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ABSTRACT. The asphalt rubber blend design is an empirical procedure and is quite sensitive to the variability of the components properties. A better understanding of the physical phenomenon involved during the curing process is a pre-requisite step to propose a rational design procedure.

This paper describes results from a laboratory investigation of the interaction between crumb rubber and different composition bitumen. The physical blending of the two components is achieved according to the Wet Process method with different proportions and size distributions of the rubber powder. Rubber particles' swelling in bitumen is assessed thanks to a centrifuging process, allowing a satisfactory separation of the residual bitumen and the rubber particles phases. Rheological measurements are carried out on base components, on the final composite, and on its residual constituting phases.

The rubber swelling ratio, ranging from 200 to 400%, demonstrates that the final rubber phase is mainly constituted with absorbed bitumen. This phase shows a higher temperature sensitive behaviour slightly different from the one exhibited by the base rubber. The thermal sensitivity is clearly illustrated by rheological measurements. On the other hand, the residual bitumen shows a significant hardening which is more marked for base bitumen with low aromatic oil contents.

The proposed experimental protocol improves the knowledge on the interactions in the asphalt rubber blends and could be a basis for a rational design approach.
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1. Introduction
The use of asphalt rubber binder in bituminous mixtures is considered, for a long time, as a good alternative to pure bitumen. The benefits of using asphalt rubber which is produced according to the wet process, are investigated intensively since the 60's and are widely documented (PIARC, 1999).
Asphalt rubber production according to the wet process is assumed to be essentially a physical interaction between bitumen and rubber particles (PIARC, 1999, Rouse, 1997 and Singleton et al, 2000). The main change in the composite system bitumen-rubber is the swelling of the rubber due to the migration of light fractions of bitumen through the cross-linked polymeric network. The swelling of rubber is demonstrated by an increase in viscosity which has to be controlled to satisfy the pumping and the mixing conditions.
Some authors speak about some breakings in cross-links (devulcanisation) due to heating during the curing process (Billiter et al, 1997). This phenomenon induces a progressive decrease in viscosity which is considered in some papers as the initial degradation of the polymer chains. Both swelling and devulcanisation are present during the asphalt rubber curing, even for the so-called dry process. The predominance of one of the phenomena relies on the processing parameters and essentially on blending temperature and blending duration.
Common approaches for producing an asphalt rubber binder rely entirely on experimental considerations. Assuming a predetermined choice of components, a large number of parameters (contents, temperatures, blending duration …) are investigated, to retain finally, the optimum combination of these processing parameters. Any change in the components properties or in the processing parameters induces an undesirable variability of the final product and imposes a new experimental investigation.

The main difficulty in studying asphalt rubber blends is the direct investigation of the composite system. Rheological measurements are carried out on the base components as well as on the final blend but rarely on the effective final constituting phases. Some authors tried to separate the bitumen and rubber after the curing process without altering their properties (Singleton et al, 2000). A filtration procedure is proposed with some recommendations to minimise the unwanted interaction between the rubber and the solvent.
An interesting approach is the use of a centrifuging process to separate the constituting phases without alteration. This technique is widely used in biology for DNA and blood analyses and was applied to modified bitumen (Hadrzynski and Such 1998). The aim of the present research is to investigate the efficiency of using the centrifuging process to assess the physical properties of the binary system bitumen/rubber.
2. Experimental description
2.1. Description of the approach

A large documentation on asphalt rubber binders permitted the identification of the main parameters affecting the properties of the final blend (PIARC, 1999, Epps, 1994, Billiter et al, 1997). They are enumerated hereafter:

1. Rubber powder:
a. Chemical composition and the ratio of natural to synthetic rubber

b. Size distribution

c. Micro-morphology of particles

d. Content

2. Curing temperature

3. Mixing shear energy

4. Base bitumen composition (SARA decomposition approach)

5. Curing duration

Three parameters are selected for this investigation: the bitumen composition, the rubber content and its size distribution. The fixed parameters are either parameters which affect only the speed at which the curing process reach an equilibrium state (shear energy, temperature) or parameters for which literature recommends good-practice values (rubber composition, micro-morphology of particles and curing duration).
For each parameter of the study, two levels are investigated (Table 1) and a total of 8 blends are prepared and tested.
Table 1. Laboratory experimental program – Factorial 23 plan parameters
	Rubber content (%)
	Crumb rubber size (mm)
	Bitumen type

	10
20
	0/1
0/0.5
	Low aromatic bitumen (A)

Highly aromatic bitumen (B)


Asphalt rubber blend is produced according to a strictly controlled procedure which is described below. Samples are then subjected to a centrifuging process to separate the rubber that swelled during curing and the residual bitumen. Rheological measurements are then carried out on the initial components, on the asphalt rubber blend and on the separated phases.
2.2. Constituent materials

Bitumen composition is a major factor affecting the interactions between bitumen and rubber. It is admitted that light fractions of bitumen swell the rubber particles and some authors introduced the concept of compatibility between rubber and bitumen and recommended the use of base bitumen containing highly aromatic oily fractions (Eckmann et al, 1983).
Bitumen is separated into its generic fractions according to the method of Thin Layer Chromatography coupled with a Flame Ionisation Detector (TLC-FID). Bitumen major groups, by order of increasing polarity, are Saturates, Aromatics, Resins and Asphaltenes (SARA groups). The separation process is achieved in two steps: the determination of asphaltene content by precipitation with n-Heptane (based on ASTM 3279) followed by an Iatroscan analyses of the maltenes (the three phases are separated with respectively pentane and toluene/chloroform). 
Two 70/100 grade pure bitumen are selected for this study regarding their aromatic oil contents. The selected bitumen have different properties but are considered commercially as equivalent products.

Their physical properties are shown in Table 2, whereas their SARA groups' content is exposed in Table 3.
Table 2. Physical properties of bitumen
	Binder
	Bitumen A
	Bitumen B

	Density [g/cm3] 
	1.024
	1.012

	Penetration at 25°C [1/10 mm]
	76
	86

	Ring & Ball temperature [°C]
	50.3
	44.9

	Penetration index
	-0.1
	-1.3

	Dynamic viscosity [1/10 Pa.s] :
	
	

	
at 150°C
	2.2
	1.5

	
at 135°C
	3.9
	2.8

	
at 100°C
	31.6
	19.9

	
at 60°C
	1968
	1045


Rubber particles are produced, from scrap tires, thanks to a granulation process at ambient temperature. According to the operating conditions at the production plant, and the rate of introduction of truck and light vehicle tires, we can admit that natural and synthetic rubber content is equivalent and constant.

Table 3. Chemical composition of bitumen – SARA groups content

	SARA groups
	Bitumen A
	Bitumen B

	
Saturates [%]
	4
	0

	
Aromatics [%]
	70
	86

	
Resins [%]
	8
	12

	
Asphaltenes [%]
	18
	2

	Colloidal instability index
	0.28
	0.02


The delivered rubber powder has a 0-1 mm size distribution as shown in Figure 1. A finer powder is obtained by using the 0.5 mm sieve.
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Figure 1. Size distribution of the base rubber powder
Table 3 summarises the various combinations, crumb rubber sizes, contents and bitumen composition.

2.3. Asphalt rubber production

The asphalt rubber production procedure is carried out by following a rigorous protocol to minimise the errors due to the variability of fixed parameters. We defined hereafter the order of operation and the heating and mixing sequences.

The mixing process is achieved at a controlled temperature of 170 °C inside an oven coupled with a low shear blender. The mixing blade has a diameter of 50 mm and is placed at 5 mm from the bottom of the test-can which is 110 mm in diameter and contains approximately 200 g of binder. 

The oven, the mixing blade and the base bitumen are heated at 170 °C. The binder reaches the desired temperature after 45min. The weighed rubber powder is placed inside the oven for 3 minutes and is incorporated progressively into bitumen by a continuous homogenisation with the preheated mixing blade.

The test-can is fixed inside the oven and the mixing blade is mounted on the blender which is set on a revolution speed of 1000 rpm. The temperature is raised to 175 °C for one hour and then reduced to 172 °C to ensure an average temperature of 170 °C inside the bitumen volume. The total duration of the curing process is 3 hours and the different test samples are immediately prepared. 
2.4. Centrifuging process

The physical separation of the final phases of asphalt rubber blends faces two major problems.

First, the densities of the phases are very close after curing, especially if we observe a migration of matter from one phase to the other. A large difference in densities is anyhow undesirable if we expect from the binder satisfactory storage stability. 

The second concern is the aging of bitumen. In fact, the mobility of rubber particles is made easy by reducing the viscosity of bitumen through the heating for a long period.
The centrifuging process at high temperature overcomes the previous limitations (Hadrzynski, 1995). The fast revolution of samples subjects them to an acceleration that amplifies the difference in densities effect and achieves a better separation between phases. The advantage of this treatment is that heating is applied for a relatively short duration.
The centrifuging process is achieved by adapting and mounting a house-made special part on a high shear mixer end. The mounted part receives two rigid tinplate cylinders containing the asphalt rubber samples. During the revolution, the cylinders that are allowed to rotate around a decentred axle, reach a horizontal position and are subjected to the centrifugal acceleration.
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Figure 2. Connection part fitted with tinplate cylinders and mounted on the high shear mixer arm
 Exploratory investigations permitted the selection of satisfactory test conditions. The samples of 10 g are centrifuged at 170 °C with a revolution speed of 3000 rpm which induces an acceleration of about 7000 G. After 1 hour the temperature is reduced to the ambient and the samples are stored at 5° C.
The sticking of binder on the tinplate cylinder is avoided thanks to a silicon membrane placed initially between the sample and the cylinder. The tinplate is cut and removed and the asphalt rubber sample is extracted from the silicon mould. The two apparent phases are separated by a heated blade and weighed.
2.5. Rheological measurements

Viscoelastic characterisation of bituminous binders within the linear domain is carried out using an oscillatory shear loading rheometer (RHEOMETRICS ARES-RDA). A rotational shear strain is applied to samples placed between the parallel plates of the rheometer. The device allows sweeping temperatures from -20 to 60 °C and frequencies from 1 to 100 rad/s (0.16 to 16 Hz).
For each blend, complex shear modulus (G*) is measured on different families of samples:

· base bitumen

· rubber

· asphalt rubber

· centrifuged rubber phase

· centrifuged bitumen phase (residual bitumen)

Rubber samples were cored inside the tread band of different types of tyres including light and heavy vehicles. The samples are 10 mm in diameter and approximately 4 mm in height. Other materials samples are weighed and placed over the preheated plate of the rheometer to ensure a good sticking. The thickness of the samples is then set to the desired value by maintaining a temperature of about 5 °C below the ring and ball point.
In order to obtain reliable measurements, preliminary investigations were undertaken to identify the limits of the linear visco-elastic zone. Test conditions have to be determined carefully to overcome the bias due to the size of rubber inclusions inside the samples and the physical limitations of the hardware.

The linear visco-elastic zone for bituminous materials is commonly assumed to be strain-dependent. Therefore, strain sweeping tests were carried out and the strain control is chosen for all measurements.
For low temperatures (-20 to 40 °C), test conditions are:

· Diameter of the parallel plates: 8 mm
· Thickness of the sample: 2 mm

· Temperature: -20, -10, 0, 10, 20, 30 and 40 °C

· Frequency: 1, 3.16, 10, 31.6, 100 rad/s

· Loading: 0.3% strain control

For medium temperatures (30 to 60 °C), we fix on the following conditions:

· Diameter of the parallel plates: 25 mm

· Thickness of the sample: 2 mm for asphalt rubber and 1mm for bitumen (including residual bitumen)

· Temperature: 30, 40, 50 and 60 °C

· Frequency: 1, 3.16, 10, 31.6, 100 rad/s

· Loading: 1.0% strain control

For each sample, data are represented on the Black's space which is the plot of the phase angle versus the decimal logarithm of the shear modulus. Each plotted value is the average of three repetitions for asphalt rubber and base bitumen, and two repetitions for extracted bitumen and rubber phases. The transition between the two geometries (8 and 25 mm diameters) is appreciated visually at all frequencies and is found to be around 20 °C for soft materials and 40 °C for stiffer ones.
For more convenience in referring samples in this paper, a nomenclature convention is adopted below. Each sample has a designation code of the type "ppccbgg". The "pp" designates the type of the analysed product. It could be: AR for asphalt rubber blend, PB for the extracted bitumen phase and PR for the extracted rubber phase. The "cc" indicates the rubber content as a percentage (10 and 20) whereas "b" is the type of used base bitumen (A and B). The "gg" is the maximum particle size of crumb rubber in 1/10 of mm (10 and 05).

For example, the AR10B05 designates an asphalt rubber containing 10% of fine crumb rubber (gradation 0/0.5 mm) cured with the base bitumen B.

An example of the viscoelastic properties obtained from rheological measurements is represented in Figure 3. 
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Figure 3. Example of Black's plot of a typical asphalt rubber sample
To permit a better clearness of the plots for the reader, the temperature values are omitted and should be deduced by considering that, going from right to left of the considered curve, we have increasing values of temperature and decreasing values of shear modulus.

3. Results
3.1. Swelling extent of rubber particles
The swelling extent (s) of rubber is calculated from data obtained from the centrifuging process by:
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where:
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If we assume that densities of rubber and absorbed bitumen are close enough, the ratio of volumes will be equal to the ratio of weights. One can write:



[image: image7.wmf]00

RRR

RRT

VMM

s

VMcM

===


[2]

where:
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 is the rubber content.

The extent of swelling is measured for each blend on 4 samples. The results, summarised in Table 4, show a very small scattering of data which validates the efficiency of the proposed process.
Table 4. Rubber swelling extent ratios
	Blend (rubber content, bitumen type, max. rubber size)
	Mean
	Standard deviation
	Coefficient of variation

	10%, 
Bitumen A, 
1 mm
	3.48
	0.09
	2.5%

	10%, 
Bitumen B, 
1 mm
	3.81
	0.07
	1.8%

	20%, 
Bitumen A, 
1 mm
	2.11
	0.09
	4.3%

	20%, 
Bitumen B, 
1 mm
	2.61
	0.01
	0.5%

	10%, 
Bitumen A, 
0.5 mm
	3.23
	0.03
	0.9%

	10%, 
Bitumen B, 
0.5 mm
	4.01
	0.07
	1.8%

	20%, 
Bitumen A, 
0.5 mm
	1.74
	0.01
	0.8%

	20%, 
Bitumen B, 
0.5 mm
	2.76
	0.05
	1.9%


The extent of swelling is strongly related to the rubber content. The equilibrium of the system bitumen/rubber is dependent on the relative volumetric fraction of the phases which is generally not the case for the equilibrium of polymer/solvent systems where the swelling phase volume (solvent) is supposed to be large enough compared to the swelled phase (polymer).
Bitumen composition has also a significant effect on rubber swelling. The highly aromatic bitumen B shows higher ratios than the low aromatic bitumen A. 

Rubber size distribution shows the less significant effect on the swelling extent. Fine crumb rubber exhibits lower swelling ratios for bitumen A and higher swelling ratios for bitumen B.
The relative importance of the investigated parameters on the swelling extent is obtained by a statistical first order linear regression. This approach attributes 65% of the phenomenon to rubber content, 32% to bitumen composition and the remaining 3% to rubber size distribution.
3.2. Viscoelastic properties
3.2.1. General overview of complex modulus curves

A first outlook of the Black's curves obtained from different families of product shows a variety of viscoelastic behaviours. As expected, complex shear modulus as well as phase angle are more or the less sensitive to temperature and frequency as shown in Figure 4. We can rank the products by increasing sensitivity as follows: Rubber, rubber phase, asphalt rubber, bitumen phase and base bitumen.
The rubber complex shear modulus is found to be around 1 MPa with a phase angle of approximately 5° and up to 15° for very low temperatures. This is a commonly admitted result in literature at usual test frequencies, with low confinement stress and for temperatures far enough from the glassy transition point. 
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Figure 4. Complex modulus at all temperatures and frequencies for bitumen B and a rubber content of 20%
The rubber filler content is the most significant parameter affecting the complex shear modulus. For tyre rubber, the filler content is generally around 30% and do not vary a lot, for different types of tyres.
3.2.2. Effect of rubber content
Rubber content is the key factor affecting the viscoelastic properties of asphalt rubber binders. Figure 5 shows the effect of rubber content on the complex modulus of the blends.

Increasing rubber content in asphalt rubber induces, for all frequencies, a tightening of modulus range on the Black’s curve as well as a reduction of the phase angle for both base bitumen. This observation is common to all modified binders and is due to the moderating effect of rubber particles on the thermal sensitivity of bitumen. The rubber confers a part of its elasticity to the blend at low temperature and reduces the flow behaviour by the presence of dispersed polymer networks.
Low aromatic content bitumen A shows the highest modification effect with modulus ratios up to 20 versus 6 for bitumen B. The shape of asphalt rubber Black’s curve is less monotonous for bitumen B compared to bitumen A. We notice a bump around 1 MPa, then a slight hollow for 40 and 50 °C, and finally small increase at 60 °C and higher temperatures. This pattern is typical of binary blends where the viscoelastic properties of the phases are different. 
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Figure 5. Complex modulus at 10 rad/s of asphalt rubber with different contents of crumb rubber
The mechanical contribution of rubber dominates for high temperatures, whereas the one of bitumen is determinant for low temperatures.
3.2.3. Effect of crumb rubber gradation
Crumb rubber gradation seems to have no significant effect on complex shear modulus of asphalt rubber for measured temperatures and frequencies (Figure 6). This fact is logical considering that the test conditions are far enough from the zone where the bitumen behaves like a Newtonian fluid. Dynamic viscosity measurements (not published here) show effectively that particle size effect increases for high temperatures.
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Figure 6. Complex modulus at 10 rad/s of asphalt rubber for two crumb rubber gradations
3.2.4. Evolution of residual bitumen properties

The viscoelastic properties of extracted bitumen phase are plotted against base bitumen in Figure 7. One can see clearly that the evolution of the properties of bitumen is significantly different after the curing process. 
It is admitted that aromatic oil migrate from bitumen to polymer or rubber phase, causing its swelling. The effect of this migration on the residual bitumen is more important for low aromatic base bitumen A, where a small loss of the aromatic content induces a huge effect on viscoelastic properties of the residual phase due to the relative important modification of bitumen composition.
In general, with increasing content of rubber, the observed changes are:

· an increase in stiffness modulus at high temperatures

· a decrease in stiffness modulus at low temperatures

· a decrease in phase angle

The aging of bitumen during the curing phase and the centrifuging phase is another factor affecting the evolution of residual bitumen properties. By comparing the measurements obtained for 10 and 20% of rubber content for both bitumen, we can see a significant difference between the residual bitumen curves in spite of their identical thermal history. One can assume then, that the evolution of the bitumen phase properties is mainly due to the interaction with crumb rubber.
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Figure 7. Complex modulus at 10 rad/s of residual bitumen phases recovered from different asphalt rubber blends
3.2.5. Evolution of rubber phase properties
The Black’s curves of rubber phases recovered thanks to the centrifuging process are plotted in Figure 8. The viscoelastic behaviour of the rubber phase is strongly related to the properties of base bitumen.
The swelled fraction of bitumen determinates the rheological properties of the rubbery phase even for blends with different rubber contents and size distributions. The latter parameters seem to have a limited effect on the shape of the rubber phase’s curves.
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Figure 8. Complex modulus at 10 rad/s of rubber phase recovered from different asphalt rubber blends
4. Conclusions
This study has showed the effectiveness of the centrifuging process in separating the final phases of asphalt rubber blends without any significant chemical or physical alteration of their properties.

During the curing process, rubber particles absorb light fractions of bitumen and swell with different extent. The measured swelling ratio varies from 200 to 400% and is mainly related to the rubber content and the bitumen composition. The rubber gradation has a limited effect on that swelling ratio.

Measurement of the complex modulus of asphalt rubber and its different components and separated phases has been carried out with test conditions providing a good repeatability. The obtained data allow drawing the following conclusions:
· Viscoelastic properties of asphalt rubber are mainly related to rubber content and bitumen composition.

· The evolution of the rheological properties of the bitumen recovered from asphalt rubber is more important for base bitumen with low aromatic fraction content. This change is mainly due to light fraction migration and cannot be entirely attributed to bitumen aging.

· The residual rubber phase recovered from asphalt rubber exhibits viscoelastic properties, strongly affected by the base bitumen composition. Rubber content and gradation seems to have a limited effect on those properties.
These findings lead to the conclusion that the use of two different base bitumen of the same “commercial” grade in asphalt rubber production results in two final products with different properties. The base bitumen should be selected carefully to ensure that the content of light fractions of bitumen is large enough at the end of the curing process.
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