RT index > 85 (STA for 2h at 135°C), TN-CT index >
30 (STA for 4h at 135°C), and HT-IDT strength > 230 kPa (STA for 2h at 135°C).

o For LMLC specimens after LTA115, the recommended thresholds are CT index > 15
and TN-CT index > 10.

These values should be considered preliminary and should be further validated using

field performance data before formal specification adoption.

Based on these findings, the following implementation recommendations are provided for
TDOT:

e Loose-mixture aging at 115°C for 20 hours is recommended as the primary LTA protocol
for continued BMD research and preliminary implementation.

e Performance thresholds should be established separately for PMLC and LMLC
specimens, and separate criteria should also be maintained for 6-inch SGC-based and 4-
inch Marshall-based tests.

e TN-CT can be used as a practical Marshall-compatible cracking test to support TDOT's
transition toward BMD, while HT-IDT may be used as a Marshall-compatible rutting test
candidate. However, the weak correlations between HT-IDT and IDEAL-RT with HWTT
indicated that they can not replace HWTT.

e The preliminary thresholds recommended in this report should be treated as initial
implementation values and refined using additional production data, field performance
monitoring, and TDOT's future QA/QC experience.

Overall, this study provides a technical basis for TDOT's stepwise implementation of BMD for
dense-graded surface mixtures. The results support the use of practical long-term aging,
Marshall-compatible performance testing, and distribution-based preliminary thresholds as
initial tools and a solid foundation for developing performance-informed asphalt mixture
specifications in Tennessee.
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Appendices

Appendix A: Mixture information

Table A-1 Summary of collected TDOT 411-D asphalt mixtures and JMF properties

Mix : . Optimum Coarse .
D Region JMF No. Binder PG AC Aggregate RAP content NMAS Mix type
A 1 1230712 70-22 5.70% Limestone 1/2"-10% 12" P'ﬁ;‘;&
B 2 2230234 | 042267 5.70% Limestone 1/2"-10% 172" Plant &
22 Lab
c 2 2230309 | ©42%/67- 5.80% Granite 1/2"-15% 3/8" FAEG &
22 Lab
D 3 3230064 | 042267 5.70% Limestone 1/2"-10% 172" Only
22 Plant
. " R Plant &
E 3 3232042 76-22 5.70% Limestone 3/8"-10% 12 s
172" - 8% Plant &
- 0 "
F 4 4230130 70-22 5.70% Gravel a7 12 o
R R Plant &
G 4 4240011 70-22 6.00% Gravel 1/2"-10% 3/8 o
H 1 1240632 70-22 570% | Gravel/Granite 1/2"-10% 3/8" P"E;‘; &
/ 1 1240622 | 842267 5.70% Gravel 1/2"-10% 3/8" P
22 Lab
J 2 2240260 70-22 5.70% Sandstone 1/2"-10% 172" P"E;‘g&
K 2 2240040 76-22 5.90% Granite 1/2"-10% 3/8" P'i;‘;&
1/2"-10% Plant &
— 0 n
L 3 3248001 76-22 6.58% Gravel i 12 o
. " " Plant &
M 2 2250033 70-22 5.70% Limestone 1/2"-10% 12 s
N 3 3252068 76-22 5.70% Limestone 1/2"-10% 172" P'i;‘;&
o) 4 4250084 76-22 5.90% Gravel 1/2"-10% 172" P'ﬁgg&
p 4 4250319 76-22 6.10% Gravel 1/2"-10% 172" P"E;‘;&
o) 1 1250629 76-22 5.70% Quartzite 1/2"-10% 3/8" P'ﬁ;‘;&
R 1 1250316 76-22 6.00% Quartzite 5/16"-10% 3/8" P"E;‘g&
s 1 1250341 76-22 6.00% Gravel 3/8"-10% 3/8" P'i;‘; &
T 2 2250353 76-22 5.70% Limestone 1/2"-10% 172" P'i;‘;&
1/2"- 7.3%RAP Plant &
- 0 i "
v 2 2250269 76-22 6.40% Limestone 3/8"- 2 7%RAS 1/2 Lab
v 1 1250649 | 42287 | 5700 Gravel 0 3/8" Plant &
22 Lab
w 3 3252006 76-22 5.70% Limestone 1/2"-15% 172" P'ﬁgg&
X 4 4250324 64'2222/ 67- 6.00% Gravel 3/8"-15% 3/8" P"E;‘; &

57



Mix ) Eff. Gravity o Marshall Flow
D Region | JMF No. G VMA VFA 7 Agg'ty f stability (Ib) 0,01
A 1 1230712 2.547 17.4 77.9 2.796 4167 10.7
B 2 2230234 2.475 171 77.1 2.704 3373 13.8
C 2 2230309 2.437 17 77.4 2.661 3717 13.3
D 3 3230064 2.420 16.8 76.5 2.635 2510 12.2
E 3 3232042 2.431 17 75.7 2.649 3500 13.2
F 4 4230130 2.379 16.7 75.8 2.583 3768 14.3
G 4 4240011 2.314 16.9 76.4 2.514 3403 16.8
H 1 1240632 2.468 17 77.4 2.696 3483 1.7
/ 1 1240622 2.440 17 76.3 2.660 4585 14.2
J 2 2240260 2.410 16.8 76.3 2.622 3155 12.5
K 2 2240040 2.448 17.3 77.7 2.679 3233 33.2
L 3 3248001 2.225 17.7 77 2.423 2926 16.5
M 2 2250033 2.481 17.3 75.9 2.712 3125 11.0
N 3 3252068 2.420 16.7 76.9 2.635 2178 11.0
(0] 4 4250084 2.390 17.3 75.6 2.605 NA NA
P 4 4250319 2.292 17 76.5 2.490 4358 12.8
Q 1 1250629 2.448 16.9 76.8 2.670 4669 11.3
R 1 1250316 2.420 17.7 76.6 2.649 3533 14.0
S 1 1250341 2.417 17.4 77.9 2.644 4242 13.7
T 2 2250353 2.494 17.2 77.2 2.729 3398 11.9
U 2 2250269 2.367 18.2 77.7 2.597 3050 10.7
v 1 1250649 2.472 171 76.7 2.699 4153 15.1
w 3 3252006 2.418 16.8 76.4 2.632 2858 11.6
X 4 4250324 2.340 171 76.4 2.547 3392 11.5
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Appendix B: HWTT results and figures

Table A-2 HWTT results of PMLC and LMLC.

PMLC (reheated, LMLC(STA2h)
Avg. Le, Right , Avg. Le Right ,
Mix ID | JMF NO. CRD§0K CRDJZCtOk CRDgZOk fgir | g CRD§0K CRDJZCtOk CRDgZOk fgi | &g
sip | sip sip | sip
(mm) (mm) (mm) (mm) (mm) (mm)

A | 1230712 | 45 366 | 532 N N 57 576 | 5.60 N N
B | 2230234 | 97 810 | 1132 | N v 127 | 1239 | 13.07 | N N
C | 2230309 | 54 476 | 6.00 N N 83 875 | 7.92 Y v
D | 3230064 | 122 | 1130 | 1318 | N N NA NA NA | NA | NA
E | 3232042| 85 646 | 1050 | N v 8.1 6.84 | 940 N v
F | 4230130 | 46 463 | 463 N N 24 265 | 2.05 N N
G | 4240011 | 5.1 452 | 565 N N 4.4 385 | 491 N N
H | 1240632 | 3.5 326 | 3.74 N N 39 414 | 3.72 N N
I | 1240623 | 134 | 1372 | 1299 | N N 71 809 | 6.06 N N
7 | 2240260 | 5.9 488 | 684 N Y 36 348 | 3.71 N N
K | 2240040 | 35 363 | 335 N N 1.9 202 | 168 N N
L | 3248001 | 33 324 | 326 N N 28 306 | 2.56 N N
M | 2250033 | 8.4 765 | 9.10 N v 34 350 | 335 N N
N | 3252068 | 9.9 940 | 1040 | N v 33 421 235 N N
0 | 4250084 | 623 605 | 654 N N 47 504 | 430 N N
P | 4250319 | 32 311 3.28 N N 31 305 | 3.07 N N
Q | 1250629 | 48 440 | 524 N N 45 379 | 521 N N
R | 1250316 | 6.1 597 | 615 N N 45 467 | 428 N N
S | 1250341 | 39 367 | 405 N N 39 446 | 3.8 N N
T | 2250353 | 45 402 | 497 N N 38 363 | 3.99 N N
U | 2250269 | 102 | 1034 | 1003 | N N 7.0 683 | 7.3 N N
V| 1250649 | 7.2 613 | 818 N v 5.8 670 | 486 Y N
W | 3252006 | 4.6 443 | 469 N N 7.9 8.61 7.19 N N
X | 4250324 | 9.6 929 | 9.90 v v 8.4 967 | 7.3 Y v
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Appendix C: Three-Dimensional Performance Spaces Incorporating
Peak-Strength Thresholds

Three-Dimensional Performance Space for PMLC SGC Specimens
Passing region: CT index >= 75, RT index >= 70, Peak strength (psi) >= 130
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RT index

Three-Dimensional Performance Space for PMLC SGC Specimens: RT index versus CT index

Shaded region: CT index >= 75 and RT index >= 70

Point classification also includes Peak strength (psi) >= 130
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Three-Dimensional Performance Space for PMLC SGC Specimens: Peak strength (psi) versus CT index
Shaded region: CT index >= 75 and Peak strength (psi) >= 130
Point classification also includes RT index >= 70
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Three-Dimensional Performance Space for PMLC SGC Specimens: Peak strength (psi) versus RT index
Shaded region: RT index >= 70 and Peak strength (psi) >= 130

Point classification also includes CT index >= 75
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Figure A-3 Three-dimensional performance space for reheated PMLC SGC specimens based on CT index,
RT index, and IDEAL-CT peak strength
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Three-Dimensional Performance Space for PMLC Marshall Specimens
Passing region: TNCT index >= 45, HT-IDT strength (kN) >= 210, Peak strength (psi) >= 175
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Three-Dimensional Performance Space for PMLC Marshall Specimens: HT-IDT strength (kN) versus TNCT index
Shaded region: TNCT index >= 45 and HT-IDT strength (kN) >= 210
Point classification also includes Peak strength (psi) >= 175
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Three-Dimensional Performance Space for PMLC Marshall Specimens: Peak strength (psi) versus TNCT index
Shaded region: TNCT index >= 45 and Peak strength (psi) >= 175
Point classification also includes HT-IDT strength (kN) >= 210
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Three-Dimensional Performance Space for PMLC Marshall Specimens: Peak strength (psi) versus HT-IDT strength (k
Shaded region: HT-IDT strength (kN) >= 210 and Peak strength (psi) >= 175
Point classification also includes TNCT index >= 45
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Figure A-4 Three-dimensional performance space for reheated PMLC Marshall specimens based on TN-
CT index, HT-IDT strength, and TN-CT peak strength.
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Three-Dimensional Performance Space for LMLC SGC Specimens
Passing region: CT index >= 50, RT index >= 85, Peak strength (psi) >= 160

>

o«
'l ‘S\
240 8,
—~ 220 - xH «F O
'g ‘} ﬂ
~ xX T
)
=
2 180
@2
=
T 160 -
=
140

180
160
0

200

@ Pass all three thresholds 300
% Fail at least one threshold 400
[____1Passing region CT index

100

80
60

RT index

500 40
(a)

74



RT index

Three-Dimensional Performance Space for LMLC SGC Specimens: RT index versus CT index
Shaded region: CT index >= 50 and RT index >= 85
Point classification also includes Peak strength (psi) >= 160
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Three-Dimensional Performance Space for LMLC SGC Specimens: Peak strength (psi) versus CT index

Peak strength (psi)

Shaded region: CT index >= 50 and Peak strength (psi) >= 160

Point classification also includes RT index >= 85
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Three-Dimensional Performance Space for LMLC SGC Specimens: Peak strength (psi) versus RT index
Shaded region: RT index >= 85 and Peak strength (psi) >= 160
Point classification also includes CT index >= 50
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Figure A-5 Three-dimensional performance space for STA-conditioned LMLC SGC specimens based on CT
index, RT index, and IDEAL-CT peak strength.
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Three-Dimensional Performance Space for LMLC Marshall Specimens
Passing region: TNCT index >= 30, HT-IDT strength (kN) >= 230, Peak strength (psi) >= 200
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Three-Dimensional Performance Space for LMLC Marshall Specimens: HT-IDT strength (kN) versus TNCT index
Shaded region: TNCT index >= 30 and HT-IDT strength (kN) >= 230
Point classification also includes Peak strength (psi) >= 200
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Three-Dimensional Performance Space for LMLC Marshall Specimens: Peak strength (psi) versus TNCT index
Shaded region: TNCT index >= 30 and Peak strength (psi) >= 200
Point classification also includes HT-IDT strength (kN) >= 230
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Three-Dimensional Performance Space for LMLC Marshall Specimens: Peak strength (psi) versus HT-IDT strength (k
Shaded region: HT-IDT strength (kN) >= 230 and Peak strength (psi) >= 200

Point classification also includes TNCT index >= 30
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Figure A-6 Three-dimensional performance space for STA-conditioned LMLC Marshall specimens based
on TN-CT index, HT-IDT strength, and TN-CT peak strength.
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