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ABSTRACT 15 

16 

Crumb rubber modified bitumen (CRMB) has been utilized in the asphalt paving industry for decades due 17 

to its various benefits. The main mechanisms of bitumen-crumb rubber interaction include rubber particle 18 

swelling and chemical degradation. Crumb rubber modifier (CRM) swelling plays a dominant role in 19 

controlling the property development of CRMB during the traditional interaction process. To have a better 20 

understanding of the swelling behavior of rubber in bitumen, this study developed a finite element model 21 

capable to simulate the multiphysics swelling phenomenon consisting of mass diffusion and volume 22 

expansion. The effects of various factors including material characteristics and process conditions on the 23 

rubber swelling in bitumen were investigated. The results indicate that the coupled diffusion-expansion 24 

model can predict the swelling behavior of rubber in bitumen. A good correlation between the simulation 25 

results and the previously reported evidences was observed. The effects of bitumen composition, rubber 26 

type and size, interaction temperature and time on swelling were successfully demonstrated by using the 27 

developed model with dedicated input parameters. With this study as a foundation, the estimated rubber 28 

swelling behavior in bitumen can be implemented into suitable micromechanical models to predict the 29 

viscoelastic properties of CRMB and consequently to optimize the design and process of bitumen-rubber 30 

blends. 31 
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1. Introduction 1 

According to the annual report of the European Tyre and Rubber Manufactures Association (ETRMA), 2 

it was estimated that in 2013, the European Union produced 3.6 million tonnes of end-of-life tires (ELTs) 3 

[1]. The rising environmental awareness and economic benefits have driven people to seek appropriate 4 

treatment and disposal of ELTs, such as retreading, energy recovery, pyrolysis and material recycling [2]. 5 

Among the material recycling methods, incorporating crumb rubber modifier (CRM) produced from scrap 6 

tires into bitumens has been widely utilized in the paving industry due to its tremendous economic and 7 

environmental benefits [3]. It was reported that crumb rubber modified bitumen (CRMB) can improve the 8 

overall performance of asphalt pavements, such as higher resistance to rutting, ageing, fatigue and thermal 9 

cracking [4]. This improvement significantly reduces the construction and maintenance cost of the pavement 10 

structures. In addition, rubberized asphalt pavement also has some intangible benefits, such as 11 

environmentally friendly disposal of scrap tires, increased skid resistance and noise reduction [5]. 12 

The bitumen-rubber interaction plays an important role not only in the development of CRMB properties 13 

but also, in its processing, storage and transport [4, 6, 7]. Depending on different interaction parameters 14 

(e.g., temperature, time and mixing technique, etc.), there are two mechanisms involved in the bitumen-15 

rubber interaction process: rubber particles swelling and chemical degradation (devulcanization and/or 16 

depolymerization) [8, 9]. Based on the differences in polarity, bitumen molecules can be separated into four 17 

fractions, saturates, aromatics, resins and asphaltenes (SARA). Bitumen is commonly accepted as a multi-18 

disperse colloidal system, where high-molecular-weight asphaltene micelles are peptized by resins and 19 

dispersed in low-molecular-weight maltenes (saturates and aromatics) [10]. In contrast, both natural and 20 

synthetic rubber used in tire manufacturing are high-molecular-weight macromolecules [11].  21 

Figure 1 illustrates the different stages of bitumen-CRM interactions with increasing time at elevated 22 

temperatures. At stage 0, CRM particles are just immersed in bitumen matrix. Due to the thermodynamic 23 

compatibility between rubber and low-molecular-weight fractions of bitumen (maltenes) [12], maltenes 24 

diffuse into and are absorbed by the rubber networks. This causes the swelling of rubber particles and the 25 

formation of a gel-like structure adjacent to the bitumen-rubber interface (Stage 1). The swelling of CRM 26 

particles continues with the increasing interaction time. At a certain point, rubber swelling reaches its 27 

equilibrium with several times increase of the volume (Stage 2). After that, extending interaction time at 28 

elevated temperatures will result in rubber disintegration. CRM particles are split into smaller individuals 29 

due to the collapse of rubber network (Stage 3). When the interaction temperature is high enough, this 30 

process involves two chemical reactions: depolymerization and devulcanization [8], which break down the 31 

polymer chain bonds or crosslink bonds reducing thus the average molecular weight of rubber. It should be 32 

mentioned that the mixing energy exerted during the interaction process can accelerate the swelling and the 33 

size reduction of rubber particles. The degradation of rubber particles into the liquid phase of bitumen is 34 

detrimental to the development of mechanical properties of CRMB but beneficial to the storage stability 35 

[13]. However, at the traditional mixing temperatures of wet-processed rubberized binders (around 180°C), 36 

only partial degradation occurs, and the final binder properties are dominated by the CRM swelling process 37 

[8]. 38 

In general, CRM swelling has three effects on the properties of bitumen: (a) changing the component 39 

proportions due to absorption of maltenes; (b) changing the microstructure of bitumen; (c) stiffening the 40 

binder due to the inclusions of CRM particles with increased volume. Therefore, it is of vital importance to 41 

understand the swelling behavior of rubber to control the property development of CRMB. It was shown 42 

that the bitumen-CRM interactions and their effects on the final binder properties depend on the raw material 43 

parameters (e.g., bitumen characteristics, CRM type, morphology, particle size and dosage) and interaction 44 

conditions (e.g., mixing temperature, time and rate, energy type of the mechanical mixing exerted) [14-16]. 45 

Extensive laboratory tests have investigated the influence of these factors on the swelling behavior of CRM 46 

and on the properties of CRMB. Particularly, several dedicated studies were carried out to investigate the 47 

swelling behavior of individual rubber block or sheet in hot bitumen [12, 17, 18]. However, these laboratory 48 

tests are always time and cost consuming. In addition, the findings from the laboratory tests are highly 49 

dependent on the combinations of materials and processing methods, which are lack of universality. Based 50 
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on their findings, it is generally assumed that the swelling of CRM in bitumen is a diffusion induced process 1 

with volume expansion. A numerical approach through a simplified system can provide a convenient way 2 

to quickly identify the parameters that affect the swelling process and hence can be used to perform a 3 

preliminary evaluation before the experimental tests.  4 

 5 

 6 
Figure 1. Schematic representation of the bitumen-rubber interaction process. 7 

 8 

2. Objective 9 

To have a better understanding of the swelling behavior of rubber in bitumen, this study aims to develop 10 

a modeling methodology capable to simulate the rubber swelling process in bitumen. The mass diffusion 11 

and volume expansion phenomena of the rubber are incorporated in a multi-physics tool to predict the rubber 12 

swelling in bitumen. The model is calibrated with data generated from previous studies proving the 13 

reliability of the tool to evaluate the various influential factors on the design of rubberized bituminous 14 

materials with the desired properties and subsequently performance. 15 

 16 

3. Multiphysics modeling of the swelling behavior of rubber in bitumen  17 

From the physical viewpoint, rubber swelling is a multiphysics phenomenon which consists of mass 18 

diffusion and volume expansion (mechanical deformation) [19]. Numerical modeling of rubber swelling 19 

will provide new insights into the mechanical mechanism of it. This section presents the theory for mass 20 

diffusion and large deformations based on the balance equations driving the solvent diffusion and the force 21 

equilibrium, and the constitutive equations for rubber particles. 22 

3.1. Mass Diffusion 23 

As reported by many studies, it is the maltenes in bitumen that diffuse into the rubber network due to the 24 

similar solubility parameters between aromatics and rubber [12]. As shown in Figure 2, the driving force of 25 

the diffusion process is the chemical potential of the external solvent (maltenes) produced from the 26 

concentration difference between rubber and bitumen [20]. This diffusion process continues until the 27 

concentrations of light fractions inside and outside the rubber are uniform and, consequently, equilibrium 28 

swelling is reached. Fick’s law of diffusion is usually used to describe the kinetics of bitumen diffusion into 29 

rubber. Fick’s first law postulates that the diffusive flux goes from regions of high concentration to regions 30 

of low concentration, with a magnitude that is proportional to the concentration gradient measured normal 31 

to the section: 32 
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𝑱 = −𝐷𝛻𝐶 (1) 

where 𝑱 is the diffusion flux vector; D is the diffusion coefficient, which is assumed to be constant; C is the 1 

concentration; 𝛻 is the nabla operator or gradient operator. Fick’s second law predicts how diffusion causes 2 

the concentration to change with time given as 3 

𝜕𝐶

𝜕𝑡
= 𝐷𝛻2𝐶 (2) 

where t is time; other parameters are the same as Equation 1. The flux vector is associated with the mass 4 

balance equation above and imposed at the boundary conditions of the rubber domain. 5 

 6 

 7 
Figure 2. Schematic representation of maltenes diffusion into rubber. 8 

 9 

3.2. Volume Expansion 10 

The volume expansion of rubber can be treated as a large deformation problem. Rubber particle is 11 

considered as a homogenized continuum body. In principle, the equations that govern the mechanics of 12 

rubber particles during swelling include balance equations, kinematic equations and constitutive equations 13 

[21]. The equilibrium equation of the system is given by Newton’s second law (∑𝐹 = 𝑚𝑎). Considering 14 

both force and area are represented in the material configuration, the equation of motion can be written as 15 

𝛻 ∙ 𝐅𝐒 + 𝐅𝐯 = 0 (3) 

where 𝐅 is the deformation gradient tensor; 𝐒 is the second Piola-Kirchhoff stress; 𝐅𝐯 is the volume force 16 

vector. The deformation tensor 𝐅 is defined in terms of displacement gradient as: 17 

𝐅 = ∇𝐮 + 𝐈 (4) 

where 𝐮 is the displacement; 𝐈 is the identity tensor. In geometrically nonlinear analysis, the stress should 18 

in general be interpreted as second Piola-Kirchhoff stress. The Lagrange-Green strain tensor 𝐄 is related to 19 

displacement by: 20 

𝐄 =
1

2
(𝐅𝐓𝐅 − 𝐈) =

1

2
[∇𝐮 + (∇𝐮)𝐓 + (∇𝐮)𝐓∇𝐮] (5) 

To include the notion of material inelastic deformation into a large deformation framework, the following 21 

multiplicative decomposition of the total deformation gradient tensor 𝐅 is proposed: 22 

𝐅 = 𝐅el𝐅inel (6) 
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where 𝐅el  is the undamaged elastic deformation tensor; 𝐅inel  is the inelastic deformation tensor. 1 

Furthermore, the undamaged elastic deformation gradient can be written as: 2 

𝐅el = 𝐅𝐅inel
−1  (7) 

In this study, the initial strain was considered as zero and the inelastic strain refers only to the swelling strain. 3 

The elastic Lagrange-Green strain tensor is then computed as: 4 

𝐄el =
1

2
(𝐅el

𝐓𝐅el − 𝐈) (8) 

The constitutive equation for a linear elastic material relates the stress tensor to the elastic strain tensor. 5 

𝛔 = 𝐂: 𝐄el (9) 

Here, the Cauchy stress tensor 𝛔  and strain tensor 𝐄el  are second-order tensor, while the constitutive 6 

elasticity tensor 𝐂 is a fourth-order tensor. With the relationship between Cauchy stress and second Piola-7 

Kirchhoff stress,  8 

𝛔 = 𝐽−1𝐅𝐒𝐅T (10) 

where 𝐽 is the determinant of deformation tensor, the constitutive equation for the elastic rubber can be 9 

written as: 10 

𝐒 = 𝐽in𝐅inel
−T (𝐂: 𝐄el)𝐅inel

−1  (11) 

 11 

3.3. Multiphysics Coupling 12 

Rubber swelling creates an inelastic strain that is proportional to the difference between the 13 

concentration and the strain-free reference concentration: 14 

𝜺𝑠 = 𝜷s𝑐diff (12) 

where 𝜺𝑠 is the inelastic strain caused by swelling;  𝑐diff is the concentration difference;  𝜷s is the coefficient 15 

of swelling, the coefficient of swelling is a second-order tensor, which can be defined as isotropic, diagonal, 16 

or symmetric. In this case, the coefficient of swelling is isotropic, so only uniform volumetric expansion is 17 

taken into account. Since swelling strain is assumed to be the only contribution to the inelastic strain in this 18 

case (Equation 13),  19 

𝐅inel = 𝐽𝑠
1/3𝐈 (13) 

the total deformation gradient tensor 𝐅 is scaled by the swelling stretch to form the elastic deformation 20 

gradient tensor 𝐅el: 21 

𝐅el = 𝐅𝐽𝑠
−1/3 (14) 

where 𝐽𝑠 is the swelling ratio (volumetric expansion ratio) or the determinant of inelastic deformation tensor, 22 

and it relates to swelling strain as: 23 

𝐽𝑠 = (1 + 𝜀𝑠)
3 = (1 + 𝛽s𝑐diff)

3 (15) 

As swelling process consists of mass diffusion and volume expansion, it induces a one-way coupling 24 

between concentration and mechanics. In general, the maltenes concentration within the rubber is unknown 25 

and has to be computed with a preceding simulation with known material parameters. Therefore, the 26 

concentration is calculated in a first time-dependent study in the mass transport domain, and then the 27 

structural domains are computed in a stationary study based on the results obtained from transport domain. 28 
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This sequential approach will significantly reduce the computation time compared to a single solution 1 

including all physical interfaces. 2 

 3 

4. Finite element model  4 

4.1. Model Definitions 5 

The coupled diffusion-expansion model described in the previous section was implemented in the finite 6 

element software COMSOL Multiphysics. The numerical simulations were performed on a square two-7 

dimensional domain of 1.0 × 1.0 mm meshed with triangular elements. This domain represented the typical 8 

microscopic images of CRMB considering the real sizes of rubber particles. To simplify the model, the 9 

rubber particle was assumed to be a homogenous isotropic sphere embedded in the bitumen matrix. The 10 

complete geometry and mesh of a single rubber particle are shown in Figure 3a. The diameter of the single 11 

rubber particle was set as 0.3 mm. In terms of the boundary conditions (Figure3b), the left and bottom sides 12 

of the domain were set as symmetrical in which the two boundaries are free to move along directions 13 

paralleled to its boundary plan respectively. The right and top sides of the domain were set as free in term 14 

of displacement and no influx imposed. The free boundary conditions of right and top were set to 15 

demonstrate the volume expansion visually by the movement of bitumen matrix. In order to directly 16 

visualize the effect of rubber particle size on swelling, another finite element model consisting of five rubber 17 

particles with varying diameters (0.2, 0.4, 0.6, 0.8, 1.0 mm) was also developed as shown in Figure 4a. The 18 

boundary conditions (Figure 4b) were set similar as the single rubber particle model except that the top and 19 

right sides of the domain were set as fixed boundaries in the structural domain tosimulate the real mixing 20 

scenario by considering the constraints from the vessel. The interparticle effect (interference) on the rubber 21 

swelling can also be demonstrated by this case. The initial solvent concentration within the rubber was set 22 

as zero, which is the strain-free reference concentration. The periphery boundaries of the rubber particle 23 

contacted directly to the bitumen was set to have the same concentration as the surrounding bitumen matrix. 24 

The swelling process of different-size rubber particles in bitumen with different SARA fractions at various 25 

interaction conditions were simulated on the basis of the proposed coupled diffusion-expansion model.  26 

 27 

 28 
(a)                                                                                       (b) 29 

Figure 3. (a) Geometry and mesh of the modelling domain: single rubber particle; (b) Schematic of 30 

boundary conditions. 31 

 32 
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 1 
(a)                                                                                       (b) 2 

Figure 4. (a) Geometry and mesh of the modelling domain: multiple rubber particles of varying sizes; (b) 3 

Schematic of boundary conditions. 4 

 5 

4.2. Input Parameters and Model Validation 6 

The parameters used in the modeling were determined and collected from published literatures. To 7 

investigate the effects of various factors (e.g., bitumen composition, CRM type and size, interaction 8 

temperature and time) on the swelling behaviors, four types of bitumen with 50 and 100 penetration grades 9 

of Kuwaiti (KSR) and Venezuelan (VEN) origins, car tire rubber and truck tire rubber were employed to 10 

interact at three different temperatures, 150, 180 and 210 °C, respectively. The simulated cases in this study 11 

were based on the research conducted by Artamendi and Khalid [12] and were compared with the 12 

experimental results. Laboratory tests of rubber swelling in bitumen were conducted by immersing weighed 13 

rubber samples in bitumen at elevated temperatures. Rubber samples were periodically taken out and 14 

reweighed, through which the mass uptake was obtained by the difference between the initial weight and 15 

the weight after immersion in bitumen. Based on the laboratory tests, the related parameters, such as 16 

equilibrium concentration, diffusion coefficient and swelling coefficient, were calculated. The equilibrium 17 

concentration and diffusion coefficient were offered in the original paper. The swelling coefficient was 18 

calculated by dividing the swelling strain by the concentration difference in Equation 12. By defining 19 

different values for the material property parameters, the simulation cases listed in Table 1 were numerically 20 

implemented in the model. The density of bitumen was set as 0.93 g/cm3 at high temperatures. The rubber 21 

particle was set to have a density of 1 g/cm3, a Young’s modulus of 8 MPa, and a Poisson’s ratio of 0.45. 22 

Based on the experimental results, it was found that the swelling coefficients of rubber at different 23 

temperatures for given materials are close to each other. However, the diffusion coefficients are highly 24 

temperature dependent. 25 

 26 

Table 1. Material parameters used in the simulation 27 
Case Bitumen 

type 

SARA fractions (%) Temperatu

re (°C) 

Rubber 

source 

Equilibrium 

concentration 

(kg/m3) 

Diffusion 

coefficient, 

D (m2/s) 

Swelling 

coefficient, 

𝛽s (m
3/kg) 

1 

100KSR 7.1+57.6+19.1+16.2 

150 
Car tire 399.4 1.31×10-11 4.85×10-4 

2 Truck tire 523.9 1.69×10-11 5.73×10-4 

3 
180 

Car tire 399.4 1.96×10-11 4.85×10-4 

4 Truck tire 523.9 2.61×10-11 5.73×10-4 

5 
210 

Car tire 399.4 5.86×10-11 4.85×10-4 

6 Truck tire 523.9 6.77×10-11 5.73×10-4 
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7 
50KSR 8.0+48.0+22.0+22.0 

180 Car tire 415.2 1.96×10-11 4.95×10-4 

8 180 Truck tire 469.9 2.15×10-11 5.30×10-4 

9 
100VEN 9.7+49.8+23.5+17.0 

180 Car tire 457.4 7.11×10-11 5.22×10-4 

10 180 Truck tire 558.8 7.42×10-11 6.06×10-4 

11 
50VEN 8.0+51.4+19.7+20.9 

180 Car tire 430.1 3.37×10-11 5.03×10-4 

12 180 Truck tire 469.9 3.82×10-11 5.30×10-4 

 1 

Model validation is concerned with quantifying the accuracy of the model by comparing numerical 2 

solutions to experimental data. To validate the developed swelling model, the simulation of rubber swelling 3 

in 100KSR bitumen at 180 °C (case 3 and 4) were taken as an example and the simulation results were 4 

compared with the experimental data [12]. For the case of one-dimensional diffusion, the analytical solution 5 

of Fick’s laws for shorter times is shown in Equation 16 [22].  6 

 7 

 8 

where  𝑀𝑡  and 𝑀∞  are the masses of the diffusing substance absorbed at time t and at equilibrium 9 

respectively; t is the immersion time (s) for the rubber in bitumen and d is the rubber sample thickness (mm). 10 

This equation indicates a linear relationship between initial weight gain (𝑀𝑡 𝑀∞⁄ < 0.6) and the square root 11 

of time. 12 

Figure 5 shows the variation in 𝑀𝑡 𝑀∞⁄ with t1/2/d for the absorption of 100KSR bitumen into truck and car 13 

tire rubber at 180 °C. Both experimental and numerical data in Figure 5 verify the linear regions in the early 14 

stages of diffusion for both types of rubber. It can be seen from Figure 4 the numerical data correlates well 15 

with the experimental data. In addition, truck-tire rubber reaches the equilibrium earlier than car-tire rubber 16 

does. This finding is consistent with the experimental results and is because truck-tire rubber contains more 17 

natural rubber which swells faster than synthetic rubber in bitumen. 18 

 19 
Figure 5. Bitumen absorption into rubber at 180 °C during the swelling process. 20 

 21 

Figure 6a presents the total displacement contour of rubber particle in bitumen when equilibrium 22 

swelling reaches for Case 3 and 4 simulations. The maximum displacements for two cases were also 23 

annotated in the figure. It can be found that car-tire rubber produces less swelling than truck-tire rubber 24 

under the same condition. Truck-tire rubber contains more natural rubber components, which are more prone 25 
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to swell in bitumen due to the high chain flexibility of simple long-chain structure with less network 1 

constraints comparing to the synthetic rubber in car-tire rubber. It is noteworthy that, due to the swelling of 2 

rubber in bitumen, bitumen matrix was squeezed out of the original boundary. In addition, the swelling of 3 

rubber is not uniform due to the constraints of surrounding bitumen. To calculate the volume change (area 4 

change in 2D model) of rubber during swelling, deformed geometries were generated as shown in Figure 5 

6b. The black circle represents the original rubber particle while the red one represents the swollen rubber 6 

particle. The area of swollen rubber particle was calculated using the surface integral based on the deformed 7 

geometry. The volume change of rubber particles during the swelling process were illustrated in terms of 8 

swelling ratio in Figure 6c. The swelling ratio was defined as the area increase divided by the original area 9 

of rubber particle. It can be seen from Figure 6c that swelling of rubber happens faster at the earlier stage of 10 

interaction, which is consistent with the diffusion process. With the increase of interaction time, car-tire and 11 

truck-tire rubber sequentially reached the swelling equilibrium at 1150 s and 900 s, respectively. The 12 

equilibrium times from simulation are close to the experimental counterparts, 1014 s and 762 s. As expected, 13 

truck-tire rubber has a larger equilibrium swelling ratio in bitumen than car-tire rubber. For the case of 14 

100KSR bitumen at 180 °C, the equilibrium swelling extent for car-tire and truck-tire rubber was 0.49 and 15 

0.79, respectively. 16 

 17 

 18 
(a) 19 

 20 
(b) 21 

 22 
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 1 
(c) 2 

Figure 6. Simulation results for Case 3 and 4: (a) total displacement of rubber particle in bitumen at the 3 

equilibrium swelling state; (b) deformed mesh of the model at the equilibrium swelling state; (c) volume 4 

change of rubber particles during swelling 5 

 6 

5. Results and discussions 7 

5.1. Effect of Temperature on Swelling 8 

The simulation results for Case 1-6 were summarized in Figure 7 in terms of variation in swelling ratio 9 

with interaction time. For both car-tire and truck-tire rubber, with the increase of interaction temperature, 10 

swelling of rubber particles in bitumen takes place faster. The higher the interaction temperature, the shorter 11 

time rubber particles need to reach the equilibrium. This is because of the increased diffusion coefficients 12 

at increased temperatures which stems from the greater segmental motion of polymer chains. In general, the 13 

equilibrium swelling ratio of rubber at different temperatures are identical. The simulation results exactly 14 

correspond to the experimental data. Some studies also found that as the temperature increases, the rate of 15 

swelling increases and the swelling extend decreases [8]. This contradictory result maybe stems from the 16 

partial dissolution of rubber into bitumen at elevated temperatures. The measured mass uptake and hence 17 

swelling ratio was smaller than expected due to the loss of the sample integrity. 18 
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 1 
(a)                                                                                 (b) 2 

Figure 7. Rubber swelling in KSR100 bitumen at different temperatures: (a) car tire; (b) truck tire. 3 

 4 

5.2. Effect of Bitumen Composition on Swelling 5 

The different crude oil sources and diverse fuel processing technologies produce various chemistry of 6 

bitumen, specifically with various SARA fractions, and consequently influence the compatibility with CRM 7 

and the rubber swelling development in bitumen. The simulation results for demonstrating the effect of 8 

bitumen composition on swelling were summarized in Figure 8 in terms of variation in swelling ratio with 9 

interaction time. It can be seen from Figure 8 that even in the same grade bitumen from different origins, 10 

rubber particles swell differently. For the same grade bitumen, both car-tire and truck-tire rubber particles 11 

seems to be more prone to swell in the Venezuelan bitumen than the Kuwaiti. In addition, within each 12 

bitumen type, rubber can swell faster and more in the high penetration grade bitumen, which correspond to 13 

the bitumen with higher maltenes content and lower asphaltene content. This is because the aromatic 14 

fractions (maltenes) of bitumen have similar solubility parameters with rubber and therefore better 15 

compatibility [10]. Asphaltenes have high molecular weight and are not likely to diffuse into the rubber 16 

network and make it swell. 17 
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 1 
(a)                                                                               (b) 2 

Figure 8. Rubber swelling in different bitumens at 180 °C: (a) car tire, (b) truck tire. 3 

5.3. Effect of Rubber Particle Size on Swelling 4 

As shown in Figure 4a, a separate model geometry which involved five rubber particles with varying 5 

diameters (0.2, 0.4, 0.6, 0.8, 1.0 mm) was also developed to investigate the effect of particle size on swelling. 6 

The input material parameters for Case 3 were applied for this specific simulation. Figure 9 presents the 7 

simulation results of swelling of rubber particles with different sizes. It can be seen from Figure 9a that 8 

small rubber particles (with diameter of 0.2 and 0.4 mm) are fully saturated with maltenes at t=1800 s while 9 

other particles still have a concentration gradient along the direction from outer to inner. The particle size 10 

has influence on the time-dependent diffusion process and further affects the swelling behavior of rubber. It 11 

is understandable that large rubber particles have larger volume changes after the same interaction time as 12 

shown in Figure 9b. However, small rubber particles swell faster and reach the equilibrium swelling at an 13 

earlier stage than big particles do as shown in Figure 9c. The asymmetric displacement of a certain rubber 14 

particle is due to the interference effect from neighbor particles, which creates extra forces on the rubber 15 

particles. Since the input material parameters for the rubber particles are identical, it is predictable that 16 

rubber particles with varying sizes will have the same swelling ratio when equilibrium swelling reaches. 17 

The only difference is that big rubber particles need longer time to reach the equilibrium. This is also can 18 

be explained by Equation 16 that if considering swelling as a Fickian diffusion process, the required 19 

interaction time to achieve the same swelling ratio increases with the square of the particle size. 20 
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  1 
(a)                                                                                 (b) 2 

 3 
(c) 4 

Figure 9. Rubber particles of varying sizes swelling in bitumen at 180 °C: (a) concentration at t=1800 s; (b) 5 

total displacement of rubber particles at t=1800 s; (c) variation in swelling ratio with time. 6 

 7 

5.4. Potential application 8 

The inclusion of CRMs in bitumen stiffens the binder. Such a modified bitumen is similar to particulate 9 

filled polymer matrix composites. Comparing to the rigid mineral filler in asphalt mastics, the stiffening or 10 

reinforcement mechanisms of CRMs in bitumen may include volume-filling reinforcement, physiochemical 11 

reinforcement and particle-interaction reinforcement [23, 24]. The effective viscoelastic behavior of CRMB 12 

can be predicted by particulate composite micromechanical models addressing the above reinforcement 13 

mechanisms. The micromechanical models are generally based on the mechanical properties and volume 14 

fractions of individual constituents [25]. The importance of estimating the swelling of CRMs in bitumen is 15 
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that if known, then it may be possible to use suitable micromechanical models with some level of accuracy 1 

to estimate the viscoelastic properties of CRMB. With the predicted properties of CRMB, it might be 2 

possible to optimize the design and process of bitumen-rubber blends and to set quality control limits to 3 

ensure a well-performing mixture. 4 

 5 

6. Conclusions  6 

With the aim of predicting the swelling behavior of rubber in bitumen, this study presented a coupled 7 

diffusion-expansion model to address the multiphysics of swelling which consists of mass diffusion and 8 

volume expansion. In this model, a one-way coupling was introduced between concentration and mechanics. 9 

Firstly, the mass concentration is calculated in a time-dependent study in the mass transport domain, and 10 

then the structural domains are computed in a stationary study based on the results got from transport domain. 11 

Based on the numerical simulation results, the following conclusions can be drawn: 12 

• There is a good correlation between the simulation results and the previously reported experimental 13 

results. The developed model can effectively predict the swelling behavior of rubber in bitumen. 14 

• Under the same condition, truck-tire rubber can absorb more bitumen and cause more swelling than 15 

car-tire rubber. For instance, for the case of rubber swelling in 100KSR bitumen at 180 °C, the 16 

equilibrium swelling ratio for car-tire and truck-tire rubber was 0.49 and 0.79, respectively. 17 

• Temperature is a crucial factor affecting the swelling process. With the increase of temperature, the 18 

diffusion coefficient increases and the equilibrium swelling time decreases. 19 

• In general, high penetration grade bitumen with higher aromatic fractions is more compatible with 20 

rubber and therefore increases the swelling extent of rubber. 21 

• Under the same condition, small rubber particles swell faster and reach the equilibrium swelling at 22 

an earlier stage than large rubber particles. 23 

The developed multiphysics model creates an opportunity to apply the estimated swelling behaviors of 24 

rubber into suitable micromechanical model for further property predictions of CRMB. Further dedicated 25 

experimental studies are recommended to be conducted to establish a database of the material properties of 26 

various rubbers and bitumens to serve as the input parameters in the developed model. The effects of 27 

geometry and distribution (interparticle interaction) of rubber particles on the swelling development are also 28 

challenging. 29 
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