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 ABSTRACT  

It is s�ll a challenge to produce recycled asphalt mixtures with increased contents of 

reclaimed asphalt pavement (RAP) without compromising field performance. On hot 

and warm recycling, the RAP binder is ac�vated, but the amount that truly interacts with 

the fresh binder is unknown. The present study describes the applica�on of a staged 

extrac�on laboratory procedure to evaluate the homogeneity of the binder film in two 

plant-produced warm mixtures, one containing 25% RAP and the other without RAP 

(control mixture). The “layers” of binder obtained through the procedure were tested in 

the Dynamic Shear Rheometer. Results showed a progressive varia�on of the parame-

ters for the 25% RAP mixture, which was not observed for the control mixture. The pro-

cedure was useful to determine binder homogeneity in recycled mixtures, which can be 

related to the degree of blending between RAP and fresh binders, providing useful in-

forma�on to ensure adequate field performance. 

 

RESUMO   

A produção de misturas asfál�cas com teores elevados de material fresado (RAP) sem 

prejuízo ao desempenho em campo ainda é um desafio. Nas reciclagens a quente e 

morna, o ligante presente no RAP é a�vado, mas não se sabe quanto dele efe�vamente 

interage com o ligante novo. Neste trabalho, é aplicado um procedimento laboratorial 

de extração por etapas que busca avaliar a homogeneidade do ligante asfál�co em duas 

misturas mornas produzidas em usina, uma delas com 25% RAP e a outra sem RAP (mis-

tura de controle). As “camadas” de ligante ob�das foram testadas no Reômetro de Ci-

salhamento Dinâmico. Os resultados mostraram que, para a mistura com 25% RAP, os 

parâmetros analisados variaram de forma progressiva, diferente da mistura de controle. 

O procedimento se mostrou ú�l para avaliar a homogeneidade do ligante, o que está 

relacionado ao grau de interação entre ligantes e pode ser usado para assegurar um 

bom desempenho.  
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1. INTRODUCTION AND BACKGROUND 

Reclaimed asphalt pavement (RAP) has become a valuable material for the paving industry, due 

to the potential for reducing costs and the environmental bene�its of using it in new layers of 

pavement. It is possible to apply this material in different ways, such as in granular layers or 

incorporating it to stabilized materials. When it is used in the surface layer, through hot and 

warm recycling processes, it can replace the most expensive materials, in particular the asphalt 

binder (Copeland, 2011). During hot and warm recycling RAP, binder is mobilized, or activated, 

therefore it can replace part of the asphalt binder that would be added to the mixture (Zaumanis 

e Mallick, 2015). However, applying high contents of RAP can be detrimental to �ield perfor-

mance and one motive is the insuf�icient comprehension about the complex mechanisms that 
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are involved in the blending between RAP and fresh binders (Lo Presti et	al., 2016). The content 

of virgin asphalt binders is determined on mix design assuming a perfect blending between 

both binders, but previous studies have con�irmed that what happens in practice is a partial 

blending (Shirodkar et	al., 2011; Huang et	al., 2005; Navaro et	al., 2012; Zhao et	al, 2015a). 

 Aiming to assess the degree of blending between binders, researchers have applied a labor-

atory procedure called staged or progressive extraction, in which the asphalt mixture is sub-

jected to binder extraction in a way that sequential layers of binder are extracted and recovered, 

so that the homogeneity of the binder is analyzed (Zhao et	al, 2015b). The binder homogeneity, 

in turn, can be used as an indicator of the level of blending between RAP binder and fresh binder, 

which is important to ensure adequate �ield performance of the recycled mixture, especially at 

high RAP contents. An illustration of the staged extraction process executed in three steps, as it 

is done in the present study, is provided in Figure 1. 

 

BLACK ROCK FULL BLENDINGPARTIAL BLENDING

0 % 100 %

 
Figure 1. Illustration of the three blending scenarios 

 

  The staged extraction method was initially applied by Zearley (1979) to prove that the 

blending between binders was not homogeneous in a sample of RAP covered with virgin asphalt 

binder. The same approach was used in other studies in the 1980s to verify the blending be-

tween RAP binder and rejuvenating agents (Bowers et	al., 2014a; Soleymani et	al., 2000). The 

procedure was also used by Huang et	al. (2005), who concluded that part of the RAP binder 

remains bonded to the aggregates instead of blending with the virgin binder. More recent stud-

ies applied the staged extraction process and analyzed the recovered binders using different 

methods, such as gel permeation chromatography, Fourier-transform infrared spectroscopy, UV 

spectroscopy and rheological tests, and con�irmed that staged extraction is a useful tool to in-

vestigate the heterogeneity of the binder �ilm in recycled asphalt mixtures (Bowers et al, 2015; 

Carpenter e Wolosick, 1980; Eddhahak-Ouni et	al., 2012; Noureldin e Wood, 1987). 

 Despite the relevant �indings of previous studies that applied the staged extraction method, 

these studies have used a variety of different procedures and equipments, what makes it dif�i-

cult for other research groups to choose the best procedure and reliably reproduce them. From 

that perspective, a previous study by Gaspar et	al. (2017) intended to develop and establish one 

staged extraction method using standard re�lux extraction equipment. After preliminary tests, 

it was concluded that it is necessary to adjust the length of each of the extraction steps, to 

achieve more consistent results. With this scenario in mind, the present study aimed to assess 

the capability of the same staged extraction method, after adjusting the period of each step of 

extraction, to evaluate binder homogeneity in a recycled asphalt mixture containing 25% of 

RAP, produced at the plant, while comparing the results to those of a control mixture without 

RAP, produced at the same plant and with the same materials. 
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2.  MATERIALS AND METHODS 

2.1. Materials 

In this study, two plant-produced warm asphalt mixtures were used. Both mixtures were pro-

duced using basalt aggregates, a neat asphalt binder (penetration grade 30/45) and surfactant 

additive (0.4% by weight of total binder). In one of the mixtures (WMA 25% RAP), 25% by 

weight of the aggregates were replaced by RAP, while the control mixture (WMA 0% RAP) was 

produced without RAP. Hydrated lime was applied as �iller and anti-stripping agent. The char-

acterization of the new asphalt binder used is provided in Table 1. 

 

Table 1 – Characteristics of the virgin asphalt binder 

Parameter Result Requirements (Brazilian specifica�on DNIT 095/2006) 

Penetra�on at 25°C (0.1 mm) 37 30-45 

SoSening point (°C) 53 min. 52 

Flash point (°C) 350 min. 235 

Density at 25°C (g/cm³) 1.008 - 

Brookfield viscosity at 135°C (cP) 528 min. 374 

Brookfield viscosity at 150°C (cP) 248 min. 203 

Brookfield viscosity at 177°C (cP) 84 76-285 

 

 These asphalt mixtures were produced as part of another research study that aimed to eval-

uate the feasibility of using warm-mix asphalt technology to produce recycled mixtures with 

increased RAP contents in conventional batch plants in Brazil, and both were applied as surface 

layers in the rehabilitation of two test sections (Gennesseaux, 2015). For the present study, sam-

ples of the produced asphalt mixtures were collected, during �ield application, and taken to the 

laboratory. The RAP used was characterized prior to mix design, and the binder content was 

5.0%, as a result of the ignition test method (ASTM D6307-16). Further information about the 

materials characterization and mix design are available in Gaspar et	al. (2019) and Lopes et	al. 

(2016). 

 The binder content determined during mix design was 4.7%, of total weight of mixture. For 

the mixture containing RAP, a full blending scenario was assumed, and the RAP binder replaced 

25.3% of the virgin binder. Therefore, the virgin binder content added to the recycled mixture 

(WMA 25% RAP) was 3.5%, while the remaining 1.2% were composed by the RAP binder. Mix-

tures were produced in a batch plant that was previously adapted for handling RAP materials. 

For the WMA 25% RAP mixture, RAP was added to the mixture at ambient temperature, and 

was heated through the contact with the virgin aggregates, which were superheated at 180°C. 

The mixing was conducted at 140°C. 

2.2. Staged extrac9on and recovery 

The staged extraction method applied was based on the re�lux extraction procedure (method B 

of the standard ASTM D2172-11). The same extraction apparatus was used (with one metal 

cone frame only, as represented in Figure 2a), but the standard extraction procedure was inter-

rupted twice until the sample was fully washed. By the end of the �irst and second steps of ex-

traction, the solution composed of trichloroethylene and asphalt binder was gathered and re-

placed by new solvent. That way, the asphalt binder that covered the aggregate particles of the 

sample is assumed to be split in three layers. As illustrated in Figure 2b, the external layer is 
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extracted during the �irst step (Step 1 of extraction), and the internal layer is obtained in the 

�inal wash (Step 3 of extraction). Step 2 consists in the extraction of the intermediate layer of 

asphalt. The aim of this laboratory procedure is to evaluate the properties of the extracted lay-

ers and, from that, obtain an indication of the homogeneity of the binder layers, which is sup-

posed to be related to the degree of blending of the binders. 

 

  
 (a) 

  
 (b) 

Figure 2. Illustration of (a) the extraction apparatus and (b) the staged extraction procedure 

 

 Inspired by studies available in the literature (Huang et	al., 2005; Zhao et	al., 2015b; Carpen-

ter e Wolosick, 1980; Eddhahak-Ouni et	 al., 2012; Noureldin e Wood, 1987; Bowers et	 al., 

2014b), the procedure is an effort to separate the layers of the binder in a more controlled way. 

The process applied was introduced in a previous paper by Gaspar et	al. (2017), where it is 

described in more detail, and which concluded that the length of the extraction steps should be 

adjusted. In that case, the �irst and the second steps of extraction were conducted for 20 minutes 

each, counting from the moment the solvent began to drip from the condenser, and the third 

step was conducted until the aggregates were completely washed. However, more than half of 

the total binder in the sample was extracted already in the �irst wash, and only 18% was ob-

tained in the third wash, after the binders were recovered through the Abson method (ASTM 

D1856-09). Since the idea was to obtain similar amounts of binder in each of the extraction 

steps, it was decided that an adjustment in the extraction times was needed. It was observed, 

however, that the rate of binder extraction can vary, depending on the asphalt mixture analyzed, 

so different extraction times might be necessary for different mixtures. 

 In this paper, staged extraction was conducted using three sets of re�lux extraction equip-

ment, that were used simultaneously. On each of them, 500 g of asphalt mixture was used, to-

talizing 1500 g of asphalt mixture. The samples were inserted in the metal cone frame, covered 

Condenser

Metal frame with filter paper

Trichloroethylene solvent

Electric hot plate
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with �ilter paper, and each extraction set was placed on an electric hot plate, turned on at  

approximately 200°C. The procedure was carried out during 10 minutes on Step 1 and 20 

minutes on Step 2, for the WMA 25% RAP mixture, and 5 minutes on Step 1 and 10 minutes on 

Step 2, for the WMA 0% RAP mixture. For both mixtures the third and last extraction step was 

conducted until the aggregates were completely washed. These times were counted from the 

moment that the solvent began to drip from the condenser, in the top of the extraction appa-

ratus, and were selected using trial and error. For these extraction times, the amount of binder 

obtained in each step is presented in Figure 3, being as close as possible to the ideal situation. 

After each step, the solution obtained was collected, passed in a laboratory centrifuge to remove 

�ine aggregate residues, and the asphalt binder in each of them was recovered using the stand-

ard Abson recovery method ASTM D1856-09. 

 

  
          (a)                                                                              (b) 

Figure 3. Relative amount of binder extracted and recovered at each step of the process for (a) WMA 0% RAP and (b) 

WMA 25% RAP  

2.3. Rheological tests 

The asphalt binders obtained from each extraction step, for both asphalt mixtures (WMA 0% 

RAP and WMA 25% RAP) were analyzed in the Dynamic Shear Rheometer (DSR), using  

temperature-frequency sweep oscillatory test. These tests, used to obtain the linear viscoelastic 

properties, dynamic shear modulus (|G*|) and phase angle (δ), were carried out from 0.1 to 10 

Hz and from 5°C to 80°C. Two parallel-plate geometries were used: 8 mm diameter with 2 mm 

gap for temperatures below 40°C, and 25 mm diameter with 1 mm gap for temperatures above 

40°C. Tests were executed in strain-controlled mode (0.1% strain), ensuring that the materials 

behavior was kept within the linear viscoelastic region. The recommendations provided in the 

speci�ication ASTM D7175-15 were followed. The obtained data were used to construct master 

curves of dynamic shear modulus |G*| and phase angle δ, at the reference temperature of 15°C. 

 The binders were also subjected to the Multiple Stress Creep and Recovery (MSCR) test and 

the Linear Amplitude Sweep (LAS) test, which are originally used to evaluate rutting and fatigue 

potential of asphalt binders, respectively. In the MSCR test (ASTM D7405-15), the sample is 

loaded with a constant creep stress for 1 s and rests for 9 s, and this cycle is repeated 20 times 

for the stress level of 100 Pa (the �irst 10 for sample conditioning) and 10 times for the stress 

of 3,200 Pa. The parameters Jnr (non-recoverable compliance) and R% (recovery) are reported 

at the end of the test, and indicate the susceptibility of the sample to rutting under a cyclic load, 

assessing its behavior when subjected to strain levels that take its behavior outside of the linear 

viscoelastic region. In this study, the MSCR tests were conducted at 70°C. The temperature for 

the MSCR test was de�ined aiming to obtain values for the Jnr within the range that is more fre-

quent on the evaluation of asphalt binders, which is between 1.0 and 4.0 kPa-1. 
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 The LAS test is also applied to evaluate the behavior of the asphalt sample outside of the 

linear viscoelastic region, in order to evaluate fatigue cracking susceptibility of the asphalt 

binder. The test follows the AASHTO TP 101 procedure, and is performed in two steps. First, a 

frequency sweep is conducted, from 0.2 to 30 Hz and applying an oscillation strain of 0.1%. 

Then, a linear amplitude strain sweep is applied (from 0 to 30%) at 10 Hz. The failure criterion 

was de�ined as the point where the maximum shear stress is reached. The fatigue curve, which 

is the �inal result of the test, is obtained by analyzing the obtained data through the simpli�ied 

viscoelastic continuum damage (S-VECD) principle and calculating the damage characteristic 

curve (C x S), which is a plot of the integrity (C) and the damage (S) of the specimens until  

failure. All the tests were conducted at 20°C. 

 It is important to recognize that both the MSCR and the LAS tests, in the present study, are 

not applied with their original purposes of binder performance evaluation. They are applied 

here as tools to characterize the heterogeneity between each of the extraction steps in different 

loading situations, and not to predict �ield rutting or fatigue of the materials.  

3.  RESULTS AND DISCUSSION 

3.1. Temperature-frequency sweep 

Master curves of |G*| and δ constructed as result of the temperature-frequency sweep tests for 

the binders obtained in each of the extraction steps are shown in Figure 4 and Figure 5, respec-

tively. For the WMA 25% RAP mixture, it is possible to observe that the binder becomes stiffer 

as the extraction process goes on, what is consistent with the hypothesis that the latter stages 

of extraction (inner layers of binder) contain higher amounts of RAP binder due to the partial 

blending between binders. The binder obtained in Step 1 shows lower values of |G*|, and this 

parameter tends to increase in Step 2, and even more in Step 3, as the amount of RAP binder 

increases. This difference between layers of binder is also observed in the shape of the |G*| 

master curve, which becomes �latter as the amount of RAP binder increases. This happens be-

cause more oxidized materials show a more gradual transition from elastic behavior to steady-

state �low, what translates in a �latter master curve (Mogawer et	al., 2017). Due to this change 

in the shape of the master curves, the difference of stiffness between the binders is more pro-

nounced in the low-frequency end of the master curves, which is also related to higher  

temperatures. 

 Since the difference in behavior between the binders of each extraction step is attributed to 

the presence of different amounts of RAP binder, it was expected that the binders obtained in 

the staged extraction of the WMA 0% RAP mixture showed no heterogeneity, since this mixture 

contained only fresh binder. However, what could be observed were slightly higher values of 

|G*| and lower values of δ for the binder obtained in Step 3, while binders obtained in Step 1 

and Step 2 showed very comparable behavior. These results indicate that other factors might be 

involved in the heterogeneity of the binder �ilm that covers the aggregates in an asphalt mixture, 

and not only the presence of RAP, what is also discussed further in this paper. 

 Although slight differences can be visually observed in the master curves, it is dif�icult to 

analyze them since the master curves are plotted using a log-log scale. In order to better discern 

the linear viscoelastic properties obtained in each step of extraction, for both mixtures, the per-

cent variation of the parameters |G*| and δ was determined for different frequencies, in relation 

to the average values obtained in Step 1. Then, it was possible to quantify the differences ob-

served between the master curves, as presented in Figure 6. 
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(a)                                                                                                                (b)  

Figure 5. Master curves (at 15°C) of phase angle for the binders obtained at each step of extraction for (A) WMA 0% 

RAP and (B) WMA 25% RAP. 

 

 
                                                   (a)                                                                                                           (b) 

 
                                                   (c)                                                                                                           (d) 

Figure 6. Percent variation in each extraction step, of (a) |G*|, in WMA 0% RAP mixture, (b) δ, in WMA 0% RAP mixture, 

(c) |G*|, in WMA 25% RAP mixture, and (d) δ, in WMA 25% RAP mixture, in relation to step 1 
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(a)                                                                                                                (b)  

Figure 7. Results of the Glover-Rowe parameter for (A) WMA 0% RAP and (B) WMA 25% RAP 

 

 The results show that the heterogeneity between layers in the WMA 25% RAP mixture was 

considerably higher than that observed for the WMA 0% RAP mixture, proving that the pres-

ence of RAP can be identi�ied by the staged extraction procedure. On the WMA 0% RAP mixture, 

the binders obtained in Step 1 and Step 2 were very similar, while the binder obtained in Step 3 

was almost 80% stiffer (higher |G*|) than the others, for the lowest frequency analyzed. The 

phase angle was also affected, reaching values that were around 5% lower. The WMA 25% RAP, 

in its turn, showed a more pronounced difference between the extracted layers of binder, reach-

ing values of |G*| that were almost 140% higher in the lower frequencies and values of δ that 

were more than 10% lower, for the higher frequencies. For this mixture, there was a considera-

ble difference of behavior between binders obtained in Step 1 and Step 2, what was not ob-

served in the WMA 0% RAP mix. The results of this analysis also con�irmed that the binder 

behavior is more affected in lower frequencies, or higher temperatures. 

 Another useful tool to analyze the results of the frequency-sweep tests is the Glover-Rowe 

parameter, which is calculated with stiffness and phase angle measurements at a temperature 

of 15°C and a frequency of 0.005 rad/s. This parameter was developed as described by Rowe et	

al. (2014), and it is a rheological metric which has been used to monitor the effects of oxidation 

in asphalt binders. The Glover-Rowe parameter was calculated for each of the analyzed samples 

of asphalt binder (two samples for each step of extraction), and the results are presented in 

Figure 7. The values obtained followed the same trend that was visually detected on the master 

curves. For the WMA 0% RAP mixture, the binder obtained in Step 3 had considerably higher 

results than the �irst two extraction steps, which were very close to each other. As for the WMA 

25% RAP mixture, the results showed a more gradual increase of the Glover-Rowe parameter 

through the extraction procedure, what can be explained by the incomplete and gradual blend-

ing between RAP binder and virgin binder. 

3.2. MSCR test 

Results of Jnr from the MSCR tests are shown in Figure 8 for both stress levels applied (0.1 and 

3.2 kPa). Percent recovery was equal to zero for all samples. The Jnr results for the WMA 25% 

RAP mixture showed the same trend that was observed for the other tests, with a gradual vari-

ation of the parameter at each extraction step. In this case the parameter was higher for the 
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binder obtained in Step 1 and was progressively reduced for the binders obtained in Steps 2 

and 3. Binders with higher amount of RAP binder in their composition are expected to show 

lower Jnr values, as the RAP binder is less deformable due to aging, what was consistent with 

the results. 

 

 
(a)                                                                                                                (b)  

Figure 8. Results of the MSCR test for (a) WMA 0% RAP and (b) WMA 25% RAP 

 

 The 0% RAP mixture, in turn, had a very small variation of the parameter at each step, as it 

was expected because of the absence of RAP in this mixture. Differently from what was observed 

in the other tests conducted, the binder recovered from Step 3 was not considerably different 

from the binders obtained in steps 1 and 2, and therefore a more pronounced homogeneity was 

observed using the MSCR test. The binder obtained for the 0% RAP mixture in Step 3 had higher 

stiffness in the linear elastic region, according to the results of the temperature-frequency 

sweep tests, but this increased stiffness was not equivalent to a lower non-recoverable compli-

ance in the MSCR test, outside of the linear viscoelastic region. This fact supports the hypothesis 

that the higher |G*| and lower δ values for the Step 3 binder of the 0% RAP mixture (which also 

led to a higher value for the Glover-Rowe parameter) were caused by a factor that did not inter-

fere with the MSCR test results (further investigated in this paper), while for the 25% RAP mix-

ture, the variation of the linear viscoelastic parameters was caused by the presence of different 

amounts of RAP binder, which is a factor that affected the MSCR results. Therefore, the MSCR 

test seems to be an analysis method that is able to capture the presence of RAP more ef�iciently 

and evaluate binder homogeneity and blending. 

3.3. LAS test 

Figure 9 presents the main outcome of the LAS test, a curve expressing fatigue life in cycles (Nf) 

as a function of strain level, together with the damage characteristic curves obtained, for each 

of the studied mixtures binders. Although a lower fatigue life is usually associated with an in-

creased stiffness, Harvey and Tsai (1997) concluded in their study that a high stiffness caused 

by long-term aging does not necessarily compromise fatigue life, and this same conclusion can 

be drawn from the present results. The trends that were observed in the previous tests were 

not clearly present in the results of the LAS test, although a variation in the slope of the curves 

is perceived.  
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                                                         (a)                                                                                                           (b) 

 
                                                          (c)                                                                                                           (d) 

Figure 9. Results of the LAS test: damage characteristic curves for (a) WMA 0% RAP and (b) WMA 25% RAP, and fatigue 

life curves for (c) WMA 0% RAP and (d) WMA 25% RAP 

 

 Another method to interpret the results of the LAS test is to calculate the FFL parameter, 

proposed by Martins (2014). This parameter is equal to the area underneath the fatigue life 

curve, between the strain levels of 1.25% and 2.5%, and can be calculated using Equation 1. The 

results, presented in Table 2, show that even using this parameter it is not possible to observe 

a clear trend, as it was possible in the previous tests.  

                                     ,1.25% ,2.5%(log( ) log( ))
(log(0.025) log(0.0125))

2

f f
N N

FFL
+

= × −                                (1) 

 

Table 2 – Results of the FFL parameter, proposed by Martins (2014) 

Mixture Step 1 Step 2 Step 3 

WMA 0% RAP 1.258 1.244 1.258 

WMA 25% RAP 1.244 1.282 1.264 

 

 

 The heterogeneity between binder layers that was observed in the previous results could not 

be identi�ied with the LAS test. This can be associated to the fact that the difference of behavior 

in the linear viscoelastic region was more evident for higher temperatures, as it was concluded 

by the temperature and frequency sweep tests, and the LAS tests were conducted at 20°C. 
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The presence of RAP affects the behavior of the asphalt mixture in different ways, and it is very 

often related to the reduction of fatigue life. That happens because the oxidized binder in RAP 

makes the mixture stiffer and more susceptible to cracking, what can become a serious problem 

for �ield performance, especially at low temperatures. However, the behavior at higher temper-

atures is also affected, but in a positive way, as the resistance to rutting increases. In the present 

study, this second effect was more pronounced than the �irst, being identi�ied more clearly by 

the rheological tests (especially the MSCR), and being more adequate to calculate de degree of 

blending between binders.   

3.4. Ash content evalua9on 

Aiming to investigate other factors that could have affected the results of rheological tests, all 

the binders obtained on the staged extraction procedure for both mixtures were tested follow-

ing the procedure ASTM D8078-16 for determination of ash content. This test is useful to de-

termine if �iner residues of the aggregates remained in the recovered binders after extraction, 

what might affect the accuracy of measured properties. Results are presented in Figure 10 and 

indicate that only the binder obtained in Step 3 for the 0% RAP mixture showed high ash con-

tent, of 1.75%. According to the standard ASTM D1856-09, ash contents of recovered asphalts 

greater than 1% may affect the accuracy of other test results, and that might be the case for the 

binder obtained in Step 3 of the WMA 0% RAP mixture, what would explain the higher values 

of |G*| and lower values of δ observed, in relation to Steps 1 and 2 of the same mixture. That 

could explain also the elevated result for the Glover-Rowe parameter in Step 3 of the 0% RAP 

mixture, since it is calculated using both |G*| and δ. All the other binders had ash content values 

below  the 1% limit, so their rheological behavior should not be affected by the ash content. It 

is important to emphasize that other factors might be involved in this result as well, such as a 

possible burning of the asphalt binder when it got in contact with the aggregates, and further 

investigations should be conducted before con�irming this hypothesis. 

 

 
(a)                                                                                                                (b) 

Figure 10. Results of the ash content test for (a) WMA 0% RAP and (b) WMA 25% RAP 

 

4. SUMMARY AND CONCLUSIONS 

This paper describes the application of a staged extraction laboratory procedure aiming to eval-

uate the blending between fresh binder and RAP binder in a plant-produced warm recycled 

mixture with 25% RAP (WMA 25% RAP) and a control mixture without RAP (WMA 0% RAP). 
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The following conclusions could be drawn, based on the results obtained: 

• When applying the proposed extraction method, it is important to adjust the length of 

the extraction steps, in order to divide the binder in three layers of approximately the 

same amount of binder (in terms of weight), improving the distinction between layers 

and ensuring a minimum amount of binder in each of them. This way, homogeneity be-

tween layers can be better evaluated, and that is related to the level of binder blending 

within the mixture. 

• Master curves of dynamic shear modulus and phase angle, including the analysis of the 

Glover-Rowe parameter, are suitable to recognize the different behaviors of each layer 

of asphalt binder obtained (especially at higher temperatures, or lower frequencies), as 

higher amounts of blended RAP binder result in a higher modulus, a �latter modulus 

master curve, and a lower phase angle. However, the rheological parameter that best 

captured the different behavior of the binder layers was the non-recoverable compliance 

(Jnr) from the MSCR test. On the other hand, the results of the LAS test were not so useful 

for distinguishing the binder layers. 

• Heterogeneity between layers was observed also in the control mixture WMA 0% RAP, 

especially in the results of temperature-frequency sweep tests, even though there was 

only virgin binder in that mixture. This fact highlights that the presence of RAP is not the 

only factor that may affect binder homogeneity, and that must be considered when ana-

lyzing the results of the staged extraction procedure. In the present study, however, the 

results for the Step 3 binder of the WMA 0% RAP mixture can be justi�ied by a consider-

ably higher ash content, what resulted in higher values of dynamic shear modulus, lower 

phase angles and an increased Glover-Rowe parameter, and  was not observed on the 

results for the WMA 25% RAP mixture. Moreover, the heterogeneity observed in the tem-

perature-frequency sweep tests for the 0% RAP mix was not observed in the MSCR test 

results, while for the 25% RAP mix the results of both tests followed the same trend and 

can be attributed to the partial blending between virgin binder and RAP binder. 

• Although further studies are necessary to con�irm that, the staged extraction procedure 

associated with rheological tests, aiming to analyze the heterogeneity of the extracted 

layers, seems to be a promising solution to determine the degree of blending between 

fresh binder and RAP binder on hot and warm recycled mixtures. 
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