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ABSTRACT 

Asphalt binders play a key role in the resistance of the asphalt mixture to failure by rutting, fatigue 

cracking and low-temperature cracking. With respect to rutting, the multiple stress creep and recovery 

(MSCR) test has been taken by researchers worldwide as an interesting alternative to estimate the 

susceptibility of the material to the accumulation of permanent strain (Jnr – nonrecoverable creep 

compliance) and the level of its elastic response (R – percent recovery), as well as its stress sensitivity 

and degree of nonlinearity (Jnr, diff – percent difference in nonrecoverable compliances). In addition to 

these parameters, the four-element Burgers model has been commonly used in the literature to fit the 

repeated creep data obtained in this test. The present study utilized the MSCR test to analyze the creep-

recovery behavior of asphalt binders modified with polyphosphoric acid (AC+PPA, PG 76-xx) and 

Elvaloy® terpolymer combined with PPA (AC+Elvaloy+PPA, PG 76-xx) at high pavement temperatures 

ranging from 52 to 76°C. A recent test protocol standardized by AASHTO (T350-14) was followed in 

the experiments, and rheological modeling of the data was made based on a seven-step procedure 

previously described elsewhere. Substantial increases in R and considerable decreases in Jnr are observed 

in the binder after the addition of PPA or a combination of Elvaloy® terpolymer and PPA, which can be 

translated into higher elastic responses (R values) and a much lower rutting potential in the field (Jnr 

values). This is especially remarkable for the AC+Elvaloy+PPA, which showed the best outcomes in 

the MSCR test, a high level of elasticity at the aforementioned pavement temperatures and a fairly low 

stress sensitivity. On the other hand, the parameter GV (viscous component of the creep stiffness) 

obtained from the Burgers model ranked the AC+PPA as the most rut resistant formulation at 

temperatures no greater than 58°C. Despite the fact that the results of the AC+PPA in the MSCR test 

are not as promising as the ones of the AC+Elvaloy+PPA, this formulation may be taken as an option 

to replace the base material on roads and highways with higher traffic levels and/or lower vehicle speeds, 

provided that the pavement temperatures are not higher than 64°C. 

 

Keywords: Elvaloy® terpolymer, polyphosphoric acid, MSCR test, performance grade, asphalt 

binder, Burgers model. 
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1. INTRODUCTION 
Permanent deformation (or rutting) is a very common distress mechanism found in flexible asphalt 

pavements. It is typically characterized by surface depressions in the wheelpath and, in some cases, 

pavement uplift (mixture shearing) may occur along the sides of these depressions. The appearance 

of rutting in the pavement can be explained by the accumulation of thousands of small permanent 

strains after the passage of each axle load and, after a period of time, these strains become particularly 

visible. Very high temperatures and slow vehicle speeds are the most relevant factors that accelerate 

the formation of rutting in the traffic lanes, provided that the pavement design criteria are adequate 

and were fully satisfied during construction. If these technical conditions are not observed (e. g., the 

asphalt mixture is not sufficiently compacted and/or the pavement structure is not appropriate for the 

estimated traffic loads and levels along the service life), then rutting may not be restricted to the 

surface layer and the maintenance program will demand more severe interventions. Pavements with 

high levels of rutting lead to hazardous driving conditions, since they can cause vehicle hydroplaning 

in the rainy days and pull the vehicle towards the depression path. In general, depressions lower than 

0.33 in (≈ 0.84 cm) are not a matter of significant concern and can be left untreated (Pavement 

Interactive, 2008). 

In a laboratory scale, rutting tests can be carried out either on mixture samples or binder samples. The 

mixture tests include dynamic modulus (Li et al., 2010; Witczak et al., 2002), flow number (Apeagyei, 

2014; Onofre et al., 2013; Wasage et al., 2009), accelerated loading facilities (D’Angelo et al., 2007; 

Kim et al., 2009; Reinke, 2010; Wasage et al., 2011) and triaxial repeated creep tests (Borges, 2014; Xu 

et al., 2014), among other ones. The binder tests include dynamic oscillatory shear and repeated creep 

tests, most of which were standardized by the American agencies ASTM and AASHTO and added to 

the binder specifications in the United States (ASTM D6373 and AASHTO M320 standards). With the 

advent of the Superpave® specification and devices in the 90’s (Roberts et al., 1996) and its further 

refinements, researchers have markedly changed their protocols and test methods for studying the rutting 

performance of asphalt binders, especially the modified ones. Several changes in these test protocols 

and binder rutting parameters have been proposed in the literature; however, many of them were not 

included in the specifications due to controversies over their applicability, fundamental concepts and 

lack of correlation with asphalt mixture data. An in-depth discussion on this topic can be found in 

another paper from the authors (Domingos and Faxina, 2015b). 

The multiple stress creep and recovery (MSCR) test, pronounced as “massacre” by some researchers 

(Gierhart, 2013), is a quite recent innovation for characterizing the binder rutting behavior and 

quantifying its susceptibility to the accumulation of permanent strain under traffic loading. It was 

developed by the United States Federal Highway Administration (FHWA) as a result of many studies 

and refinements in the repeated creep and recovery test (RCRT) proposed by Bahia et al. (2001). In the 

original protocol, the MSCR test is comprised by ten creep-recovery cycles at each of the 11 stress levels 

ranging from 0.025 to 25.6 kPa. The stress level is doubled as soon as these creep-recovery cycles are 

applied on the sample, and there are no time lags between one stress level and the other neither between 

one loading-unloading cycle and the other (D’Angelo, 2009; D’Angelo et al., 2007). The 

standardizations of the MSCR test by ASTM (designation D7405) and AASHTO (designations TP70 

and T350) took into account only two of these original stress levels, i. e., 0.1 and 3.2 kPa. It is 

questionable as to whether such stress levels represent the actual loading levels experienced by the 

binder in the pavement, since they have an arbitrary nature (Delgadillo et al., 2012) and many studies 

have indicated that the correlations between the outcomes of the MSCR test and the rutting 

measurements on asphalt mixtures are good when very high stress levels – 10 kPa or higher – are applied 

on the binder sample (D’Angelo et al., 2007; Golalipour, 2011; Wasage et al., 2011). 
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Basically, three parameters can be calculated from the accumulated strains measured by the dynamic shear 

rheometer (DSR) during the MSCR test. The first is the percent recovery R, which is an indication of the 

elastic response of the asphalt binder and the presence of polymer networks within the binder phase. Higher 

R values are expected to correlate with formulations with extensive cross-linking and greatest extent of 

polymer structure, as previously observed by D’Angelo and Dongré (2009) in fluorescence micrographs. 

The second is the nonrecoverable creep compliance Jnr, which has been accepted as the new binder rutting 

parameter in the Superpave® specification (AASHTO M320-09 and later versions) instead of the original 

G*/sinδ (complex modulus G* divided by the sine of the phase angle δ) from the oscillatory shear test. 

Finally, the percent difference in nonrecoverable compliances (Jnr, diff) provides an estimate of the stress 

sensitivity of the asphalt binder and its degree of nonlinear response at higher stress levels, since it 

represents the percentage of increase in Jnr when the stress level increases from 0.1 to 3.2 kPa. The 

Superpave® specification establishes that the Jnr, diff value cannot be greater than 75% at the maximum 

expected pavement temperature. This limitation was accepted in order to minimize the risk of 

accumulating large amounts of permanent strain under unpredicted loading and temperature conditions, as 

well as to control the degree of nonlinearity in the response of the binder. 

In addition to calculating the parameters R, Jnr and Jnr, diff and correlating them with mixture data and the 

extent of polymer network in the formulation, one can also study the creep-recovery response of the asphalt 

binder based on rheological models. Bahia et al. (2001) offered this alternative to develop a new rutting 

parameter in the binder scale – the viscous component of the creep stiffness (GV) – and, some years later, 

Delgadillo et al. (2006) showed a draft version of the Superpave® specification based on GV and minimum 

values for this parameter as a function of the traffic level. The parameter GV is given by the ratio of the 

isolated dashpot element of the Burgers model (parameter ηM in Figure 1) to the total loading time tF, see 

Equation 1. This model was also used in many further studies (D’Angelo et al., 2007; Domingos and 

Faxina, 2015a; Golalipour, 2011; Hajikarimi et al., 2015) with varying purposes, e. g., to calculate the 

impact of different loading-unloading times on the repeated creep response of polyethylene-modified 

binders (Domingos and Faxina, 2015a) and to compare the rankings of rubber-modified materials based 

on GV with the ones based on G*/sinδ and the zero shear viscosity (Hajikarimi et al., 2015). 

 

Figure 1: Schematic representation of the Burgers model. 

 �� � ����  (1) 

Although it is known that the four-element Burgers model has some technical limitations – it is a linear 

viscoelastic model – and cannot account for all of the relaxation mechanisms of the binder due to the 

presence of only one relaxation time in the equations (Krishnan and Rajagopal, 2005), it makes it possible 

to easily identify the three major components of the total strain in the binder during a creep-recovery cycle. 
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These components can be summarized as follows: (i) the instantaneous elastic strain, which is recovered 

as soon as the load is removed; (ii) the viscous strain, which remains in the sample when the load is 

removed; and (iii) the delayed elastic strain, which is recovered with time. Equation 2 gives the 

accumulated strain ε(t) in the creep portion of the cycle, whereas Equation 3 provides the accumulated 

strain in the recovery portion of the cycle (Liu and You, 2009). In both equations, σ0 is the applied stress, 

EM is the isolated spring element (instantaneous elastic strain), ηM is the isolated dashpot element (viscous 

strain) and the spring and dashpot elements EK and ηK dictate the amount of delayed elastic strain. Together 

with the presentation of the equations for each of the portions of the creep-recovery cycle, Liu and You 

(2009) also showed a seven-step procedure for determining the elements of the model. This simple and 

effective technique was employed by the authors in a previous paper (Domingos and Faxina, 2015a) and, 

due to the great degree of success, it will be adopted in the present study as well. 

 �	�
 � ��� + �� × �
�� + ��� × �1 − ����×��� � (2) 

 �	�
 � �� × �
�� + ��� × �1 − ����×���� � × ����×	����
��  (3) 

1.1. Objectives 
The piece of research described herein mainly aims at studying the creep-recovery response of asphalt 

binders modified with polyphosphoric acid (PPA, AC+PPA) and a combination of Elvaloy® terpolymer 

with PPA (AC+Elvaloy+PPA) in the MSCR tests and, based on the results and the climatic conditions in 

Brazil (Leite and Tonial, 1994) and the United States (Asphalt Institute, 2010), to choose the best 

formulation for paving applications. The secondary objectives of the study include the following: 

• to compare the rankings of binders from the most to the less resistant to rutting based on the numerical 

values of the parameters Jnr, G*/sinδ and GV and report the differences and similarities among them; 

• to evaluate the level of elasticity of the formulations with reference to their Jnr values at 3.2 kPa (Asphalt 

Institute, 2010; Gierhart, 2013) and high pavement temperatures typically found in Brazil (Leite and 

Tonial, 1994) and the United States (Asphalt Institute, 2010); and 

• to report the advantages and disadvantages of binder modification with PPA and Elvaloy+PPA based 

on the numerical results and discussions in the scientific literature. 

2. EXPERIMENTAL PLAN 
A 50/70 base asphalt binder supplied by the Lubnor-Petrobras refinery (Fortaleza, Ceará, Brazil) was 

used to prepare the formulations with PPA and Elvaloy+PPA. This base binder has a colloidal instability 

index (IC) of 0.72 and percentages of saturates, aromatics, resins and asphaltenes – SARA fractions – 

equal to 15.57%, 31.78%, 26.29% and 26.37%, respectively (Pamplona, 2013). It is graded as PG 64S-

xx in the revised version of the Superpave® specification, as given by the AASHTO M320-09 standard 

and its later versions. The true grade of the binder is equal to 66.3°C. Table 1 provides the modifier 

contents, the PG grades and the corresponding true grades of the AC+PPA and the AC+Elvaloy+PPA, 

as well as some processing variables. These contents were chosen such that the true grades fall between 

76.0 and 78.0°C, and therefore the degrees of stiffness are approximately the same for both formulations. 

A Fisatom 722D low-shear mixer was used to mix the modifier (s) with the base material. 

Some characteristics of the additives and the short-term aging process can be pointed out as follows. The 

4170 ethylene butyl acrylate glycidylmethacrylate (Elvaloy®) terpolymer was supplied by DuPontTM and 

has a maximum processing temperature of 280°C, density of 0.94 g/cm3 and a melting point of 72°C. The 
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Innovalt® E200 polyphosphoric acid was supplied by Innophos Inc. (Cranbury, NJ, United States). Finally, 

the short-term aging procedure was carried out in the rolling thin-film oven (RTFO) by following the steps 

described in the ASTM D2872-04 standard. Approximately 35 ± 0.5 g of asphalt binder was poured into 

a cylindrical glass bottle and stored in a rolling oven at 163°C for 85 min. This procedure is expected to 

simulate aging of the asphalt binder during mixing with the aggregates in the plant and compaction in the 

field pavement. 

Table 1: Modifier contents, processing variables and Performance Grades (PG) of the formulations. 

description of the variable AC+PPA AC+Elvaloy+PPA 

Elvaloy® content (% by mass) - 1.6 

PPA content (% by mass) 2.0 0.5 

PG grade (M320-09, Table 3)a 76H-xx 76V-xx 

true or continuous grade (°C) 77.8 76.6 

mixing temperature (°C) 130 190 

mixing time (min) 30 120b 

rotation speed in the mixer (rpm) 300 300 

a The letters right after the high PG grades of the binders identify the acceptable traffic level at such temperatures, namely, 

standard (S), heavy (H), very heavy (V) and extremely heavy (E). 
b The polyphosphoric acid (PPA) was added to the AC+Elvaloy after 60 min of mixing time. 

2.1. Laboratory Tests and Rutting Parameters 
The binder tests are comprised by the dynamic oscillatory shear and the MSCR tests at the temperatures 

of 52, 58, 64, 70 and 76°C. An AR-2000ex DSR supplied by TA Instruments was used in these 

experiments. The oscillatory shear protocol consists of applying sinusoidal loads in a 25-mm short-term 

aged binder sample at a fixed frequency of 10 rad/s (≈ 1.59 Hz). Five data points (G* and δ values) were 

collected at each temperature, and then the parameter G*/sinδ was calculated and the results were averaged 

for the two replicates. The MSCR tests were conducted in accordance with the most recent protocol in the 

AASHTO standards (AASHTO T350-14), i. e., 20 creep-recovery cycles at 0.1 kPa followed by 10 more 

cycles at 3.2 kPa were applied on the aged sample at each of the aforementioned temperatures. The last 10 

cycles at 0.1 kPa and all the cycles at 3.2 kPa were used to calculate the parameters R (percent recovery), 

Jnr (nonrecoverable compliance) and Jnr, diff (percent difference in nonrecoverable compliances). Equations 

4-6 give details about the calculations of these parameters, in which σ0 is the applied stress, ε0 is the strain 

at the beginning of the creep portion of the cycle, εC is the strain in the end of this creep portion, εR is the 

strain in the end of the recovery portion, Jnr100 is the nonrecoverable compliance at 0.1 kPa and Jnr3200 

is the nonrecoverable compliance at 3.2 kPa. 

 �	%
 � 100 × [	� − ��
 − 	�! − ��
]� − ��  (4) 

 #$% � �! − ����  (5) 

 #$%,'())	%
 � 100 × #$%3200 − #$%100#$%100  (6) 

The Burgers model was used to fit the creep-recovery data of all the samples – original and replicate 

ones – as provided by the MSCR tests and the formulae shown in Equations 2-3. The rutting parameter 
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GV (Equation 1) was determined at the two last cycles and the stress level of 0.1 kPa (i. e., 19th and 20th 

cycles), which is not exactly the same protocol followed by Bahia et al. (2001). These last two cycles 

were selected in an attempt to be as close to the steady state condition of the binder as possible, whereas 

the value of 0.1 kPa is within the interval of stress levels suggested by Bahia et al. (2001) in the original 

RCRT protocol (from 30 to 300 Pa). The final GV value was taken as the average of the two replicates 

tested for each formulation and pavement temperature. 

In addition to the rutting parameters, the modified materials were also analyzed with respect to their 

level of elasticity (Asphalt Institute, 2010; Gierhart, 2013). The analysis of this level of elasticity makes 

it possible to have an idea about the extent and the distribution of polymer networks within the 

formulation. If the R value is higher than a minimum required value for the binder as a function of Jnr at 

3.2 kPa and the high pavement temperature, then the binder will be classified as a “material with high 

elasticity”. Similarly, R values lower than this minimum value based on Jnr at 3.2 kPa will lead the binder 

to be classified as “material with poor elasticity”. It may be important to note that this procedure can be 

applied only when the parameter Jnr is no greater than 2.0 kPa-1 in such test conditions. 

3. PRESENTATION OF RESULTS AND DISCUSSION 

3.1. MSCR Tests and Levels of Elasticity 
Figures 2-3 and Table 2 provide the outcomes of the MSCR tests for the base binder, the AC+PPA and 

the AC+Elvaloy+PPA at all temperatures, namely, percent recovery (Figure 2), nonrecoverable 

compliance (Figure 3) and percent difference in nonrecoverable compliances (Table 2). As it can be 

seen, binder modification with PPA and Elvaloy+PPA substantially increased the R values and markedly 

decreased the Jnr values within the whole temperature range and at both stress levels, especially for the 

Elvaloy-modified material. With respect to the Jnr, diff values, it can be observed that the AC+PPA is 

much more stress sensitive than the 50/70 base binder (results range from 9 to 61%), and also that the 

AC+Elvaloy+PPA shows a quite similar interval of Jnr, diff values when compared to the base material. 

However, the pattern behavior of the Jnr, diff values is not the same for the unmodified binder and the 

AC+Elvaloy+PPA: while these values typically increase with increasing test temperature for the former, 

they gradually decrease with increasing temperature for the latter. None of the formulations studied in 

this paper are overly stress sensitive according to the Superpave® binder criterion (parameter Jnr, diff no 

greater than 75%) at any of the selected pavement temperatures, which makes it possible for them to be 

used for paving applications. 

The promising results of the AC+Elvaloy+PPA are closely related to the characteristics of the Elvaloy® 

terpolymer and its reaction with the base asphalt binder. Due to the chemical nature – a combination of 

ethylene, glycidylmethacrylate (GMA) and an ester group (in this case, butyl acrylate), in which 

ethylene is the main component – and the improved polarity of the polymer chain, the modifier is able 

to react with functional groups present in the binder (e. g., the carboxylic ones) and considerably change 

its rheological properties. It is suggested that this modification process takes place when the oxiranic 

ring of GMA reacts with the functional groups of the binder. The result is a polymer-linked-asphalt 

system with enhanced rheological properties, provided that the polymer content is not high enough to 

cause inter-chain reactions among the polymer macromolecules and lead to the formation of a useless 

asphalt gel (Polacco et al., 2006, 2015). With respect to PPA, it typically increases the high PG grade of 

the asphalt binder without affecting the low PG grade. Also, the use of PPA makes it possible to obtain 

modified asphalt binders with PG grades similar to those modified with polymer alone, but with lower 

polymer contents. This is the case of the present study, in which a very small amount of PPA was enough 

to decrease the Elvaloy® content and improve the workability of the formulation without changing the 



 
 

 

  7(12) 

PG grade of 76-xx. Some literature reviews point out that the effects of PPA on asphalt binders are 

somehow comparable to those of air-blowing (Polacco et al., 2015). 

 

Figure 2: Percent recoveries of the asphalt binders at 0.1 kPa (R100) and 3.2 kPa (R3200). 

 

Figure 3: Nonrecoverable compliances of the asphalt binders at 0.1 kPa (Jnr100) and 3.2 kPa (Jnr3200). 

Table 2: Percent differences in nonrecoverable compliances (Jnr, diff) of the asphalt binders. 

asphalt binder 
Jnr, diff values at each temperature (%) 

52°C 58°C 64°C 70°C 76°C 

base binder (AC) 3.9 11.9 9.5 11.3 12.2 

AC+PPA 9.3 14.4 29.1 49.8 60.9 

AC+Elvaloy+PPA 15.9 13.4 7.0 6.2 5.4 

The MSCR test data in Figures 2-3 indicate that either PPA or Elvaloy+PPA have a marked effect on 

the parameters R and Jnr at pavement temperatures up to 64°C. However, the AC+Elvaloy+PPA is the 

only formulation that still depicts very high R values at the temperatures of 70 and 76°C. The values are 
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no lower than 59% for this formulation, whereas they do not achieve 20% for the AC+PPA at 3.2 kPa 

and temperatures higher than 64°C. These broad differences between the modified binders are also 

clearly observed for the parameter Jnr at the highest MSCR test temperatures (64, 70 and 76°C), in which 

the results of the AC+PPA are about two times higher than the ones of the AC+Elvaloy+PPA for the 

same stress level. In other words, an increase in the test temperature leads to a more clear distinction 

between the effects of the modifier (s) on the repeated creep responses of the formulations. 

Figure 4 shows the levels of elasticity of the AC+PPA and the AC+Elvaloy+PPA. The temperatures of 

64 and 70°C are typically found in many regions of Brazil (Leite and Tonial, 1994). The other 

temperatures are commonly observed in the United States except for the highest one (76°C), which is 

restricted to a few locations in the southwest portion of the country (Asphalt Institute, 2010). Even 

though the maximum expected pavement temperature is much lower than 76°C, a modified asphalt 

binder with a high PG grade of 76-xx may be required due to other reasons such as severe traffic 

conditions, i. e., high percentages of heavy vehicles and/or very low traffic speeds. As it can be inferred 

from the data points, the AC+Elvaloy+PPA shows a high level of elasticity at all pavement temperatures 

(results are above the boundary line) and the AC+PPA shows a poor level of elasticity (results below 

the boundary line). This is in agreement with the above-mentioned discussion on the formation of an 

asphalt-polymer system in the AC+Elvaloy+PPA and, although the fluorescent micrographs are not 

reported here, it is believed that polymeric networks will be observed in the material, just like the ones 

observed by D’Angelo and Dongré (2009). 

 

Figure 4: Levels of elasticity of the AC+PPA and the AC+Elvaloy+PPA based on their results at 3.2 kPa. 

3.2. Rutting Parameters G*/sinδ and GV and Rankings of Binders 
Table 3 reports the numerical values of the parameters G*/sinδ and GV at each pavement temperature 

for the AC+PPA and the AC+Elvaloy+PPA. The results of the 50/70 base binder are also shown for 

comparison purposes. The rankings of the binders from the less to the most susceptible to rutting are 

given in Table 4, including the ones based on the nonrecoverable compliance at 3.2 kPa (Jnr3200, Figure 

3). It can be seen that these positions are not exactly the same for all the studied parameters, e. g., the 

parameter G*/sinδ ranks the AC+PPA as more rut resistant than the AC+Elvaloy+PPA within the whole 

temperature interval and the opposite is observed for Jnr3200. Also, the ranking based on GV precisely 

matches the one based on Jnr3200 at the temperatures of 64, 70 and 76°C: the AC+Elvaloy+PPA is the 
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most rut resistant material (1) followed by the AC+PPA (2) and the unmodified binder (3). This means 

that the suggestion of GV as a new binder parameter was an essential step towards a better understanding 

of the contribution of the binder to the resistance of the asphalt mixture to rutting. The use of G*/sinδ 

as a binder rutting parameter has been seriously questioned by many researchers worldwide not only 

because of the lack of correlation with mixture data, but also the scientific concepts involved in the 

oscillatory shear test (Domingos and Faxina, 2015b). 

Table 3: Parameters G*/sinδ (complex modulus over sine of the phase angle) and GV (viscous component of the creep stiffness) 

for the unmodified and modified binders. 

asphalt binder 
parameters G*/sinδ and GV (both in kPa) at each temperaturea 

52°C 58°C 64°C 70°C 76°C 

base binder (AC) 17.69 (3.26) 7.07 (1.21) 2.98 (0.46) 1.33 (0.19) 0.62 (-) 

AC+PPA 65.76 (32.49) 29.51 (12.99) 13.55 (5.05) 6.42 (2.02) 3.13 (0.79) 

AC+Elvaloy+PPA 25.55 (21.69) 12.50 (10.37) 6.47 (5.10) 3.53 (2.48) 2.01 (1.18) 

a The results are reported in the following order: parameter G*/sinδ (parameter GV). 

Table 4: Rankings of the binders from the less (1) to the most susceptible to rutting (3) based on the parameters G*/sinδ 

(complex modulus over sine of the phase angle), GV (viscous component of the creep stiffness) and Jnr3200 

(nonrecoverable compliance at 3.2 kPa). 

asphalt binder 
rankings of the binders based on G*/sinδ, GV and Jnr3200a 

52°C 58°C 64°C 70°C 76°C 

base binder (AC) 3 (3) [3] 3 (3) [3] 3 (3) [3] 3 (3) [3] 3 (-) [3] 

AC+PPA 1 (1) [1] 1 (1) [2] 1 (2) [2] 1 (2) [2] 1 (2) [2] 

AC+Elvaloy+PPA 2 (2) [1] 2 (2) [1] 2 (1) [1] 2 (1) [1] 2 (1) [1] 

a Position based on G*/sinδ (position based on GV) [position based on Jnr3200]. 

The results suggest that G*/sinδ is not a very reliable parameter to predict the rutting resistance of modified 

asphalt binders. The fact that the AC+Elvaloy+PPA is more rut resistant than the AC+PPA has also been 

observed by the authors in another study with these same modifiers and a different crude source (Replan-

Petrobras refinery), but with similar high PG grades (Inocente Domingos and Faxina, 2015). Mixture 

rutting tests carried out by Onofre et al. (2013) have indicated that the AC+PPA from the Replan-Petrobras 

refinery is less susceptible to the accumulation of permanent strain than the base material, but its rutting 

performance is much poorer than the one of the AC+Elvaloy+PPA. In summary, Jnr3200 was the parameter 

that underlined the superiority of the AC+Elvaloy+PPA over the AC+PPA at all temperatures with respect 

to the resistance to rutting. The same can be said for GV, but only at temperatures higher than 58 °C. 

4. MAJOR CONCLUSIONS 
Based on the results and analysis of data reported in this paper, the following conclusions can be reached: 

• asphalt binder modification with PPA and Elvaloy+PPA had a marked effect on the percent recoveries 

(R) and the nonrecoverable compliances (Jnr) of the 50/70 base asphalt binder, i. e., substantial 

increases in the elastic response and marked decreases in the susceptibility to rutting could be observed 

at typical high pavement temperatures (from 52 to 76°C) after the addition of PPA and a combination 

of Elvaloy® terpolymer and PPA, especially for the AC+Elvaloy+PPA; 
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• the stress sensitivity of the AC+Elvaloy+PPA (range of Jnr, diff values) was very close to the one of the 

50/70 base binder, whereas the AC+PPA showed much higher percentages of increase in Jnr after the 

increase in the stress level from 0.1 to 3.2 kPa; however, none of the selected materials overcame the 

upper limit of 75% set by the Superpave® specification; 

• the AC+Elvaloy+PPA showed a high level of elasticity within the whole temperature interval, whereas 

the AC+PPA showed a poor level of elasticity at these same temperatures; 

• the rankings of the asphalt binders from the less to the most susceptible to rutting based on the 

parameter G*/sinδ (complex modulus G* divided by the sine of the phase angle δ) and the ones based 

on GV (viscous component of the creep stiffness) and Jnr at 3.2 kPa (Jnr3200) reflected substantial 

differences between them: while the parameter G*/sinδ ranked the AC+PPA as more rut resistant than 

the AC+Elvaloy+PPA, an opposite trend was observed when GV and Jnr3200 were used (the 

AC+Elvaloy+PPA is less susceptible to rutting than the AC+PPA); 

• the correlations between the results presented in this study and the ones published elsewhere 

(Inocente Domingos and Faxina, 2015; Onofre et al., 2013) indicated that the AC+Elvaloy+PPA is 

less prone to rutting than the AC+PPA, which is in agreement with the rankings based on GV 

(temperatures higher than 58°C) and Jnr3200; and 

• the AC+PPA may be taken as an alternative to increase the rutting resistance of the asphalt binder 

in the pavement, but its use is recommended only at some pavement temperatures (no greater than 

64°C); on the other hand, the AC+Elvaloy+PPA can be used at any pavement temperature studied 

in this paper due to the very promising results of the parameters R (very high elastic responses), Jnr 

(much lower susceptibility to rutting) and Jnr, diff  (stress sensitivity is comparable to the one of the 

base asphalt binder). 
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