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ABSTRACT 1 

The Balanced Mix Design (BMD) concept enables the design of engineered mixtures 2 

containing conventional and high reclaimed asphalt pavement (HRAP) contents, moving beyond 3 

the constraints of traditional volumetric design methodologies. During production, the designed 4 

mixture undergoes verification and potential modifications at the plant to accommodate actual 5 

production and field circumstances, irrespective of the mix design method. This study assessed 6 

the impact of production and associated performance variability on a volumetrically designed 7 

control mixture and five mixtures designed with BMD concept. This investigation showed 8 

relatively precise gradation control, but exceedances of volumetric property tolerances were 9 

observed in BMD-optimized mixtures during production. Performance, including durability, 10 

cracking, and rutting susceptibility, was evaluated using the Cantabro test, indirect tensile 11 

cracking test (IDT-CT) and Asphalt Pavement Analyzer (APA) test, respectively. Test results 12 

uncovered that produced mixtures may become unbalanced.Observations from Cantabro test and 13 

IDT-CT highlighted the necessity and effectiveness of employing BMD for HRAP mixtures. The 14 

potential aging effect introduced during the reheating process may compromise durability and 15 

cracking resistance. In addition, a 3-Dimensional plot with a revised Composite Performance 16 

Index (CPIR) was used to optimize the process of evaluating the mixture “balance” status among 17 

multiple primary performances. It revealed almost all produced HRAP mixtures demonstrated a 18 

well-balanced status.. Finally, agencies can use the CPIR as part of their acceptance program for 19 

BMD mixtures to determine a pay factor for possible bonuses or penalties.  20 

 21 

Keywords:  RAP, BMD, production variability, durability, cracking, rutting   22 
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1. INTRODUCTION 1 

It is widely recognized that contemporary asphalt materials are considerably different from their 2 

predecessors due to the escalating challenges of supply and the amplified demand for high-3 

performance materials (1). The abundant use of additives, extensive application of reclaimed 4 

asphalt pavement (RAP), and the dynamic nature of the modern asphalt supply necessitate a 5 

fundamental shift in mixture design philosophy. Instead of focusing primarily on volumetric 6 

properties, the emphasis in design is pivoting toward properties that indicate the performance of 7 

mixtures (1).  8 

The emergence of the balanced mix design (BMD) methodology is a direct response to 9 

this necessary paradigm shift in asphalt mixture design. Defined by the former Federal Highway 10 

Administration Expert Task Group on mixtures and construction, BMD is an “Asphalt mix 11 

design using performance tests on appropriately conditioned specimens that address multiple 12 

modes of distress taking into consideration, mix aging, traffic, climate, and location within the 13 

pavement structure” (2, 3). In contrast to traditional volumetric design, BMD replaces certain 14 

aspects with performance testing criteria aimed at assessing mixture susceptibility to common 15 

distresses such as rutting and cracking. The methodology requires that a mixture design must 16 

meet specified performance criteria for approval, with additional performance testing possibly 17 

required during the production phase for mixture acceptance. While BMD mixtures cannot 18 

rectify unsound underlying pavement structures or inappropriate maintenance treatments, the 19 

introduction of BMD nonetheless represents a significant stride towards enhancing asphalt 20 

mixture performance.  21 

In the United States (U.S.), the recognized environmental and economic benefits of using 22 

RAP in asphalt mixtures have prompted state agencies to implement special provisions allowing 23 

for its increased use in asphalt mixtures (4, 5). The strategic incorporation of RAP not only aims 24 

to offset the constantly inflating costs of asphalt binders and fuel for transport and placement but 25 

also reduces carbon dioxide emissions (4-6). However, drawbacks to their use exist. High RAP 26 

(HRAP) asphalt mixtures risk becoming overly stiff due to the increased RAP usage, which in 27 

turn makes them more brittle and susceptible to cracking (5, 7). Designing HRAP mixtures 28 

presents challenges, mainly in meeting volumetric mix design criteria. The substantial fine 29 

aggregate content in RAP, a result of crushing and milling the material, can lead to aggregate 30 

degradation, complicating the achievement of optimal volumetric properties (1, 8). Moreover, 31 

the high RAP content can trigger a range of construction and performance issues, including 32 

compaction difficulty in cool weather, potential for thermal cracking, fatigue, and reflective 33 

cracking from repeated loading and daily or seasonal thermal stresses, and raveling due to aging 34 

or moisture damage (5). Therefore, one practical application of the BMD concept lies in the 35 

strategic design and production of HRAP asphalt mixtures. The BMD concept, in conjunction 36 

with the use of recycling agents (RAs) and/or softer binders, offers a solution to the complexities 37 

inherent in the design and production of HRAP mixtures, providing an innovative and practical 38 

response to the demands of contemporary pavement construction. 39 

Regardless of the mix design method employed, the fundamental purpose is to ascertain 40 

an optimal combination of aggregates and asphalt binder that provides acceptable mixture 41 

performance. This derived blend is referred to as the job mix formula (JMF). During the 42 

production process, the JMF is subjected to verification and potential modifications at the plant 43 

level to account for actual production and field circumstances (9). This becomes particularly 44 

challenging when using the BMD concept, as it deviates from traditional specification 45 
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restrictions on volumetric properties. Factors such as equipment calibration, personnel training, 1 

and the use of RAP from various sources could potentially complicate the production process for 2 

contractors. Furthermore, replicating the large-scale mixture production executed in the plant 3 

under laboratory design protocols can be an intricate endeavor (9). Differences in asphalt mixture 4 

properties from the original design, which can occur during production, frequently instigate 5 

premature manifestations of pavement distress or can potentially lead to outright structural 6 

failure (10, 11). Consequently, the implementation of quality control (QC) measures, coupled 7 

with quality acceptance (QA) testing, becomes important to ascertain that the produced mixture 8 

meets the design specifications. These scenarios further highlight the necessity of validating and 9 

documenting the impact of production and associated variability on the performance of asphalt 10 

mixtures designed with BMD. 11 

To identify and assess the sources, causes, and degrees of variability in gradation, 12 

volumetric, and mechanical properties, the evaluation of various asphalt mixture specimen 13 

fabrication scenarios is imperative. For instance, National Cooperative Highway Research 14 

Program (NCHRP) Project 09-48 (Report 818) examined three core scenarios: (1) laboratory-15 

mixed, laboratory-compacted specimens produced during the design process; (2) plant-mixed, 16 

laboratory-compacted specimens used in volumetric acceptance testing of plant-produced mix; 17 

and (3) plant-mixed, field-compacted specimens employed during density acceptance testing and 18 

forensic evaluation of in-place pavement. The goal of these assessments was to ascertain the 19 

sources of variability and to evaluate the precision and bias related to the volumetric and 20 

mechanical properties of dense-graded asphalt mixtures (11). In addition to these scenarios, other 21 

alternatives include non-reheated and reheated plant-mixed, laboratory-compacted specimens, 22 

scenarios found in the Virginia Department of Transportation’s (VDOT’s) practice for 23 

contractors’ quality control (12). 24 

Numerous state highway agencies are actively exploring the design and acceptance of 25 

asphalt mixtures based on performance using the BMD concept (2, 3). Virginia is among these 26 

agencies and has been endeavoring to implement BMD for a substantial period. In 2007, VDOT 27 

instituted specifications allowing up to 30% RAP in several specific surface mixtures (SMs). By 28 

2013, VDOT was examining the feasibility of SMs containing up to 45% RAP (13), leading to 29 

field trials of mixtures containing 40-45% RAP contents (14). In 2017, VDOT began to consider 30 

the inclusion of performance requirements for mix designs using the BMD concept. In 2018, 31 

preliminary efforts offered performance benchmarks for dense-graded unmodified surface 32 

mixtures, in support of potential pilot projects with HRAP mixtures. Three fast, simple, and 33 

practical performance-indicative tests addressing varying distress modes were selected for use 34 

with the BMD method. These were the Cantabro test, the Indirect Tensile Cracking Test (IDT-35 

CT) at intermediate temperature, and the Asphalt Pavement Analyzer (APA) test, assessing 36 

durability, cracking, and rutting, respectively. Initial performance thresholds were set (15) and 37 

subsequently the developed performance-based specifications were validated  (12, 16). 38 

Two VDOT BMD special provisions, one for conventional SMs and one for HRAP SMs 39 

were drafted and revised for use in pilot projects (12). In 2019, two field trials were conducted in 40 

Virginia, marking the first field applications of the BMD specifications. These trials entailed the 41 

design, production, and application of nine asphalt mixtures which incorporated varying 42 

combinations of RAP contents, two binder grades, RAs, and two warm mix asphalt (WMA) 43 

additives. Three performance-indicative tests were conducted on laboratory-produced design 44 

specimens, as well as non-reheated and reheated plant-produced, laboratory-compacted 45 

specimens. The variability of these test results was documented in detail (13). Subsequent field 46 
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trials were planned and implemented in 2020. These trials featured asphalt mixtures with high 1 

RAP contents, softer binders, RAs, and a variety of additional additives such as fibers and 2 

softening oils (12). Based on the data derived from the 2019 and 2020 field trials, there is a need 3 

to evaluate a broader spectrum of mixtures with varied performance responses. This would 4 

facilitate the collection of a robust dataset, necessary for either confirming or debunking the 5 

observed lack of correlation and significant difference in results for the Cantabro, IDT-CT, and 6 

APA tests. 7 

In 2020, a joint research initiative was undertaken by the Virginia Transportation 8 

Research Council (VTRC), VDOT, and Virginia Tech, involving the design, placement, and 9 

accelerated testing of a control mixture and five BMD mixtures at the Virginia Accelerated 10 

Pavement Testing (APT) facility, owned by VDOT and located at the Virginia Tech 11 

Transportation Institute (VTTI). This effort served, in part, as a highly controlled application of 12 

the BMD special provisions to production, offering an opportunity to scrutinize the implications 13 

of these specifications on various aspects such as the design, production, quality control and 14 

assurance practices, and construction of HRAP SMs (17, 18).   15 

 16 

2. OBJECTIVE AND SCOPE 17 

The primary objective of this paper is to assess the impact of production and associated 18 

variability on a control mixture and five engineered mixtures designed using the BMD concept. 19 

This responds to the need for the recommendation of VDOT field trials studies to evaluate a 20 

broader spectrum of mixtures with varied performance responses. The assessment provided 21 

herein will offer comprehensive laboratory performance test references for quality measurement 22 

practices within BMD implementation. In addition, this study lays the foundation for future work 23 

aimed at bridging the gap between laboratory testing and APT field performance measurement. 24 

To accomplish this, in addition to testing performance during the design process, a 25 

comprehensive laboratory assessment focused on durability, cracking resistance, and rutting 26 

performance was undertaken on the mixtures collected during production and paving of the APT 27 

facility. Statistical analyses were carried out to discern performance differences among different 28 

specimens including laboratory-mixed laboratory-compacted specimens (designs), plant-mixed 29 

laboratory-compacted specimens (non-reheats), and plant-mixed laboratory-compacted 30 

specimens fabricated after a reheating process (reheats). A total of 648 specimens were evaluated 31 

in this study. In essence, the paper is structured to methodically address four fundamental 32 

inquiries: 33 

1. Comparing and evaluating the three primary BMD test results including Cantabro test, 34 

IDT-CT, and APA rutting test across six mixtures, and demonstrating the variations in 35 

different performances.  36 

2. Identifying statistical significance between different specimens (designs vs. non-reheats 37 

vs. reheats) and among different samples collected during production for each BMD tests. 38 

3. Assessing the influence of the reheating process on the three primary performance indices 39 

of the plant-produced mixtures. 40 

4. Exploring a more effective method for simultaneously evaluating multiple BMD primary 41 

performance metrics. 42 

 43 
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3. METHODOLOGY 1 

3.1. Experimental Program 2 

A total of six mixtures encompassing one control and five BMD 9.5mm dense-graded SMs were 3 

designed, produced, and sampled for evaluation in this study. The experimental protocol 4 

included conducting volumetric and BMD laboratory testing on designs, non-reheats and reheats, 5 

followed by comprehensive analyses to evaluate the performance characteristics of these 6 

mixtures, as illustrated in Figure 1. 7 

 8 
FIGURE 1. Experimental Plan for Laboratory- and Plant-Produced Mixtures. BMD = balanced mix design; IDT-9 
CT = indirect tensile cracking test; APA = asphalt pavement analyzer; G = gradation analysis; V = volumetric 10 
analysis; VDOT = Virginia Department of Transportation; VTRC = Virginia Transportation Research Council. 11 

3.2. Mixture Designs 12 

The mixtures incorporated various combinations of RAP contents, two binder performance 13 

grades (PGs), one RA, and one WMA additive. Design specimens were laboratory-produced 14 

laboratory-compacted specimens, fabricated for mixture design. The RAP content in the 15 

mixtures was determined based on the total weight of the mixtures. Considering the scale of the 16 

plant production for Virginia APT project, the materials were well-controlled and the RAP use 17 

for all mixtures was the same. The RA, a product derived from tall oils and fatty acids, was 18 

added to the mixtures in addition to the virgin and RAP binders so that there was no partial 19 

replacement of either the virgin or RAP binders with the RA. A 100% blending ratio was 20 

assumed, and the design asphalt contents accounted for the contribution of asphalt binder from 21 

RAP materials. The WMA additive used is a bio-based product that is also used as an antistrip 22 

agent. The mixtures are defined as follows:  23 

• 30_C: a non-BMD mixture serving as a control with 30% RAP content and PG 64S-22 24 

binder (S denotes standard traffic). This mixture was designed following VDOT’s 25 

Superpave mix design methodology with the optimum binder content (OBC) selected for 26 

voids in total mixture (VTM) of 4%.  27 

• 30_O: a BMD optimized version of mixture 30_C featuring the use of 30% RAP content 28 

and a PG 64S-22 at a relatively higher OBC when compared to mixture 30_C. The 29 
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optimization process involved adjusting the aggregate gradation and increasing the 1 

asphalt binder content.  2 

• 45_HR: a BMD optimized HRAP mixture with 45% RAP and PG 64S-22 binder. This 3 

mixture design resulted in a much higher OBC when compared with all other evaluated 4 

mixtures. No softer binder or RA were used during the design and production of this 5 

mixture.  6 

• 45_HR_RA: a BMD optimized HRAP mixture with 45% RAP, PG 64S-22 binder, and an 7 

RA. 8 

• 45_HR_L: a BMD optimized HRAP mixture with 45% RAP and a softer binder, PG 58-9 

28. 10 

• 60_HR_L_RA: a BMD HRAP mixture with 60% RAP, a softer binder (PG 58-28), and 11 

an RA. 12 

The BMD optimized mixtures were designed following VDOT BMD specifications using 13 

Approach D (Performance Only) (2, 3). The design volumetric properties and gradations of all 14 

mixtures are shown in Table 1. The BMD performance properties of the six mixtures at OBC 15 

determined during design are also shown in Table 1. During the design stage, the short-term 16 

oven aging (STOA) protocol consisted of 2 hours at compaction temperature for Cantabro and 17 

APA tests, and 4 hours at compaction temperature for the IDT-CT. 18 
 19 
TABLE 1. Volumetric Properties and Gradations for APT Mixtures - Design 20 

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, %  5.6 6.0 6.8 6.2 6.0 6.0 

RBR 0.24 0.22 0.29 0.32 0.33 0.44 

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, 25ºC, % 2.9 3.2 4.1 2.8 2.7 4.0 

APA Rut Depth, 64ºC, mm 5.4 4.2 5.6 7.2 4.9 3.7 

CT index, 25ºC 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 
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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 1 
= reclaimed asphalt pavement; WMA = warm mix additive; RA = recycling agent; NMAS = nominal maximum 2 
aggregate size; RBR = recycled binder ratio, which is the ratio of RAP binder content to the mixture total binder 3 
content; SG = specific gravity; VTM = voids in total mixture; VMA = voids in mineral aggregate; VFA = voids 4 
filled with asphalt; FA = fines to aggregate; C = control; O = optimized; HR = high reclaimed asphalt pavement; RA 5 
= recycling agent; L = softer virgin binder. 6 

 7 

3.3. Production Sampling 8 

Sampling of the loose mixture was conducted four times throughout each day of production. The 9 

production sampling plan for each mixture is outlined in Figure 1. Samples were sequentially 10 

labelled from 1st to 4th for each mixture and samples of test specimens were correspondingly 11 

labelled based on the sample from which they were fabricated (for instance Cantabro specimen 12 

sample A was fabricated from sample A for the mixture under evaluation). The producer 13 

generally performed a gradation analysis on samples A and C. The VDOT district laboratory 14 

determined the volumetric properties for all four samples, in addition to determining the 15 

gradation for samples A and C. The VTRC laboratory determined volumetric properties and 16 

gradation for all four samples of each mixture. The three entities collected the samples at the 17 

same time from the same production lot.   18 

 The loose mixture samples collected during production for BMD testing underwent one 19 

of two procedures: they were either transported to the producer's laboratory and immediately 20 

compacted into test specimens—these were referred to as non-reheats - or they were placed in 21 

boxes, delivered to VTRC, and stored in a climate-controlled area for subsequent evaluation after 22 

reheating. Reheats were prepared by VTRC by reheating the loose mixture stored in boxes until 23 

the material was workable. After this, the material was divided into quantities sufficient for 24 

specimen fabrication. The material was then heated to the appropriate compaction temperature 25 

and compacted (13). Mixtures were not subjected to any additional oven aging. A total of 648 26 

specimens were fabricated for the three BMD tests considered in this study. 27 

3.4. BMD Tests 28 

BMD testing for this study included three tests adopted in Virginia: Cantabro test, IDT-CT, and 29 

APA test, which assess durability, cracking, and rutting, respectively (12, 15). The corresponding 30 

thresholds/criteria for these tests are shown in Table 2. Cantabro test has been recognized as a 31 

promising tool to assess the durability of dense-graded asphalt mixtures, as supported by several 32 

previous studies and efforts (19). The Cantabro mass loss (CML) was determined in accordance 33 

with AASHTO T 401 on the three gyratory specimens used to determine volumetric properties. 34 

The IDT-CT was conducted at a temperature of 25°C in accordance with ASTM D8225-19 (20) 35 

on five replicate test specimens compacted at 7±0.5% air voids. The APA test was performed in 36 

accordance with AASHTO T 340 at a temperature of 64ºC; four replicate test specimens were 37 

tested in an APA Junior machine. The APA specimens were compacted at 7±0.5% air voids. In 38 

addition, VDOT requires that the moisture susceptibility of asphalt mixtures be evaluated by 39 

means of AASHTO T 283. However, this evaluation is only required for the first production lot 40 

(21) and is not discussed further in this study. The contractor performed the moisture damage 41 

test, and all mixtures met the TSR requirement of 0.80.  42 

 43 
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TABLE 2. Virginia Performance Testing Criteria 1 

Test Test Method Specimens Criteria 

Cantabro test AASHTO T401 3 replicates Mass loss ≤ 7.5% 

APA test AASHTO T 340 4 replicates Rutting ≤ 8.0 mm 

IDT-CT test ASTM D 8225 5 replicates CT index ≥ 70 

Moisture damage test AASHTO T 283 6 replicates TSR ≥ 80% 
APA = asphalt pavement analyzer; IDT-CT = indirect tensile cracking test; TSR = tensile strength ratio. The 2 
corresponding data collected by the producer for TSR was not discussed in this manuscript. 3 
 4 

3.4. Statistical Analyses 5 

To determine whether there are statistically significant differences between various specimens 6 

(designs, non-reheats, and reheats) and among the four produced samples for different mixtures, 7 

statistical analysis using various available tests was conducted using SPSS Statistics (22).  The 8 

Shapiro-Wilk (SW) test was used to evaluate the normality of the performance indices for each 9 

mixture. The null hypothesis posited by the SW test was that the data conformed to a normal 10 

distribution. Should the p-value fall below 0.05, the null hypothesis would be rejected, leading to 11 

the conclusion that the data does not follow a normal distribution. Subsequently, the Levene's 12 

Test was employed to assess the equality of variances. The analysis of variance (ANOVA) along 13 

with the Tukey’s pairwise comparison test was performed at a significance level of 5% (22). The 14 

ANOVA results are presented with the Tukey’s pairwise comparison pertaining to the 15 

comparison of different treatments (designs vs. non-reheats vs. reheats) and different samples 16 

during production. However, for those data not following the assumptions of normality or 17 

homogeneity of variance, a nonparametric test (at a significance level of 5%), the Kruskal-Wallis 18 

(KW) test was employed, as an alternative to the more traditional pair-wise comparison test (23).  19 
 20 

4. RESULTS 21 

4.1. Mixture Volumetric Properties and Gradations 22 

Producer and VDOT district data for volumetric properties and gradations were available from 23 

VDOT’s Materials Information Tracking System. Volumetric and gradation analyses for 24 

corresponding reheated samples were performed by VTRC. The data collected included 25 

gradation and asphalt binder content; theoretical maximum and bulk specific gravities (Gmm and 26 

Gmb); VTM; voids in mineral aggregate (VMA); voids filled with asphalt (VFA); bulk and 27 

effective aggregate specific gravities (Gsb and Gse); fine aggregate to asphalt ratio (FA); percent 28 

binder absorbed (Pba); effective binder content (Pbe); and effective asphalt film thickness (Fbe). 29 

The allowable production tolerances for volumetric properties and gradation sieves can be found 30 

in the VDOT specifications (24). 31 

Table 3 presents the results of production volumetric analyses performed by VDOT (for 32 

non-reheats) and VTRC (for reheats). Specimens prepared for the volumetric analyses were 33 

subsequently used for Cantabro testing. The production tolerance values were used for 34 

acceptance of the control mixture and used only as a relative reference for BMD mixtures, as 35 

only mixture 30_C was designed in accordance with volumetric requirements. The other five 36 

mixtures were designed using BMD approach D (performance only), and volumetric 37 

requirements were waived, except for the production tolerance requirement on asphalt content 38 

and gradation (25). The asphalt binder content in all produced mixtures fell within acceptable 39 

tolerance, with the exception of some samples from mixture 45_HR that exceeded this tolerance. 40 
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Notably, mixture 45_HR exhibited the highest binder content among all evaluated mixtures. This 1 

high binder content, combined with extremely lower air void observed during production, 2 

contributed to the "wet" nature of mixture 45_HR.  3 

Mixture 30_C exhibited the fewest volumetric properties that exceeded tolerance ranges. 4 

For produced mixture 30_O specimens, higher than acceptable VTM were observed, along with 5 

lower than acceptable VFA. Regarding HRAP mixtures, deviations outside of typical allowable 6 

tolerance ranges were primarily evident in VTM, VFA, and FA ratio values. This deviation 7 

stemmed from the mixture design process, which resulted in higher asphalt contents. This, 8 

combined with the aggregate structure, led to mixtures with lower VTM and higher VFA and FA 9 

ratios compared to those seen under VDOT's current volumetric design process. These changes 10 

in the mixture structure, influenced by the high RAP content, introduced more fines to the 11 

mixture. Variability in volumetric properties was more pronounced in mixture 60_HR_L_RA 12 

featuring the highest RAP content. 13 

 14 
TABLE 3. Summary of Primary Volumetric Properties Determined on Mixtures During Production 15 

Property JMF 
Production 

tolerance 

Sample A Sample B Sample C Sample D 

VDOT VTRC VDOT VTRC VDOT VTRC VDOT VTRC 

Mixture 30_C 

AC, % 5.6 ±0.3 5.57 5.47 5.39 5.44 5.69 5.76 5.60 5.39 

Gmm 2.531 - 2.536 2.545 2.545 2.604 2.543 2.538 2.542 2.546 

VTM, % 4.0 2.0-5.0 4.4 4.6 4.0 6.0 4.2 4.0 3.8 4.4 

VMA, % 16.8 Min. 16 17.1 17.1 16.4 18.6 17.2 17.2 16.7 16.7 

VFA, % 76.2 70-85 74.2 72.9 75.5 67.5 75.8 77.0 77.1 73.6 

FA Ratio 1 0.7-1.3 1.1 1.1 1.2 1.1 1.1 1.0 1.1 1.1 

Mixture 30_O 

AC, % 6.0 ±0.3 6.12 6.12 6.18 6.14 6.10 6.09 6.12 5.97 

Gmm 2.517 - 2.520 2.524 2.523 2.515 2.521 2.529 2.523 2.523 

VTM, % 2.1 2.0-5.0 5.8 5.4 6.1 4.6 6.5 5.9 6.1 5.4 

VMA, % 15.9 Min. 16 19.5 19.1 19.9 18.4 20.0 19.5 19.9 18.8 

VFA, % 87.0 70-85 70.0 71.7 69.1 75.2 67.5 69.8 69.0 71.1 

FA Ratio 1.1 0.7-1.3 1.0 1.1 - 1.1 1.1 1.0 - 1.1 

Mixture 45_HR 

AC, % 6.8 ±0.3 6.81 6.72 6.87 7.22 6.67 7.11 6.82 6.97 

Gmm 2.497 - 2.500 2.506 2.503 2.505 2.512 2.508 2.515 2.510 

VTM, % 5.2 2.0-5.0 0.3 0.8 0.5 0.6 0.6 0.6 0.8 0.6 

VMA, % 20.2 Min. 16 16.1 16.4 16.5 17.5 16.2 17.2 16.7 16.9 

VFA, % 74.3 70-85 98.3 95.3 97.1 96.5 96.1 96.4 95.2 96.4 

FA Ratio 1.2 0.7-1.3 1.2 1.1 - 1.2 1.2 1.2 - 1.2 

Mixture 45_HR_RA 

AC, % 6.2 ±0.3 6.10 6.19 6.24 6.15 6.30 6.34 6.28 6.21 

Gmm 2.519 - 2.540 2.541 2.542 2.546 2.539 2.541 2.536 2.535 

VTM, % 2.7 2.0-5.0 1.9 2.1 2.6 2.6 2.2 2.6 2.6 2.3 

VMA, % 16.9 Min. 16 16.0 16.4 17.0 16.8 16.8 17.3 17.1 16.7 

VFA, % 84.0 70-85 88.5 87.5 84.9 84.6 86.9 84.7 84.8 86.0 

FA Ratio 1.2 0.7-1.3 1.4 1.5 - 1.4 1.2 1.2 - 1.3 

Mixture 45_HR_L 

AC, % 6.0 ±0.3 6.05 5.97 6.00 6.00 6.07 6.16 6.17 6.02 

Gmm 2.521 - 2.522 2.536 2.547 2.544 2.536 2.533 2.534 2.537 

VTM, % 4.2 2.0-5.0 1.9 2.0 3.2 3.2 2.4 2.6 3.2 3.0 

VMA, % 17.9 Min. 16 16.1 16.0 17.2 17.2 16.7 17.0 17.5 17.0 

VFA, % 76.6 70-85 88.2 87.7 81.5 81.6 85.3 84.8 81.8 82.3 



11 

 

FA Ratio 1.3 0.7-1.3 1.3 1.2 - 1.2 1.2 1.2 - 1.2 

Mixture 60_HR_L_RA 

AC, % 6.0 ±0.3 5.99 5.89 5.84 6.14 5.7 5.88 6.01 5.90 

Gmm 2.538 - 2.523 2.550 2.548 2.548 2.547 2.546 2.537 2.542 

VTM, % 1.5 2.0-5.0 0.2 1.4 1.3 1.7 1.9 2.4 2.1 2.2 

VMA, % 15.3 Min. 16 14 15.0 14.8 15.8 15.0 15.8 15.8 15.7 

VFA, % 90.0 70-85 98.9 90.4 91.2 89.5 87.1 84.6 87.8 85.9 

FA Ratio 1.5 0.7-1.3 1.5 1.4 - 1.4 1.4 1.3 - 1.4 

AC = asphalt binder content; Gmm = maximum specific gravity; VTM = voids in total mixture; VMA = voids in 1 
mineral aggregate; VFA = voids filled with asphalt; FA = fines to asphalt; VDOT = Virginia Department of 2 
Transportation; VTRC = Virginia Transportation Research Council; C = control; O = optimized; HR = high 3 
reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder. 4 

Generally, the gradations of different samples across each mixture, as determined by the 5 

producer, VDOT district, and VTRC, were within the allowable production tolerance. Table 1 6 

details the gradations of the mixture designs, which are shown in Figure 2. Figure 2 indicates that 7 

the design gradations of the six mixtures closely resemble one another, with standard deviation 8 

in passing percentages at different sieve sizes ranging from 0 to 2.1%. The design gradations, 9 

alongside the average producer, VDOT district, and VTRC gradations, are shown in Figure 3. 10 

Overall, the gradation curves of the designs, non-reheats, and reheats are strongly congruent, 11 

with the curves of the non-reheats and reheats showing near-perfect overlap. 12 

 13 

 14 
FIGURE 2. Design Gradations for the Six Mixtures. C = control; O = optimized; HR = high reclaimed asphalt 15 
pavement; RA = recycling agent; L = softer virgin binder. 16 

 17 

 

  

  

  

  

5 

  

  

  

  

   

 
 
  

 
 
  
 

 
  

  
 
  
 

                                      

                 

           

           

            

               

              

                 

 .  5               .                       .                   . 5                         .5          .5



12 

 

 1 
FIGURE 3. Average Aggregate Gradations Determined During Design by Producer and During Production by 2 
Producer, VDOT District, and VTRC for: (a) Mixture 30_C; (b) Mixture 30_O; (c) Mixture 45_HR; (d) Mixture 3 
45_HR_RA; (e) Mixture 45_HR_L; and (f) Mixture 60_HR_L_RA. VDOT = Virginia Department of 4 
Transportation; VTRC = Virginia Transportation Research Council; C = control; O = optimized; HR = high 5 
reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder; 𝜎 = average standard deviation. 𝜎 from 6 
producer missed for mixture 30_O, because only the 1st sample was checked by producer.  7 
 8 

4.2. Durability Assessment 9 

The Cantabro test was used to evaluate the durability of AC mixtures (19) and was performed on 10 

designs, non-reheats, and reheats. Figure 4 shows the CML for all mixtures with its sample 11 

standard deviation. The lower CML indicated better durability performance. The maximum limit 12 

of 7.5% as specified by the VDOT BMD special provision is represented by a red dashed line. 13 

All plant-produced HRAP BMD mixture samples complied with the maximum 7.5% CML 14 

VDOT BMD limit requirement. Meanwhile, all plant-produced BMD mixtures exhibited 15 

superior durability compared to that of mixture 30_C, as indicated by their lower mean ML 16 

values in Table 3. These observations highlighted the enhancement of durability in BMD 17 

mixtures attributed to higher binder content. In comparison to HRAP mixtures, mixtures 30_C 18 

and 30_O exhibited a more pronounced discrepancy between plant-produced mixtures and 19 

laboratory-produced mixtures in terms of CML. In the case of mixture 30_O, such discrepancies 20 

could be attributed to higher VTM and lower VFA compared to the designs. Furthermore, the 21 

control mixture 30_C showed increased sensitivity to plant production variations compared to 22 

BMD mixtures.  23 

The CML values of the plant-produced mixtures (both non-reheats and reheats) were 24 

significantly higher compared to the corresponding designs. However, exceptions are observed 25 

in Table A-3 of the Appendix: in the comparison between the designs and reheats for mixture 26 

45_HR, the plant-produced mixture, with its higher asphalt content and lower VTM, exhibited a 27 

reduced CML. Additionally, in the comparison between designs and non-reheats of mixture 28 

60_HR_L_RA, there was no significant difference detected. Gyratory pills were used for the 29 

Cantabro test. The plant-production variability and the mass-controlled compaction may be 30 

factors impacting the CML. Additionally, a uniform pattern was observed across all mixtures, 31 

wherein the reheats significantly presented higher CML values than the non-reheated 32 
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counterparts. This suggested that the reheating process may generally result in lower durability, 1 

which aligns with previous studies (13). A more detailed comparison of reheats and non-reheats 2 

can be found in Table A-4-1 of the Appendix. Statistical significance is generally not found 3 

among samples in both non-reheats and reheats. However, exceptions were observed between 4 

non-reheats_3 and non-reheats_4 of mixture 45_HR_RA, and between reheats_2 and reheats_3 5 

of mixture 60_HR_L_RA. These discrepancies can be attributed to variations in VTM and VFA, 6 

as shown in Table 3. 7 

Table 4 provides a summary of the descriptive statistics employed in the CML of plant-8 

produced mixtures. For non-reheats, the coefficient of variance (COV) exhibited a range between 9 

9.6% and 20.5% with the lowest COV was observed in the 30_C mixture. The COV values for 10 

reheats consistently remained below their corresponding non-reheated counterparts, varying 11 

between 8.8% and 12.9%. An important factor to consider is that the preparation of non-reheated 12 

specimens must be completed shortly after sampling during production. However, there is 13 

typically less time pressure associated with preparing reheated specimens.  14 

 15 
FIGURE 4. Cantabro Mass Loss Results for Mixtures: (a) Mixture 30_C; (b) Mixture 30_O; (c) Mixture 45_HR; 16 
(d) Mixture 45_HR_RA; (e) Mixture 45_HR_L; and (f) Mixture 60_HR_L_RA. Values are the average of three 17 
replicates; I-bars indicate ± one standard deviation; C = control; O = optimized; HR = high reclaimed asphalt 18 
pavement; RA = recycling agent; L = softer virgin binder; NR = Non-reheats; R = Reheats; Red dashed line = BMD 19 
special provision limit.  20 
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 1 
Table 4. Summary of Descriptive Statistics for Performance Tests of Plant-Produced Mixtures 2 

Mass loss, % 
Mean COV 

Non-reheats Reheats Non-reheats Reheats 

30_C 7.4 8.7 9.6 9.3 

30_O 5.8 8.2 14.7 8.8 

45_HR 2.4 3.7 18.1 12.9 

45_HR_RA 4.3 6.2 20.5 11.7 

45_HR_L 5.0 6.3 10.6 10.0 

60_HR_L_RA 4.6 6.1 11.5 10.4 

CT index 
Mean COV 

Non-reheats Reheats Non-reheats Reheats 

30_C 138.8 54.1 20.7 9.4 

30_O 242.2 75.9 24.0 25.3 

45_HR 943.7 405.2 20.4 28.3 

45_HR_RA 342.2 158.0 24.7 49.6 

45_HR_L 220.0 94.3 33.7 20.4 

60_HR_L_RA 219.7 101.2 22.0 21.1 

APA rut 

depth, mm 

Mean COV 

Non-reheats Reheats Non-reheats Reheats 

30_C 4.2 4.3 26.6 26.8 

30_O 6.1 4.3 22.4 20.6 

45_HR 11.9 6.7 12.2 15.2 

45_HR_RA 5.3 5.1 20.7 16.6 

45_HR_L 4.4 4.5 30.0 25.4 

60_HR_L_RA 3.9 5.2 33.3 21.2 

COV = coefficient of variation; CT = cracking tolerance; APA = asphalt pavement analyzer; C = control; O = 3 
optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder.  4 

 5 

4.3. Cracking Performance Assessment 6 

The IDT-CT (also known as IDEAL-CT) is being used by VDOT to assess mixture resistance to 7 

cracking. Figure 5 displays the mean IDT-CT test results along with the respective sample 8 

standard deviations. The higher CT index indicated the higher cracking resistance. The minimum 9 

limit of 70 as specified by the VDOT BMD special provision was represented by a red dashed 10 

line. In general, all produced HRAP BMD mixtures met the VDOT BMD CT index threshold of 11 

70, indicating satisfactory cracking resistance. Nevertheless, lower CT indices were observed in 12 

the reheats of mixtures 30_C and 30_O, with this phenomenon being particularly pronounced in 13 

mixture 30_C. These observations were similar to findings from Cantabro tests, highlighting the 14 

enhancement of cracking resistance in BMD mixtures attributed to higher binder content. 15 

Additionally, all BMD mixtures exhibited better cracking resistance compared to mixture 30_C, 16 

as indicated by their higher mean CT index values (the same pattern found in the durability 17 

evaluation), shown in Table 4. 18 

Reheats across different mixtures demonstrated CT index values closer to the designs for 19 

all mixtures. Non-reheats generally exhibited significantly higher CT index values compared to 20 

designs excluding mixture 45_HR_L and 60_HR_L_RA. The disparity between reheats and non-21 

reheats across different mixtures proved to be statistically significant, as illustrated in Table A-3-22 

2 of the Appendix. This observation underscored the potential aging effect introduced during the 23 

reheating process, which may potentially compromise the cracking resistance of the mixtures, 24 

aligning with findings from previous studies (13). The sensitivity to reheating varied among 25 
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different mixtures. In the pairwise comparisons using the KW test between samples presented in 1 

Table A-4-2 of the Appendix, the absence of statistically significant differences among four 2 

samples in both non-reheats and reheats indicates a consistent plant-production and specimens 3 

fabrication process. Note that the IDT-CT specimens were compacted at VTM of 7±0.5%. 4 

Compared with Cantabro specimens (volumetric  pills), the controlled air voids may have 5 

contributed to less statistical significance/variance in the CT index between design and 6 

production specimens. 7 

In the case of non-reheats, the COV ranged from 20.4% to 33.7%. while for reheats, 8 

COV values ranged from 9.3% to 49.6%.In most instances, the COV of the CT index exceeded 9 

VDOT's single-operator precision estimate (1s) of 18.3% (26). Furthermore, a consistent trend of 10 

higher CT index COV for all BMD mixtures was observed compared to mixture 30_C, except 11 

for the non-reheats of mixture 45_HR.  This could be attributed to higher RAP contents, as RAP 12 

stockpiles are known to be variable and require stricter control and better management during 13 

production.  14 

 15 
FIGURE 5. Performance Test Data for IDT-CT: (a) Mixture 30_C; (b) Mixture 30_O; (c) Mixture 45_HR; (d) 16 
Mixture 45_HR_RA; (e) Mixture 45_HR_L; and (f) Mixture 60_HR_L_RA. Values are the average of five 17 
replicates. I-bars indicate ± one standard deviation; CT = cracking tolerance; C = control; O = optimized; HR = high 18 
reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder; NR = Non-reheats; R = Reheats; Red 19 
dashed line = BMD special provision limit. 20 

 21 

4.4. Rutting Performance Assessment 22 

The APA rut test was conducted in accordance with AASHTO T 340 (27). A higher APA rut 23 

depth (RD) value indicated an increased susceptibility to rutting damage. The APA test results 24 

for the respective mixtures are illustrated in Figure 6. Within this figure, each bar symbolizes the 25 
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mean values derived from 2 molds (4 specimens), accompanied by its corresponding error bar 1 

denoting the range of plus or minus one sample standard deviation. Note that the non-reheats of 2 

both sample A and C in mixture 45_HR only have a final mean value documented. The 3 

maximum 8 mm threshold is represented by a red dashed line.  4 

All mixtures except the non-reheats of mixture 45_HR, met the VDOT BMD 5 

recommended threshold of 8 mm. This could be attributed to the incorporation of an excessive 6 

asphalt binder content during the production. Such observations indicate that for BMD mixtures, 7 

rutting performance can achieve a well-balanced status during both the design and production 8 

phases. Furthermore, there are no significant differences between the designs and production 9 

samples (both reheats and non-reheats), except for the designs vs. non-reheats of mixture 45_HR, 10 

where a significant difference was detected as shown in Table A-3-2 of the Appendix. A more 11 

detailed comparison, presented in Table A-4 of the Appendix, reveals the absence of statistically 12 

significant differences among the four samples in both non-reheats and reheats, indicating a 13 

consistent plant-production and specimen fabrication process. Additionally, the reheating process 14 

introduced a potential aging effect, resulting in a decreased APA RD for mixtures 30_O and 15 

45_HR. However, the effect of the reheating process on rutting performance varied when RA or 16 

soft binder conditions were applied to mixtures, including 45_HR_RA, 45_HR_L, and 17 

60_HR_L_RA. Similarly, likely due to air void requirements, statistical differences in the APA 18 

RD test between produced specimens and designs were less significant than that of the Cantabro 19 

test. In Table 3, for non-reheats, COV values exhibited a range spanning from 12.2% to 33.3%. 20 

For reheats, COV values ranged from 15.2% to 26.8%.  21 

 22 
FIGURE 6. Performance Test Data for APA Rut Depth at 64°C and 8,000 Loading Cycles: (a) Mixture 30_C; (b) 23 
Mixture 30_O; (c) Mixture 45_HR; (d) Mixture 45_HR_RA; (e) Mixture 45_HR_L; and (f) Mixture 60_HR_L_RA. 24 
Values are the average of three replicates. I-bars indicate ± one standard deviation; APA = asphalt pavement 25 
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analyzer; C = control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer 1 
virgin binder; NR = Non-reheats; R = Reheats; Red dashed line = BMD special provision limit. 2 

5. ADDITIONAL DISCUSSION AND ANALYSES 3 

5.1. Assessing the Effect of Reheating 4 

Based on pair-wise comparisons (Table A-4), there were no significant differences in 5 

performance indices among the four produced samples for both non-reheats and reheats, except 6 

for two cases (non-reheat-3 vs.non-reheat-4 of mixture 45_HR_RA and reheat-2 vs. reheat-3 of 7 

mixture 60_HR_L_RA) from Cantabro specimens. The relationship between the mean 8 

performance indices of non-reheats and reheats for the six evaluated mixtures is illustrated in 9 

Figure 7 using mean sample values. Figures 7a and 7b reveal that the reheating process resulted 10 

in higher CML values and lower CT index, suggesting a potential decrease in the durability and 11 

cracking resistance of the produced mixtures for both control and BMD mixtures. The current 12 

CML requirement established by VDOT is based on reheated specimens. This analysis indicated 13 

that a mean CML value of 7.5% for reheats corresponded to a mean CML value of 5.8% for non-14 

reheats, as indicated by the regression equation presented in Figure 7a. Notably, nineteen out of 15 

twenty-four (79.16%) mean CML values for non-reheats fell below the 5.8% threshold. In 16 

contrast, all reheats from 30% RAP mixtures exceeded the 7.5% limit. Regarding the CT index, 17 

an independent analysis conducted by VTRC examined the potential correlation between CT 18 

index values for reheats and non-reheats using data from field trials spanning 2019, 2020, and 19 

2021 (28) and included both control and BMD mixtures. The study recommended a CT value of 20 

95 as a criterion for non-reheats. Applying this criterion, it was observed that all non-reheats 21 

(100%) evaluated in this study exhibited mean CT index values exceeding 95. For reheats, five 22 

out of twenty-four (20.83%) mean CT index values fell below 70, as shown in Figure 7b. Figure 23 

7c indicated that the impact of the reheating process on rutting performance of evaluated 24 

mixtures, excluding mixture 45_HR, was not significant. A total of twenty out of twenty-four 25 

(83.33%) mean RD values for non-reheats were less than 8.0 mm, while all reheats (100%) 26 

evaluated in this study exhibited mean APA RD below 8 mm. 27 

 28 
FIGURE 7. Relationship Between Non-reheats and Reheats: (a) Cantabro Test; (b) IDT-CT Test; (c) APA Rutting 29 
Test. RD = rut depth; C = control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L 30 
= softer virgin binder; NR = non-reheats; R = reheats; Solid black line = equality line. Solid red line = VDOT’s 31 
balanced mix design limit for reheated asphalt surface mixtures. 32 
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5.2. Quantifying the Degree of Balance for the Produced Mixture  1 

In the preceding analysis, the results of the BMD performance tests were discussed individually, 2 

employing the VDOT BMD thresholds established based on reheats. Additionally, it determined 3 

the limits applicable for the analysis of non-reheats. The following section was primarily devoted 4 

to conducting a comprehensive assessment of whether the produced mixtures maintain balance 5 

among different performance indices during production. To facilitate the assessment, traditional 6 

comparative methods necessitated separate sets of pairwise comparisons of primary 7 

performances (29). Figures 8a, 8b, 8c respectively illustrate the comparisons between the IDT-8 

CT and Cantabro test; the APA rut test and Cantabro test; and the IDT-CT and APA rutting test, 9 

respectively, for both designed and produced mixtures. However, the CT index of non-reheated 10 

specimens of mixture 45_HR was excessively high. For a more effective visualization, Figure 8d 11 

displays the IDT-CT vs. APA rut test comparison, excluding non-reheats of mixture 45_HR. In 12 

addition to presenting the mean values of different performance indices, VDOT BMD limits for 13 

reheats and applicable limits for non-reheats were represented by solid and dashed lines of 14 

different colors, respectively. Currently, VDOT has not specified a limit for CML when 15 

evaluating non-reheats; therefore, the limit of 5.8% derived from last section is used solely for 16 

the purposes of this study. Two rectangular green blocks indicate the regions where mixtures 17 

maintain balance, with the lighter region designated for reheats and the darker region for non-18 

reheats.  19 
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FIGURE 8. Comparison of Mean Performance for Each Mixture Variation: (a) IDT-CT vs. Cantabro test; (b) APA 1 
Rutting Test vs. Cantabro test; (c) IDT-CT vs. APA Rutting Test; (d) IDT-CT vs. APA Rutting Test without non-2 
reheats of mixture 45_HR. CT = cracking tolerance; RD = rut depth; D = design; NR = non-reheats; R = reheats; C 3 
= control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder. 4 
Solid lines = VDOT’s balanced mi  design limit for reheated asphalt surface mi tures; Dashed lines = VDOT’s 5 
balanced mix design limit for non-reheated asphalt surface mixtures. 6 

 7 

In the analysis, it was evident that while pairwise comparisons were effective in 8 

evaluating two primary indices, assessing the balance status of three primary indices in this paper 9 

through this comparison method can be cumbersome and prone to oversight. Tong et al. (17) 10 

employed a Three-Dimensional (3-D) plot to comprehensively analyze the relative relationships 11 

among the three primary performance indices of six mixtures and proposed a Composite 12 

Performance Index (CPI) to evaluate mixture overall performances. Inspired by this approach, 13 

this paper also aimed to utilize 3-D plots to examine the balance status of produced mixtures 14 

among three primary performances and propose a revised CPI, denoted as CPIR, to evaluate the 15 

composite performance for produced mixtures. This composite performance encompasses 16 

considerations of durability, cracking resistance, and rutting resistance concurrently. For the 3-D 17 

plot, each performance index should be normalized by its corresponding threshold using 18 

Equations 1 through 3. The purpose of obtaining the normalized indices is to evaluate the 19 

mixtures' performances using a unified manner. Specifically, a smaller normalized index 20 

indicates better performance. For the CT index, a larger value signifies better cracking resistance, 21 

which is opposite to the trends of other metrics such as CML and RD. Therefore, Equation (3) is 22 

formulated differently compared to Equations (1) and (2). Table 5 presents the normalized 23 

performance indices of the evaluated produced mixtures. If a value exceeds 1, it indicates that 24 

the mixture’s corresponding performance is not balanced and is marked in red. This outcome is 25 

succinctly depicted by the 3-D plot, with CML, RD, and CT index corresponding to the x, y, and 26 

z coordinates, respectively.  27 

Figure 9 displays the 3-D plots for all produced mixtures, wherein points within a red unit 28 

cube reflect mixtures maintaining a well-balanced status across three primary performances. 29 

Moreover, mixtures closer to the origin denote better composite performance. CPIR , representing 30 

the distance from the origin to the point on the 3-D plot, can be computed using Equation 4. The 31 

‘R’ in CPIR stands for “revised” and “reversed,” indicating that a lower CPIR value, approaching 32 

zero, denotes superior composite performance of the respective mixture.  33 

 34 

𝑥 = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑀𝐿 =
𝑀𝐿

𝑀𝐿 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
                                  Equation 1 35 

 36 

𝑦 = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑅𝐷 =
𝑅𝐷

𝑅𝐷 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
                                  Equation 2  37 

 38 

𝑧 = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑇 𝑖𝑛𝑑𝑒𝑥 =
𝐶𝑇 𝑖𝑛𝑑𝑒𝑥 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝐶𝑇 𝑖𝑛𝑑𝑒𝑥
                Equation 3 39 

 40 

𝐶𝑃𝐼𝑅 = √𝐴𝑥2 + 𝐵𝑦2 + 𝐶𝑧2                                               Equation 4            41 

 42 
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Where CML thresholds for non-reheats and reheats are 5.8% and 7.5%, respectively; RD 1 

thresholds for non-reheats and reheats are both 8 mm; CT index thresholds for non-reheats and 2 

reheats are 95 and 70, respectively; A, B, C are weight factors, in this case, A = B = C =1. 3 

 4 

Addressing the constraints of conventional pairwise comparisons, the utilization of 3-D 5 

plots offers a more intuitive approach to assessing the balanced status of produced mixtures. 6 

Additionally, 3-D plots incorporate a scaling function that can mitigate the impact of extreme 7 

test results, such as the CT index of 45_HR (refer to Figures 8c and 8d), thereby reducing 8 

interference in image-based analyses. Owing to distinct thresholds for non-reheats and reheats, 9 

separate 3-D plots for each are depicted in Figures 9a and 9b. For HRAP mixtures, among non-10 

reheats, 75% (12 out of 16) of mixtures exhibited balanced performance across three primary 11 

metrics, albeit with non-reheats of 45_HR falling short of the 8 mm limit. Conversely, all reheats 12 

of HRAP mixtures achieved a balanced performance across all three primary metrics, attaining a 13 

100% balance rate. Instances of unbalanced performance were predominantly observed in 30% 14 

RAP mixtures, particularly evident in 30_C. Despite the normalized RD metric for all such cases 15 

meeting the prescribed limit, both non-reheats and reheats of mixture 30_C failed to meet the 16 

CML limit. Additionally, reheats of 30_C also failed to meet the CT index limit. As for mixture 17 

30_O, the primary issue arose from reheats failing to meet the CML limit. 18 

Table 5 also provides a summary of all CPIR values, with those exceeding 1.73 (the 19 

length of the diagonal of a unit cube [√3] in 3-D plot) highlighted in yellow. Notably, the CPIR 20 

values for all HRAP mixtures remained below 1.73. It was also evident that exceeding a single 21 

prescribed limit might not necessarily result in a CPI exceeding 1.73. However, a significant 22 

increase in CPIR values surpassing 1.73 was primarily observed in the reheats of mixture 30_C, 23 

attributed to both its CML and CT index exceeding their respective limits of 1. In this study, the 24 

CPIR calculation used identical weight factors (A=B=C=1) for the three distinct metrics, with 25 

1.73 serving as an initial limit for CPIR. As additional laboratory experimental data and further 26 

field performance evaluations collected and compiled together, transportation agencies can 27 

undertake a thorough assessment of the composite performance of BMD mixtures and, if 28 

necessary, establish corresponding CPIR thresholds. Furthermore, agencies can more effectively 29 

use the CPIR as part of their acceptance program to determine appropriate pay factors, 30 

determining contractor bonuses or penalties based on a single/unified index that reflects the 31 

composite performance in terms of durability, cracking, and rutting.  However, it is crucial to 32 

clarify that the weight factors (A, B, C) in our study are applied to the normalized values of the 33 

CML, RD, and CT indices (as per Equations 1-3). These normalized values have already taken 34 

into account the varying levels of concern different states have for different types of distress, 35 

which is reflected in the selection of different prescribed test thresholds. For instance, Virginia 36 

has chosen thresholds of 7.5%, 8 mm, and 70 for the CML, RD, and CT indices, respectively. In 37 

states where cracking resistance is a higher priority, transportation agencies can adjust the 38 

corresponding thresholds, such as increasing the CT index threshold from 70 to 90. 39 

 40 
Table 5. Summary of Normalized Performance indices for 3-D Plots 41 

Samples 
30_C Normalized Values 30_O Normalized Values 45_HR Normalized Values 

CML RD CT index 𝐶𝑃𝐼𝑅 CML RD CT index 𝐶𝑃𝐼𝑅 CML RD CT index 𝐶𝑃𝐼𝑅 

Non-reheats A 1.27 0.66 0.68 1.59 0.87 0.58 0.36 1.11 0.42 1.72 0.10 1.77 

Non-reheats B 1.24 0.48 0.75 1.53 0.96 0.75 0.46 1.30 0.35 1.30 0.10 1.35 

Non-reheats C 1.35 0.52 0.66 1.59 0.99 0.74 0.46 1.32 0.37 1.41 0.09 1.46 

Non-reheats D 1.26 0.42 0.65 1.48 1.19 0.96 0.33 1.56 0.50 1.54 0.12 1.63 



21 

 

Reheats A 1.15 0.66 1.28 1.84 1.12 0.48 0.80 1.45 0.51 0.83 0.14 0.99 

Reheats B 1.27 0.50 1.22 1.83 1.10 0.58 1.52 1.96 0.48 0.81 0.14 0.95 

Reheats C 1.05 0.42 1.44 1.83 1.06 0.60 0.82 1.46 0.42 0.96 0.20 1.07 

Reheats D 1.15 0.57 1.26 1.80 1.13 0.48 0.83 1.48 0.53 0.75 0.26 0.95 

Samples 
45_HR_RA Normalized Values 45_HR_L Normalized Values 60_HR_L_RA Normalized Values 

CML RD CT index 𝐶𝑃𝐼𝑅 CML RD CT index 𝐶𝑃𝐼𝑅 CML RD CT index 𝐶𝑃𝐼𝑅 

Non-reheats A 0.78 0.61 0.29 1.03 0.77 0.65 0.32 1.06 0.74 0.53 0.43 1.00 

Non-reheats B 0.75 0.76 0.33 1.11 0.92 0.59 0.54 1.21 0.71 0.67 0.35 1.04 

Non-reheats C 0.88 0.73 0.30 1.18 0.87 0.36 0.67 1.16 0.82 0.44 0.51 1.06 

Non-reheats D 0.59 0.57 0.22 0.85 0.87 0.61 0.35 1.12 0.88 0.31 0.47 1.05 

Reheats A 0.88 0.68 0.70 1.31 0.75 0.52 0.70 1.15 0.78 0.66 0.67 1.22 

Reheats B 0.90 0.72 0.69 1.34 0.88 0.53 0.82 1.31 0.73 0.73 0.81 1.31 

Reheats C 0.71 0.62 0.26 0.98 0.84 0.50 0.95 1.37 0.91 0.55 0.80 1.33 

Reheats D 0.80 0.54 0.38 1.04 0.88 0.69 0.60 1.27 0.82 0.66 0.55 1.18 

ML = mass loss; RD = rutting depth; CT = cracking tolerance; CPIR = revised composite performance index; C = 1 
control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder; A, 2 
B, C, and D = Sample ID.   3 

 4 

 5 
FIGURE 9. 3-D Plots: (a) Non-reheated Specimens; (b) Reheated Specimens. NR = non-reheats; R = reheats; C = 6 
control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer virgin binder; the 7 
red unit cube indicates the well-balanced area for the three normalized primary performance indices. 8 

 9 

6. SUMMARY OF FINDINGS AND FUTURE WORK 10 

This research assessed the impact of production and associated variability on a control mixture 11 

and five BMD surface mixtures with conventional and high RAP contents. These mixtures were 12 

produced during design and collected at the plant during production and paving of the APT 13 

facility. This evaluation focused on durability, cracking resistance, and rutting resistance as 14 

primary facets of the BMD concept in Virginia. These specimens included laboratory-mixed 15 

laboratory-compacted specimens (designs), plant-mixed laboratory-compacted specimens at the 16 

plant (non-reheats), and plant-mixed laboratory-compacted specimens that underwent a reheating 17 

process (reheats). Statistical analyses were used to evaluate variations in performance metrics 18 

between specimens fabricated using different procedures and among various samples produced 19 

using mixtures collected from various lots. The main outcomes and key recommendations are 20 

summarized as follows:  21 
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1- Precision in plant control over the mixture's gradation was observed, resulting in minor 1 

differences between various samples. The averaged standard deviations of sieve sizes 2 

across all samples were remarkably low, suggesting that gradation variability may not 3 

substantially influence the results of performance tests.  4 

2- The control mixture met the prescribed production tolerances for volumetric 5 

requirements. Deviations were mostly evident in the VTM and VFA variance of BMD 6 

optimized mixtures, which could be the key factors resulting from production and 7 

specimen fabrication affecting CML. 8 

3- Compared with mass-controlled volumetric pills used for the Cantabro test, compacting 9 

IDT-CT and APA specimens at VTM of 7±0.5% exhibited less significant difference 10 

between designs and produced specimens and among the different samples during 11 

production. 12 

4- The observations from both durability and cracking resistance assessments for the 13 

evaluated mixtures yielded similar outcomes. The produced HRAP BMD mixtures 14 

complied with the prescribed VDOT BMD special provisions. Instances failing to meet 15 

the corresponding specifications were exclusively identified within the 30% RAP 16 

mixtures, with the control mixture exhibiting the most pronounced deviation. This 17 

highlighted the ability of a higher OBC to concurrently enhance the durability and 18 

cracking performance of mixtures. It also emphasized the necessity and effectiveness of 19 

employing soft binder and RAs with the BMD concept for HRAP mixtures.  20 

5- The aging effect introduced during the reheating process may compromise the durability 21 

and cracking resistance of the mixtures.   22 

6- Different specimens showed more consistent APA RD results compared with Cantabro 23 

test and IDT-CT. Furthermore, the impact of the reheating process on rutting 24 

performance varied when a RA or softer binder were used in the mixtures. 25 

7- The use of 3-D plots provided a more intuitive method for evaluating the balanced status 26 

among multiple performance indices of produced mixtures. It demonstrated that almost 27 

all produced HRAP mixtures demonstrate a well-balanced status. Additionally, A CPIR 28 

was introduced to assess the composite performance of the produced mixture -durability, 29 

cracking, and rutting. CPIR could be used as part of agencies’ acceptance program for 30 

BMD mixtures to determine a pay factor for possible bonuses or penalties. This approach 31 

is particularly pertinent for BMD mixture production, moving beyond the exclusive focus 32 

on volumetric properties that predominates current practices. 33 

 34 

As the primary laboratory testing component of the Virginia APT project, this study will 35 

establish a foundation for future work aimed at bridging the gap between laboratory testing and 36 

APT field performance measurement. The analyses presented in this paper highlight the 37 

advantages and disadvantages of using specimens fabricated with and without the reheating of 38 

loose mixture samples. The effectiveness of using reheated and non-reheated samples with 39 

different thresholds will be evaluated by comparing APT field performance with laboratory 40 

metrics. 41 

 42 
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APPENDIX 1 
Table A-1. Normality (Shapiro-Wilk Test) for Performance Tests of Mixtures 2 

Mix ID P-value of Sampling for CML P-value of Sampling for IDT-

CT 

P-value of Sampling for APA 

Design Non-

reheats 

Reheats Design Non-

reheats 

Reheats Design Non-

reheats 

Reheats 

30_C 0.215 0.516 0.555 0.578 0.604 0.023 - 0.031 0.147 

30_O 0.975 0.689 0.313 0.228 0.543 0.006 - 0.519 0.016 

45_HR 0.765 0.424 0.643 0.201 0.768 0.045 - 0.602 0.007 

45_HR_RA 0.810 0.518 0.995 0.780 0.068 0.004 - 0.565 0.129 

45_HR_L 0.148 0.298 0.631 0.671 0.168 0.381 - 0.276 0.791 

60_HR_L_RA <0.01 0.927 0.487 0.611 0.383 0.318 - 0.681 0.056 

CML = Cantabro mass loss; IDT = indirect tensile cracking test; CT = cracking tolerance; APA = asphalt pavement 3 
analyzer; C = control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer 4 
virgin binder. 5 

 6 
Table A-2. Levene's Test of Equality of Error Variances 7 

Mix ID P-value for CML P-value for IDT-CT P-value for APA 

30_C 0.700 0.04 0.495 

30_O 0.114 <0.001 0.769 

45_HR 0.926 0.011 0.586 

45_HR_RA 0.155 0.036 0.662 

45_HR_L 0.759 <0.01 0.447 

60_HR_L_RA 0.325 <0.01 0.847 

CML = Cantabro mass loss; IDT = indirect tensile cracking test; CT = cracking tolerance; APA = asphalt pavement 8 
analyzer; C = control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling agent; L = softer 9 
virgin binder. 10 

 11 
Table A-3-1. ANOVA with Post-hoc Analysis (Tukey's HSD Test)  12 

 13 
CML = Cantabro mass loss; C = control; O = optimized; HR = high reclaimed asphalt pavement; RA = recycling 14 
agent; L = softer virgin binder. 15 

 16 
Table A-3-2. Nonparametric (Kruskal-Wallis) Test Results 17 

 18 
APA = asphalt pavement analyzer; CT = cracking tolerance; C = control; O = optimized; HR = high reclaimed 19 
asphalt pavement; RA = recycling agent; L = softer virgin binder; Adj.Sig.= significance values have been adjusted 20 
by the Bonferroni correction for multiple tests. CML of 60% RAP mixture does not meet the assumptions of 21 
normality, as also presented in this table. 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
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Table A-4-1. ANOVA with Post-hoc Analysis (Tukey's HSD Test) Results for Produced Samples 1 

 2 
CML = Cantabro mass loss; APA = asphalt pavement analyzer; C = control; O = optimized; HR = high reclaimed 3 
asphalt pavement; RA = recycling agent; L = softer virgin binder. 4 

 5 
Table A-4-2. Nonparametric (Kruskal-Wallis) Test with Pairwise Comparisons for Produced Samples 6 

 7 
APA = asphalt pavement analyzer; CT = cracking tolerance; C = control; O = optimized; HR = high reclaimed 8 
asphalt pavement; RA = recycling agent; L = softer virgin binder; Adj.Sig.= significance values have been adjusted 9 
by the Bonferroni correction for multiple tests. Some data from APA do not meet the assumptions of normality, as 10 
also presented in this table. 11 
 12 


