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ABSTRACT 

This study investigated one control and five Balanced Mix Design (BMD) optimized 

asphalt surface mixtures, four of which had high reclaimed asphalt pavement (RAP) 

contents (HRAP mixtures), using laboratory performance tests characterized with different 

levels of complexity. The performance of the evaluated mixtures was assessed based on 

durability, rutting resistance, and cracking resistance as emphasized by BMD. The study 

explored the ranking of a single index and correlations among various indices. Assisted by 

3-Dimensional and ternary plots, this study also proposed a novel composite performance 

index [CPI] that combines major indices (durability, cracking, and rutting) to evaluate the 

performance of BMD optimized mixtures. The results revealed discrepancies between 

basic/intermediate performance test results and advanced performance test results. The 

comparisons conducted also underscored the beneficial impacts derived from using softer 

binders and/or recycling agents in HRAP asphalt mixtures. Furthermore, the findings 

indicated that the BMD approach can serve as an effective framework for designing asphalt 

mixtures that simultaneously enhance both fatigue cracking and rutting performance. 

Moreover, the study revealed HRAP BMD surface mixtures can exhibit superior overall 

performance when compared to conventionally designed control mixtures. 

Keywords: reclaimed asphalt pavement, high RAP, asphalt concrete, balanced mix design, 

performance, implementation, accelerated pavement testing, correlations, recycling agents. 
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1. INTRODUCTION 

The use of reclaimed asphalt pavement (RAP) is greatly influencing asphalt mixture production 

and development worldwide. While RAP usage has increased throughout the years, its growth 

plateaued at around 20% in 2014 (West and Copeland 2015, Williams et al. 2015). According to 

a survey conducted by the National Asphalt Pavement Association in 2019, the average RAP 

content in asphalt mixtures was 21.1%, which remained the same as the preceding year 

(Williams et al. 2015).  Strict requirements have been placed on the use of RAP in asphalt 

mixtures by state agencies; this is mainly due to perceptions of inferior quality and hurdles 

related to the source and quality of RAP materials along with processing during production 

(Diefenderfer et al. 2021a). However, some countries have been pushing the boundaries of 

recycling and have been leading the way in using relatively higher RAP contents; the 

Netherlands, for example, allows the inclusion of up to 50% RAP in most asphalt mixtures 

(Mohajeri 2015). With the implementation of a new specification system in line with European 

standards (EN13108 series), Dutch contractors are able to design and select their own 

composition as long as the performance requirements for the resultant mixture are fulfilled. In 

Japan, RAP content averages 47% in asphalt mixtures with RAP fractionation, moisture control, 

frequent testing of RAP materials, and the use of recycling agents (RAs) being among the 

measures adopted by the Japanese industry to ensure that performance requirements are met 

(West and Copeland 2015).  

In the United States (U.S.), economic and associated environmental benefits gained by 

the use of RAP in asphalt mixtures have encouraged state agencies to introduce special 

provisions and specifications allowing its use at relatively higher contents in mixtures (Zaumanis 

et al. 2013, Epps-Martin et al. 2020). The increased use of RAP was expected to offset the 
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continuously rising cost of asphalt binders used to produce mixtures and fuel needed to transport 

and place them (Zaumanis et al. 2013, Epps-Martin et al. 2020). In the U.S., the amount of RAP 

available in each state, its corresponding performance, the various practices and standards being 

implemented, and other factors have led the definition of high RAP (HRAP) asphalt mixtures to 

become state specific. In 2020, Habbouche et al. performed a review from multiple perspectives 

of the state of the practice on the use of recycled asphalt materials and RAs in surface mixtures 

(Habbouche et al. 2021a). The review focused on the permissibility and usage of RAP in 

mixtures alongside various other aspects. According to the various responses received from state 

agencies and according to an online search of specifications, special provisions, and field trial / 

pilot projects, the allowable RAP content in mixtures varied from 15% to 50% (Habbouche et al. 

2021a). For instance, California defines HRAP asphalt mixtures as those containing 25% to 40% 

RAP and limits their production for special pilots. Kansas allows up to 40% RAP content if the 

millings used correspond to the same field site where the resultant mixture is to be placed. In 

Nebraska and Vermont, the RAP content in HRAP asphalt mixtures ranges between 25 and 50%; 

however, it was reported that the majority of asphalt mixtures use no more than 20% RAP. In 

Georgia, mixtures that contain 30% and higher RAP content are considered HRAP asphalt 

mixtures. Similar definition is being adopted by Missouri, North Carolina, South Carolina, South 

Dakota, and Virginia. States such as Missouri and New Jersey do not specify an upper limit on 

the RAP content as long as the resultant mixtures meet pre-established specific properties and 

performance requirements. Other states, such as Pennsylvania, require additional testing and 

processing for mixtures with RAP content greater than 15% (Habbouche et al. 2021a).  

The primary concern with HRAP asphalt mixtures is that they can become overly stiff 

due to the increased amount of RAP used, making them more brittle and prone to premature 
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cracking (Epps-Martin et al. 2020). Numerous construction and performance issues can result 

from the use of relatively high RAP contents in mixtures such as challenging compactability and 

workability in cool weather, thermal cracking, fatigue cracking, reflective cracking induced due 

to repeated loading and daily / seasonal thermal stresses, and raveling with subsequent aging or 

moisture damage (Epps-Martin et al. 2020). The challenges arising from the use of HRAP 

asphalt mixtures can be addressed through the use of softer binders and/or additives such as RAs. 

Therefore, the Balanced Mix Design (BMD) concept provides an opportunity to properly design 

and produce engineered HRAP asphalt mixtures.  

BMD is defined as “Asphalt mix design using performance tests on appropriately 

conditioned specimens that address multiple modes of distress taking into consideration, mix 

aging, traffic, climate, and location within the pavement structure” according to the former 

Federal Highway Administration Expert Task Group on mixtures and construction (West et al. 

2018, Yin and West 2021). The BMD method replaces some aspects of traditional volumetric 

design with performance testing criteria for the most common distresses such as rutting and 

cracking.  The approach requires that a mixture design pass performance criteria for approval. 

Additional performance testing during production and construction may be required for mixture 

acceptance. Although BMD mixtures cannot compensate for an unsound underlying pavement 

structure or the selection of inappropriate maintenance treatments, BMD constitutes a significant 

step forward in the pursuit of better-performing asphalt mixtures. Numerous state highway 

agencies are looking into designing and accepting asphalt mixtures using the BMD concept 

(West et al. 2018, Yin and West 2021). AASHTO PP 105, Standard Practice for Balanced 

Design of Asphalt Mixtures, proposes four primary approaches to BMD for mixture design, 

labeled A through D, having increased reliance on performance properties over volumetric 



Tong, Habbouche, Diefenderfer, and Flintsch 

6 

 

requirements. The potential of innovation increases as compliance with the existing volumetric 

requirements decreases from Approach A (volumetric design with BMD verification) to 

Approach D (BMD design only) (West et al. 2018, Yin and West 2021, E-C280 2022). 

1.1. Virginia BMD Efforts 

Numerous state highway agencies are looking into designing and accepting asphalt mixtures 

using the BMD concept. As one of these agencies, the Virginia Department of Transportation 

(VDOT) has been working towards the implementation of BMD for several years. VDOT had 

been experiencing increased surface cracking over several years, and BMD was considered as a 

means to address cracking concerns. Another benefit of moving toward BMD that was attractive 

to VDOT was the opportunity to consider innovations in mixture designs. The efforts began 

during a time of interest in the use of high RAP contents and stemmed from the concern about 

the potential performance of these mixture and knowledge that volumetric design could not 

account for the performance of mixtures with higher RAP contents and/or other additives 

(Diefenderfer et al. 2023). 

In 2007, VDOT introduced specifications to allow higher percentages of RAP (i.e., up to 

30%) in surface mixtures (SMs) without adjustment of the virgin binder grade. By 2013, VDOT 

had begun to consider the feasibility of allowing the use of SMs containing up to 45% of RAP 

material (Diefenderfer et al. 2021b). Field trial projects featuring the use of 40-45% RAP 

contents in surface mixtures were constructed (Nair et al. 2019). In 2017, VDOT began to 

evaluate the feasibility of introducing performance requirements into mix design using the BMD 

method. In January 2018, an initial effort was undertaken to provide benchmark indications of 

performance for several conventional unmodified mixtures typically used in Virginia to support 

proposed pilot projects containing higher RAP contents. Three fast, simple, and practical 
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performance-indicative tests addressing different modes of distress were selected for use as part 

of the BMD method. The selected tests were Cantabro test, the indirect tensile cracking test 

(IDT-CT) at intermediate temperature, and the asphalt pavement analyzer (APA) rut test for 

assessing the overall potential for durability, cracking, and rutting of asphalt mixtures, 

respectively. Initial performance threshold criteria were then developed for the selected tests: a 

maximum of 7.5% mass loss for the Cantabro test, a maximum of 8.0 mm of rut depth at 64°C 

for the APA rut test, and a minimum cracking tolerance (CT) index of 70 for the IDT-CT at 

25°C. Moreover, Diefenderfer et al. assessed and validated the developed performance-based 

specifications for surface asphalt mixtures produced using unmodified asphalt binders prior to 

full implementation in Virginia (Diefenderfer et al. 2021a, Habbouche et al. 2021b). 

Two VDOT BMD special provisions were then drafted and revised for use in pilot 

projects: Special Provision for High Reclaimed Asphalt Pavement (RAP) Content Surface 

Mixtures Designed Using Performance Criteria and Special Provision for Dense Graded Surface 

Mixtures Designed Using Performance Criteria. In 2019, two field trials were planned and 

executed to design, produce, and place BMD mixtures in Virginia. These field trials constituted 

the first applications of these BMD specifications. Nine mixtures were evaluated from the two 

field trials; the mixtures incorporated combinations of different RAP contents, two binder grades, 

two RAs, and two warm mix asphalt (WMA) additives (Diefenderfer et al. 2021a). In 2020 and 

2022, additional field trials featuring the use of higher RAP content, softer binder, RAs, and 

various other additives such as fibers and softening oils were planned and constructed. Based on 

the test results, mixtures containing a softer binder, 40% RAP, and RAs may be designed and 

produced to meet current BMD performance thresholds and current volumetric properties, 

gradation, and asphalt content requirements. However, the long-term field and laboratory 
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performance of all these mixtures needs to be evaluated to verify these early findings 

(Diefenderfer et al. 2023, Habbouche et al. 2023).  

1.2. Multi-Level Performance Evaluation 

Laboratory performance tests play an essential role in the BMD process, as they serve not only to 

guarantee the production of sustainable and cost-effective materials but also to validate the long-

term performance of HRAP asphalt mixtures. Various performance tests may be conducted to 

support the mix design and quality control. It is essential to undertake a comprehensive 

evaluation of the performance of mixtures by analyzing the results of various performance tests 

(Al-Qadi et al. 2018). Meroni et al. defined three levels of performance tests (basic, intermediate, 

and advanced) based on degree of complexity, cost, time, and training requirements (Meroni et 

al. 2021).  

• The basic level included tests characterized with a short time for the specimen preparation 

and testing without requiring any specific cutting, coring, and gluing. Simple performance 

tests are noteworthy due to their practical features such as easy execution, reduced 

expenses, and timesaving (NCHRP Report 673). For instance, the Cantabro mass loss test 

and IDT-CT at intermediate temperature were selected by VDOT for BMD implementation. 

• The intermediate level included tests that require longer times for specimens’ preparation 

and testing. The APA rut test was also selected by VDOT for BMD implementation. 

• The advanced level features tests that require operations of cutting and/or coring to prepare 

the specimens as well as multiple days to be able to complete and analyze the test results. 

These tests usually require the use of the Asphalt Mixture Performance Tester (AMPT). 

The development of AMPT was initiated through National Cooperative Highway Research 
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Program (NCHRP) Project 09-19 (Witczak et al. 2011) and NCHRP Project 09-29 

(Bonaquist et al. 2003). The AMPT-based tests provide fundamental properties that are 

used in a pavement mechanistic-empirical (M-E) design framework (e.g., AASHTOWare® 

Pavement ME and FlexPaveTM) for structural pavement design and assessment. Examples 

of advanced tests include the dynamic modulus (|E*|) test, the direct tension cyclic fatigue 

test (CF), the stress sweep rutting (SSR) test.     

1.3. Accelerated Pavement Testing 

In addition to performance testing and evaluation in the laboratory, accelerated pavement testing 

(APT) constitutes a tool to fill the important gap between M-E design models developed using 

laboratory material testing characterization and real long-term pavement performance monitoring 

and analysis data. This technique helps evaluate the performance of full-scale constructed 

pavements in an accelerated manner as opposed to long-term pavement performance monitoring 

(Harvey and Popescu 2021). In 2020, a collaborative experiment between the Virginia 

Transportation Research Council (VTRC), VDOT, and Virginia Tech was planned and executed 

at the Virginia APT facility located at the Virginia Tech Transportation Institute (VTTI). The 

purpose of this experiment was to evaluate the application of the BMD concept to design durable 

and longer-lasting mixtures in Virginia with a focus on mixtures with relatively higher RAP 

contents. The design and production of mixtures were executed in accordance with the two 

VDOT special provisions for designing typical dense-graded and HRAP asphalt surface mixtures 

using performance criteria. The overarching scope included the development of the APT 

experiment, verification of mix design performance, documentation of paving operations and 

construction practices, and mixture sampling during production. Moreover, it included coring of 

as-placed material, testing and analysis of the volumetric and performance properties of 
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mixtures, actual testing using heavy vehicle simulator (HVS) for rutting / cracking, analyses of 

collected pavement responses and generated data, and documentation of observations and lessons 

learned. A total of six experiment-testing lanes were constructed. These lanes featured the use of 

typical and relatively higher RAP contents, softer binder, WMA, and an RA.  

2. OBJECTIVE AND SCOPE 

The 2020 APT testing lanes were among the trials that served as the first application of the BMD 

special provisions to production. They provided an opportunity to evaluate the impact of the 

specifications on the design, production, quality control and assurance practices, and 

construction of SMs. The specific objectives of this paper are to document the process of 

developing a control mixture and five engineered mix designs using the BMD concept and to 

provide a comprehensive laboratory evaluation of mixtures sampled during production using 

multiple levels of performance testing complexity (basic, intermediate, and advanced). 

Subsequently, this study presents the ranking results based on singular performance tests. 

Additionally, an in-depth analysis is conducted to investigate the relationships and distinctions 

among various laboratory performance test results, aiming to uncover potential discrepancies that 

may arise when different levels of performance tests are used. This investigation extends beyond 

a singular performance index and involves the exploration of optimized mixtures based on the 

BMD design by examining the correlations between primary performance tests and 

recommending a novel composite performance index (CPI). As a visual aid, a 3-D plot, 

complemented by a ternary plot, is proposed to effectively depict the internal "balance" state 

among the three primary performance indices. The utilization of this visualization tool allows for 

a thorough understanding of the impact of BMD optimization efforts on the evaluated mixtures. 
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3. EXPERIMENTAL PROGRAM 

A total of one control and five BMD 9.5mm dense-graded SMs were designed, produced, and 

sampled for evaluation in this study. The mixtures incorporated various combinations of RAP 

contents, two binder performance grades (PGs), one RA, and one WMA additive. The mixtures 

are defined as follows:  

• 30_C: a non-BMD mixture serving as a control and including 30% RAP content and PG 

64S-22 asphalt binder. This mixture was designed following the conventional Superpave 

mix design methodology through which the OBC was selected for voids in total mixture 

(VTM) of 4%.  

• 30_O: a BMD optimized version of mixture 30_C (with O denoting optimized) featuring 

the use of 30% RAP content and a PG 64S-22 at a relatively higher OBC when compared 

to mixture 30_C. 

• 45_HR: a BMD HRAP mixture featuring the use of 45% RAP and a PG 64S-22. This 

mixture design resulted in a much higher OBC as compared with all other evaluated 

mixtures. No softer binder or RA were used during the design and production of this 

mixture.  

• 45_HR_RA: a BMD HRAP mixture featuring the use of 45% RAP, a typical PG 64S-22, 

and an RA. 

• 45_HR_L: a BMD HRAP mixture featuring the use of 45% RAP and a softer binder, PG 

58-28. 

• 60_HR_L_RA: a BMD HRAP mixture featuring the use of 60% RAP, a softer binder 

(PG 58-28), and an RA. 
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The second through the sixth mixture were designed following VDOT BMD 

specifications using Approach D (Performance Only). The volumetric properties and gradations 

of all mixtures collected during design and production are shown in Table 1 and Table 2, 

respectively. Table 1 includes the BMD performance properties of the six mixtures determined at 

OBC during the design in the laboratory.  

According to Table 1, the major change noted among mixtures was that the selected 

OBCs for the BMD mixtures (30_O, 45_HR, 45_HR_RA, and 60_HR_L_RA) were higher when 

compared to the non-BMD control mixture 30_C, which could be attributed to the need for 

increased asphalt binder to meet the cracking performance criterion, a CT index of 70 for short-

term aged mixtures. The use of softer binder and/or RA (mixtures 45_HR_RA, 45_HR_L, and 

60_HR_L_RA) resulted in a lower OBC when compared with mixture 45_HR in which none of 

these alternatives were employed to address the use of high RAP content. Finally, mixture 

45_HR exhibited the highest sensitivity to asphalt binder content among all evaluated mixtures. 

During the development of the mixture design, it was observed that a slight change in the binder 

content (e.g., ± 0.2%) may result in passing or failing CT index values.  

During production, all evaluated mixtures except mixture 45_HR had binder contents 

similar to or slightly deviated from the design and within the allowable tolerance according to 

VDOT specifications. However, an increase of almost 0.4% in binder content was observed for 

mixture 45_HR. No major changes in aggregate gradations between design and production were 

observed for any evaluated mixture regardless of the RAP content. Finally, the extracted and 

recovered asphalt binder from the produced mixtures exhibited similar low and high PG 

temperatures except for mixture 45_HR; this mixture showed a much lower high temperature PG 

which could be attributed to the dominance of the virgin binder due to the relatively higher 
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binder content. The performance properties of plant-produced mixtures collected during 

production will be addressed in detail later in the paper. Note that corresponding specimens were 

fabricated from reheated loose mixture sampled in boxes during production. The process of 

preparing reheated specimens involved reheating the loose mixture in boxes until workable, 

splitting the material into specimen quantities, and heating to the appropriate compaction 

temperature and compacting. The following section primarily focuses on evaluating and 

discussing the performance of reheated specimens from production. A comprehensive analysis of 

the reheating effect and the variability in volumetric properties from design to production will be 

addressed in future publications. 
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TABLE 1. Volumetric Properties and Gradations for HVS Mixtures - Design 

Mixture ID 30_C 30_O 45_HR 45_HR_RA 45_HR_L 60_HR_L_RA 

Description Non-BMD BMD BMD 

HRAP 

BMD 

HRAP 

BMD 

HRAP 

BMD HRAP 

Composition  

RAP Content, % 30 30 45 45 45 60 

Asphalt Binder  PG 64S-22 PG 64S-22 PG 64S-22 PG 64S-22 PG 58-28 PG 58-28 

Additives WMA WMA WMA WMA + RA WMA WMA + RA 

Property 

Ndesign, gyrations 50 50 50 50 50 50 

NMAS, mm 9.5 9.5 9.5 9.5 9.5 9.5 

Asphalt Content, %  5.60 6.00 6.80 6.20 6.00 6.00 

Rice SG (Gmm) 2.531 2.517 2.497 2.519 2.521 2.538 

VTM, % 4.0 2.1 5.2 2.7 4.2 1.5 

VMA, % 16.8 15.9 20.2 16.9 17.9 15.3 

VFA, % 76.2 87.0 74.3 84.0 76.6 90.0 

FA Ratio 1.0 1.1 1.2 1.2 1.3 1.5 

Mixture Bulk SG (Gmb) 2.429 2.465 2.367 2.452 2.415 2.500 

Performance Properties at Optimum Asphalt Binder Content 

Cantabro Mass Loss, % 2.9 3.2 4.1 2.8 2.7 4.0 

APA Rut Depth at 64°C, 

mm 

5.4 4.2 5.6 7.2 4.9 3.7 

CT index at 25°C 58 112 299 96 141 128 

Gradation / Sieve Size % Passing 

¾ in (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 

½ in (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0 

3/8 in (9.5 mm) 94.0 96.0 93.0 93.0 92.0 92.0 

No. 4 (4.75 mm) 66.0 66.0 63.0 63.0 63.0 62.0 

No. 8 (2.36 mm) 39.0 41.0 38.0 38.0 40.0 39.0 

No. 16 (1.18 mm) -- -- -- -- -- -- 

No. 30 (600 µm) 23.0 17.0 18.0 18.0 19.0 20.0 

No. 50 (300 µm) -- -- -- -- -- -- 

No. 100 (150 µm) -- -- -- -- -- -- 

No. 200 (75 µm) 5.8 6.6 7.4 7.4 7.5 8.3 

S = standard traffic; BMD = Balanced Mix Design; HRAP = high reclaimed asphalt pavement content 

mixture; RAP = reclaimed asphalt pavement; WMA = warm mix additives; RA = recycling agent; 

NMAS = nominal maximum aggregate sixe; SG = specific gravity; VTM voids in total mixture; 

VMA = voids in mineral aggregate; VFA = voids filled with asphalt; FA = fines to aggregate; APA 

= asphalt pavement analyzer; CT = cracking tolerance. 
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TABLE 2. Volumetric Properties and Gradations for APT Mixtures During Production 

Mixture ID 30_C 30_O 45_HR 45_HR_RA 45_HR_L 60_HR_L_RA 

Description Non-BMD BMD BMD 

HRAP 

BMD 

HRAP 

BMD 

HRAP 

BMD HRAP 

Composition  

RAP Content, % 30 30 45 45 45 60 

Asphalt Binder  PG64S-22 PG64S-22 PG64S-22 PG64S-22 PG58-28 PG58-28 

Additives WMA WMA WMA WMA + RA WMA WMA + RA 

Property 

Ndesign, gyrations 50 50 50 50 50 50 

NMAS, mm 9.5 9.5 9.5 9.5 9.5 9.5 

Asphalt Content, %  5.44 6.14 7.22 6.15 6.00 6.14 

Rice SG (Gmm) 2.604 2.515 2.505 2.546 2.544 2.548 

VTM, % 6.0 4.6 0.6 2.6 2.4 1.7 

VMA, % 18.6 18.4 17.5 16.8 16.5 15.8 

VFA, % 67.5 75.2 96.5 84.6 85.7 89.5 

FA Ratio 1.12 1.07 1.21 1.39 1.21 1.35 

Mixture Bulk SG (Gmb) 2.448 2.400 2.490 2.480 2.482 2.506 

Aggregate Effective SG 

(Gse) 

2.855 2.777 2.820 2.817 2.807 2.820 

Aggregate Bulk SG 

(Gsb) 

2.841 2.761 2.799 2.797 2.795 2.794 

Absorbed Asphalt 

Content (Pba), % 

0.18 0.21 0.27 0.26 0.16 0.34 

Effective Asphalt 

Content (Pbe), % 

5.27 5.94 6.97 5.90 5.85 5.82 

Effective Film Thicness 

(Fbe), µm 

9.2 10.9 10.8 9.1 9.7 8.7 

E&R Asphalt Binder 76.9-18.3 77.8-20.6 70.8-21.4 76.9-21.3 79.3-18.8 76.4-20.6 

Gradation / Sieve Size % Passing 

¾ in (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 

½ in (12.5 mm) 99.3 99.5 98.0 98.5 98.7 98.4 

3/8 in (9.5 mm) 93.7 94.3 91.9 94.2 93.8 93.4 

No. 4 (4.75 mm) 64.5 65.4 61.1 66.8 63.3 66.5 

No. 8 (2.36 mm) 39.9 41.1 39.0 42.4 41.9 43.6 

No. 16 (1.18 mm) 29.4 25.4 25.7 27.0 27.2 29.9 

No. 30 (600 µm) 23.5 16.6 18.4 18.8 19.1 21.8 

No. 50 (300 µm) 13.9 11.2 13.6 13.4 13.0 15.2 

No. 100 (150 µm) 8.2 8.2 10.6 10.2 9.2 10.5 

No. 200 (75 µm) 5.9 6.4 8.4 8.2 7.1 7.9 

PG = performance grade; S = standard traffic; BMD = Balanced Mix Design; HRAP = high reclaimed 

asphalt pavement content mixture; RAP = reclaimed asphal pavement; WMA = warm mix additives; 

RA = recycling agent; NMAS = nominal maximum aggregate sixe; SG = specific gravity; VTM 

voids in total mixture; VMA = voids in miniral aggregate; VFA = voids filled with asphalt; FA = 

fines to aggregate; E&R = extracted and recovered. 

4. DURABILITY ASSESSEMENT 

The Cantabro test is a basic test that was performed to assess the durability of AC mixtures (Cox 
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et al. 2017) in accordance with AASHTO T 401. This test has been shown to be useful when 

evaluating open-graded friction course and dense-graded asphalt mixtures (Cox et al. 2017). The 

test was performed on specimens fabricated using a Superpave gyratory compactor (SGC) that 

were compacted from loose mixture collected at the plant during production. The loose mixtures 

were conditioned at the design compaction temperature prior to compaction to Ndesign gyrations. 

The Cantabro test specimens were 150 mm in diameter by 115 ± 5 mm in height. The test was 

performed by placing the specimen into an uncharged Los Angeles abrasion machine and 

rotating it for 300 rotations at a speed of approximately 30 rotations per minute. Three replicates 

were tested for each mixture, and an average mass loss was reported. The Cantabro mass loss 

(CML) for each specimen was calculated as the difference between the initial mass and the mass 

after testing divided by the initial mass (Cox et al. 2017). 

Figure 1 and Table 3 show the CML data for all evaluated mixtures. The box plot 

displays the five-number summary of a set of data. The five-number summary is the minimum, 

first quartile, median, third quartile, and maximum. The mean CML ranged from 3.6% to 9.5% 

with a coefficient of variation (COV) ranging from 1.9 to 9.8%. All mixtures except mixtures 

30_C and 30_O met the 7.5% VDOT BMD mass loss criterion. Overall, all BMD mixtures 

exhibited lower CML values when compared with mixture 30_C. This can be attributed to the 

relatively higher binder content resulting from the application of BMD concept. Moreover, 

HRAP mixtures (mixtures 45_HR, 45_HR_RA, 45_HR_L, and 60_HR_L_RA) exhibited a 

higher variability when compared with mixtures 30_C and 30_O. This could be attributed to the 

variability induced with the use of higher RAP contents. Based on the results from the mixtures 

tested in this study, the CML test was able to capture the impact of BMD on the durability 

performance of asphalt mixtures.   
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FIGURE 1. Performance Test Data for Cantabro Mass Loss. The box plot displays the five-

number summary of a set of data. The red horizontal lines in the box are the median values. 

CML = Cantabro mass loss. 

TABLE 3. Performance Test Results and Corresponding Statistical Parameters During 

Production 

Mixture ID / 

Test Parameters 
30_C 30_O 45_HR 45_HR_RA 45_HR_L 60_HR_L_RA 

Cantabro Mass Loss Test at 25°C - CML 

Average 9.5 8.3 3.6 6.8 6.6 5.5 

Stdv, % 0.2 0.2 0.3 0.7 0.7 0.4 

COV, % 2.4 1.9 8.6 9.7 9.8 6.5 

IDT-CT at 25°C - CT index 

Average  54 46 513 90 82 84 

Stdv 8.0 8.3 38.5 14.7 11.0 12.4 

COV, % 14.8 18.1 7.5 16.3 13.4 14.7 

APA at 64°C and after 8,000 loading cycles - Rut Depth 

Average  4.0 4.6 6.4 5.7 4.2 5.9  

Stdv 0.6 1.1 0.5 1.4 1.0 1.3 

COV, % 13.9 24.6 7.9 24.7 24.5 22.7 

Stdv = standard deviation; COV = coefficient of variation; IDT-CT = indirect tensile cracking test; CT 

=cracking tolerance; and APA = asphalt pavement analyzer.  
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5. CRACKING PERFORMANCE ASSESSMENT 

Three performance tests were considered to assess the resistance of mixtures to cracking.  These 

tests belong to two levels of testing: basic (IDT-CT) and advanced (dynamic modulus |E*| test 

and the direct tension cyclic fatigue [CF]) (Meroni et al. 2021).  

5.1. IDT Cracking Test and Results 

IDT-CT is a basic test commonly used by state agencies and was incorporated into the BMD 

approach for VDOT to evaluate mixture resistance to cracking. The test was conducted at 25°C 

on SGC specimens 150 mm in diameter and 62 mm in height compacted to 7 ± 0.5% air voids in 

accordance with ASTM D8225. During the test, specimens were subjected to a constant load-line 

displacement rate of 50 ± 2 mm/min. The cracking tolerance index (CT index) was then 

calculated from the test load-displacement curve / data using Equation 1. Five specimens were 

tested for each mixture and an average CT index was reported.  

𝐶𝑇 𝑖𝑛𝑑𝑒𝑥 =
𝐺𝑓

|𝑚75|
⋅

𝐼75

D
⋅

t

62
          (1)  

𝑚75 = |
𝑝85−𝑝65

𝑙85−𝑙65
|              (2) 

Where Gf = total area under the load-displacement curve divided by the product of the 

specimen thickness [t] and diameter [D] in kN/mm, m75 = slope of interest expressed in Equation 

2, p85= 85% of the peak load (Pmax) at the post-peak stage in kN, p75= 75% of Pmax at the post-

peak stage in kN, p65= 65% of Pmax at the post-peak stage in kN, l85 = displacement 

corresponding to p85 in mm, l75 = displacement corresponding to p75 in mm, l65 = displacement 

corresponding to p65 in mm, D = specimen diameter in mm, and t = specimen thickness in mm. 

Figure 2a shows the CT index values for the six evaluated mixtures. Higher CT index 

values generally indicate a better cracking resistance of the evaluated mixtures and, hence, less 
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cracking potential in the field (3). Mixture 45_HR exhibited a significantly higher CT index 

average (513) when compared with the other mixtures. This could be attributed to the 

significantly higher flexibility induced with the high binder content used in the design and 

production of mixture 45_HR. Consequently, the specimens of mixture 45_HR fabricated for 

IDT-CT testing exhibited a wet nature. For a clearer comparison, Figure 2b shows the CT index 

values of the mixtures after excluding mixture 45_HR. The mean CT index ranged from 46 to 

90, with a COV ranging from 7.5% to 18.1%. In fact, all evaluated mixtures exhibited COV 

values lower than the maximum allowable single operator COV of 18.3%, indicating an 

acceptable repeatability of the measured data (Habbouche et al. 2021c, Habbouche et al. 2022). 

Mixtures 30_C and 30_O exhibited statistically similar CT index data indicating a possible 

similar cracking performance regardless of the mix design methodology (i.e., Superpave vs. 

BMD). Mixtures 45_HR_RA, 45_HR_L, and 60_HR_L_RA exhibited higher CT index values 

when compared with mixtures 30_C and 30_O. This indicated that HRAP mixtures containing 

softer binders and/or an RA can provide performance that is equal to or better than the 

performance of their counterpart mixtures with 30% RAP. Moreover, upon comparing the CT 

index values of specimens fabricated during the design phase (Table 1) and the reheated 

specimens fabricated during the production phase (Table 3), it is evident that the reheating 

process possesses the potential to decrease the CT index, with the exception of mixture 45_HR. 

This reduction can be attributed to the aging effect introduced by the reheating process. 

Nevertheless, a more detailed discussion regarding the impact of the reheating effect, as well as 

the variability in volumetric properties from design to production, is reserved for future work. 
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FIGURE 2. Performance Test Data for IDT-CT Index: (a) Including Mixture 45_HR and (b) 

Excluding Mixture 45_HR. The box plot displays the five-number summary of a set of data. The 

red horizontal lines in the box are the median values.  CT = cracking tolerance.   

 

5.2. Dynamic Modulus |E*| Test and Results 

Dynamic modulus tests were performed using an AMPT machine with a 25 to 100 kN loading 

capacity in accordance with AASHTO T 378.  Tests were performed on 100-mm-diameter by 

150-mm-high specimens compacted to 7.0 ± 0.5% air voids.  Four test temperatures (4.4, 21.1, 

37.8, and 54.4°C) and six test frequencies ranging from 0.1 to 25 Hz were used.  All tests were 

conducted in the uniaxial mode without confinement.  Stress vs. strain values were captured 

continuously and dynamic modulus |E*| and corresponding phase angle (δ) values were 

computed automatically using the machine software. Three replicate specimens were tested for 

each mixture, and results at each temperature-frequency combination were reported.    

The dynamic modulus (|E*|) and phase angle (δ) of the six mixtures are presented in 

Figures 3a and 3b, respectively. The data in these figures were constructed at a reference 
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temperature of 21.1°C using the 2S2P1D model (for both |E*| and δ data). The general model, 

known as 2S2P1D, was initially introduced in 2003 (Olard and Benedetto 2003). After a 

comprehensive comparison with various existing methods for fitting the measured dynamic 

modulus, it was observed that the 2S2P1D model, when combined with a second-order 

polynomial shift factor function, proved capable of accurately predicting the measured data at 

low temperature (Keshavarzi 2019). A higher |E*| value at higher temperatures (and lower 

frequencies) is often attributed to a potential higher rutting resistance of asphalt mixtures. The 

data in Figure 3a showed that mixture 45_HR had significantly lower |E*| values when compared 

with the remaining mixtures regardless of the frequency of interest. This is attributed to the high 

binder content and wet nature of mixture 45_HR and could indicate a potential higher rutting 

susceptibility of the mixture. All remaining mixtures had similar |E*| values at intermediate 

frequencies. Among the evaluated mixtures, except for mixture 45_HR, mixture 60_HR_L_RA 

exhibited the lowest stiffness at lower frequencies, which can be attributed to the incorporation 

of a softer binder and RA. Figure 3b showed significantly higher δ values for mixture 45_HR at 

relatively higher reduced frequencies indicating a potential higher cracking resistance among the 

six mixtures. For the remaining mixtures, visual inspection of Figure 3b shows that mixture 

60_HR_L_RA and mixture 30_O have the highest and lowest δ values at relatively lower 

frequencies, respectively. A higher |E*| value and lower δ at lower temperatures (and higher 

frequencies) are often associated with the potential for higher cracking susceptibility 

(Diefenderfer et al. 2021a). 
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FIGURE 3. Dynamic Modulus Test Results: (a) |E*| Master Curves in Log-log Scale and (b) δ 

Master Curves in Semi-log Scale. |E*| = dynamic modulus; δ = phase angle. 

 

Another performance indicator parameter that can be calculated from the |E*| and δ 

master curves is the mixture G-Rm parameter, which is an adapted form of the binder Glover-

Rowe (G-R) parameter (Mensching et al. 2017, Ogbo et al. 2019, Zhang et al. 2020). The G-Rm 

parameter is simply the same as the binder G-R parameter, but it uses mixture dynamic modulus 

(|E*|) and phase angle (δ) in lieu of the binder complex shear modulus and phase angle as 

expressed in Equation 3. This parameter, calculated at 20°C and 5 Hz, has been used to evaluate 

the resistance of mixtures to cracking and their susceptibility to aging, especially with changes in 

recycled content (e.g., RAP) and RA type and dosage (Epps-Martin et al. 2020). In a draft 

AASHTO specification proposed in NCHRP Project 09-58, this parameter was recommended as 

a mixture performance evaluation parameter at intermediate temperatures to minimize the 

cracking potential of asphalt mixtures (Epps-Martin et al. 2020). A maximum G-Rm parameter 
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value of 8,000 MPa was recommended for laboratory-made mixtures subjected to short-term 

oven-aging for 2 hours at the specified compaction temperature. A maximum G-Rm parameter 

value of 19,000 MPa was recommended for long-term oven-aged laboratory-made mixtures in 

accordance with either AASHTO R 30 or the proposed standard method for long-term 

conditioning of hot mix asphalt for performance testing in NCHRP Project 09-54 (Kim et al. 

2018). 

𝐺 − 𝑅𝑚 =
|𝐸∗|×(𝑐𝑜𝑠𝛿)2

sin 𝛿
                                                                                (3) 

Figure 4 shows the G-Rm parameter calculated for the mixtures used in this study.  The 

G-Rm parameter values for all mixtures except mixture 45_HR are more comparable to the 

recommended threshold value (19,000 MPa) for long-term oven-aged laboratory-made mixtures 

than that for short-term oven-aged laboratory-produced mixtures (8,000 MPa).  Since these 

mixtures were plant-produced and subjected to reheating, a process known to result in higher 

stiffness, neither threshold is directly applicable to the mixtures as no recommendations have 

been made for plant-produced mixtures.  A relative comparison among the mixtures indicated 

that mixtures 45_HR_L and 45_HR ranked as the most and least crack-susceptible mixtures, 

respectively. Nevertheless, through the application of one-sample t-test, it was determined that 

there was no statistically significant difference in the G-RM value between the control mixture 

(30_C) and BMD mixtures (p-value of 0.4379). Similarly, no significant difference in the G-Rm 

value was observed between 30% RAP mixtures (30_C and 30_O) and HRAP mixtures (p-value 

of 0.7116). 
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FIGURE 4. Glover-Rowe (G-Rm) Parameter at 20°C and 5 Hz 

 

5.3. Direct Tension Fatigue Test and Results 

Direct tension cyclic fatigue tests were performed using the AMPT machine in accordance with 

AASHTO TP 107. The simplified viscoelastic continuum damage (S-VECD) model was used to 

assess the fatigue characteristics of the six mixtures. The cyclic fatigue test was performed at 

24°C on specimens 100 mm in diameter by 130 mm in height cored from samples 150 mm in 

diameter by 175 mm in height compacted from loose mixtures collected from the plant during 

production. First, dynamic footprint testing was performed to calculate a dynamic modulus ratio 

(DMR). The number of cycles to failure (Nf) of the test specimens was determined when the 

phase angle or modulus value multiplied by the number of loading cycles (|E*|xN) reaches a 

maximum value followed by a sharp drop (Underwood et al. 2010).  

The S-VECD model developed by Underwood et al. was used to predict the cumulative 

damage for different loading histories under different temperatures as it incorporates time-

temperature superposition principle and the pseudo strain energy concept (Underwood et al. 
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2010). The pseudo strain energy is dependent on both pseudo strain and pseudo stiffness; the 

pseudo strain was determined using Equation 4. 

𝜀𝑅 =
1

𝐸𝑅 ∫  
𝑡

0
𝐸(𝑡 − 𝜏)

d𝜀

d𝜏
d𝜏                       (4) 

Where 𝜀𝑅 = pseudo strain; t = time; 𝜏 = reduced time; E(t) = relaxation modulus; 𝜀 = 

strain; and 𝐸𝑅 = the reference modulus.  

Based on assumptions from S-VECD theory, in the quasi-static cyclic status, the 

simplified 𝜀𝑅 is shown in Equation 5. The pseudo stiffness (C), presented in Equation 6, 

gradually decreases from 1 to nearly 0 and indicates the material condition from its intact state to 

failure. With the pseudo energy concept, the relationship between C and S, known as damage 

characteristic curve (C-S curve), can be determined using in Equation 7.  

𝜀𝑅 = |𝐸∗| ⋅ 𝜀           (5) 

𝐶 =
𝜎

𝜀𝑅                             (6) 

𝐶 = 1 − 𝐶11𝑆𝐶12          (7) 

Where 𝐶11 and 𝐶12 are the model coefficients. 

Figure 5 shows the damage characteristic curves for the six mixtures. The damage 

characteristic curve is strain independent for a given mixture and its position captures the 

mixture’s stiffness. Similar observations to the dynamic modulus |E*| can be derived with a 

visual observation of the damage characteristic curves. Mixtures 45_HR and 45_HR_L showed 

the lowest and highest damage curves indicating a relatively softer and stiffer behaviors, 

respectively; meanwhile the remaining mixtures exhibited similar curves. From the perspective 

of stiffness alone, a material that is stiffer is expected to generate a lower strain under the same 
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load conditions. Assuming other properties such as toughness are equal, a smaller strain in the 

stiffer material will ultimately lead to a longer fatigue life (Wang et al. 2020). 

However, relying solely on stiffness evaluation may often lack persuasiveness when 

considering the fatigue life of materials. Consequently, the inclusion of material toughness as a 

complementary factor becomes necessary. The toughness is the ability of a material to absorb 

energy without fracturing. I.e, a tougher material is expected to exhibit a longer fatigue life under 

the same applied load. The 𝐷𝑅 failure criterion, determined using Equation 8 can be applied to 

the S-VECD model. 𝐷𝑅 can serve as an indicator of toughness for the evaluated material, as 

demonstrated in Figure 5b, where a higher value signifies greater resistance of the material to 

damage (Wang et al. 2020). 

𝐷𝑅 =
∫  

𝑁𝑓
0

(1−𝐶)d𝑁

𝑁𝑓
=

sum (1−𝐶)

𝑁𝑓
                                                                     (8) 

To define the mixtures’ fatigue performance, a fatigue cracking index parameter (𝑆𝑎𝑝𝑝), 

considered both the material’s modulus and toughness, is used.  The calculation of 𝑆𝑎𝑝𝑝 can be 

found in Equation 9 (Wang et al. 2020) and conducted with FlexMAT™ for Cracking, an Excel-

based tool provided by the Federal Highway Administration (FHWA) (FHWA-HIF-19-091). 

Figure 6 shows the 𝑆𝑎𝑝𝑝 values for the six mixtures. 𝑆𝑎𝑝𝑝 was calculated at the average 

temperature of the high and low PG of the conventional asphalt binder typically used in the area 

(21°C for PG 64S-22). The six mixtures fell into the same category when compared to the 

recommended 𝑆𝑎𝑝𝑝 threshold values and the associated traffic level and ranges (i.e., Standard 

traffic). All mixtures displayed 𝑆𝑎𝑝𝑝 values ranging from 11.9 for mixture 45_HR to 19.8 for 

mixture 45_HR_L. Furthermore, upon closer examination, it becomes apparent that 𝑆𝑎𝑝𝑝 



Tong, Habbouche, Diefenderfer, and Flintsch 

27 

 

accounts for considerations from both the stiffness and toughness perspectives. Notably, mixture 

30_C exhibited higher stiffness than 30_O; however, due to its lower toughness compared to 

30_O, its overall fatigue resistance was lower than that of 30_O. Similarly, although 30_O 

demonstrated the highest toughness, its stiffness fell short of that exhibited by 45_HR_L, 

resulting in slightly lower cracking resistance in the 𝑆𝑎𝑝𝑝 assessment in comparison. 

Additionally, mixture 60_HR_L_RA showcased the lowest toughness, nonetheless, owing to its 

higher stiffness relative to 45_HR, it attained a greater 𝑆𝑎𝑝𝑝 value than 45_HR. In this context, it 

is noteworthy that the evaluation of 𝑆𝑎𝑝𝑝 has diverged from the assessment based on the CT 

index. Specifically, the HRAP mixtures did not exhibit a significant increase in fatigue resistance 

compared to the control mixture. Further details regarding this observation will be discussed in 

subsequent correlation analyses. 

𝑆𝑎𝑝𝑝 = 1000
𝛼

2
−1

𝑎𝑇
1/(𝛼+1)

(
𝐷𝑅

𝐶11
)

1/𝐶12

|𝐸∗|𝛼/4                                                                (9) 

Where 𝛼 = damage growth rate, and 𝑎𝑇 = time-temperature shift factor value at the target 

temperature. 
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FIGURE 5. Performance Test Data for Direct Tension Cyclic Fatigue: (a) Damage Characteristic 

Curves and (b) DR Parameter.  

 

FIGURE 6. 𝑆𝑎𝑝𝑝 Values. ESAL = equivalent single axle load; 𝑆𝑎𝑝𝑝 = cyclic fatigue index 

parameter. 

 

6. RUTTING PERFORMANCE ASSESSEMENT 

Two performance tests were considered to assess the rutting resistance of the six mixtures. These 

tests belong to two levels of testing: intermediate (APA rut test) and advanced (SSR test). 

 

6.1. APA Rut Test and Results 

The APA rut test was performed on specimens prepared from loose mixture collected during 

production in accordance with AASHTO T 340. The APA rut test was performed on specimens 

150 mm in diameter by 75 ± 2 mm in height compacted using an SGC to in-place and 7 ± 0.5% 

air voids. This test simulates rutting in the laboratory by applying a loaded wheel back and forth 

over a pressurized rubber tube located along the surface of the test specimen at a temperature of 
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64°C which is equal to the high PG temperature of the employed asphalt binder. After 8,000 

cycles were applied, the deformation of the specimen was measured. For each mixture, two 

replicates were tested, and an average was reported. Figure 7 presents the APA rut depth data at 

64°C after 8000 loading cycles for the six mixtures. Higher APA rut depth value is an indication 

of an increased susceptibility to rutting damage. Mixture 45_HR exhibited the highest APA rut 

depths followed by Mixtures 60_HR_L_RA and 45_HR_RA, then followed by Mixtures 30_O, 

45_HR_L, and 30_C. All evaluated mixtures exhibited an APA rut depth lower than VDOT 

BMD threshold of 8.0 mm. The APA rut test seemed to be insensitive to the RAP content and the 

use of softer binder and RA for the evaluated mixtures. 

 
FIGURE 7. Performance Test Data for APA Rut Depth at 64°C and 8,000 Loading Cycles.  APA 

= asphalt pavement analyzer.  

 

6.2. Stress Sweep Rutting Test and Results 

SSR test was performed in accordance with AASHTO TP 134 to assess the resistance of 

mixtures to rutting under repetitive loading, simulating the conditions experienced by pavements 

under repeated traffic loads. SSR testing was originally motivated by NCHRP Project 09-19, 

which showed that mixtures are sensitive to load level, loading history, and temperature under 

deviatoric axial loads. Four specimens were subjected to a confined cyclic compression testing at 
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two different temperatures (𝑇𝐻 and 𝑇𝐿). In both cases, the specimens were subjected to three 200-

cycle loading blocks of three deviatoric stress levels, and constant confining pressure of 69 kPa. 

In the testing, the permanent deformation of specimens is measured with its deviatoric stress, 

loading history, and temperature. Once a shift model is established, the permanent deformation 

of asphalt layers as a function of pavement depth and time can then be predicted by the pavement 

performance prediction program, FlexPAVE™ (Ghanbari et al. 2020). 

The rutting strain index (RSI) represented by FHWA, with the support of the shift model 

built by SSR, can be used as a rutting indicator (36). The RSI is an average permanent strain in 

percentage calculated by repeating 30 million 18-kip equivalent single-axle load (ESAL) over 20 

years on a standard pavement structure (36). A lower RSI value is an indicator of a greater 

resistance to rutting for a given mixture. Figure 8 shows the RSI values for the six mixtures 

alongside the recommended threshold values as function of traffic. Mixture 30_O had the lowest 

RSI (1.85%) and fell in the very heavy traffic category. Mixtures 30_C, 45_HR_RA, and 

45_HR_L all fell in the heavy traffic category with RSI values of 2.33%, 3.28%, and 2.72%, 

respectively. Mixtures 45_HR and 60_HR_L_RA showed the highest RSI values (6.39% and 

5.77%, respectively) and fell into the standard traffic category. 
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FIGURE 8. Performance Test Data for Stress Sweep Rutting Test. RSI = rutting strain index. 

 

7. CORRELATIONS AND STATISTICAL ANALYSES 

Various performance tests were conducted on the six mixtures and corresponding test results 

were presented and discussed in the previous sections. The tests considered and presented in this 

section were evaluated in terms of performance ranking and correlations among the indices. 

Finally, three-dimensional (3-D), ternary plots, and a novel composite performance index (CPI) 

showcasing combinations of three different indices capturing the three performance aspects of 

mixtures, durability, rutting, and cracking, are provided. The incorporation of 3-D plots, 

complemented by ternary plots, offered an effective means of visualizing and comparing 

combined results. These representations encompassed singular rankings, as well as composite 

rankings and comparative analyses within one figure (through CPI). 

7.1. Performance Ranking 

The indices were compared in terms of their potential to rank the performance of the mixtures 

towards various distresses (i.e., durability, cracking, and rutting). This was done by sorting the 
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average mean value of each index from the highest to the lowest for CT index and 𝑆𝑎𝑝𝑝 

parameter and from lowest to highest for CML, G-Rm, APA rut depth, and RSI.  Table 4 shows 

the order ranking of the mixtures from the best (A) to the least (F) performing for each 

index/parameter. The selection of an optimal or suboptimal mixture from a ranking table 

established based on various material performance remained highly challenging which could be 

attributed to mechanics, comprehensiveness, and the level of complexity behind each selected 

performance test. As observed in Table 4, CML, G-Rm and CT index indicated that mixture 

45_HR had the highest durability and resistance to cracking; meanwhile 𝑆𝑎𝑝𝑝 showed that this 

mixture was the most susceptible to cracking. This could be attributed to a disagreement between 

the basic performance tests and the advanced performance tests, especially when these mixtures 

do not meet VDOT mixture volumetric and gradation requirements (BMD Approach D) was 

adopted for designing these mixtures). 𝑆𝑎𝑝𝑝 ranked mixture 45_HR_L as the most resistant to 

cracking. APA rut depth and RSI ranked Mixture 45_HR as the most susceptible to rutting which 

again could be attributed to the relatively higher OBC used to design and produce this mixture. 

Finally, APA and RSI ranked Mixtures 30_C and 30_O as the most resistant to rutting, 

respectively.   

Overall, considering the varying conditions across different states and the variability of 

testing results, relying on a singular ranking to design a BMD mixture in general and a HRAP 

mixture in particular that satisfied the performance requirements of all states was not feasible. 

Consequently, it was imperative to investigate the correlations and discrepancies between 

different test results in order to improve the exploration and prediction of HRAP mixture 

performance. 
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TABLE 4. Ranking of Mixtures based on Various Evaluated Performance Indices 

Parameters / 

Mixture 
30_C 30_O 45_HR 45_HR_RA 45_HR_L 60_HR_L_RA 

CML F E A D C B 

CT index E F A B D C 

𝑺𝒂𝒑𝒑 C B F D A E 

G-Rm D C A E F B 

APA A C F D B E 

RSI B A F D C E 

RSI = rutting strain index; CT = cracking tolerance; APA = asphalt pavement analyzer; CML = Cantabro 

mass loss; G-Rm = Glover-Row parameter of the mixture; 𝑆𝑎𝑝𝑝 = cyclic fatigue index parameter. 

 

7.2. Correlation 

The Pearson correlation coefficient, expressed in Equation 10, was used to study the strength and 

direction of linear relationship between two variables (Cohen 1969).  

 

𝐫 =
𝐧(∑𝑥𝐲)−(∑𝐱)(∑𝐲)

√[𝐧∑𝑥2−(∑𝐱)2][𝐧∑𝐲2−(∑𝐲)2]
        [Eq. 10]  

Where r is the Pearson correlation ranging from -1 (perfect negative linear correlation) to 

1 (perfect positive linear correlation), with 0 indicating no correlation; x and y are two variables 

of interest.  

A correlation matrix built among different tests was shown in Table 5. As the r value 

changed from -1 to 1, the filled color changed from dark blue to dark red. As expected, it was 

observed that a strong positive linear correlation existed between RSI and APA (0.863). Thus, 

indicating that both test methods (intermediate vs. advanced) would lead to similar rutting 

performance assessment. However, this was not the case for cracking, the various indices 

resulted in different and random trends. A strong negative linear correlation was observed 

between 𝑆𝑎𝑝𝑝 and CT index (-0.813) indicating that for a given mixture, if the CT index 



Tong, Habbouche, Diefenderfer, and Flintsch 

34 

 

increased, the corresponding 𝑆𝑎𝑝𝑝 parameter would decrease. The discrepancies between the 

𝑆𝑎𝑝𝑝 and CT indices in this study were also noted in a Maine DOT study that assessed asphalt 

mixture cracking (Veeraragavan et al. 2021). This can be attributed to the fact that the IDT-CT 

(indirect tensile cracking test) is primarily influenced by the stiffness of the evaluated asphalt 

mixture, while the direct tension cyclic fatigue test is more of a strain-controlled test. However, 

cracking itself is a complex phenomenon, with various types such as bottom-up, top-down, 

longitudinal, and thermal cracking occurring based on underlying failure mechanisms 

(Underwood and Braham 2019). These tests (IDT-CT vs. direct tension fatigue test) may 

simulate different types and/or combinations of cracking, making it challenging to 

comprehensively assess the fatigue performance of asphalt pavement, especially when dealing 

with BMD mixtures that deviate from traditional volumetric requirements. Moreover, the 

inclusion of higher RAP contents and the use of various additives, such as recycling agents, 

further complicate the evaluation of BMD mixtures (Rocha et al. 2023). Strong negative linear 

relationships existed between 𝑆𝑎𝑝𝑝 and RSI (-0.906) and 𝑆𝑎𝑝𝑝 and APA (-0.907). A lower RSI 

and/or APA value indicates stronger resistance to rutting, while a higher value for 𝑆𝑎𝑝𝑝 indicates 

higher resistance to cracking. This suggested that the application of BMD provided the 

possibility to design a mixture that exhibited simultaneous improvement in both fatigue cracking 

and rutting performance. CT index showed moderate positive correlations with RSI (0.732) and 

APA (0.683). It should be mentioned that the high CT index for mixture 45_HR was observed to 

be outside the range of typical values observed for VDOT BMD mixtures and may have 

substantially impacted the resulting correlations. Therefore, a similar analysis was performed 

after excluding the IDT-CT results for mixture 45_HR and was presented in Table 6. It can be 

noted that the negative correlation between 𝑆𝑎𝑝𝑝 and CT index gets weaker (with r dropping 
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from -0.813 to -0.521). A similar trend but slightly weaker correlation could be observed 

between CT index and RSI and between CT index and APA.  In this context, it is evident that the 

considerable higher CT index of mixture 45_HR had an influence on the correlation between 

𝑆𝑎𝑝𝑝 and the CT index, thereby highlighting 𝑆𝑎𝑝𝑝 as a comprehensive indicator for assessing 

fatigue cracking performance. Whether analyzed through DMT, G-Rm, or the C-S curve derived 

from direct tension cyclic fatigue tests, the "softest" mixture consistently pointed to mixture 

45_HR. This observation was further corroborated by rutting performance tests at different 

levels, where mixture 45_HR exhibited the highest susceptibility to rutting. According to 

conventional wisdom, a lower rutting resistance would typically indicate better cracking 

resistance, which was confirmed by the CT index of mixture 45_HR. This relationship was also 

reflected to some extent in the 𝐷𝑅 value calculated in direct tension cyclic fatigue tests, as 

mixture 45_HR obtained relatively higher 𝐷𝑅 value. However, a commonly overlooked aspect is 

the fact that the rutting in the underlying granular layers, caused by inadequate bearing capacity 

or the "soft" nature of the surface layer, can in turn lead to fatigue cracking in the surface layer 

(Ramos et al. 2020). This aspect was only captured by 𝑆𝑎𝑝𝑝 and represented the primary reason 

for the disparities observed between 𝑆𝑎𝑝𝑝 and the CT index. Hence, in the subsequent discourse, 

it was prudent to distinguish between the fatigue cracking performance, as indicated by 𝑆𝑎𝑝𝑝, and 

the stiffness-driven cracking, as indicated by the CT index. Furthermore, from a stiffness 

perspective, pronouncedly, the correlation between CT index and G-Rm changed from a 

significant strong relationship to a minor positive relationship, reflecting that a simple linear 

relationship cannot describe the correlation between different cracking indices. 

For the comparison of various indices with CML (durability), it was found that both 

rutting indices (RSI and APA) showed strong negative correlations with CML (-0.896 and -
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0.853, respectively). These results indicated that rutting resistance was negatively associated 

with durability. Additionally, a strong negative correlation was observed between CT index and 

CML (-0.824), suggesting that mixture could be designed to possess higher cracking resistance 

and durability. However, a contrary trend was also observed between cracking resistance and 

durability, as reflected by the correlation between 𝑆𝑎𝑝𝑝 and CML (0.779). 

TABLE 5. Correlation Matrix for All Evaluated Performance Indices 

 

RSI = rutting strain index; CT = cracking tolerance; APA = asphalt pavement analyzer; CML = Cantabro 

mass loss; G-Rm = Glover-Row parameter of the mixture; 𝑆𝑎𝑝𝑝 = cyclic fatigue index parameter. As 

the r value changed from -1 to 1, the filled color changed from dark blue to dark red. 

TABLE 6. Correlation Matrix for All Evaluated Performance Indices Excluding CT index for 

Mixture 45_HR 

 

RSI = rutting strain index; CT = cracking tolerance; APA = asphalt pavement analyzer; CML = Cantabro 

mass loss; G-Rm = Glover-Row parameter of the mixture; 𝑆𝑎𝑝𝑝 = cyclic fatigue index parameter. As 

the r value changed from -1 to 1, the filled color changed from dark blue to dark red. 

 

CML CT index Sapp G-Rm APA RSI

CML -0.785 0.779 0.664 -0.853 -0.896

CT index -0.785 -0.813 -0.905 0.683 0.732

Sapp 0.779 -0.813 0.810 -0.907 -0.906

G-Rm 0.664 -0.905 0.810 -0.673 -0.720

APA -0.853 0.683 -0.907 -0.673 0.863

RSI -0.896 0.732 -0.906 -0.720 0.863

CML CT index Sapp G-Rm APA RSI

CML -0.824 0.779 0.664 -0.853 -0.896

CT index -0.824 -0.521 0.482 0.633 0.647

Sapp 0.779 -0.521 0.810 -0.907 -0.906

G-Rm 0.664 0.482 0.810 -0.673 -0.720

APA -0.853 0.633 -0.907 -0.673 0.863

RSI -0.896 0.647 -0.906 -0.720 0.863
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7.3. Three-Dimensional (3-D) Plot 

In addition to accounting for the interdependence between the performance indices, this 

study employed 3-D plots as a visual tool to demonstrate the effort of BMD optimization in 

HRAP mixture. By investigating and presenting the combinations of three performance indices, 

namely durability, rutting, and cracking, within a single plot and through one single index 

“composite performance index (CPI)”, the study offered a comprehensive evaluation that 

enabled designers and agencies to assess both the singular performance and integrated 

performance of mixtures. To enhance the comparability of indices in the 3-D plot, a common 

normalization method was utilized for the index of interest for a given mixture. The method 

involved expressing the index as a percentage of the maximum value achieved by that index 

across different test mixtures. For instance, Table 3 presented the average testing values of 

mixtures, with the maximum CML value attained in Mixture 30_C. In this case, the maximum 

value was set as 1 (100%), and the mean values of other mixtures were converted into their 

respective percentage values. As a result, the normalized values obtained for mixtures 30_C, 

30_O, 45_HR, 45_HR_RA, 45_HR_L, and 60_HR_L were 100%, 86.7%, 38.0%, 71.3%, 69.7%, 

and 57.4%, respectively.  

 It is important to note that the CML, RSI, and APA can be regarded somehow as 

reverse indices, whereby larger values correspond to poorer performance. Thus, the CML, RSI, 

and APA values were converted into (100%-CML), (100%-RSI), and (100%-APA), respectively, 

to better depict their positive relative performance relationship in the 3-D plot. The normalization 

for the 3-D plot of advanced performance tests can be found in Table 7. Consequently, the longer 

the distance from the origin in the 3-D plot was, the better the CPI is considered (Equation 11). 

The prototype of CPI here presumed that the three primary indices contributed equally to the 
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overall composite performance, which implied that the variables A, B, and C in Equation 11 

were all assigned a value of 1. However, taking into account the varying degrees of concern that 

local designers and agencies may have for three primary distresses, the values of A, B, and C can 

be adjusted. This flexibility allows for the BMD mixtures to satisfy local requirements. 

𝐶𝑃𝐼 = √𝐴𝑥2 + 𝐵𝑦2+𝐶𝑧2        (11) 

Where CPI is the composite performance index; x, y, x are rutting resistance indicator, cracking resistance 

indicator, and durability, respectively; A, B, C are adjustable weight factor.  

 

The 3D plots were shown in Figure 9a, Figure 10a and Figure 11a, where the size of each 

point signified the distance from the origin for a better visualization. The larger size of points 

implies that they possess a superior CPI for the mixture. Additionally, the color of each point 

was determined based on the CPI (Equation 11), indicated by the distance from origin, wherein 

the colormap depicted that the color of points changed from the bottom color to the top color as 

the exhibited composite performance for different mixtures increased. Along the positive x 

(𝑆𝑎𝑝𝑝, %), y (1-RSI, %), and z (1-CML, %) axes, the cracking resistance, rutting resistance, and 

durability of the mixture are expected to exhibit an upward trend. Upon comparative analysis, it 

was observed that each ranking utilizing the x, y, and z axes corresponded with the conclusions 

derived from the ranking table (refer to Table 4), thereby ensuring consistency.  
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                                    (a)                                                                                                               (b) 

FIGURE 9. (a) 3-D Plots of Performance Indices: CML vs.  RSI vs. 𝑆𝑎𝑝𝑝; (b) Ternary Plots of 

Performance Indices: CML vs.  RSI vs. 𝑆𝑎𝑝𝑝. 3-D = three dimensional; CML = Cantabro mass 

loss; 𝑺𝒂𝒑𝒑 = cyclic fatigue index parameter; and RSI = rutting strain index. 

 

 

 

                                        (a)                                                                                                           (b) 

FIGURE 9. (a) 3-D Plots of Performance Indices CML vs.  APA vs. CT index; (b) Ternary Plots 

of Performance Indices: CML vs.  APA vs. CT index. 3-D = three dimensional; CML = Cantabro 

mass loss; APA = asphalt pavement analyzer; CT = cracking tolerance. 
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                                        (a)                                                                                                             (b) 

FIGURE 11. (a) 3-D Plots of Performance Indices: CML vs.  APA vs. CT index Excluding 

Mixture 45_HR; (b) Ternary Plots of Performance Indices: CML vs.  APA vs. CT index 

Excluding Mixture 45_HR. 3-D = three dimensional; CML = Cantabro mass loss; APA = asphalt 

pavement analyzer; CT = cracking tolerance. 

 

The three images presented in Figure 9a, Figure 10a, and Figure 11a unequivocally 

demonstrated that HRAP mixtures exhibited superior durability, reflected by lower CML values 

(larger z-axis values), when compared to the 30% RAP mixture. By examining Figure 9a, it can 

be observed that although mixture 45_HR had the lowest 𝑆𝑎𝑝𝑝 and the highest RSI, the 

performance of mixture 45_HR_RA, mixture 45_HR_L, and mixture 60_HR_L_RA could 

confirm that the use of a softer binder, an RA, or a combination of both alternatives positively 

affected both fatigue cracking and rutting performance of HRAP AC mixtures. Upon comparing 

mixture 30_O with the control mixture 30_C, it became evident that BMD application has 

resulted in enhanced resistance to the three primary distresses. Further analysis of mixture 

45_HR_L (compared with mixture 30_C and mixture 30_O) revealed that, contrary to 
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expectations due to the introduction of HRAP, there was no significant increase in rutting 

resistance. Instead, an enhancement in fatigue cracking resistance and durability, along with a 

sacrifice in rutting performance, was observed as a result of BMD optimization. The composite 

performance of these three mixtures demonstrated remarkable similarity, with mixture 30_O 

demonstrating the best composite performance. However, considering the RSI of mixture 

45_HR_L, indicating its favorable performance under heavy traffic (Figure 8), and the CML less 

than 7.5% VDOT BMD mass loss criterion (Figure 1), it was deemed that mixture 45_HR_L 

outperformed all other mixtures and held potential for further BMD optimization to enhance 

fatigue cracking resistance. Nevertheless, other HRAP mixtures, including mixture 45_HR, 

mixture 45_HR_RA, and mixture 60_HR_L_RA, did not surpass the control mixture in 

performance, except for improvements in durability. Thereby, among the 45% BMD mixtures, 

the beneficial impact of utilizing a softer binder on composite performance was notably superior 

to that of incorporating RAs or extra higher binder content. 

Figure 10a revealed a notable shift in the observed scenario from advanced level tests 

(Figure 9a) , where mixture 45_HR achieved a superior composite performance by leveraging its 

significantly higher CT index compared to other mixtures. In terms of stiffness-driven cracking 

resistance, all HRAP mixtures demonstrated higher CT indices than the 30% RAP mixtures, yet 

they also exhibited lower rutting resistance than the control mixture (30_C). Notably, mixture 

45_HR_L demonstrated rutting resistance comparable to mixture 30_C and mixture 30_O, while 

exhibiting superior cracking resistance, durability, and composite performance. Based on these 

findings, it was reasonable to conclude that the 3-D plots, employed in both advanced level tests 

(CML vs. RSI vs. 𝑆𝑎𝑝𝑝) and basic/intermediate level tests (CML vs. APA vs. CT), consistently 

demonstrated the superiority of HRAP BMD surface mixtures over the control mixture. This was 
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exemplified by the outperformance of mixture 45_HR_L compared to the control mixture 30_C. 

Moreover, the 3-D plot of the basic/intermediate level tests further emphasized that all HRAP 

BMD surface mixtures possessed the capability to outperform the control mixture 30_C. This 

could be attributed to the adherence of all HRAP BMD surface mixtures to the APA rut depth 

requirements (Figure 7), ensuring the retention of sufficient rutting resistance reserved. Despite 

the lower rutting resistance displayed by all HRAP BMD surface mixtures in the 3-D plot in 

comparison to mixture 30_C, their advantages in terms of cracking resistance (indicated by the 

CT index) and durability and sufficient rutting resistance suggested that HRAP BMD surface 

mixtures surpassed the control mixture 30_C in overall performance.  

The extremely high CT index of mixture 45_HR had an influence on the comparison of 

relative cracking resistance between HRAP and 30% RAP mixtures, which was addressed in 

Figure 11a. In this figure, a distinct "gap" was observed between HRAP mixtures and the control 

mixture, or rather, HRAP mixtures and 30% RAP mixtures. This gap was characterized by a 

significant increase in cracking resistance (indicated by the CT index) and durability in all HRAP 

mixtures. These findings provided strong evidence for the beneficial effects of utilizing a softer 

binder, RA, or a combination of both alternatives on the cracking and durability performance of 

HRAP mixtures. Furthermore, these results aligned with the insights revealed by the 3-D plot in 

the advanced tests. 

In summary, although there were disparities in the evaluation of cracking resistance 

between Sapp and the CT index, the 3-D plots obtained from both advanced and 

basic/intermediate tests produced two key findings. Firstly, HRAP BMD surface mixtures can 

achieve superior overall performance compared to the traditionally designed control mixture, 

albeit achieving this in the advanced tests proved to be more challenging than in the 
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basic/intermediate tests. Secondly, the application of a softer binder, RA, or a combination of 

both alternatives demonstrated beneficial effects on the overall performance of HRAP BMD 

mixtures. More importantly, the 3D plot provided a superior visualization for comparing the 

complex array of performance indices. By departing from conventional methods that involve 

pairwise comparisons of performance indices, the implementation of a 3D plot associated with 

CPI significantly alleviates the burdensome nature of traditional comparison methods, as well as 

minimizes the risk of overlooking crucial factors that may result in errors or imbalances in 

decision-making. Consequently, designers are endowed with a more efficient and comprehensive 

reference framework that enables them to effectively balance the three primary performance 

indices from multiple perspectives. 

 

7.4. Ternary Plots 

The utilization of a 3-D plot offered one of viable approaches to compare three primary 

performance indices among different AC mixtures within a single visualization. However, it is 

important to acknowledge the inherent limitations of this approach, as it does not fully capture 

the intricate trade-offs or balanced relationships among the three primary performance indices 

within an individual mixture. To design optimal BMD mixtures with a well-balanced 

combination of properties, designers need to consider the inherent equilibrium or “balanced” 

conditions pertaining to the three primary distress resistance indicators within each specific 

mixture. This comprehension is crucial for proposing feasible alternative design strategies and 

plays a vital role in the subsequent selection processes following the comparison of proposed 

alternatives in the 3-D plot. This is particularly significant when accounting for specific 

performance requirements in various regions, which encompass dissimilar climate conditions, 
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terrain characteristics, and distinct performance demands. Hence, an auxiliary methodology is 

required to offer additional guidance and different perspective for designers. The ternary plot can 

be utilized as a complementary tool to the 3-D plot, enabling the display of each performance 

metric's weight in the composite performance of a mix, thereby assisting the BMD. In this case, 

an additional normalization process was applied that transforms each calculated percentage value 

for the 3-D plot into a percentage of the sum of the percentages resulting from different indices 

for each AC mixture, which allowed for the comparison of the contribution of each index to the 

composite performance of the evaluated mixture. For instance, considering mixture 30_C, after 

the first normalization in the 3-D plot, the values for 𝑆𝑎𝑝𝑝, (1-RSI), and (1-CML) were 90.15%, 

63.54%, and 0%, respectively. Subsequently, by adding them up and converting each index to a 

percentage of the total sum (153.69), the normalized values were determined to be 58.7%, 

41.3%, and 0%, respectively. Table 7 illustrated more details. The normalized values were then 

plotted in the equilateral triangular coordinate system.  

TABLE 7. Normalize Advanced Performance Tests (CML vs. RSI vs. 𝑆𝑎𝑝𝑝) for 3-D Plot and 

Ternary Plot 

 

Mix ID 

Raw data 

 

3-D plot normalization 

 

 

SUM 

Ternary plot 

normalization 

𝑺𝒂𝒑𝒑 RSI CML 𝑺𝒂𝒑𝒑 1-RSI 1-CML 𝑺𝒂𝒑𝒑 1-RSI 1-CML 

30_C 17.9 2.3 9.5 90.15 63.54 0 153.69 58.7 41.3 0.0 

30_O 19.2 1.9 8.3 96.72 71.05 13.31 181.08 53.4 39.2 7.4 

45_HR 11.9 6.4 3.6 60.10 0 62.03 122.13 49.2 0.0 50.8 

45_HR_RA 16.0 3.3 6.8 80.81 48.67 28.72 158.20 51.1 30.8 18.2 

45_HR_L 19.8 2.7 6.6 100 57.43 30.26 187.70 53.3 30.6 16.1 

60_HR_L_RA 15.0 5.8 5.5 75.76 9.70 42.59 128.05 59.2 7.6 33.3 

RSI = rutting strain index; CT = cracking tolerance; APA = asphalt pavement analyzer; CML = Cantabro 

mass loss; G-Rm = Glover-Row parameter of the mixture; 𝑆𝑎𝑝𝑝 = cyclic fatigue index parameter. 
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A ternary plot was shown in Figure 9b, Figure 10b, and Figure 11b to assess the 

contribution between durability (1-CML), rutting resistance (1-RSI) or (1-APA), and fatigue 

cracking resistance (𝑆𝑎𝑝𝑝)  or basic cracking resistance (CT index) within each mixture. In the 

ternary plot, the size and the color of a point corresponded to the points determined in the 3-D 

plot, which reflected the mix composite performance. The calculated normalized values were 

transformed into a coordinate system of an equilateral triangle, where each value represented a 

sub-axis coordinate. Each sub-axis was obtained by rotating clockwise 60 degrees in the 

direction of increasing index values.  

The exploration of ternary plots in conjunction with corresponding 3-D plots allowed for 

a comprehensive understanding of the intricate "balance" within mixtures, illustrating the 

complexity of their internal equilibrium that cannot be simplified as a mere trade-off. In Figure 

9b, it is observed that mixture 30_C exhibited inadequate durability (as depicted in Figure 1), 

whereas mixture 30_O addressed this issue by incorporating BMD to enhance its durability 

while simultaneously contributing to its composite performance. Although this contribution 

diminished the rutting and cracking resistance of mixture 30_O relative to its composite 

performance proportionally compared to mixture 30_C, the overall composite performance of 

mixture 30_O was elevated, resulting in higher values for its three primary distress indices (or 

superior singular rankings) compared to mixture 30_C. Additionally, as a formidable competitor 

to mixture 30_O, mixture 45_HR_L endeavored to further improve durability. However, it was 

observed that the composite performance of mixture 45_HR_L no longer continued to increase 

relative to mixture 30_O. The increased proportion of durability within its composite 

performance restricted rutting performance. However, mixture 45_HR_L obtained higher 

durability and fatigue cracking resistance than mixture 30_O. Further examination of mixture 
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45_HR_RA, mixture 60_HR_L_RA, and mixture 45_HR revealed that the continued emphasis 

on enhancing their own durability proportion led to a decline in composite performance, 

consequently sacrificing their cracking resistance and rutting resistance. This effect was 

particularly pronounced in mixture 60_HR_L_RA and mixture 45_HR. 

Figure 10b represented the ternary plot for basic/intermediate performance tests. 

Similarly, starting from mixture 30_C, mixture 30_O here aimed to improve its durability. 

However, unlike the ternary plot in the advanced tests (Figure 9b), the composite performance of 

mixture 30_O was directly reduced in the BMD optimization process. Additionally, the 

contributions of the rutting indicator and cracking indicator to the composite performance were 

constrained by the increased proportion of durability, resulting in inferior rutting resistance and 

stiffness-driven cracking resistance compared to mixture 30_C. Nonetheless, within the HRAP 

BMD mixtures, it can be observed that further enhancing durability led to an increase in the 

proportion of composite performance, except for mixture 45_HR_RA. Mixture 45_HR_RA 

exhibited higher cracking resistance contributions, resulting in a higher cracking resistance 

compared to mixture 30_C. Simultaneously, it could be observed that HRAP BMD sacrifices the 

proportion of rutting resistance compared to the control mixture 30_C. As customary, Figure 11b 

provided a better comparison of the contribution of each performance index for the other five 

mixes. The observation from Figure 11b was consistent with that of Figure 10b, with the 

exception of mixture 45_HR_RA. Upon further examination, it was notable that mixture 

45_HR_RA had the best composite performance, despite being the inferior-performing mix 

initially from Figure 10b. This was because, after removing mixture 45_HR from the analysis, 

mixture 45_HR_RA had the highest CT index value, yet this did contribute significantly to its 

cracking resistance in the ternary plot. Additionally, it was evident that for HRAP mixtures, 
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compared to 30% RAP mixtures, rutting resistance had a relatively minor contribution to their 

composite performance, but durability and cracking resistance were particularly important for 

HRAP mixtures and strengthened the composite performance, overshadowing the 30% RAP 

mixture. It further demonstrated the positive effects of using softer binders and RA in HRAP 

mixtures. 

 

8. SUMMARY OF FINDINGS, CONCLUSIONS, AND ONGOING WORK 

This research evaluated one control and five BMD optimized SMs through laboratory 

performance tests at various levels of complexity. The mixtures incorporated various 

combinations of RAP contents, two binder PGs, one RA, and one WMA additive.  The tests 

performed included the Cantabro, IDT-CT, |E*|, S-VECD fatigue, APA rutting, and SSR test. 

The primary focus of the assessment was on the durability, rutting resistance, and cracking 

resistance as envisioned by the BMD concept/methodology being applied in Virginia.  

This study investigated the challenge of finding a consistent ranking order based on a 

single performance index for six mixtures evaluated using performance tests at various levels of 

complexity. The results indicated that the ranking order differed across different tests. For 

instance, the APA (intermediate level) and RSI (advanced level) tests did not produce the same 

ranking order for rutting evaluation. Similarly, the CT index (basic level) and 𝑆𝑎𝑝𝑝 (advanced 

level) tests did not yield the same ranking order in cracking evaluation, even resulting in 

completely reversed outcomes.  

Additional investigations were conducted by comparing the Pearson correlation 

coefficient between two given performance indices. Comparisons revealed that different levels of 

rutting performance tests can produce a relatively consistent results, as reflected by the strong 
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positive linear correlation found between RSI and APA. Additionally, this study clarified the 

disparities between Sapp and the CT index, providing explanations for their divergent outcomes. 

It is recommended to separately discuss their evaluations pertaining to cracking. Furthermore, it 

was found that BMD has great potential for the design of HRAP mixtures that exhibit 

simultaneous improvement in both fatigue cracking and rutting performance. Rutting resistance 

showed a negative correlation with durability. Based on 𝑆𝑎𝑝𝑝, fatigue cracking resistance showed 

a negative correlation with durability, while based on CT index and G-Rm, cracking resistance 

showed a positive correlation with durability. 

Furthermore, this study proposed a novel index CPI associated with a 3D-plot to evaluate 

the composite performance of different mixtures and a ternary plot to assist in evaluating the 

contribution of individual major performance results in BMD optimized mixtures. The findings 

of this study indicated disparities between the results of basic/intermediate performance tests and 

advanced performance tests, as corroborated by the correlation analysis. Nonetheless, the overall 

comparisons consistently highlighted that HRAP BMD surface mixtures can exhibit superior 

overall performance as compared to conventionally designed control mixtures. However, 

achieving this enhanced performance in the advanced tests posed greater challenges compared to 

the basic/intermediate tests. Furthermore, the comparisons emphasized the beneficial effects 

arising from the utilization of softer binders, RA, or their combinations in HRAP mixtures. 
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