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Abstract: Recycled rubber is extensively used as recyclable material favored for its 
lightweight properties and cost-effectiveness, but it often suffers from low mechanical strength, 
limiting its broader application. This study aims to enhance mechanical properties of 
devulcanized recycled rubber by incorporating micro glass bubble (GB) reinforcements 
characterized by a density of 0.65 g/cm³ and a modulus of elasticity of 3.5 GPa, that offers 
excellent weight reduction with its high strength-to-density ratio. Uniaxial compression tests 
are performed on samples with varying GB volume fractions of 5%, 10%, and 15%. The results 
are numerically validated using finite element analysis (FEA) in ABAQUS/Standard, 
considering varying degrees of inclusion randomization. A 2D representative volume element 
(RVE) is modeled with randomly distributed GBs and subjected to periodic boundary 
conditions (PBCs) to replace heterogeneous composite with an equivalent homogeneous 
material. Numerical analyses are conducted for GBs with different diameters (30, 40, and 50 
µm), revealing minimal influence on the results.  The stress-strain behavior of random 
heterogeneous composite is described by analyzing average stress and strain tensors across 
integration volume elements. Afterwards, the RVE with a length of 238 µm is anticipated to 
demonstrate the most effective adjustment to the macroscale response. To illustrate the effect 
of different glass bubble diameters, numerical analyses are also carried out for the expected 
RVE size with 30, 40, and 50 µm diameters. Inclusions varying in diameter from 20 to 50 µm 
and 10 to 60 µm are also simulated. Notably, variations in the sizes of inclusions seem to have 
minimal impact on the numerical results. The comparison between experimental and numerical 
results demonstrate high accuracy of the numerical simulations, confirming the developed 
method successfully predicts the behavior of composite material. 
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1. Introduction 
Industries like aeronautics, automotive, and transportation extensively use recycled rubber 
(RR) for various applications that demand attributes like high toughness, excellent impact 
resistance, cost-effectiveness, and lightweight structures. Rubber waste is gathered and 
categorized as industrial waste in numerous sectors, such as automotive and aerospace. Around 
5-15% of the total output is attributed to these wastes [1,2]. In traditional rubber manufacturing, 
there are a few instances where scrap rubber is produced. However, recovering energy from 
scrap rubber is detrimental to the environment, exacerbating ecological harm through 



emissions and waste [3]. The lack of utilization of these RRs is also regarded as a financial 
loss, further underscoring the necessity for recycling [2,4]. Thus, it is crucial to develop cost-
effective techniques for recycling waste rubber. 
The recycling process for rubber begins with the collection of industrial rubber scraps 
generated from manufacturing activities, such as tire production and automotive components. 
These scraps are then ground into smaller particles, increasing their surface area and preparing 
them for further treatment. Next, the ground rubber undergoes thermomechanical 
devulcanization, which involves applying heat and mechanical energy to break sulfur cross-
links that bind the rubber. This process restores the rubber's plasticity, transforming it into 
reclaimed rubber [2,5]. Finally, the reclaimed rubber is revulcanized by mixing it with new 
sulfur and additives, re-establishing the desired cross-linking structure and enhancing its 
properties for reuse in new products. A schematic drawing illustrating rubber recycling process 
is presented in Figure 1. 

 
Figure 1. Schematic drawing of rubber recycling 

 
Once rubber undergoes crosslinking, recycling becomes challenging. However, the 
devulcanization process enables the reversal of crosslinking in cured rubber [2,4]. This results 
in acquiring recycled material with characteristics similar to original material [6,7]. 
Devulcanized rubber improves interaction and adherence with the matrix [8]. Compared to 
other materials, rubber can withstand significant elastic deformation under stress, and upon 
unloading, it can revert to initial shape without undergoing permanent deformation. On the 
other hand, devulcanized rubber often fails to return to original shape following a substantial 



deformation [9] and it has relatively low stiffness and strength [10]. To improve these 
properties, it is necessary to reinforce the matrix by stronger and stiffer microscale particles 
[11, 12].  
Various fillers require different properties for an ideal reinforcement, based on the type of 
inclusion used. To enhance the reinforcement of rubber particles, various micro- and nanoscale 
fillers are employed [13-15]. Existing research on recycled rubber composites suggests that 
incorporating fillers enhances the physical and mechanical properties [16-18]. Moreover, it 
results in the production of cost-effective and lightweight composites suitable for diverse 
application areas.  
Recent advancements in the field of recycled rubber composites have demonstrated significant 
improvements through the integration of microscale and nanoscale reinforcements. Studies 
such as Kabakci et al. have focused on toughening mechanisms in composites by utilizing glass 
bubbles, alumina fibers, and other fillers [19]. Further research by Sun et al. emphasizes the 
role of hollow glass microspheres in enhancing both tensile strength and energy absorption 
properties of polymer composites [2,21]. Additionally, Ma et al. explored covalent bonding 
techniques in nanocomposites, further enhancing mechanical properties and energy storage 
capabilities in rubber-based systems [22]. 
The use of recycled EPDM in development of the composites reinforced with alumina fiber, 
as investigated by Irez et al. [13], exhibits a significant advancement in the creation of cost-
effective and lightweight materials. Dhingra et al. [16] further expanded the scope by 
examining the properties of alumina fibers, shedding light on its potential applications and 
variability in the creation of lightweight composites. Geim and Novoselov's work on graphene 
[22] has provided lightweight yet strong composite materials. In the field of polymer science, 
Platzer's investigation into the fracture mechanics of polymers [24] provides fundamental 
insights crucial for the development of lightweight composite materials. Additionally, Zhang 
and Lei's work [25] offers an innovative approach for achieving cost-effective lightweight 
materials, particularly in applications like chemical mechanical polishing on glass substrates. 
Furthermore, the study by Zhang et al. [26] explores the functionalization of graphene 
nanoplatelets in silicone rubber composites, demonstrating a promising pathway for cost-
effective improvements in mechanical and thermal properties. Together, these research efforts 
highlight diverse strategies in the development of cost-effective and lightweight composites, 
incorporating recycling, creative material selections, and advanced manufacturing methods. 
Glass bubbles, or hollow glass microspheres (GBs), offer a substitute for the conventional 
inorganic fillers in reinforced rubber composites across different applications [27,19]. Their 
high strength-to-density ratio makes them well-suited for demanding polymer processing 
operations in various contexts. GBs, characterized by an ideal spherical shape and an aspect 
ratio of one, function as excellent volume fillers, providing notable advantages such as weight 
reduction, improved performance, and enhanced processing [28]. Kabakci, Aslan, and 
Bayraktar [1] conducted a comprehensive review on the analysis of reinforced RR composites, 
emphasizing the role of GBs. Râpa et al.'s study [29] explores the effect of GBs on the 
properties of post-consumer recycled polypropylene, revealing their positive impact on 
material characteristics. This work underscores the potential of GBs in improving the overall 
performance of recycled composites. Kabakci, Aslan, and Bayraktar [30] delve into the 
toughening mechanisms of RR based composites including GBs, GFs, and AFs. GBs contribute 
to the unique characteristics of these composites, influencing toughness and overall material 
behavior. K-Çakır et al. [31,32] focus on the toughening mechanism and numerical modeling 
of RR composites with GFs and AFs. These studies further highlight the significance of GBs 



in achieving desirable properties in composite materials. In summary, glass bubbles play a 
crucial role in reinforced rubber composites, offering a range of beneficial properties. These 
studies collectively underscore the impact of GBs on weight reduction, improved performance, 
and enhanced processing, showcasing their importance in advancing composite material 
properties. 
In heterogeneous structures, the effective physical behavior is heavily influenced by geometry, 
properties, and distribution of inclusions. However, conducting simple experimental 
observations on multiple specimens with varying phase characteristics and volume fractions is 
often impractical due to time and cost constraints [33]. To address this challenge, various 
homogenization approaches have been developed, aiming to develop constitutive models 
applicable at the macroscopic scale, utilizing an approach that incorporates averaging and 
homogenization. 
Among these analytical approaches, micromechanical models, including the Halpin-Tsai (H-
T) model [34] and the Mori-Tanaka model [35], estimate the elastic properties of composites 
by considering factors like geometry and elastic properties of both inclusions and matrix. The 
H-T model averages properties of components to derive overall property and is suitable for 
linear material properties, such as elastic moduli [34,36]. This method only accounts for one 
microstructural factor: the proportion of volume occupied by heterogeneities. Equivalent 
material properties are determined analytically by solving a boundary value problem (BVP) 
using models like Eshelby's [37], Hashin’s [38], Hashin and Shtrikman’s [39], and Hill’s [40], 
all of which employ self-consistent approaches. 
Additionally, asymptotic expansion theory, formulated by Sanchez-Palencia [41] and 
Bensoussan, Lions, Papanicolaou [42], offers another mathematical approach to derive 
effective overall properties and local stresses and strains for microscopic geometries. Studies 
on the macroscopic linear properties have also been conducted by Beran [43], and Torquato 
[44], while random distributions of heterogeneity have been explored by Milton [45], Besson 
et al.  [46], Kroner [47], Sanchez-Palencia and Zaoui [48] and Nemat-Nasser [49].  
In terms of computational homogenization, behavior of heterogeneous materials is governed 
by constitutive laws and spatial distribution of constituents. Numerous research on numerical 
homogenization approaches exist in literature. Suquet [50], [51] employed an averaging 
approach to address non-linear problems across two scales. Following the application of 
deformation gradient tensor at the microscopic level, an averaging formulation is employed to 
calculate the macroscopic stress tensor [2]. The concept of the Representative Volume Element 
(RVE), introduced by Hill [52], represents a sufficiently large volume of heterogeneous 
material that statistically reflects the composite. The finite element method is commonly used 
to analyze the RVE level, as demonstrated by Terada and Kikuchi [53], Smit [54], Smit et al. 
[55], Miehe et al. [56], Feyel and Chaboche [57]. The work of Moulinec [58] and Miehe [59], 
[60]  extended this approach to include large deformations characterized by nonlinear material 
behavior, without any predefined microstructural patterns. Geers and Kouznetsova [61–63] 
advanced second-order homogenization techniques, solving BVPs at the microscale employing 
the deformation gradient tensor along with the associated Lagrangian gradient [64]. 
In this study, cost-effective rubber-based (RR) composites are designed with glass bubble (GB) 
reinforcements to enhance mechanical properties of RR across various volume fractions. After 
determining the inclusions in the matrix, the composites undergo compression tests to obtain 
their stress-strain curves. The performance of H-T model, as a rule of mixture, is then evaluated 
to predict the homogenized moduli of the composite materials. Additionally, the uniaxial 
response of the composites is analyzed using macromechanical finite element simulations in 



ABAQUS/Standard. For the homogenization process, a 2D RVE with randomly distributed 
spherical GBs is used. The RVE size is set based on the length of a side of the square domain, 
corresponding to a specific number of inclusions and a defined volume fraction. The 
determination of isotropic elastic properties is achieved by enforcing periodic boundary 
conditions (PBCs) on the RVE. To characterize the stress-strain response, average strain and 
stress tensors across integration volume elements are subsequently calculated. 
By drawing comparisons with other studies in the literature, it is demonstrated that the 
inclusion of GBs offers a robust solution for enhancing recycled rubber composites. At the 
same time, areas where the findings diverge from the established literature are highlighted, 
providing insights into the unique behavior of devulcanized recycled rubber composites. While 
significant progress has been made in reinforcing recycled rubber, there is a notable lack of 
research on the use of micro glass bubbles as reinforcements. This study addresses this gap by 
combining experimental data with numerical simulation techniques, particularly finite element 
analysis using representative volume elements (RVE). The novelty lies in this dual approach, 
which offers a more comprehensive understanding of the material's behavior compared to prior 
studies that focus solely on experimental results. 
To provide a clear overview of the entire research process, a flowchart is presented in Figure 
2, which outlines the key stages of the study, including material selection, composite 
manufacturing, experimental testing, numerical analysis using finite element analysis (FEA), 
and the comparison of experimental and numerical results. This comprehensive visual 
summary facilitates the understanding of the methodology and the sequential flow of the 
study's key steps. 

 
Figure 2. Flowchart for the research methodology of RR composites  



reinforced with GBs 
  
2. Experimental Methods 
The recycled rubber employed in this study has been sourced from manufacturers of sports 
equipment, obtained as fresh scrap obtained from manufacturing line. Notably, this recycled 
rubber does not include any metallic inclusions. The rubber particles have an average diameter 
of 50 µm, a density of 1.51 g/cm³, and a modulus of elasticity of 10 MPa. Additionally, GBs 
are manufactured by 3M™ Glass Bubbles K1 [28] and they exhibit a density of 0.65 g/cm³, a 
diameter of 30 µm, and an elasticity modulus of 3546 MPa [2]. Figure 3 shows SEM images 
illustrating GB reinforcements employed in the current study. 

 
Figure 3. SEM image of GBs 
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Moreover, epoxy resin serves as a binding agent between RR and GBs. The degree of cross-
linking significantly influences the mechanical properties [13], [19]. Improving the toughness 
of the composites can enlarge the plastic zone in the structure, enabling the material to dissipate 
additional fracture energy. Consequently, the composite material mixture is composed of 95 
weight percent (wt. %) RR and 5 wt. % epoxy. Pure dry epoxy resin, produced by Yantai 
Yuanli Machinery Manufacturing Co. of the Chinese Society, is available as High Purity Solid 
Epoxy Resin. Achieving effective bonding between the inclusions and matrix is crucial during 
the manufacturing process. However, RRs, due to prior vulcanization processes, lack the free 
chains necessary to establish new bonds with epoxy resin. RR mixed with epoxy resin is heated 
in a microwave oven for 4 minutes at 900 W to initiate the devulcanization process. This 
method aims to break sulfur bonds, facilitating the formation of partially new links, which 
enhances the flow properties of the recycled rubber and improves its interaction with other 
materials [32].  
Rubber powder is stored in oven at 30-40°C for 72 hours prior to testing to ensure proper 
preparation. After blending, RR particles are blended with GBs with different volume fractions 
of 5%, 10% and 15% and milled for 4 hours with Zn-Stearate to ensure uniform distribution. 
After mixing and achieving a homogeneous composite, the material is left for one day to avoid 



any humidity interference. Then, the composites are manufactured through hot compaction, 
which is carried out at 220◦ C under a pressure of 70 MPa, with a cycle of 20 minutes of heating 
and 20 minutes of cooling. The hot compaction process is illustrated in Figure 4. Furthermore, 
specimens are prepared with a diameter of 50 mm and thickness of 9 mm.  
 

 
Figure 4. Manufacturing steps of RR-based composites 

 
To describe mechanical properties of composites, they undergo uniaxial compression tests 
following DIN 50106 standards and with 1 mm/min crosshead speed. Figure 5 illustrates the 
test setup. 
 

 
Figure 5. Uniaxial compression test setup 

 



3. Experimental Results 
The chemical compositions and the densities of various RR composites manufactured with GB 
reinforcements are given in the Table 1. In this table, the material density is calculated by 
considering the contributions of both the matrix (rubber and epoxy) and the glass bubbles. The 
matrix composition, based on its weight percentages, is converted into volume fractions using 
the known densities of rubber and epoxy. Similarly, the volumetric content of the glass bubbles 
is determined based on their proportion in the composite. The overall composite density is then 
derived by combining the density of the matrix and the glass bubbles, weighted by their 
respective volume fractions. This method ensures that the final composite density accurately 
reflects the contributions of both the matrix and the filler. As shown in Table 1, an increase in 
the amount of GB leads to a reduction in the material's density, making it lighter. 
 

Table 1. Chemical compositions and densities of RR composites [2] 
Composite Matrix (vol. %) Glass Bubble Density 

Name (Rubber/Epoxy)1 (vol. %) (g/cm3) 
GB5 95 (95/5) 5 1.44 
GB10 90 (95/5) 10 1.39 
GB15 85 (95/5) 15 1.35 

                 1Rubber and epoxy in the matrix in wt. %. 
 
To assess the mechanical performance of RR and RR composites reinforced with glass bubbles 
(GBs), uniaxial compression tests are carried out at a crosshead speed of 1 mm/min. The stress-
strain responses for RR and the composite are presented in Figure 6. As seen in the figure, the 
composite demonstrates higher strength compared to pure rubber, with the addition of 
reinforcements enhancing the material properties. The uniaxial compression tests demosnstrate 
that incorporating GBs into the devulcanized recycled rubber matrix significantly enhanced its 
mechanical properties. This is consistent with findings by Kabakci et al. [6] and Sun et al. [21], 
who reported similar improvements in the fracture toughness and strength of rubber-based 
composites reinforced with GBs. The comparison of compression test results, illustrating the 
impact of incorporating inclusions, is detailed in Table 2. The elastic modulus is typically 
calculated from the initial linear portion of stress-strain curve, which corresponds to the elastic 
region where the material deforms reversibly under load. From uniaxial compressive 
responses, the elastic modulus is computed within the initial strain range where the stress-strain 
relationship is linear-likely in the strain range of 0.0 to around 0.035, before any yielding 
occurs. The elastic modulus for the materials in Table 2 are determined by taking the slope of 
curve in this linear elastic region for each material (GB5, GB10, GB15, and the rubber). The 
strain range used for calculating the modulus is typically confined to the region before 
significant plastic deformation occurs. 
 



 
Figure 6. Uniaxial compressive responses of RR and GB composites 

 
Table 2. Comparison of the compression test results 

Composite 
Name 

Ultimate Stress, 
𝝈𝒖 (MPa) 

Strain at Break, 
𝛜𝐟  (%) 

Fracture Stress, 
𝝈𝒇 (MPa) 

Modulus of 
Elasticity, E 

(MPa) 
Matrix 14.74 4.80 13.48 323 
GB5 19.72 6.16 18.16 367 
GB10 22.88 6.53 20.44 424 
GB15 27.27 8.64 26.30 512 

 
The test parameters for this study are determined relying on a combination of established 
literature and prior experience. The glass bubble (GB) volume fractions (5%, 10%, and 15%) 
are selected in alignment with values commonly reported in the literature for similar 
composites, as shown in studies like those by Kabakci et al. [30], where these fractions are 
found to achieve optimal mechanical properties. Additionally, the sizes of the glass bubbles 
(30, 40, and 50 µm) are chosen based on experience, indicating these sizes to be effective in 
balancing weight reduction with mechanical reinforcement. Moreover, the uniaxial 
compression testing conditions are informed by prior experimental setups, where similar 
parameters are successfully applied to produce reliable and reproducible results. 
 
 
 
 



4. Micromechanical Models 
4.1. Analytical Homogenization and Results 
Here, we employ a modified Halpin-Tsai (H-T) model for predicting elastic properties of 
composites. The effect of macro inclusions is given as follows 
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in which L and T are longitudinal and transversal moduli. Then, Eେ , E୫ and E୤ are the elasticity 
moduli of composite, matrix and fiber; V୤, D୤, L୤, and ξ୤ are volume fraction, diameter, length, 
and shape factor of each fiber, respectively [2]. 

 
To accurately execute the modified H-T model, a two-step process is necessary. Initially, the 
modulus of elasticity of the matrix is computed as 
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where Eେଵ, Eୖ and E୉ the elasticity moduli of matrix, devulcanized rubber, and epoxy; Vୖ, Dୖ, 
Lୖ, and ξୖ are the volume fraction, diameter, length, and the shape factor of rubber particles, 
respectively [2]. By adding the glass bubble 
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in which Eେ and Eୋ are the elastic moduli of final composite and GBs; Vୋ, Dୋ, Lୋ, and ξୋ are 
the volume fraction, diameter, length, and the shape factor of GB particles, respectively. This 
process is conducted for all composites and Table 3 presents the homogenized elastic moduli 
alongside the experimental values for comparison. 
 

Table 3. Analytical and experimental elastic moduli [2] 
Composite 

Name 
H-T Modulus, 

Ec (MPa) 
Experimental Modulus, 

E (MPa) 
GB5 231 367 
GB10 259 456 
GB15 293 570 

 
However, the elastic moduli obtained by experimentally and by H-T model do not demonstrate 
satisfactory agreement. Despite this disparity, there is a consistent trend in the variation of 
elastic moduli, where values consistently increase with the introduction of GBs into the matrix. 
The discrepancy in stiffness values may stem from the analytical model's inherent limitation, 



as it solely predicts composite elasticity based on factors such as geometry and volume fraction 
of the heterogeneity, elastic properties of both inclusions and matrix, and an average of 
individual component properties to derive overall material property. To improve the predictive 
accuracy of the analytical model, introducing refinements is crucial. One key refinement 
involves incorporating more complex factors that better represent the real structure. 
Specifically, accounting for non-uniform particle distribution and realistic particle shapes can 
significantly improve the model's precision. 
 
4.2. Computational Homogenization and Results 
Analytical models face challenges when applied to intricate problems, and their precision may 
be insufficient for composite materials. Consequently, numerical approaches, capable of 
providing results with enhanced accuracy, are used to analyze material property. By leveraging 
numerical simulations, the study aims to address the constraints of analytical methods and offer 
a more precise understanding of how the composite material behaves under varying conditions, 
particularly when incorporating glass bubble particles. 
The uniaxial behavior of composites, along with the impact of fillers on the finite strain 
response, are investigated with macromechanical finite element (FE) simulations by 
ABAQUS/Standard. A 2D FE model, corresponding to the dimensions of the test specimen, is 
utilized to replicate the stress-strain response of the composite. Simulations of uniaxial 
compression tests are performed for GB5, GB10, and GB15 configurations, where the 
macrostructure is defined as a matrix embedded with randomized microspherical particles of 
30 µm in diameter. A Python script is employed to randomize the distribution of GBs within 
matrix geometry, streamlining model creation process in ABAQUS/CAE. 
Initially, a microsphere is created within the rectangle that represents the matrix by 
implementing a "random" function in the script. Subsequently, an algorithm is formulated to 
ensure no two circles overlap and that each new circle remains distinct, maintaining a minimum 
set distance from the preceding ones. As circles are drawn, the cumulative volume ratio is 
computed at every stage, and the randomization process concludes once the targeted total 
volume ratio is attained. However, a challenge arises when modeling each composite according 
to actual specimen dimensions; the necessity for a vast quantity of random circles not only is 
time-consuming but also introduces complexity due to the excessive number of elements, 
complicating the convergence of the analysis.  Take, for example, a GB15 test specimen 
measuring 23 × 9 mm, which necessitates a matrix incorporating 292,845 randomly scattered 
microspherical particles. Given this, the model’s area is scaled down to a quarter of the real 
specimen’s size to mitigate the computational load. To ensure the accuracy and consistency of 
results, multiple simulations featuring varied random inclusions are executed, establishing the 
reliability of the outcomes obtained under these modified parameters. 
The uniaxial compression simulations for GB15 are conducted on a 2D macrostructure, 
measuring 10 × 5 mm, defined by a matrix populated with 70,736 randomly distributed 
microspherical particles of 30 µm diameter [2]. These particles constitute 15% of the test 
specimen’s volume.  Upon completion of the model, it incorporates a total of 817,108 linear 
3-node triangular elements for both the matrix and fillers, each with an approximate size of 
0.05 mm. Static Uniform Boundary Conditions (SUBC) are then applied, imposing a 
maximum displacement of 0.9 mm in the uniaxial direction [2]. Figure 7 illustrates the detailed 
micromechanical finite element model of the composite. 
GB, being significantly stiffer than the matrix, is characterized by a linear elastic mechanical 
behavior, defined by a modulus of elasticity of 3546 MPa and a Poisson’s ratio of 0.2.  As 



illustrated in Part 3 Figure 6, the introduction of GB enhances the strength of the composite 
beyond that of pure rubber, underscoring the beneficial impact of adding such reinforcements. 
The behavior of the recycled rubber matrix is encapsulated through standard J2 plasticity with 
non-linear hardening [65]. 
 

 
Figure 7. Macromechanical FE model of RR based composite filled with 15% GBs 

 
To anticipate the degradation of the rubber matrix, the ductile damage initiation criterion is 
employed. This criterion is instrumental in pinpointing the onset of damage and is predicated 
on the assumption that equivalent plastic strain at damage onset, denoted as 𝜖 ̅஽

௣௟
, is contingent 

upon stress triaxiality and strain rate, expressed mathematically as 𝜖 ̅஽
௣௟(𝜂, 𝜖 ̅̇௣௟). Here, 𝜂 =

 −𝑝/𝑞 represents stress triaxiality, where ‘𝑝’ is the pressure stress and ‘𝑞’ is the Mises 
equivalent stress; 𝜖̅̇௣௟  designates equivalent plastic strain rate. Onset of damage is confirmed 
when specific conditions, rooted in these parameters, are fulfilled. 
 

𝜔஽ = ∫
𝜖

௣௟

𝜖 ̅஽
௣௟(𝜂, 𝜖 ̅̇௣௟)

= 1 4 

 
where 𝜔஽ represents a state variable increasing with plastic deformation. In each step, the 
incremental change in 𝜔஽: 
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In simulating ductile damage initiation in Abaqus, the process begins with identifying ductile 
damage onset through an analysis of stress-strain responses obtained from compression tests. 
Following this initial step, the material properties are modified within the Abaqus framework 
to integrate the calibrated ductile damage initiation parameter. Once the material properties are 
updated, simulations are executed in Abaqus to observe the model's response under various 
loading conditions. The simulation outcomes are closely examined, offering insights into the 
model's behavior as it undergoes deformation. To validate the accuracy of the ductile damage 
initiation parameter, a comparison is conducted between the simulation results and 
experimental data. This validation process is iterative, allowing for the refinement of the 
parameter until a satisfactory alignment between numerical and experimental responses is 
achieved. 
Within this approach, the computation of the ductile damage initiation parameter stands at 
0.03979. The simulations incorporate a displacement-type damage evolution mechanism 
characterized by exponential softening. Additionally, the displacement at failure is set to 
0.0214, governed by an exponential law parameter of 5. This ensures a robust simulation of 
ductile damage initiation, aligning the model behavior with the experimental results.  
The failure of the specimens is associated with shear localization, where the material undergoes 
intense deformation in localized zones These shear bands contribute to the overall failure 
mechanism, providing additional insights into the material's behavior under uniaxial loading 
conditions. Notably, in the simulations, ductile damage contributes to the formation of shear 
bands as indicated by strain contours to be presented in Figures 10-14. 
Figure 8  compares the numerical macroscopic axial response of the composite to the 
corresponding experimental data. The modeling of the microstructure using the Representative 
Volume Element (RVE) is applied to address homogenization problems. The RVE must be 
large enough to capture most of the micro-heterogeneities while maintaining a manageable 
size, allowing it to be treated as a continuum mechanics volume element. In theory, the RVE’s 
behavior should be independent of the type of BCs used [66,67].  However, PBCs are selected 
for this study as they offer a reasonable approximation of the effective moduli. PBCs preserve 
the shape and alignment of opposing edges during deformation, with stress vectors on opposite 
sides directed oppositely to ensure continuity of stress across the boundaries [33]. 
 

 



 
 

(a) (b) 

  
(c) (d) 

 
Figure 8. Experimental and numerical results of (a) pure rubber and composites  

(b) GB5, (c) GB10, (d) GB15 
 

A 2D RVE with randomly distributed GBs is used in the homogenization process. To impose 
PBCs to the RVE, the model must have both a periodic geometry and mesh. To achieve this, a 
Python script is utilized to randomize the distribution of inclusions within a square domain 
while ensuring the geometry remains periodic. A volume element, denoted as V, is taken into 
consideration, and PBCs are imposed on the boundary 𝛿𝑉 to assess the overall properties.  
The compression test results are replicated using distance-controlled PBCs for GB inclusions 
at volume fractions 𝑉௙  =  0.05, 0.10, 0.15.  
The constitutive behavior of heterogeneous structures can be captured for large volumes with 



only a few realizations [66]. Accordingly, a primary objective is to analyze a 2D model with 
actual specimen dimensions using a limited number of realizations. Macroscopic stresses and 
strains, representing the mechanical properties at a macroscopic material point, are regarded as 
averaged values computed over a defined volume that includes the microscopic fields [68]. 
Macroscopic homogeneity is established by assuming that the average strain and stress are 
spatially independent. The stress and strain averages over a specific volume are denoted using 
square brackets. More specifically, if the position vector is 𝐱, the volume-averaged stresses and 
strains, denoted by square brackets, are calculated as the mean of point stresses or strains within 
the volume 𝑉, as expressed by [66,69]. 
 

𝐄 =  〈𝛜〉 =
1

𝑉
න 𝛜 dV

௏

6 

 
here E is a symmetrical second-rank tensor, and the macroscopic stress tensor: 
 

𝚺 =  〈𝛔〉 =
1

𝑉
න 𝛔 dV

௏

7 

 
Using Equations 6 and 7, a Python script is developed to perform volume integration, allowing 
for the evaluation of average stress and strain values for each integration point at each step [2]. 
This approach provides a numerical response for the heterogeneous composite with 𝑉.  
The principle of overall average homogenization method is the use of fourth-order 
concentration tensors, which establish a relationship between volume-averaged strains and 
stresses or the applied BCs. The strain averaged over the inclusion phase is connected to the 
overall macroscopic strain and the averaged strain in the matrix through the fourth-order strain 
concentration tensor field 𝔸 for PBC problems [66]: 
 

𝛜(𝐱) = 𝔸(𝐱): 𝐄 8 
 
a four-rank concentration tensor field 𝔹 for SUBC problem 
 

𝛔(𝐱) = 𝔹(𝐱): 𝚺 9 
 
The concentration tensor field is equal to the fourth-rank identity tensor [66] 

〈𝔸〉 = 〈𝔹〉 = 𝕀 10 
 
Following numerous realizations of variously sized RVEs with PBCs, the macroscopic strain 
and stress tensors are computed for each volume element. Then, within the macroscopic 
structure utilizing SUBC, the average stress and strain values are calculated.  
 
To determine the optimum RVE size, RVE size estimation process is utilized. This involves 
conducting multiple randomizations for the composites, employing a range of RVE sizes to 
systematically evaluate their responses. This process is visually illustrated in Figure 9.  
Additionally, Table 4 presents the number of randomized inclusions associated with the length 
of the volume element, used in defining the RVE size, along with the number of realizations 
considered for each RVE length. 



 

 
Figure 9. Randomization of RVE with different sizes for GB composites (V୤ = 0.15) [2] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 4. Length of RVEs with the number of randomized GBs 
Volume fraction, 

𝑽𝒇 (%) 
RVE size, 𝐿 

(𝜇m) 
# of inclusions, 

𝑁 
# of realizations, 

n 
5 205 3 15 
5 238 4 12 
5 
5 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 

266 
291 
206 
238 
266 
291 
69 

119 
168 
206 
238 
266 
376 
485 
574 
687 

5 
6 
6 
8 
10 
12 
1 
3 
6 
9 
12 
15 
30 
50 
70 

100 

10 
7 
11 
9 
7 
5 
1 
8 
6 
5 
23 
19 
17 
14 
12 
8 

 
 
The results of RVEs of varying sizes are illustrated in Figures 10, 11 and 2, with a comparative 
view against the experimental test result for 𝑉௙  =  0.15. Figure 10 presents RVEs with L = 69 
µm and L = 119 µm and Figure 11 with L = 206 µm and L = 238 µm, while Figure 12 illustrates 
RVEs with L = 376 µm and L = 687 µm. Upon closer examination, it becomes evident that the 
RVE with L = 69 µm deviates significantly from the experimental stress-strain curve, 
signifying an inadequate representation of the material's behavior at this size. Although L = 
119 µm demonstrates closer alignment with the experimental observations, it falls short of 
accurately reflecting the behavior of the material. L = 206 µm exhibits improved agreement 
with the experimental curve; however, the RVE with L = 238 µm provides the most optimal 
curve fitting to the macroscale response. The choice of L = 238 µm is guided by the 
fundamental principle that an RVE size must be small enough to capture microstructural details 
and, simultaneously, large enough to offer a representative characterization of the material. In 
this context, the 238 µm RVE strikes a balance, comprising essential microstructural features 
and leading to a more precise representation of the material's macroscopic behavior. The 
comparative analysis serves as a critical evaluation of different RVE sizes, emphasizing the 
need for precision in choosing an RVE size that harmonizes microstructural accuracy with 
macroscopic representativeness. Additionally, the inclusion of RVE sizes 376 µm and 687 µm 
in Figure 12 is considered, but the 238 µm RVE is deemed sufficient, reconfirming the 
consistence required for an optimal representation of microstructure and macroscopic behavior. 
Figure 13 presents the cumulative results across various sizes of RVEs, allowing for a direct 
comparison. It becomes evident from this figure that selecting the optimal size as 238 µm is 
the appropriate choice. The estimation of RVE length is done for a volume fraction of 0.15. 
The expected RVE size encompasses the sizes for 𝑉௙  =  0.05 and 𝑉௙  =  0.10. Essentially, the 



238 µm RVE size is suitable for these volume fractions as it captures sufficient information on 
microstructure and remains significantly smaller than the macroscopic structural dimensions. 
 

 

 
(a) (b) 
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Figure 10. Strain contours of RVE with (a) L = 69 µm and (c) L = 119 µm for 𝑉௙  =  0.15, 

Numerical and experimental results for (b) L = 69 µm and (d) L = 119 µm 



 

 
(a) (b) 

 
 

(c) (d) 
 

Figure 11. Strain contours of RVE with (a) L = 206 µm and (c) L = 238 µm for 𝑉௙  =  0.15, 
Numerical and experimental results for (b) L = 206 µm and (d) L = 238 µm 
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(c) (d) 

 
 

Figure 12. Strain contours of RVE with (a) L = 376 µm and (c) L = 687 µm for 𝑉௙  =  0.15, 
Numerical and experimental results for (b) L = 376 µm and (d) L = 687 µm 



 

Figure 13. Comparison of responses across different RVE sizes as provided in Table 4  
(V୤ = 0.15) 

 
The numerical results are conducted with varying arrangements to assess the impact of GB 
distributions. This approach allows to analyze how different configurations of inclusions affect 
the overall outcome. For the specified RVE length, multiple realizations are conducted with 
various distributions of the inclusions. As an example, logarithmic strain contours along 
direction 2 and a comparison of the responses are illustrated in Figure 13 for the optimal RVE 
length of 238 µm. It can be concluded that the distribution of inclusions has a negligible impact 
on the numerical results. 
 



  
(a) (b) 

 
 

(c) (d) 
 
 

Figure 14. Strain contours for the RVE with L = 238 µm for different random distributions 
of GBs (a) Distribution #1 (b) Distribution #2 (c) Distribution #3   

(d) Comparison of the responses (V୤ = 0.15) 
 

Across all analyses, the average diameter of GBs is estimated to be 30 µm. To demonstrate the 
impact of varying diameters of GBs, numerical analyses are conducted for the anticipated RVE 
size (L =  238 µm), featuring GBs of 30, 40, and 50 µm diameters, as depicted in Figure 15. 
Inclusions with sizes spanning from 20 to 50 µm and from 10 to 60 µm are also modeled 
(Figure 16). Interestingly, variations in inclusion sizes appear to have minimal influence on the 
numerical outcomes. While the study by Li et al. [70] found that the size of the reinforcements 
has a noticeable impact on the mechanical properties of composites, the numerical analysis 
conducted in this study indicated that variations in the glass bubble sizes (30, 40, and 50 µm) 
had minimal effect on the stress-strain response. This contrast suggests that for recycled rubber 
composites, the homogeneity of the matrix and reinforcement distribution may play a more 
critical role than the size of the inclusions. 
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Figure 15. Strain contours for RVE with L = 238 µm in the compression direction with GB 

diameter of (a) d = 30 µm, (b) d = 40 µm, (c) d = 50 µm and (d) comparison of the responses 
for 𝑉௙  =  0.15 

 
 



  
(a) (b) 

 
 

(c) (d) 
 

Figure 16. Strain contours for RVE in the compression direction with GB diameter of (a) d = 
40 µm, (b) d = 20 − 50 µm, (c) d = 10 − 60 µm and (d) comparison of the responses  

for 𝑉௙  =  0.15 
 

Figure 17 shows the deformed geometry of RVEs with various volume fractions under 
distance-controlled PBCs. The alignment between experimental test results and numerical 
simulations, as depicted in Figure 17, is further detailed in Table 5. When the composite 
undergoes compression, it becomes evident that the failure mechanism predominantly involves 
shear. This observation is further corroborated by our simulation results, which demonstrate 
that the reinforcements may influence the localization path but do not fundamentally alter the 
direction of the shear-dominated failure mode (see Fig. 18). It is fair to conclude that the results 
demonstrate consistency with macroscopic responses. 
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Figure 17. Strain contours of the composites for (a) 𝑉௙ =  0.05 , (b) 𝑉௙ =  0.10, (c) 𝑉௙ =

 0.15 and (d) comparison of the responses with experimental results (L = 238 µm) 
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Figure 18. The comparison between the RVE with GB diameter of (a) d = 40 µm,  

(b) d = 10 − 60 µm and (c) the failure characteristics of the specimen 
 

Table 5. Comparison of the experimental test results and numerical simulations for uniaxial 
compression tests 

Composite 
Name 

Ultimate Stress, 
𝝈𝒖 (MPa) 

(experimental) 

Ultimate Stress, 
𝝈𝒖 (MPa) 

(numerical) 

Strain at Break, 𝛜𝐟  
(%) 

(experimental) 

Strain at Break, 
𝛜𝐟  (%) 

(numerical) 
Matrix 14.74 15.01 4.80 4.64 
GB5 19.72 19.28 6.16 5.45 
GB10 22.88 22.39 6.53 5.91 
GB15 27.27 26.60 8.64 8.73 

 
 
 
 
 



5. Conclusion 

This study sets out to design a devulcanized RR based composite, fortified with micro glass 
bubble (GB) reinforcements, and subsequently develop a numerical model that is validated by 
experimental results for such rubber-based reinforced composites. The experimental outcomes 
distinctly showcase an enhancement in the mechanical characteristics of the rubber-based 
matrix due to the inclusion of glass bubble reinforcements. Specifically, the addition of GBs 
resulted in improved strength and stiffness, which are critical for applications requiring 
lightweight yet durable materials. Moreover, it is noticed that the volume ratio of the GBs 
significantly influences these mechanical properties, whereas fluctuations in the GB size 
seemingly have negligible effect. In other words, variations in GB size (30, 40, and 50 µm) are 
demonstrated to have an insignificant impact on the mechanical properties, suggesting that 
overall composite response is more dependent on GB volume than size. This finding suggests 
that the reinforcement process can focus on optimizing volume fraction without the need to 
account for detailed size variations, simplifying manufacturing processes. 
Numerical simulations for RR composite, reinforced with GBs, were performed using 
ABAQUS/Standard, placing a particular emphasis on stress and strain measurements in the 
axial direction. These simulations provided crucial insights into the stress distribution within 
the composite, showing that the inclusion of GBs leads to uniform stress distribution across the 
matrix. The robustness of the numerical approach is confirmed through its successful 
comparison with the experimental findings, validating the model's capability to predict real-
world performance. The combined experimental and numerical analysis presents a 
comprehensive understanding of the behavior of reinforced recycled rubber composites. The 
key findings highlighted in the paper are summarized below: 
 

 Manufacturing of devulcanized RR based composites incorporating micro glass bubble 
(GB) reinforcements with a density of 0.65 g/cm³ and a modulus of elasticity of 3.5 
GPa, facilitating substantial weight reduction with a high strength-to-density ratio. 

 Conducting uniaxial compression tests with different volume fractions of inclusions 
(5%, 10%, and 15%) in matrix significantly influences mechanical properties of 
composites. 

 RVE with unit length of 238 µm is expected to exhibit the most effective adjustment to 
the macroscale response. 

 The variation in the diameter of GB (30, 40, and 50 µm) does not significantly impact 
the numerical results, suggesting robustness in the material response. 

 Devulcanized recycled rubber can be substantially strengthened through the 
incorporation of appropriate inclusions, a fact that can also be validated through 
numerical analysis. 
 

Overall, the study demonstrates the effectiveness of GB-reinforced devulcanized recycled 
rubber composites through comprehensive experimental and numerical investigations. The 
findings provide valuable insights for future material designs, particularly in industries seeking 
lightweight, high-strength, and cost-effective solutions. This research contributes to the 
growing body of knowledge on sustainable composites, offering a pathway to enhancing 
recycled materials without compromising performance. 
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