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Abstract: Asphalt-binder is one of the key constitutive components of hot-mix asphalt 6 

(HMA) that considerably affects its rutting performance. In particular, the high-temperature 7 

rheological properties measured from the Multiple Stress Creep and Recovery (MSCR) test 8 

are critical in quantifying the HMA rutting resistance.  In this study, the Texas flexible 9 

pavements and overlays database (the Texas Data Storage System [DSS]) was used as the 10 

data source to investigate the effect of asphalt-binder high-temperature rheological properties 11 

on the HMA rutting resistance. The methodology of this study was based on correlating the 12 

results of the MSCR test and the Hamburg Wheel Tracking Test (HWTT) to HMA field 13 

rutting performance. The data matrix for this study included asphalt-binder (PG 64-22) from 14 

three different sources, three Texas widely used HMA mixes (fine gradation to coarse 15 

gradation), and five in-service highway test sections constructed using the same asphalt-16 

binders and HMA mixes. In general, the MSCR non-recoverable creep compliance 17 

parameter, Jnrdiff, showed fairly strong correlations with the HMA rutting performance in the 18 

laboratory and field. The percent recovery parameter (R), on the other hand, exhibited the 19 

potential to ascertain and quantify the modifiers presence in the asphalt-binders. 20 

Furthermore, the test results indicated that material source/supplier has an impact on the 21 

rheological properties of the asphalt-binders with the same PG. Overall, the use of the MSCR 22 
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test to quantify the asphalt-binder high-temperature rheological properties indicated the 23 

potential to compliment the laboratory HWTT test for assessing the field HMA rutting 24 

performance in terms of the effects of asphalt-binder.  25 
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INTRODUCTION 39 

Rutting is defined as longitudinal depressions on the pavement surface along the wheel path 40 

[1-8]. It is usually caused by consolidation and plastic deformation of any or all the pavement 41 

layers from surface to subgrade. Pavement rutting can be attributed to different factors such 42 

as high traffic loading, slow-speed vehicle loading, elevated temperatures, poor structural 43 

design, improper material selection/usage, poor HMA mix-designs, poor construction, and 44 

insufficient drainage [9–12]. Previous studies have shown that asphalt-binders play a critical 45 

role in the HMA performance, including rutting resistance [7,13–15]. The asphalt-binder 46 

component is responsible for the viscoelastic behavior of the HMA and has a direct influence 47 

on the HMA performance, especially in high-temperature environments, as asphalt-binder 48 

stiffness generally decreases, which makes the HMA more prone to rutting.  49 

Over the years, conventional/basic test methods including penetration, softening point, and 50 

Saybolt-Furol viscosity  have been explored to characterize and quantify the  high-51 

temperature rheological characteristics of asphalt-binders relative to HMA rutting 52 

performance [15-23]. Although relatively simple to perform, these tests are empirical in 53 

nature and not directly performance related [19,23]. From a technical perspective,  these 54 

shortcomings can be attributed to: (a) the use of a single test temperature, (b) the specimen 55 

loading condition, (c) the high variability among test results, (d) the inability to reasonably 56 

characterize the asphalt-binder with respect to the mix rutting resistance and overall 57 

pavement performance, and (e) the unreliability to adopt for new generation materials such 58 

as modified asphalt-binders [18–20,23–25]. 59 

The Superior Performing Asphalt Pavements (Superpave) binder specification parameter G*/ 60 

sin δ (complex modulus G* and phase angle δ) was then suggested to characterize, evaluate, 61 



Walubita et al.  4 

 

and quantify the high-temperature rheological properties of asphalt-binders [26]. Although 62 

the G*/ sin δ has been widely used, some deficiencies and limitations have been identified, 63 

particularly in characterizing the high-temperature rheological properties of polymer 64 

modified asphalt-binders (PMB) [15,27].  65 

To supplement the G*/ Sin δ parametric characterization, a new Superpave Performance 66 

Graded (PG) laboratory test protocol was developed by the Federal Highway Administration 67 

(FHWA) for quantifying the fundamental high-temperature properties of both modified and 68 

unmodified asphalt-binders, namely the Multiple Stress Creep and Recovery (MSCR) [28]. 69 

The MSCR is a test method designed to evaluate the elastic response and the polymer 70 

modifier appearance [29]. The key output parameters from the MSCR test are the percent 71 

recovery (R) and non-recoverable creep compliance (𝐽𝑛𝑟) of asphalt-binders. Further, several 72 

studies  have shown that 𝐽𝑛𝑟  is a good indicator of the asphalt-binder rutting resistance 73 

[15,30,31].  74 

Like asphalt-binders, HMA mixes need to be evaluated and screened for rutting susceptibility 75 

during the mix-design phase. Over the years, several test methods have been developed to 76 

evaluate the rutting resistance of HMA mixes. The Marshall Stability and Hveem 77 

Stabilometer tests are among those originally developed to indirectly evaluate the rutting 78 

resistance of HMA. Since then, technological advancements have resulted in the 79 

development of devices specifically designed to assess the rutting resistance of HMA. The 80 

available HMA rutting tests include the Hamburg Wheel Tracking Tester (HWTT) [32,33], 81 

the Repeated Load Permanent Deformation (RLPD) test and the Superpave shear tester. 82 

The literature review indicates that several studies have attempted to correlate asphalt-binder 83 

properties with the rutting resistance of HMA samples. For instance, Sybilski [34] and 84 
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Dreessen et al. [21] correlated the test results of penetration and softening point of polymer-85 

modified and unmodified asphalt-binders with HMA rutting performance under the 86 

Accelerated Loading Facility (ALF). They reported that the conventional asphalt-binder 87 

parameters were unable to adequately correlate with HMA field rutting performance. Bahia 88 

and Anderson [18] compared a conventional parameter (i.e. viscosity) and a new asphalt-89 

binder parameter (i.e., G*/ Sin δ) (1995). They explained that one of the main problems with 90 

conventional tests is their inability to measure parameters at the application temperatures and 91 

distinguish the viscoelastic nature of asphalt-binders. Bahia and Anderson [18] argued that a 92 

measure of viscosity alone cannot be enough to screen and select asphalt-binders with better 93 

rutting resistance.  94 

Zhang et al. [15] compared two high-temperature rheological parameters of asphalt-binders 95 

(i.e.,  𝐽𝑛𝑟 and G*/ Sin δ) and two HMA rutting related performance tests (HWTT and RLPD 96 

tests) for characterizing the asphalt-binder high-temperature properties relative to HMA 97 

rutting performance. For the limited asphalt-binders and HMA mixes evaluated, the 𝐽𝑛𝑟 98 

parameter exhibited a relatively fair correlation (R2>40%) with the HWTT and RLPD tests.  99 

Limited studies have attempted to correlate asphalt-binder properties with field HMA rutting 100 

performance. A study by Chen and Tsai (1999) investigated the effects of asphalt-binder 101 

properties on the rutting performance of eight different pavement sections [35]. In their study, 102 

G*/ Sin (δ) was used to characterize the asphalt-binder rheological properties and correlated 103 

with field HMA rutting data. A fair correlation (R2 = 44%) was found between G*/ Sin (δ) 104 

and field HMA rut depth. Another study by Anderson and Bukoski [36] correlated the 𝐽𝑛𝑟 105 

with the HMA rutting measurements under the ALF and in-service pavement sections in the 106 

State of Mississippi, USA. Linear regression models were successfully used that presented 107 
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coefficients of determination (R2) exceeding 70% [36], thus, demonstrating the ability of the 108 

𝐽𝑛𝑟 to improve the original G*/ Sin δ parameter.  109 

Overall, the literature review indicated that most of the previous studies focused on 110 

correlating asphalt-binder properties with the rutting performance of laboratory compacted 111 

HMA samples. Limited studies have attempted to correlate the asphalt-binder properties with 112 

field rutting performance. Therefore, more laboratory testing and correlation and validation 113 

of field performance are still warranted to complement the results and findings presented in 114 

the literature. In particular, a three-line laboratory-field study, directly relating the MSCR 115 

(asphalt-binders) to HWTT (HMA mixes) to actual field HMA rutting performance, was 116 

deemed necessary. Thus, such an opportunity was offered in this study to develop and 117 

validate the relationships between the asphalt-binder MSCR test results and HMA rutting 118 

performance, both in the laboratory (HWTT) and field.    119 

 120 

STUDY OBJECTIVES 121 

In general, the main goal of this laboratory-field study was to assess the effects of asphalt-122 

binder high-temperature properties on the HMA mix rutting resistance and HMA field rutting 123 

performance of in-service Texas highways sections. The specific objectives were as follows:  124 

a) To characterize, quantify, and rank the rheological properties at high temperatures 125 

from the MSCR test of various widely used Texas asphalt-binders.  126 

b) To characterize, quantify, and rank the laboratory rutting resistance of the 127 

corresponding Texas HMA mixes based on the HWTT test.  128 
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c) To quantify and rank the field rutting performance of the corresponding HMA mixes 129 

based on the evaluation of in-service Texas highway sections.  130 

d) To correlate the laboratory test data, namely MSCR and HWTT, to field HMA rutting 131 

performance and establish statistical correlative models for evaluating the field HMA 132 

rutting performance. 133 

e) To ascertain which asphalt-binder MSCR parameter provided the best statistical 134 

correlation with the HWTT test results and field HMA rutting performance data. 135 

The paper is structured as follows: the test methods for asphalt-binders and HMA mixes are 136 

presented in the next section. The laboratory test results and field performance are then 137 

analyzed, including the laboratory-field performance correlations. Discussions of the 138 

analysis results are then introduced, and summaries and conclusions are presented in the last 139 

sections. 140 

 141 

EXPERIMENTAL DESIGN PLAN 142 

The Texas Pavement Database – The DSS 143 

As previously mentioned in the introduction, the Texas DSS was the primary data source for 144 

asphalt-binders, HMA mixes, and field performance used in this study [37]. The DSS was 145 

developed, managed, and maintained in the user-friendly and readily accessible Microsoft 146 

Access platform with 115 in-service asphalt pavement test sections and comprehensive 147 

laboratory test results and field performance data. These data include pavement design and 148 

construction, material properties of different pavement layers, including those measured in 149 

the laboratory and field, traffic load spectrum, climate history, existing pavement distresses 150 
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for asphalt overlays, and field performance that has been evaluated bi-annually since 2010. 151 

Fig. 1 shows the DSS main screen interface and field site locations. 152 

The extensive layer material properties in the Texas DSS, among many others, include the 153 

asphalt-binder rheological properties from the MSCR test and HMA rutting from the HWTT, 154 

which are the subject of this paper.  155 

 156 

MSCR Test 157 

The MSCR test is a creep and recovery test based on ASTM D7405 standard procedure [29]. 158 

This test method is typically conducted on Rolling Thin-Film Oven Test (RTFO) aged 159 

asphalt-binder samples of 25 mm in diameter and 1 mm in thickness at specified 160 

temperatures, which is controlled using a water bath in the DSR machine setup. The asphalt-161 

binder samples were loaded at constant stress for 1 sec, then allowed to recover for 9 sec. 162 

Twenty creep and recovery cycles were run at 0.10 kPa creep stress level followed by 10 163 

creep and recovery cycles at 3.20 kPa creep stress level [28,29]. The first 10 cycles at 0.10 164 

kPa creep stress level were for conditioning the sample, allowing no rest period between the 165 

cycles [28,29]. A schematic representation of the MSCR test loading sequence is shown in 166 

Fig. 2.  167 

The MSCR test measures and generates various parameters that are indicative of various 168 

high-temperature performance characteristics of the asphalt-binder [38], presented in Table 169 

1 and Fig. 3. The primary MSCR output parameter is the non-recoverable creep compliance 170 

(𝐽𝑛𝑟3.2
), which has shown promising potential to evaluate the asphalt-binder rutting potential 171 

and predict HMA rutting performance [15,16,21,22,37,38].  172 
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HWTT Test 173 

Based on the Tex-242-F specification, the following HWTT test setup was followed: 72 kg 174 

(158 lb.) vertical load at a wheel speed of 52 passes/min to 20000 passes at 50 1 C (122F) 175 

in a water bath [39]. These conditions were used for generating all the HWTT curves. Fig. 4 176 

shows the HWTT device, the specimen dimension (150 mm diameter and 62.5 mm and ± 2 177 

mm height) and the testing configuration. 178 

The test termination criteria are based on either reaching a rut depth of 12.5 mm or the 179 

maximum number of load passes, whichever comes first. Additionally, the maximum number 180 

of load passes is different for different asphalt-binder PG, the maximum number of load 181 

passes for PG 64-XX, PG 70-XX and PG 76-XX are 10000, 15000 and 20000, respectively 182 

[39]. As presented in Table 2, some alternative HMA rutting parameters were proposed to 183 

supplement the criteria above [5,6,40-42]. In the next section, the standard and alternative 184 

parameters were comparatively evaluated. 185 

Additionally, the creep slopes (mm/number of passes) of the rutting accumulative curves in 186 

Fig. 5 were also determined and evaluated, as they are directly related to the HMA rutting 187 

performance [43-45]. For the purposes of simplicity, linear slopes of the creep phase were 188 

used to represent the rate of rutting accumulation. 189 

 190 

Asphalt-binders and HMA Mixes 191 

In this study, the asphalt-binders comprised of PG 64-22. Two types of  Texas HMA mixes 192 

were used, namely Type C and Type D, respectively. The respective asphalt-binders and 193 

HMA volumetric properties are listed in Table 3 along with the in-service highways 194 
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constructed using the corresponding HMA mixes. As shown in Table 3, a commonly used 195 

Texas asphalt-binder grade PG 64-22 from different sources/suppliers was evaluated. The 196 

aggregate gradations comprised two coarse-graded Type C mixes (18.75 mm NMAS) with 197 

one fine-graded Type D mix (12.50 mm NMAS). The asphalt-binder contents were from 4.6 198 

to 5.1%. The aggregates included limestone, dolomite, quartzite with RAP and RAS. The 199 

material composition difference could be used to represent the effects of material types, 200 

sources, volumetric properties, and mix types. 201 

As per DSS protocol, the MSCR tests with three replicates were based on                             202 

asphalt-binder extractions from plant-produced mixes that were hauled directly from the job 203 

construction sites. Due to oxidative aging that occurs during production and transportation to 204 

the job construction sites, the asphalt-binders were taken as RTFO aged. A chemical 205 

extraction method was used for the extraction of the asphalt-binders from plant-mixes with 206 

no extra laboratory aging. Similarly, all the HMA samples for the HWTT testing were 207 

molded and fabricated from plant-produced mixes to a target density of 93±1%  using the 208 

Superpave gyratory compactor (SGC) [39]. In line with the DSS requirements, a minimum 209 

of three replicates were prepared and tested. 210 

Approximately 1.5 hours of re-heating was required to break and loosen the HMA mixes 211 

prior to compaction. After compaction in the SGC, the HMA specimens were saw-cut to the 212 

required HWTT sample dimensions in Tex-242-F. The densities of HMA samples were also 213 

determined, and those which didn’t meet the target density were discarded. To reduce 214 

undesired aging, all the HWTT specimens were tested within five days after fabrication.  215 

Coefficient of variation (CoV) less than 30% was used as a threshold measure of variability 216 

in the data [40].  217 
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 218 

In-Service Test Sections 219 

Five overlay test sections paved using the same asphalt-binders and mixes were selected in 220 

this study. As evident in Table 4, the test sections are in different climate zones with 221 

maximum summer temperatures above 50°C, more than 500 daily ESALs in the outside lane, 222 

and a service life over 5 years.  223 

 224 

LABORATORY TEST RESULTS AND ANALYSIS 225 

The MSCR Test Results  226 

The asphalt-binder R and 𝐽𝑛𝑟 parameters in Table 1 were determined using the MSCR raw 227 

data. The corresponding average MSCR test results at 58°C and 64°C are shown in Tables 5 228 

and 6, respectively. These averages were calculated using the results of three replicate 229 

samples. 230 

From Tables 5 and 6, the R and 𝐽𝑛𝑟  parameters, as theoretically expected, exhibited 231 

dependency on temperature and stress level, namely while the R value decreased with 232 

increasing temperature and/or stress level, the  𝐽𝑛𝑟 value increased. In theory, asphalt-binders 233 

with larger 𝐽𝑛𝑟 values were more susceptible to rutting, since this means that the material had 234 

a large residual strain per each load cycle of applied stress. As noted in Tables 5 and 6, US 235 

59 (TxDOT-TTI_00001 and TxDOT-TTI_00064, located in the highest temperature climate 236 

zone, see Table 4) exhibited the largest 𝐽𝑛𝑟 value at each temperature and stress level. On the 237 
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other hand, US 83 (TxDOT-TTI_00041 and TxDOT-TTI_00081) showed the lowest 𝐽𝑛𝑟 238 

value indicating higher rutting resistance.   239 
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From Tables 5 and 6, the ranking of the rutting resistance based on the 𝐽𝑛𝑟0.1
and 𝐽𝑛𝑟3.2

 240 

magnitude at both temperatures is as follows: US 83 (PG 64-22c1) > SH 21 (PG 64-22c2) > 241 

US 59 (PG 64-22d). That is US 83 (PG 64-22c1) exhibited the least permanent deformation 242 

(lowest 𝐽𝑛𝑟values), while US 59 (PG 64-22d) accumulated the most permanent deformation 243 

(highest 𝐽𝑛𝑟 values). A similar ranking is noted when considering the percent recovery (i.e., 244 

the higher the R value, the better), with US 83 (PG 64-22c1) exhibiting the best elastic 245 

recovery properties (highest R values) while US 59 (PG 64-22d) was the poorest (lowest R 246 

values). Since all the asphalt-binders are of the same grade/type, i.e., PG 64-22, the 247 

differences in the MSCR test results, ranking, and performance of the asphalt-binders could 248 

mainly be attributed to the differences in the source/suppliers and the potential additive 249 

effects (e.g., lime and RAP/RAS), particularly that the MSCR tests were conducted on the 250 

asphalt-binders extracted from the plant-produced HMA mixes. Therefore, it can be 251 

theoretically inferred that the source/supplier of an asphalt-binder affected its high-252 

temperature properties. 253 

The  𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 parameter, however, which is a measure of the asphalt-binder stress-sensitivity, 254 

must satisfy the AASHTO-ASTM  𝐽𝑛𝑟𝑑𝑖𝑓𝑓
≤ 75% requirement [28,29]. As evident from 255 

Tables 5 and 6, the 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 values for all the tested asphalt-binders were below that threshold. 256 

On the other hand, the reviewed literature did not report any insights on the relationship 257 

between R and HMA rutting resistance. Instead, the R parameter has been reported to show 258 

promising potential as an indicative measure of the elastic response of asphalt-binders 259 

[28,29,47], which allows to identify and quantify the asphalt-binder modification with 260 

elastomeric polymers (Fig. 6).  261 
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A standard MSCR curve, relating the 𝑅3.2 and 𝐽𝑛𝑟3.2
was used to examine whether the tested 262 

asphalt-binders exceeded the 𝑅3.2𝑚𝑖𝑛
[47] in Fig. 6, 𝑅3.2𝑚𝑖𝑛

 is the minimum required values 263 

of 𝑅3.2  to indicate significant elastic behavior and 𝐽𝑛𝑟3.2
 is the measured value of non-264 

recoverable creep compliance at 3.2 kPa. 265 

Data points that are plotted on or above the MSCR curve are considered to have a significant 266 

elastic response, indicating that the asphalt-binder has been modified with elastomeric 267 

polymers [47]. From Fig. 6, none of the asphalt-binders evaluated in this study (i.e., all 268 

comprising of PG 64-22) had a high elastic response, i.e., high elasticity. All the R values are 269 

less than 55% (i.e.,𝑅0.1, 𝑅3.2≤ 55% both at 58 and 64°C), thus, indicating poor elasticity and 270 

no presence of polymer modification. Thus, true to the designated high-temperature grade 271 

and considering the 𝑅3.2𝑚𝑖𝑛
 criteria [47], the PG 64-22 asphalt-binders, indeed, are all 272 

unmodified asphalt-binders without any indication of polymer modifiers. 273 

 274 

The HWTT Test Results  275 

The HWTT accumulative rutting curves for the Types C1, C2 and D mixes are plotted in Fig. 276 

7. The ranking of HMA mix superiority based on the measured RD at 10000 Nd is as follows: 277 

Type D (3.40 mm) > Type C1 (4.05 mm) > Type C2 (5.36 mm), all of them significantly 278 

lower than the terminal threshold (i.e., RD ≤ 12.5 mm). 279 

An interesting point is that the fine-graded Type D mix with prime quartzite aggregates, 280 

10.2% coarse RAP, and 9.9% fine RAP showed better performance than the coarse-graded 281 

Type C mixes with only fine RAP/RAS additives at both 10000 and 20000 Nd. In fact, the 282 
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worst performer at Nd = 20000 was the Type C1 mix with the RD of 9.40 mm. Furthermore, 283 

the Type C1 rutting curve exhibited a different shape from the Type C2 and D mixes, with 284 

relatively rapid rutting occurring after Nd = 8000, indicating that moisture damage might have 285 

occurred. As evident in Table 3, while Type C2 had 1% lime, no anti-stripping agent was 286 

included in the Type C1 despite having moderate quality limestone aggregates. 287 

 288 

Numerous other HWTT rutting parameters in Table 2 were also calculated at Nd =10000 [37]. 289 

All the HMA mixes evaluated comprised of PG 64-22 asphalt-binder whose RD failure 290 

criteria according to the Tex-242-F specification is defined at Nd =10000 HWTT load passes.  291 

According to Table 7, all the HMA mixes meet the 𝑅𝑢𝑡𝛥 criteria (i.e., 𝑅𝑢𝑡𝛥 ≤ 8.0) proposed 292 

in Table 2, the smaller values of 𝑅𝑢𝑡𝛥  and/or 𝛥𝐴 in Column 5, the greater rutting resistance. 293 

Therefore, the ranking of rutting resistance in terms of these rutting parameters are as follows: 294 

Type D > Type C1 > Type C2, which are the same as that for the eRL, RRI, RR, and Slope 295 

parameter. In particular, the highest remaining life for the Type D mix was identified using 296 

the eRL. 297 

The test results in Fig. 7 and Table 7 are consistent with the HMA mix-design characteristics 298 

in Table 3. The moderately quality limestone/dolomite aggregates were used in coarse-299 

graded Type C (Types C1 and C2). Particularly, the Type C2 mix had about 1% lime to 300 

mitigate against possible moisture damage, while the Type C1 mix had no anti-stripping 301 

agent. The Type D mix used quartzite aggregates that are generally durable and moisture 302 

resistant.  303 
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Additionally, about 10.2% coarse fractionated RAP was used in the Type D mix whereas 304 

only fine RAP was used in the Type C1 and C2 mixes. It is expected that the 10.2% coarse 305 

fractionated RAP contributed to better rutting resistance. Theoretically, HMA mixes with 306 

coarser aggregates are expected to perform better against rutting. However, in this particular 307 

study, Type D mix, with a fine-graded gradation, outperformed the coarse-graded, Type C1 308 

and C2 mixes. This could be explained by the fact that the Type D mix included 10.2% of 309 

coarse RAP, while all the RAP and RAS used in Type C1 and C2 mixes are fine-graded. 310 

Furthermore, some other factors, such as differences of aging levels, material types/sources, 311 

asphalt-binder contents and gradations of the RAP/RAS could alter the true PG of the asphalt-312 

binder and the rutting resistance of the HMA mix. However, detailed chemistry evaluation 313 

of the asphalt-binder, RAP/RAS, and lime was outside the scope of this study. 314 

 315 

Laboratory Test Comparisons and Material Rankings 316 

In consideration of the MSCR and HWTT test results in Tables 5, 6 and 7, the overall ranking 317 

in order of superiority of the asphalt-binder and HMA mixes in terms of rutting resistance is 318 

summarized in Table 8. The ranking of rutting resistance of the asphalt-binders based on the 319 

𝐽𝑛𝑟0.1
and 𝐽𝑛𝑟3.2

 parameters at 58 and 64°C, is as follows: PG 64-22c1> PG 64-22c2 > PG 64-320 

22d. Although the PG grade of all three asphalt-binders is the same, the difference in 321 

performance could be attributed to variations in the material sources/supplier and the effects 322 

of the additives, among other factors. 323 

In the case of the HWTT test results, the rutting parameters computed, namely RD, Slope, 𝛥𝐴 324 

, 𝑅𝑢𝑡𝛥, eRL, RR, and RRI, exhibited the same ranking based on the HMA rutting resistance 325 
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as follows: Type D > Type C1 > Type C2. As previously discussed, the Type D mix comprised 326 

high-quality quartzite aggregates and about 10.2% coarse fractionated RAP, whereas 327 

moderate-quality limestone/dolomite aggregates and only fine RAP were used in the Type 328 

C1 and C2 mixes.  329 

Overall, the test results in Table 8 show that, in fact, HMA rutting is a complex distress 330 

mechanism to evaluate that is interactively affected by many factors, including                                331 

asphalt-binder and aggregate properties. Whereas, the MSCR only takes into consideration 332 

asphalt-binder characteristics, the HWTT takes into consideration the interaction of many 333 

variables (asphalt-binder, aggregates, RAP/RAS, AVs, etc.). Therefore, this partly explains 334 

the differences in the rank order of material (asphalt-binders and HMA mixes) superiority 335 

between MSCR and HWTT.  336 

 337 

Laboratory Test Data Quality, Consistency, and Statistical Variability  338 

The acceptability of the MSCR test results in Table 1 was analyzed following the ASTM 339 

repeatability and reproducibility thresholds of ASTM D 7405 [20]. The laboratory MSCR 340 

test results in Tables 5 and 6 represents an average of the three sample replicates. PG 64-341 

22c1,PG 64-22c2, and PG 64-22d, for example,  have CoV values of 𝑅0.1 @ 64°𝐶=5.99%, 342 

3.90%, 0.01%, 𝑅3.2 @ 64°𝐶=4.60%, 4.43%, 2.45%, 𝐽𝑛𝑟0.1
 @ 64°𝐶 =0.65%, 4.58%, 4.11% 343 

and 𝐽𝑛𝑟3.2
 @ 64°𝐶 =1.40%, 4.31%, 1.94%, respectively, that all meet the ASTM D 7405 344 

limits (i.e., 𝑅0.1  ≤ 6.7%, 𝑅3.2  ≤ 8.5%, 𝐽𝑛𝑟0.1
≤ 38.3%, and 𝐽𝑛𝑟3.2

≤ 26.6%) [29]. Thus, the 345 

MSCR test data used in this study is of acceptable quality and lends statistical confidence in 346 

the findings and conclusions drawn thereof. 347 
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On the other hand, low variability (i.e., CoV ≤ 30%) is shown in the HWTT results in Table 348 

7 with a minimum of three replicates. The Type D (fine-graded) mixes generally exhibited 349 

better consistency with lower variability than the Type C (coarse-graded) mixes. Overall 350 

average CoV values for Types D and C mixes are 2.1% (0.1% to 7.4%) and 8.9% (1.5% to 351 

24.9%), respectively.  352 

It is shown that the CoV values are below the specification limits, substantiating the 353 

repeatability, data consistency, and data quality of the MSCR and HWTT results. Note that 354 

this better repeatability and low variability in the test data, for both the MSCR and HWTT, 355 

were partly attributed to professionality and proper machine calibration. These aspects can 356 

be substantiated by the AVs data presented in Table 7 that satisfactorily falls within the 71% 357 

AVs target range. In fact, the AVs range in Table 7 is only 6.49% to 7.22% (versus the 6.0-358 

8.0% allowable range), with the corresponding CoV ranging from 1.98% to 18.19%, which 359 

is less than the 30% threshold that was used as a measure of statistical variability in this 360 

study.  361 

FIELD RUTTING PERFORMANCE AND DATA ANALYSIS 362 

This section presents the field rutting performance and analysis of the five test sections in 363 

Table 4. The main output data of the field rut measurements is the total RD of the pavement 364 

structure. For field performance evaluation, TxDOT specifies four severity levels based on 365 

the total RD, as follows: (a) shallow (6.25 -12.25 mm), (b) deep (12.50 -24.75 mm), (c) severe 366 

(25.00 – 49.75 mm), and (d) failure ( 50 mm). Fig. 8 shows the rutting performance 367 

measured on the highway test sections for over six years period of service life, as extracted 368 

from the DSS. The field performance presents that all of the sections showed good early-life 369 

rutting resistance, since the total surface RD measured were less than 9.8 mm, which is 370 
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classified as shallow rutting and below the 12.50 mm RD terminal criteria for deep rutting 371 

[5,33]. Additionally, these field results further validated the  HWTT screening criteria. 372 

However, to effectively compare and correlate the MSCR and HWTT laboratory results with 373 

field performance, only the respective HMA surface layer contribution should be considered. 374 

Percent rutting of the corresponding HMA surface layers was estimated based on Faruk et 375 

al.’s method of mechanistic-empirical (M-E) modeling of the pavement structures using the 376 

AASHTOWare Pavement ME Design [48]. Each pavement was modelled including the 377 

pavement structure, traffic load spectrum, layer material properties, and climatic conditions 378 

in Table 4.  379 

The computed percentage contributions of HMA surface layer were as follows: 380 

SH21[EB]_TypeC2 = 18.00%, US59[SB]_TypeD= 13.06%, US59[NB]_TypeD= 13.61%, 381 

US83[EB]_TypeC1 = 8.33%, and US83[WB]_TypeC1= 11.28%.  The determined percentage 382 

rutting contributions were then used to approximate the HMA surface layer RD from the total 383 

RD measured in Fig. 8. Details of this method can be found in the literature [48]. 384 

On the other hand, to account for the effect of traffic level, the field rutting was normalized 385 

as a function of cumulative equivalent single axle loads (ESALs). The cumulative ESALs 386 

(Million) were estimated using Eq. (1) and the traffic data shown in Table 4 [49].  387 

𝑊18(𝑛) = 0.5𝑛(365 ∗ 𝑊18(𝑑))(1 + (1 + 𝐺𝑟)𝑛)                                                                   (1) 388 

Where 𝑊18(𝑛)= cumulative n-year 18-kip ESALs; 𝑛= analysis period in years; 𝑊18(𝑑)=daily 389 

18-kip ESALS (DESALs); and 𝐺𝑟= traffic growth rate (decimal). The HMA field rutting 390 

performance of the selected in-service highway sections are illustrated in Figs. 9 and 10.  391 
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The HMA layer rutting performance versus pavement age is shown in Fig. 9. The field 392 

performance shows that all HMA layer RDs are below 1.00 mm. SH 21[EB]_TypeC2 (i.e., 393 

TxDOT-TTI_00042) recorded the maximum HMA layer rutting, which was expected due to 394 

the high pavement temperature of 52.8°C (at 1-inch depth) and high traffic loading of 1450 395 

DESALs. Using 6.23-year service life as the benchmark, the US59 [NB]_TypeD (i.e., 396 

TxDOT-TTI_00064) showed the best rutting resistance. 397 

The rutting accumulation/propensity of the HMA layers was assessed using the Slope A 398 

(mm/years) of the rutting response-curves using linear regression. Overall, the ranking for 399 

HMA rutting resistance based on Slope A would be as follows: US83[WB]_TypeC1 (0.070 400 

mm/year) 401 

>US59[NB]_TypeD(0.074mm/year)>US59[SB]_TypeD(0.092mm/year)>US83[EB]_Type402 

C1 (0.115mm/year) > SH 21[EB]_TypeC2 (0.137 mm/year). 403 

Fig. 10 shows the HMA layer rutting performance plotted as a function of traffic load 404 

expressed in terms of ESALs. All the field HMA layers exhibited superior rutting 405 

performance with RD values much less than 1.00 mm [31].  Using 2.68 million ESALs 406 

(MESALs) as the reference point, US83[WB]_TypeC1 and US59[SB]_TypeD (i.e., TxDOT-407 

TTI_00081 and TxDOT-TTI_00001, respectively) would be in the upper rank of superior 408 

rutting resistance performance. SH 21[EB]_TypeC2 followed by US83[EB]_TypeC1 (i.e., 409 

TxDOT-TTI_00042 and TxDOT-TTI_00041, respectively) would be in the lower rank. 410 

Like Slope A, the RD accumulation rate for the HMA layers was assessed using Slope B 411 

(mm/MESALs) with linear regressions. The ranking for slope B would be as follows: 412 

US59[SB]_TypeD (0.096mm/MESALs) > US83[WB]_TypeC1 (0.110 mm/MESALs) > 413 

US83[EB]_TypeC1 (0.155mm/MESALs) > US59[NB]_TypeD (0.195 mm/MESALs) > SH 414 
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21[EB]_TypeC2 (0.247 mm/MESALs). Coincidently, the results are consistent with the 415 

HWTT test results and laboratory predictions shown previously in Fig. 7 (at Nd = 10000) and 416 

Table 8, respectively. 417 

 418 

LABORATORY AND FIELD CORRELATIONS 419 

Correlation strength of the MSCR test results to HWTT and field HMA rutting performance 420 

was evaluated in terms of the coefficient of determination (R2) based on the Table 9 proposed 421 

criteria. The correlation rating has five levels, with A representing a very good correlation 422 

strength with R2 ≥ 60 %, while E represents a very poor correlation strength with R2 < 10%. 423 

These proposed criteria were arbitrarily selected with the consideration that good statistical 424 

correlations with higher R2 values between laboratory and field performance data are often 425 

not so common. 426 

Firstly, the MSCR parameters were correlated using linear, power, exponential and 427 

logarithmic fit models with the aim of selecting the best regression model. The corresponding 428 

results at two different temperatures are shown in Tables 10 and 11.  429 

From Table 11, 𝑅0.1, 𝑅3.2, and 𝑅𝑑𝑖𝑓𝑓 showed very good correlation strength with 𝐽𝑛𝑟0.1
, 𝐽𝑛𝑟3.2

, 430 

and 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 58°C and 64°C, with most of the R2 values above 60% for all the four regression 431 

equations. Note that R2 values were higher for correlations at 64°C, particularly with the 432 

linear and/or exponential regression models. The exponential model exhibited the best 433 

regression with an R2 =100.00% in the correlation between 𝑅0.1 and 𝐽𝑛𝑟3.2   both at 64°C. The 434 

relationship between 𝑅3.2  and 𝐽𝑛𝑟3.2
 has been previously evaluated with most researchers 435 
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suggesting that the best regression is obtained with a power model [36,47]. In this study, the 436 

aforementioned correlation showed R2 values of 98.40% and 95.49% for 58°C and 64°C, 437 

respectively, which concurs with the literature reports [36,47,50].  438 

Overall, these generally good correlations were expected since both parameters (R and 𝐽𝑛𝑟), 439 

were determined from the same asphalt-binders and MSCR test. Looking at Tables 10 and 440 

11 for the PG 64-22 asphalt-binder evaluated in this study, the overall best fit-model appears 441 

to be the exponential function. 442 

 443 

Asphalt-Binder MSCR versus HMA Lab Rutting (HWTT)  444 

The correlation of the MSCR parameters at 58°C and 64°C with the HWTT results at 445 

Nd=10000 was evaluated with the aim of formulating models to predict the HMA rutting 446 

potential. The corresponding results are shown in Tables 12 and 13. Note that both the 447 

conventional and alternative HWTT parameters at Nd=10000 were used and analyzed for 448 

correlations with the MSCR test data. 449 

Overall, the rank order of superiority in terms of correlation of the MSCR percent recovery 450 

parameters at 58°C to HWTT laboratory results at Nd=10000 based on the R2 magnitude 451 

is: 𝑅𝑑𝑖𝑓𝑓 > 𝑅0.1>𝑅3.2, with power and/or logarithmic models as the best regression. Besides, 452 

in terms of correlation of MSCR for the non-recoverable creep compliance parameters, the 453 

overall ranking based on R2 magnitude is: 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
> 𝐽𝑛𝑟0.1

>  𝐽𝑛𝑟3.2
, with linear and/or 454 

exponential models as the best regression. 455 
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Looking at Table 13, the correlations at 64°C were relatively poor with R2 values lower than 456 

those at 58C. For example, 𝑅0.1 and 𝑅3.2 passed from a fair/good correlation to a poor/very 457 

poor correlation with RD, eRL, RR, and Slope with R2 values below 20%. A similar trend was 458 

observed for the 𝑅𝑑𝑖𝑓𝑓, 𝐽𝑛𝑟0.1
,and  𝐽𝑛𝑟3.2

 parameters. However, 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 64°C had a different 459 

behavior exhibiting superiority even over the correlations shown with 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 58°C with 460 

all the HWTT parameters, particularly with power and/or logarithmic models as the best 461 

regression having R2 values above 80% (e.g., R2 = 99.87% for 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 64°C versus RD 462 

and/or Slope in a power model). 463 

Note that the correlations of MSCR at 58°C to HWTT at Nd= 10000 had higher R2 values 464 

than those of the MSCR at 64°C, which may be due to the fact that the HWTT was tested at 465 

a lower temperature of 50°C, which is closer to 58C than 64C. The test temperatures of 466 

these two tests (i.e., MSCR and HWTT) do not match and, it appears that the R2 values 467 

decreased when the temperature difference between them increased. Thus, the correlations 468 

of MSCR at 58°C to HWTT at Nd=10000 were the best for the materials evaluated in this 469 

study. In addition, considering the results in Table 12 and the fact that there are no previous 470 

studies reviewed in the literature on the relationship between the percent recovery parameters 471 

and HMA rutting performance, 𝑅0.1, 𝑅3.2 and 𝑅𝑑𝑖𝑓𝑓, all at 58°C, should be used with caution 472 

to predict laboratory rutting resistance of HMA mixes. 473 

Lastly, the 𝐽𝑛𝑟0.1
,   𝐽𝑛𝑟3.2

, and 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 parameters at 58°C, as theoretically expected, have 474 

superior correlations with the HWTT results at Nd=10000 than the R parameters. Thus, 𝐽𝑛𝑟0.1
, 475 

 𝐽𝑛𝑟3.2
 and 𝐽𝑛𝑟𝑑𝑖𝑓𝑓

 parameters, all at 58°C had reasonably acceptable predictive potential to 476 

grade asphalt-binders in terms of predicting HMA rutting performance in the laboratory. 477 
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However, 𝐽𝑛𝑟3.2
 was proposed and recommended by the FHWA as the parameter for asphalt-478 

binder grading [15]. For the materials evaluated and test conditions considered in this study, 479 

it is shown that the 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 58°C and 64°C were the best high-temperature parameter of 480 

asphalt-binders to predict and correlate to the HMA laboratory rutting performance, and 481 

therefore, can be used to supplement the 𝐽𝑛𝑟3.2
 FHWA recommendation. 482 

Asphalt-Binder MSCR versus HMA Field Rutting Performance 483 

The correlation of the MSCR parameters at 58°C and 64°C with the field HMA rutting 484 

performance was evaluated with the main goal of evaluating the HMA mixes rutting potential 485 

in the field based on the rheological properties. The corresponding R2 values for the four 486 

different regression models used are listed in Tables 14 and 15. The field HMA rutting 487 

parameters evaluated were as follows: (a) RD at 6.23 years of service life, (b) RD at 2.68 488 

MESALs of traffic loading, (c) Slope A (mm/year), and (d) Slope B (mm/MESALs).  489 

Based on Table 9, for the four regression models used, all the MSCR parameters at 58°C and 490 

64°C, with the exception of 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
, showed very poor to fair correlations (i.e., R2 < 40 %). 491 

This indicates their undesirable low prediction accuracy to correlate with the HMA field 492 

rutting performance. On the contrary, 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at both 58°C and 64°C exhibited a superior 493 

correlation strength. For instance, 𝐽𝑛𝑟𝑑𝑖𝑓𝑓  (%) at 58°C showed a good to very good correlation 494 

with all the rutting parameters, particularly with linear and/or exponential models as the best 495 

regression (e.g., R2=71.62% for 𝐽𝑛𝑟𝑑𝑖𝑓𝑓  (%) at 58°C versus RD 2.68 MESALS in linear model). 496 

As for 𝐽𝑛𝑟𝑑𝑖𝑓𝑓  (%) at 64°C, it showed the best and strongest correlation with all the rutting 497 
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parameters, especially for the RD 6.23 years parameter that had R2 values as high as 76.01% 498 

and 79.48% with power and logarithmic regression models, respectively.  499 

 500 

HMA (HWTT) versus HMA Field Rutting Performance 501 

Based on a previous study evaluated the correlation of HWTT to HMA field rutting 502 

performance [51], most of the HWTT rutting parameters generally present very good 503 

correlation with the HMA field rutting performance. The results, in fact, suggested that all 504 

the HMA HWTT rutting parameters at Nd= 10000, except for SF, are promising performance 505 

predictors of HMA field rutting, particularly, RutΔ and ΔA parameters with R2 averaging 506 

69.92%. 507 

 508 

SYNTHESIS AND DISCUSSION OF THE RESULTS 509 

From the MSCR test results, the percent recovery (R) and non-recoverable creep compliance 510 

(𝐽𝑛𝑟) parameters at 58°C and 64°C, were correlated with the conventional and alternative 511 

HWTT parameters at Nd =10000. Thereafter, both the laboratory MSCR and HWTT test data 512 

were correlated to the HMA field rutting performance of five selected sections from the DSS. 513 

A graphical comparison of these results is presented in Fig. 11. 514 

Fig. 11 shows a graphical contrast of some selected MSCR, HWTT, and HMA field rutting 515 

parameters evaluated in this study. Fig. 11 (a) indicates three graphs that have a similar trend, 516 

which represents good to very good correlation strength between 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 58°C versus the 517 

HWTT and HMA field rutting performance. Theoretically, this means that 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 58°C 518 
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could reasonably predict the HMA HWTT and field rutting resistance, respectively. By 519 

contrast, Fig. 11 (b) exemplifies an opposite response trend, evidencing the lower prediction 520 

accuracy of 𝑅0.1  at 58°C to correlate and/or estimate the HMA rutting resistance in the 521 

laboratory and field. Therefore, the  𝑅0.1, 𝑅3.2, and 𝑅𝑑𝑖𝑓𝑓 parameters, should be used with 522 

caution when predicting the HMA laboratory and field rutting resistance potential. 523 

For the HMA mixes in the HWTT, the differences in the aggregate gradations had a key 524 

effect on the mix rutting performance. On the other hand, the materials (asphalt-binder and 525 

aggregate), the pavement structure, traffic level, and temperature all interactively contributed 526 

to the observed differences in the HMA field rutting performance. However, detailed 527 

aggregate evaluation was outside the scope of this study, with recommendations for inclusion 528 

in future follow-up studies. On the other hand, the materials (asphalt-binder and aggregate), 529 

the pavement structure, traffic level, and temperature all interactively contributed to the 530 

observed differences in the HMA field rutting performance. Nonetheless, informative results 531 

were provided in this study in terms of the validations and correlations of the high-532 

temperature rheological properties from the MSCR test to the mixes properties from the 533 

HWTT and field HMA rutting performance.  534 

 535 

CONCLUSIONS AND RECOMMENDATIONS 536 

In this study, the asphalt-binder high-temperature rheological properties were correlated to 537 

the HMA rutting performance measured in the laboratory and field, respectively. The main 538 

objective of the study was to assess the capability of the asphalt-binder high-temperature 539 

properties including 𝐽𝑛𝑟 and R parameters to correlate and predict the HMA rutting resistance 540 
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in the laboratory and field. Based on the results and findings in the paper, the following 541 

conclusions and recommendations were drawn. 542 

 Even though the asphalt-binder percent recovery properties (i.e., 𝑅0.1 and 𝑅3.2) have no 543 

reported literature of good correlation with HMA mix rutting performance, some good 544 

laboratory correlations with the HWTT rutting data were found in this study, particularly 545 

the 𝑅𝑑𝑖𝑓𝑓 parameter, i.e., 40 ≤ R2 ˂ 60%. However, the correlations were poor for the 546 

field rutting performance data, with the R2 values less than 40%. In general, any HMA 547 

rutting predictions based on the asphalt-binder percent recovery properties (i.e., R 548 

parameters) should be analyzed cautiously and interpreted subjectively. The R parameters 549 

are better suited for characterizing and quantifying the modifier presence in the asphalt-550 

binders. 551 

 For the asphalt-binder non-recoverable creep compliance parameters, the 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 from the 552 

MSCR test, generally exhibited good to strong statistical correlations, with R2 values as 553 

high as 98.9% and 79.5% for laboratory and field correlations, respectively. Thus, the  554 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 parameter is recommended for predicting the HMA rutting resistance in terms of 555 

effects of the asphalt-binder, both in the laboratory and field. 556 

 Based on the data evaluated in this study, the results and findings indicated that the linear 557 

and logarithmic regressions were the best fit-functions correlate the asphalt-binder high-558 

temperature properties (i.e., 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 at 58°C and 64°C, respectively) to HMA rutting in 559 

the laboratory and field. 560 

 While only PG 64-22 asphalt-binder was used, but from three different sources was used, 561 

some differences in terms of the high-temperature rheological properties and 562 

performance were observed, which were largely attributed to the effects of 563 
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source/supplier and/or the possible additives, particularly considering that the MSCR 564 

tests were conducted on the asphalt-binders extracted from the plant-produced HMA 565 

mixes. 566 

 As expected, the Type D mix comprising of highly quality quartzite aggregates and 567 

coarse-fractionated RAP, out-performed the mixes with limestone/dolomite aggregates 568 

and fine-fractionated RAP.  Similarly, the field rutting performance of the HMA mixes 569 

was consistent with the HWTT laboratory test results and predictions. Evidently, the 570 

findings indicate that using coarse-fractionated RAP is more beneficial over fine-571 

fractionated RAP in terms of improving the rutting resistance potential for the HMA. 572 

Generally, the findings of this paper demonstrated that the asphalt-binder high-temperature 573 

properties could be used to predict the HMA rutting resistance in the laboratory and field 574 

with acceptable statistical reliability, particularly the 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 parameter. Due to the limited 575 

data, the results in this study might not be exhaustive Therefore, in future studies, more data 576 

including different types of asphalt-binder, HMA mixes, and field performance along with 577 

varying the MSCR test loading/recovery times is recommended to supplement and validate 578 

the findings reported in this paper. When considering the field performance, field conditions 579 

such as traffic levels, climatic variations, and pavement structures are also important. 580 

Additionally, other advanced statistical models along with 3-dimensional analysis (i.e., 581 

asphalt-binder [x], HMA [y], and field [z]) need to be explored to assess if better correlations 582 

with improved prediction accuracy could be yielded. 583 
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Tables 768 

 769 

Table 1. MSCR Test Result Parameters. 770 

Parameter Indication of Performance Analysis Model 

𝑅0.1 (%) Elastic recovery in linear response to stress range 

(the greater the value the better) 
=

1

10
{∑

ε𝑐
𝑛 − ε𝑟

𝑛

ε𝑐
𝑛

 
− ε0

𝑛

10

n=1

} × 100 

𝑅3.2 (%) Elastic recovery in nonlinear response to stress range. Primary 

indicator of elastomeric polymer modification. If 𝑅3.2 ≥ 

𝑅3.2𝑚𝑖𝑛
= 29.371 ∗ 𝐽𝑛𝑟3.2

−0.2633, the asphalt-binder has been 

modified (the greater the value the better) 

=
1

10
{∑

ε𝑐
𝑛 − ε𝑟

𝑛

ε𝑐
𝑛

 
− ε0

𝑛

10

n=1

} × 100 

𝑅𝑑𝑖𝑓𝑓 (%) Sensitivity of polymer modification to stress increases 

(the greater the value the better) 

=
(R0.1 − R3.2) ∙ 100

R0.1

 

𝐽𝑛𝑟0.1
(1/kPa) Permanent deformation in linear response to stress range 

(the lower the value the better) 

=
1

10
{∑

ε𝑟
𝑛 − ε0

𝑛

0.1

10

n=1

} × 100 

𝐽𝑛𝑟3.2  (1/kPa) Permanent deformation in nonlinear response to stress range. 

Primary indicator of rutting potential. 

(the lower the value the better) 

=
1

10
{∑

ε𝑟
𝑛 − ε0

𝑛

3.2

10

n=1

} × 100 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) Sensitivity of shear stress increases 

(the lower the value the better, 𝐽𝑛𝑟𝑑𝑖𝑓𝑓
≤ 75 %) 

=
(Jnr3.2

− Jnr0.1
) ∙ 100

Jnr0.1

 

Legend: 𝐽𝑛𝑟0.1
= Average non-recoverable creep compliance of cycles tested at 0.1 kPa;  𝐽𝑛𝑟3.2  = Average non-recoverable creep 

compliance of cycles tested at 3.2 kPa; 𝐽𝑛𝑟𝑑𝑖𝑓𝑓  = Percentage difference in non-recoverable compliance ; 𝑅0.1 = Average recovery of the 

10 cycles tested at 0.1 kPa; 𝑅3.2= Average recovery of the 10 cycles tested at 3.2 kPa; 𝑅3.2𝑚𝑖𝑛
= 𝑅𝑑𝑖𝑓𝑓  = Percentage difference in recovery; 

ε0 = Initial strain value at the beginning of the creep portion of each cycle; εc = strain value at the end of the creep portion (that is, after 

1.0 s) of each cycle; εr = strain value at the end of the recovery portion (that is, after 10.0 s) of each cycle. 

 771 

 772 

 773 
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Table 2. Alternative HWTT-HMA Rutting Parameters. 774 

Source Parameter Analysis Model Remark 

Walubita et 

al. [5,6,53] 

ΔA 

RutΔ 

eRL (%) 

 

ΔA =
𝑁𝑑

2𝑛
[(𝑓(𝑥0) + 2𝑓(𝑥1) +  2𝑓(𝑥2) … + 2𝑓(𝑥𝑛−1) + 𝑓(𝑥𝑛)] 

𝑅𝑢𝑡Δ =
Δ𝐴

𝑁𝑑

 

𝑒𝑅𝐿(%) =  1 − 0.08(𝑅𝐷𝑃𝐺) 

Where: 𝑓(𝑥𝑖), 𝑓(𝑥𝑖+1) = RD at the left and right end of each trapezoid, 

respectively; Nd = number of passes to failure; n = number of 

trapezoids; and 𝑅𝐷𝑃𝐺= measured RD based on the PG. 

N/A 

≤8.0 

Higher eRL (%)                        

(higher rutting 

resistance)  

 

Tsai et al. [54] RR 
𝑅𝑅 =

𝐻 − 𝑅𝐷

𝐻
 

Where H= sample height. 

Large RR values                  

(high rutting resistance) 

 

Wen et al. 

[55] 

RRI 𝑅𝑅𝐼 = 𝑁𝑑 ∗ (1 − 𝑅𝐷) Large RRI values                   

(high rutting resistance) 

Legend: ΔA= Rutting area; eRL (%) = Equivalent remaining rutting life; RR= Rut depth ratio; RRI= Rutting resistance index; RutΔ= 

Normalized rutting area. 

 775 

 776 

 777 

Table 3. Asphalt-Binders and HMA Volumetric Properties. 778 

# Mix 

Type 

NMAS  

 

HMA Volumetric Properties Hwy 

(Section ID)  Asphalt-Binder     Aggregates 

1 C1 18.75 mm 

(Coarse-

Graded) 

4.6% PG 64-22c1 + Limestone/dolomite + 17% RAP 

(fine) + 3% RAS 

US 83 

(TxDOT-TTI_00041) 

(TxDOT-TTI_00081) 

 

2 C2 18.75 mm 4.8% PG 64-22c2 + Limestone + 1% lime + 17% RAP 

(fine) + 3% RAS 

SH 21 

(TxDOT-TTI_00042) 
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(Coarse-

Graded) 

 

3 D 12.50 mm 

(Fine-Graded) 

5.1% PG 64-22d + Quartzite + 20.1% RAP                                

(10.2% coarse + 9.9% fine) 

US 59 

(TxDOT-TTI_00001) 

(TxDOT-TTI_00064) 

Legend: Hwy= Highway; NMAS= Nominal maximum aggregate size; RAP= Recycled asphalt pavement; RAS= Recycled asphalt shingles 

 779 

 780 

 781 

 782 

Table 4. Information of In-Service Test Sections. 783 

# Section ID 

(Hwy) 

Structure  

(mm) 

District 

(County) 

[Date] 

Climate 

Zone 

(Temp) 

Avg. 

D-ESALs 

(Gr) 

Avg. 

Spd 

(SL) 

1 TxDOT-TTI_00001 

(US 59 [SB]) 

OL = 50*D+290 

E-HMA+400LTB 

Atlanta 

(Panola) 

[Apr2011] 

WC 

(58.4 C) 

2 380 

(2.50%) 

69.0 

mph 

(75) 

2 TxDOT-TTI_00041 

(US 83 [EB]) 

OL = 50C1+162.5 

E-HMA+200CTB 

Laredo 

(Webb) 

[Sept2012] 

DW 

(63.1 C) 

1 750 

(4.25%) 

26.4 

mph 

(35) 

3 TxDOT-TTI_00042 

(SH 21 [EB]) 

OL = 62.5C2+125 

E-HMA+300FB 

Bryan 

(Burleson) 

[Dec2012] 

WW 

(52.8 C) 

1 450 

(1.61%) 

66.9 

mph 

(75) 

4 TxDOT-TTI_00064 

(US 59 [NB]) 

OL = 50D+290 

E-HMA+400LTB 

Atlanta 

(Panola) 

WC 

(58.3 C) 

974 

(1.84%) 

69.3 

mph 
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[Apr2011] (75) 

5 TxDOT-TTI_00081 

(US 83 [WB]) 

OL = 50C1+162.5 

E-HMA+200CTB 

Laredo 

(Webb) 

[Sept2012] 

DW 

(63.1 C) 

1 497 

(4.25%) 

27.8 

mph 

(35) 

Legend: *The numbers mean the layer thickness (i.e., 290E-HMA = 290 mm thick existing HMA, 400LTB = 400 mm thick  lime treated 

base layer); Avg.= Average; LTB= Lime treated base; CTB= Cement-treated base; D-ESALs= Daily equivalent single axle loads; 

DW= Dry-warm;  EB= Eastbound direction; NB= Northbound direction; SB= Southbound direction; FB= Flexible base; Gr= Growth 

rate; E-HMA= Existing hot-mix asphalt layer; mph=miles per hour; OL= Overlay; SL= Speed limit;  Spd= Speed; Temp.= 

Temperature; WB= Westbound; WC= Wet-cold; WW= Wet-warm 

 784 

 785 

 786 

Table 5. Asphalt-Binder MSCR Test Results at 58 °C. 787 

Hwy 

[Section ID] 

Asphalt-Binder 

[HMA mix] 

𝑹𝟎.𝟏 

(%) 

𝑹𝟑.𝟐 

(%) 

𝑹𝒅𝒊𝒇𝒇 

(%) 

𝑱𝒏𝒓𝟎.𝟏
 

(1/kPa) 

𝑱𝒏𝒓𝟑.𝟐
 

(1/kPa) 

𝑱𝒏𝒓𝒅𝒊𝒇𝒇
 

(%) 

US 83 

[TxDOT-TTI_00041] 

[TxDOT-TTI_00081] 

PG 64-22c1 

[C1] 

39.901 

 

36.60

8 

8.254 0.067 0.068 1.359 

SH 21 

[TxDOT-TTI_00042] 

PG 64-22c2 

[C2] 

31.802 28.56

9 

10.16

8 

0.112 0.135 21.428 

US 59 

[TxDOT-TTI_00001] 

[TxDOT-TTI_00064] 

PG 64-22d 

[D] 

9.626 

 

5.462 43.20

8 

0.727 0.776 6.609 

 788 

 789 

Table 6. Asphalt-Binder MSCR Test Results at 64 °C. 790 
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Hwy 

[Section ID] 

Asphalt-Binder 

[HMA mix] 

𝑹𝟎.𝟏 

(%) 

𝑹𝟑.𝟐 

(%) 

𝑹𝒅𝒊𝒇𝒇 

(%) 

𝑱𝒏𝒓𝟎.𝟏
 

(1/kPa) 

𝑱𝒏𝒓𝟑.𝟐
 

(1/kPa) 

𝑱𝒏𝒓𝒅𝒊𝒇𝒇
 

(%) 

US 83 

[TxDOT-TTI_00041] 

[TxDOT-TTI_00081] 

PG 64-22c1 

[C1] 

27.591 23.726 14.010 0.179 0.183 2.728 

SH 21 

[TxDOT-TTI_00042] 

PG 64-22c2 

[C2] 

18.604 15.581 16.258 0.390 0.394 0.962 

 

US 59 

[TxDOT-TTI_00001] 

[TxDOT-TTI_00064] 

PG 64-22d 

[D] 

9.183 5.790 36.748 0.722 0.762 5.614 

Legend: HMA= Hot-Mix Asphalt; Hwy= Highway; Jnr0.1
= Average non-recoverable creep compliance of cycles tested at 0.1 kPa; 

Jnr3.2
= Average non-recoverable creep compliance of cycles tested at 3.2 kPa; Jnr𝑑𝑖𝑓𝑓

 = Percentage difference in non-recoverable 

compliance; PG= Performance graded;  R0.1 = Average recovery of the 10 cycles tested at 0.1 kPa; R3.2  = Average recovery of the 10 

cycles tested at 3.2 kPa; R𝑑𝑖𝑓𝑓  = Percentage difference in recovery 

 791 

 792 

Table 7. Laboratory HWTT Results at Nd = 10000. 793 

Hwy 

[Section ID] 

HMA mix  

[Asphalt 

Binder] 

AVs  

(CoV) 

 

RD (mm) 

[Slope 

(mm/passes)] 

ΔA (mm-passes) 

[RutΔ (mm)] 

eRL 

(%) 

RRI 

[RR] 

US 83 

[TxDOT-TTI_00041] 

[TxDOT-TTI_00081] 

Type C1 

[PG 64-22c1] 

6.49% 

(2.40%) 

4.05 

[4.05E-04] 

22 375 

[2.24] 

67.6 8 382 

[0.94] 

SH 21 

[TxDOT-TTI_00042] 

Type C2 

[PG 64-22c2] 

7.22% 

(18.19%) 

5.36 

[5.36E-04] 

34 900 

[3.49] 

57.1 7 856 

[0.91] 

 

US 59 

[TxDOT-TTI_00001] 

[TxDOT-TTI_00064] 

Type D  

[PG 64-22d] 

7.20% 

(1.98%) 

3.40 

[3.40E-04] 

21 500 

[2.15] 

72.8 8 640 

[0.95] 

 794 
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 795 

Table 8. Asphalt-binder and HMA Mix Ranking. 796 

Rank 

MSCR @ 58°C MSCR @ 64°C HWTT at 50°C, Nd= 10 000 

𝑱𝒏𝒓𝟎.𝟏
 

 (1/kPa) 

𝑱𝒏𝒓𝟑.𝟐
 

 (1/kPa) 

𝑱𝒏𝒓𝟎.𝟏
 

 (1/kPa) 

𝑱𝒏𝒓𝟑.𝟐
 

 (1/kPa) 

RD (mm) 

[Slope 

(mm/passes)] 

RutΔ (mm) 

[ΔA 

(mm-passes)] 

eRL 

(%) 

RRI 

[RR] 

1 PG 64-22c1 PG 64-22c1 PG 64-22c1 PG 64-22c1 D[D] D[D] D D[D] 

2 PG 64-22c2 PG 64-22c2 PG 64-22c2 PG 64-22c2 C1 [C1] C1 [C1] C1 C1 [C1] 

3 PG 64-22D PG 64-22D PG 64-22D PG 64-22D C2 [C2] C2 [C2] C2 C2 [C2] 

 797 

Table 9. Proposed R2-based Correlation Strength Scale and Rating Criteria. 798 

Correlation  

Rating 

R2 Value 

(%) 

Correlation Strength 

 Scale and Color-Coding 

Scheme 

Description 

A R2 ≥ 60 Very good High predictive confidence and accuracy 

potential 

B 40 ≤ R2 < 60 Moderate to good Moderate to reasonable predictive 

potential 

C 25 ≤ R2 < 40 Fair Subjective predictive potential needing 

cautious interpretation nor acceptance 

D 10 ≤ R2 < 25 Poor Uncertainty with low prediction accuracy. 

User’s discretional judgement/decision 

E R2 < 10% Very poor Highly uncertain with very low prediction 

accuracy. Reject and do not use 

 799 

 800 
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 801 

Table 10. Correlations (R2) between R and 𝑱𝒏𝒓 at 58°C. 802 

Asphalt-Binder 

MSCR  

Percent Recovery 

Parameter 

Asphalt-Binder  

MSCR  

No-Recoverable 

Creep Compliance 

Parameter 

R2 Values 

Linear 

(y=ax+b) 

Power 

(y=axb) 

Exponential  

(y=aebx) 

Logarithmic 

(y=aLn x +b) 

 Model with 

Highest R2 

𝑅0.1 (%) @ 58°C 

𝐽𝑛𝑟0.1
 (1/kPa) @ 58°C 97.32% 99.81% 99.45% 99.78% Power 

𝐽𝑛𝑟3.2
 (1/kPa) @ 58°C 97.98% 98.94% 99.73% 99.98% Logarithmic 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 58°C 1.42% 17.89% 0.08% 25.32% Logarithmic 

𝑅3.2 (%) @ 58°C 

𝐽𝑛𝑟0.1
 (1/kPa) @ 58°C 97.57% 99.55% 99.75% 99.85% Logarithmic 

𝐽𝑛𝑟3.2
 (1/kPa) @ 58°C 98.20% 98.40% 99.92% 99.96% Logarithmic 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 58°C 1.24% 16.10% 0.00% 24.62% Logarithmic 

𝑅𝑑𝑖𝑓𝑓 (%) @ 58°C 

𝐽𝑛𝑟0.1
 (1/kPa) @ 58°C 99.99% 99.50% 99.78% 98.40% Linear 

𝐽𝑛𝑟3.2
 (1/kPa) @ 58°C 99.90% 98.31% 99.94% 96.57% Exponential 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 58°C 0.30% 15.85% 0.00% 11.97% Power 

Legend: x= Asphalt-Binder ´Percent Recovery Parameter; y= Asphalt-Binder No −

Recoverable Creep Compliance Parameter 

 803 

 804 

 805 

Table 11. Correlations (R2) between R and 𝑱𝒏𝒓 at 64°C. 806 

Asphalt-Binder 

MSCR  

Percent Recovery 

Asphalt-Binder  

MSCR  

R2 Values 

Linear 

 (y=ax+b) 

Power 

(y=axb) 

Exponential 

 (y=aebx) 

Logarithmic 

 (y=aLn x +b) 
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Parameter No-Recoverable 

Creep Compliance 

Parameter 

Model with 

Highest R2 

𝑅0.1  (%) @ 64°C 

𝐽𝑛𝑟0.1
 (1/kPa) @ 64°C 99.23% 96.81% 99.92% 99.59% Exponential 

𝐽𝑛𝑟3.2
 (1/kPa) @ 64°C 98.78% 97.49% 100.00% 99.81% Exponential 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 64°C  51.32% 36.41% 62.73% 25.75% Exponential 

𝑅3.2 (%) @ 64°C 

𝐽𝑛𝑟0.1
 (1/kPa) @ 64°C 99.67% 94.71% 99.35% 99.11% Linear 

𝐽𝑛𝑟3.2
 (1/kPa) @ 64°C 99.36% 95.59% 99.67% 99.45% Exponential 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 64°C  54.36% 41.53% 67.73% 28.46% Exponential 

𝑅𝑑𝑖𝑓𝑓  (%) @ 64°C 

𝐽𝑛𝑟0.1
 (1/kPa) @ 64°C 94.06% 88.02% 95.99% 84.98% Exponential 

𝐽𝑛𝑟3.2
 (1/kPa) @ 64°C 95.09% 89.32% 96.84% 86.41% Exponential 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 64°C  81.99% 53.61% 78.43% 58.04% Linear 

Legend: x= Asphalt-Binder Percent Recovery Parameter; y= Asphalt-Binder No −

Recoverable Creep Compiance Parameter 
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 808 

Table 12. Correlations (R2) between MSCR at 58°C and HWTT at Nd=10000. 809 

Asphalt-Binder  

MSCR Parameter 

HMA HWTT  

Parameter 

R2 Values 

Linear 

(y=ax+b) 

Power  

(y=axb) 

Exponential  

(y=aebx) 

Logarithmic  

(y=aLn x +b) 

 

Model with 

Highest R2 

𝑅0.1 (%) @ 58°C 

RD (mm) 33.75% 49.54% 40.54% 42.53% Power 

∆A (mm-passes) 7.66% 14.55% 8.78% 13.14% Power 

Rut∆ (mm) 7.66% 14.55% 8.78% 13.14% Power 

eRL (%) 33.75% 39.10% 30.49% 42.53% Logarithmic 

RR 33.75% 42.04% 33.28% 42.53% Logarithmic 
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RRI 33.75% 41.16% 32.44% 42.53% Logarithmic 

Slope (mm/passes) 33.75% 49.54% 40.54% 42.53% Power 

𝑅3.2 (%) @ 58°C 

RD (mm) 34.51% 51.91% 41.33% 44.88% Power 

∆A (mm-passes) 8.09% 16.26% 9.24% 14.78% Power 

Rut∆ (mm) 8.09% 16.26% 9.24% 14.78% Power 

eRL (%) 34.51% 41.43% 31.24% 44.88% Logarithmic 

RR 34.51% 44.39% 34.04% 44.88% Logarithmic 

RRI 34.51% 43.50% 33.19% 44.88% Logarithmic 

Slope (mm/passes) 34.51% 51.91% 41.33% 44.88% Power 

𝑅𝑑𝑖𝑓𝑓  (%) @ 58°C 

RD (mm) 50.84% 52.26% 57.85% 45.23% Exponential 

∆A (mm-passes) 19.26% 16.52% 20.89% 15.03% Exponential 

Rut∆ (mm) 19.26% 16.52% 20.89% 15.03% Exponential 

eRL (%) 50.84% 41.78% 47.36% 45.23% Linear 

RR 50.84% 44.74% 50.34% 45.23% Linear 

RRI 50.84% 43.85% 49.45% 45.23% Linear 

Slope (mm/passes) 50.84% 52.26% 57.85% 45.23% Exponential 

𝐽𝑛𝑟0.1
 (1/kPa) @ 58°C 

RD (mm) 49.89% 45.20% 56.91% 38.26% Exponential 

∆A (mm-passes) 18.52% 11.62% 20.13% 10.34% Exponential 

Rut∆ (mm) 18.52% 11.62% 20.13% 10.34% Exponential 

eRL (%) 49.89% 34.90% 46.41% 38.26% Linear 

RR 49.89% 37.78% 49.40% 38.26% Linear 

RRI 49.89% 36.91% 48.50% 38.26% Linear 

Slope (mm/passes) 49.89% 45.20% 56.91% 38.26% Exponential 

𝐽𝑛𝑟3.2
 (1/kPa) @ 58°C 

RD (mm) 47.70% 39.33% 54.73% 32.58% Exponential 

∆A (mm-passes) 16.84% 8.09% 18.39% 7.01% Exponential 

Rut∆ (mm) 16.84% 8.09% 18.39% 7.01% Exponential 

eRL (%) 47.70% 29.36% 44.22% 32.58% Linear 

RR 47.70% 32.11% 47.20% 32.58% Linear 

RRI 47.70% 31.28% 46.31% 32.58% Linear 

Slope (mm/passes) 47.70% 39.33% 54.73% 32.58% Exponential 
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𝐽𝑛𝑟𝑑𝑖𝑓𝑓
  (%) @ 58°C 

RD (mm) 54.59% 11.97% 47.56% 16.90% Linear 

∆A (mm-passes) 84.84% 45.75% 83.35% 47.78% Linear 

Rut∆ (mm) 84.84% 45.75% 83.35% 47.78% Linear 

eRL (%) 54.59% 19.59% 58.05% 16.90% Exponential 

RR 54.59% 17.28% 55.09% 16.90% Exponential 

RRI 54.59% 17.96% 55.98% 16.90% Exponential 

Slope (mm/passes) 54.59% 11.97% 47.56% 16.90% Linear 

Legend: x= Asphalt-Binder MSCR Parameter; y=HMA HWTT rutting Parameter 
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Table 13. Correlation (R2) between MSCR at 64°C and HWTT at Nd=10000. 813 

Asphalt-Binder 

MSCR Parameter 

HWTT Parameter 

R2 Values 

Linear  

(y=ax+b) 

Power  

(y=axb) 

Exponential  

(y=aebx) 

Logarithmic  

(y=aLn x +b) 

 

Model with 

Highest R2 

𝑅0.1  (%) @ 64°C 

RD (mm) 17.03% 32.94% 22.63% 26.52% Power 

∆A (mm-passes) 0.74% 4.84% 1.13% 4.00% Power 

Rut∆ (mm) 0.74% 4.84% 1.13% 4.00% Power 

eRL (%) 17.03% 23.50% 14.49% 26.52% Logarithmic 

RR 17.03% 26.08% 16.66% 26.52% Logarithmic  

RRI 17.03% 25.30% 16.00% 26.52% Logarithmic  

Slope (mm/passes) 17.03% 32.94% 22.63% 26.52% Power 

𝑅3.2 (%) @ 64°C 

RD (mm) 19.38% 37.96% 25.23% 31.27% Power 

∆A (mm-passes) 1.35% 7.34% 1.86% 6.31% Power 

Rut∆ (mm) 1.35% 7.34% 1.86% 6.31% Power 

eRL (%) 19.38% 28.09% 16.70% 31.27% Logarithmic 
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RR 19.38% 30.81% 18.99% 31.27% Logarithmic  

RRI 19.38% 29.99% 18.29% 31.27% Logarithmic  

Slope (mm/passes) 19.38% 37.96% 25.23% 31.27% Power 

𝑅𝑑𝑖𝑓𝑓  (%) @ 64°C 

RD (mm) 47.39% 49.97% 54.42% 42.95% Exponential 

∆A (mm-passes) 16.61% 14.85% 18.16% 13.43% Exponential 

Rut∆ (mm) 16.61% 14.85% 18.16% 13.43% Exponential 

eRL (%) 47.39% 39.52% 43.92% 42.95% Linear 

RR 47.39% 42.46% 46.89% 42.95% Linear 

RRI 47.39% 41.57% 46.00% 42.95% Linear 

Slope (mm/passes) 47.39% 49.97% 54.42% 42.95% Exponential 

𝐽𝑛𝑟0.1
 (1/kPa) @ 64°C 

RD (mm) 24.09% 17.51% 30.34% 12.49% Exponential 

∆A (mm-passes) 2.98% 0.18% 3.71% 0.05% Exponential 

Rut∆ (mm) 2.98% 0.18% 3.71% 0.05% Exponential 

eRL (%) 24.09% 10.28% 21.17% 12.49% Linear 

RR 24.09% 12.17% 23.66% 12.49% Linear 

RRI 24.09% 11.59% 22.91% 12.49% Linear 

Slope (mm/passes) 24.09% 17.51% 30.34% 12.49% Exponential 

𝐽𝑛𝑟3.2
 (1/kPa) @ 64°C 

RD (mm) 26.07% 19.09% 32.47% 13.88% Exponential 

∆A (mm-passes) 3.81% 0.39% 4.63% 0.18% Exponential 

Rut∆ (mm) 3.81% 0.39% 4.63% 0.18% Exponential 

eRL (%) 26.07% 11.56% 23.07% 13.88% Linear 

RR 26.07% 13.54% 25.64% 13.88% Linear 

RRI 26.07% 12.93% 24.86% 13.88% Linear 

Slope (mm/passes) 26.07% 19.09% 32.47% 13.88% Exponential 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 64°C 

RD (mm) 86.71% 99.87% 91.11% 98.86% Power 

∆A (mm-passes) 57.25% 82.93% 59.26% 81.37% Power 

Rut∆ (mm) 57.25% 82.93% 59.26% 81.37% Power 

eRL (%) 86.71% 98.01% 84.25% 98.86% Logarithmic 

RR 86.71% 98.75% 86.37% 98.86% Logarithmic 

RRI 86.71% 98.55% 85.75% 98.86% Logarithmic 
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Slope (mm/passes) 86.71% 99.87% 91.11% 98.86% Power 

Legend: x= Asphalt-Binder MSCR Parameter; y=HMA HWTT Rutting Parameter 
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Table 14. Correlations (R2) between MSCR at 58°C and HMA Field Performance. 816 

 

MSCR Parameters 

Field Rutting 

Parameters 

R2 Values 

Linear 

(y=ax+b) 

Power 

(y=axb) 

Exponential 

(y=aebx) 

Logarithmic 

(y=aLn x+b) 

 Model 

with 

Highest R2  

𝑅0.1 (%) @ 58°C 

RD 6.23 years(mm) 23.55% 33.56% 26.78% 30.49% Power 

RD 2.68 MESALs (mm) 5.64% 8.44% 4.65% 10.00% Logarithmic 

Slope A (mm/year) 9.65% 11.40% 7.66% 14.12% Logarithmic 

Slope B (mm/ MESALs) 0.28% 2.08% 0.66% 1.52% Power 

𝑅3.2 (%) @ 58°C 

RD 6.23 years(mm) 24.14% 35.37% 27.37% 32.37% Power 

RD 2.68 MESALs (mm) 5.98% 9.59% 4.95% 11.32% Logarithmic 

Slope A (mm/year) 10.02% 12.48% 7.96% 15.39% Logarithmic 

Slope B (mm/ MESALs) 0.35% 2.58% 0.75% 2.01% Power 

𝑅𝑑𝑖𝑓𝑓 (%) @ 58°C 

RD 6.23 years(mm) 37.18% 35.63% 39.94% 32.65% Exponential 

RD 2.68 MESALs (mm) 14.93% 9.77% 12.76% 11.52% Linear 

Slope A (mm/year) 18.74% 12.64% 15.32% 15.58% Linear 

Slope B (mm/MESALs) 3.52% 2.65% 4.05% 2.09% Exponential 

𝐽𝑛𝑟0.1
 (1/kPa) @ 58°C 

RD 6.23 years(mm) 36.41% 30.27% 39.21% 27.10% Exponential 

RD 2.68 MESALs (mm) 14.33% 6.50% 12.23% 7.77% Linear 

Slope A (mm/year) 18.19% 9.53% 14.86% 11.89% Linear 

Slope B (mm/MESALs) 3.25% 1.30% 3.79% 0.80% Exponential 

𝐽𝑛𝑟3.2
 (1/kPa) @ 58°C 

RD 6.23 years(mm) 34.63% 25.88% 37.53% 22.63% Exponential 

RD 2.68 MESALs (mm) 12.98% 4.22% 11.05% 5.13% Linear 

Slope A (mm/year) 16.95% 7.19% 13.80% 9.09% Linear 
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Slope B (mm/MESALs) 2.67% 0.52% 3.23% 0.18% Exponential 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 58°C 

RD 6.23 years(mm) 48.75% 12.26% 40.92% 17.13% Linear 

RD 2.68 MESALs (mm) 71.62% 37.72% 64.73% 41.19% Linear 

Slope A (mm/year) 47.71% 20.66% 42.15% 22.77% Linear 

Slope B (mm/MESALs) 59.63% 31.85% 47.01% 42.39% Linear 

Legend: x= Asphalt-Binder MSCR Parameter; y= Field Rutting HMA- Layer Parameter 
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Table 15. Correlation (R2) between MSCR at 64°C and HMA Field Performance. 818 

 

MSCR Parameters 

Field Rutting  

Parameters 

R2 Values 

Linear 

(y=ax+b) 

Power  

(y=axb) 

Exponential  

(y=aebx) 

Logarithmic  

(y=aLn x +b) 

 Model 

with 

Highest R2 

𝑅0.1 (%) @ 64°C 

RD 6.23 years(mm) 10.82% 21.18% 13.78% 17.95% Power 

RD 2.68 MESALs (mm) 0.39% 2.23% 0.25% 2.80% Logarithmic 

Slope A (mm/year) 2.66% 4.91% 1.92% 6.35% Logarithmic 

Slope B (mm/MESALs) 1.00% 0.07% 0.31% 0.01% Linear 

𝑅3.2 (%) @ 64°C 

RD 6.23 years(mm) 12.56% 24.87% 15.62% 21.62% Power 

RD 2.68 MESALs (mm) 0.82% 3.75% 0.58% 4.59% Logarithmic 

Slope A (mm/year) 3.49% 6.68% 2.59% 8.48% Logarithmic 

Slope B (mm/MESALs) 0.58% 0.39% 0.12% 0.10% Linear 

𝑅𝑑𝑖𝑓𝑓 (%) @ 64°C 

RD 6.23 years(mm) 34.38% 33.88% 37.29% 30.82% Exponential 

RD 2.68 MESALs (mm) 12.79% 8.64% 10.88% 10.23% Linear 

Slope A (mm/year) 16.77% 11.59% 13.65% 14.34% Linear 

Slope B (mm/MESALs) 2.59% 2.16% 3.16% 1.60% Exponential 

𝐽𝑛𝑟0.1
 (1/kPa) @ 64°C 

RD 6.23 years(mm) 16.10% 10.22% 19.29% 7.53% Exponential 

RD 2.68 MESALs (mm) 2.02% 0.00% 1.57% 0.00% Linear 

Slope A (mm/year) 5.32% 0.84% 4.07% 1.28% Linear 

Slope B (mm/MESALs) 0.10% 1.01% 0.00% 2.24% Logarithmic 

RD 6.23 years(mm) 17.61% 11.31% 20.83% 8.53% Exponential 
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𝐽𝑛𝑟3.2
 (1/kPa) @ 64°C 

RD 2.68 MESALs (mm) 2.65% 0.02% 2.10% 0.05% Linear 

Slope A (mm/year) 6.16% 1.14% 4.76% 1.67% Linear 

Slope B (mm/MESALs) 0.02% 0.74% 0.05% 1.79% Logarithmic 

𝐽𝑛𝑟𝑑𝑖𝑓𝑓
 (%) @ 64°C  

RD 6.23 years(mm) 67.63% 76.01% 67.13% 79.48% Logarithmic 

RD 2.68 MESALs (mm) 46.25% 59.04% 40.64% 66.61% Logarithmic 

Slope A (mm/year) 43.64% 48.63% 36.85% 56.89% Logarithmic 

Slope B (mm/ MESALs) 22.31% 33.33% 20.29% 38.56% Logarithmic 

Legend: x= Asphalt-Binder MSCR Parameter; y= Field Rutting HMA- Layer Parameter 
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Fig. 1. The DSS Interface Screen and Test Section Locations.  

 

Figure 1 Click here to access/download;Figure;Figure 1_FiNaL.pdf
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Fig. 2. Schematic of Three MSCR Load Cycles at Two Stress Levels.   
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Fig. 3. Example MSCR Creep Strain Response as a Function of Time.  
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Fig. 4. The HWTT Device. 

 

Figure 4 Click here to access/download;Figure;Figure 4_FiNaL.pdf
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Fig. 5. Typical HWTT Rutting Response-Curve. 

 

Figure 5 Click here to access/download;Figure;Figure 5_FiNaL.pdf
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Fig. 6. Standard MSCR Curve to Assess Asphalt-Binder Elastic Response. 
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Fig. 7. HWTT Rutting Response-Curves.  
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Fig. 8. Total Rut Depth with Pavement Age. 
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Fig. 9. HMA Layer RD with Pavement Age. 
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Fig. 10. HMA Layer RD with Traffic Level.  
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(b)              

Fig. 11. MSCR-HWTT-Field Correlations: (a) Good to Very Good, (b) Very Poor to Fair.  

 



Fig. 1. The DSS Interface Screen and Test Section Locations. 

Fig. 2. Schematic of Three MSCR Load Cycles at Two Stress Levels. 

Fig. 3. Example MSCR Creep Strain Response as a Function of Time. 

Fig. 4. The HWTT Device. 

Fig. 5. Typical HWTT Rutting Response-Curve. 

Fig. 6. Standard MSCR Curve to Assess Asphalt-Binder Elastic Response. 

Fig. 7. HWTT Rutting Response-Curves. 

Fig. 8. Total Rut Depth with Pavement Age. 

Fig. 9. HMA Layer RD with Pavement Age. 

Fig. 10. HMA Layer RD with Traffic Level. 

Fig. 11. MSCR-HWTT-Field Correlations: (a) Good to Very Good, (b) Very Poor to Fair. 
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