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ABSTRACT: Crumb rubber concrete (CRC) has emerged as a sustainable solution to the environmental challenges
posed by rubber waste. This study introduces an advanced mixed-random-aggregate mesoscale model for CRC based
on the Base Force Element Method (BFEM) and the complementary energy principle. The model incorporates different
rubber substitution ratios (0%-30%), rubber particle sizes (2 mm and 4 mm), and specimen dimensions (edge lengths
0f100, 150, and 300 mm). These parameters are considered to investigate their effects on the mechanical properties and
failure mechanisms of CRC. Accordingly, the numerical results include stress—strain responses, elastic modulus, and
damage progression patterns. The results indicate that increasing rubber content leads to a pronounced reduction in
both tensile and compressive strengths. This drop occurs mainly because rubber particles have a much lower elastic
modulus. Thus, they represent stress concentrators and weak points, which accelerate the sample failure. Moreover, for
the same replacement ratio, CRC with smaller rubber particles (2 mm) exhibits lower strength than CRC with larger
particles (4 mm). This reduction occurs because the finer particles create more interfacial areas, introducing more sites
for defect initiation and micro-cracks. In addition, increasing specimen size is associated with reduced strength and
elastic modulus, highlighting size-dependent phenomena in CRC. The numerical predictions show good agreement
with experimental results reported in the literature.

KEYWORDS: Base force element method (BFEM); complementary energy principle; crumb rubber concrete (CRC);
meso-damage analysis; random aggregate model

1 Introduction

The world produces about 150 million waste tires each year, a number expected to reach 5 billion by
2030 [1]. As a response, recycling waste tires in construction has gained attention for its environmental,
structural, and economic benefits [2]. An example of an effective recycling method of waste tires in
construction is crumb rubber concrete (CRC), which addressing waste tire disposal issues and offers a
sustainable alternative to traditional concrete [3]. Consequently, significant research has focused on the
effectiveness of CRC in civil engineering applications [4].

Recent experimental investigations into rubberized concrete (CRC) have significantly advanced
our understanding of its properties, particularly in mechanical behavior, durability, and rheological
characteristics. The mechanical characterization of Crumb Rubber Concrete (CRC) currently relies on a
standardized core system of experimental tests. The most fundamental and widely used is the compressive
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strength test, typically performed on cubic or cylindrical specimens subjected to axial loading until failure,
which quantifies the impact of rubber content on the load-bearing capacity [5,6]. To evaluate tensile
properties, the splitting tensile strength test (Brazilian splitting method) and the flexural strength test (three-
point or four-point bending) are commonly employed [5,7]. These tests are sensitive to the performance
degradation caused by the weak rubber-cement matrix interface [8]. Furthermore, the modulus of elasticity is
determined from the stress-strain curve obtained during uniaxial compression or bending tests, a parameter
that decreases markedly with increasing rubber content, indicating a reduction in material stiffness [8].
Recent experimental research has become more sophisticated. On one hand, pretreating crumb rubber
(e.g., with chemical or chemico-thermal methods) to enhance the interfacial bond has emerged as a key
experimental approach to improve the mechanical properties of CRC [9,10]. Concurrently, studying the
synergistic effect of combining rubber with reinforcement materials like steel fibers on compressive, tensile,
and flexural strengths represents another significant experimental focus [7]. Notably, incorporating rubber
into concrete has been observed to lower its density, compressive strength, and elastic modulus while
simultaneously augmenting ductility and energy absorption capabilities [11]. These alterations in CRC’s
properties have been shown to be heavily dependent on factors such as rubber content, the size of rubber
particles, and the type of binder employed [12,13]. However, a thorough understanding of CRC’s mesoscopic
behaviors and the factors affecting its mechanical properties is still developing [14].

Alongside experimental investigations, numerical simulations have played a crucial role in enhancing
our understanding of CRC [15,16]. These simulations offer a detailed perspective on the complex interactions
occurring among aggregates, rubber particles, and the cement matrix, shedding light on the intricate
mechanics of CRC [17]. In the finite element approach, CRC at the mesoscale is considered either a
two-phase composite of concrete and rubber aggregate [18] or a multiphase composite with distinct
interfaces [19]. Research focusing on CRC’s uniaxial compressive strength under static and impact loads
uses two-dimensional models due to computational limitations [19]. The impact of aggregate shape on
model calculations was investigated with circular, elliptical, and polygonal models compared to experimental
data [20]. On the other hand, the particle discrete element method was employed to compare the energy
development and meso-damage mechanisms in normal concrete and CRC [21]. Existing mesoscale modeling
studies show that crumb rubber concrete (CRC) can be effectively represented as a heterogeneous multiphase
composite. Furthermore, numerical simulations highlight the dominant role of rubber-mortar interfaces in
mechanical degradation and demonstrate that simple two-dimensional models can efficiently approximate
three-dimensional behavior. Despite these advances, most studies isolate individual parameters and use
simplified aggregate shapes, which limit systematic assessment of coupled parameter interactions.

The principle of complementary energy is crucial for advanced modeling methodologies and has
significantly advanced material behavior understanding. Within this framework, the Base Force Element
Method (BFEM) has emerged as an effective technique for simulating fracture and damage in heterogeneous
materials [22]. Building on Gao et al’s base-force concept [23], Liu et al. [24] enhanced element stiffness
matrix equations using the Lagrange multiplier method and developed a mid-node plane element model.
This approach has shown high accuracy and applicability across various deformation scales and mesh
shapes while maintaining reduced sensitivity to mesh distortion [24]. BEEM has been successfully applied
to normal concrete and recycled aggregate concrete to study the meso-structure and mechanical properties,
and fracture behavior [25]. In the context of CRC, BFEM has been applied to investigate mesoscale
damage behavior under uniaxial loading [26]. The study validated the applicability of the BFEM framework
for CRC by comparing rounded and convex aggregate representations within a single-polygon modeling
configuration. The results confirmed the method’s capability to reproduce crack patterns and mechanical
response [26]. However, that investigation was limited to one specimen size and a fixed rubber replacement.
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It did not explore the combined effects of rubber replacement ratio and rubber particle size, nor did it
examine specimen size along with aggregate heterogeneity scaling. Consequently, the influence of multi-
parameter coupling and heterogeneity scaling on the mechanical response and crack evolution in CRC
remains insufficiently clarified within the BFEM framework.

This study presents a systematic mesoscale investigation of CRC using the BFEM based on
energy principle, with emphasis on the coupled roles of rubber replacement ratio, rubber particle size,
and specimen size in governing mechanical response and damage behavior. A mixed random-aggregate
mesoscale model is adopted, using multi-polygonal coarse aggregates and circular rubber particles, to
simulate uniaxial tensile and compressive loading. The study quantifies variations in tensile and compressive
strengths. The influence of rubber content and particle size on crack initiation and propagation is analyzed
at different loading stages. In addition, the work describes size-dependent mechanical responses through
stress—strain behavior, elastic modulus evolution, peak and final strain variation, and failure morphology.
Numerical results are validated against experimental data reported in the literature.

2 Methodology
2.1 CRC Finite Element Model

The CRC’s mesostructure model divides the material into five phases: coarse aggregates, rubber
particles, mortar, and two types of interfacial transition zones (ITZ), as shown in Fig. 1. The studied variables
of a BFEM model in this study are: (1) the shape of the coarse aggregate, (2) the amount of crumb rubber
content, (3) the crumb rubber size, and (4) the effects of sample size on the CRC.
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Figure 1: Aggregate, crumb rubber and mortar placing and meshing for CRC.

First, the volume of the coarse aggregate components is determined. The areal fraction of coarse
aggregates within the concrete’s cross-section typically ranges from 30% to 60% [27]. Hence, the coarse
aggregates were assumed to occupy 40% of the cross-sectional area for this model. The aggregate size
distribution adopted in the mesoscale model follows a Fuller-type grading curve, widely used in concrete mix
design to represent realistic aggregate packing and particle-size distributions. To translate the conventional
three-dimensional grading into a two-dimensional mesoscale representation, the transformation proposed
by Walraven and Reinhardt [28] is implemented. This approach enables the generation of a statistically
equivalent aggregate distribution in plane models while preserving the physical meaning of volumetric
grading. Although the experimental reference study used a maximum aggregate size of 16 mm [29], the
present model uses 17.5 mm for the 100 mm x 100 mm specimen. This adjustment facilitates numerical
discretization and size interval definition. Additionally, the difference is minor relative to the specimen
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dimensions and does not alter the overall characteristics of the grading curve, which are governed by
the Fuller-type distribution. Based on the Walraven transformation of the Fuller grading, the cumulative
distribution probability is expressed as:

Cp = Vea [1.065( 0 ) —0.053( 0 ) —0.012( 0 )
D D

max max max
D 8 D 10
—0.0045( 0 ) +0.0025( 0 ) 1)
max max

where Cp is the cumulative distribution probability of coarse aggregates with a particle size less than the
intersected circle diameter Dy. V¢4 is the proportion of the total aggregate volume to the total volume of the
CRC. D,y 4y is the maximum aggregate size.

The number of aggregate particles Nc4 with a particle size Dy < D < D; is calculated as:

A
NCA = [CD (D < Dz) -Cp (D < Dl)] X
Aca

(2)

where A is the cross-sectional area of the CRC, and A, is the area of the aggregate representing the
particle size.

The study further divides CRC specimens into three size categories: 100 mm x 100 mm, 150 mm
x 150 mm, and 300 mm x 300 mm. This formulation generates aggregate sizes and counts that are
statistically representative across different specimen sizes while preserving the mesoscale structure. The same
distribution framework is applied consistently across all simulations. The aggregate size distribution is scaled
proportionally with specimen dimensions to preserve geometric similarity in the mesoscale representation.
Consequently, the maximum aggregate size (D, ) in Eq. (1) is adjusted proportionally for each specimen
size. This approach has been employed in numerical mesoscale studies to ensure statistically comparable
aggregate structures across varying specimen sizes. As a result, the observed size-dependent responses
represent the combined effects of specimen size and mesoscale heterogeneity scaling, rather than a purely
classical size effect with fixed aggregate dimensions.

While prevalent CRC models with random aggregates tend to represent these aggregates as circular
shapes [30], this approach doesn’t fully capture their real-world complexities. To address this, the developed
model treats convex polygonal coarse aggregates based on polygonal aggregate generation methodolo-
gies [31]. This assumption is consistent with earlier experimental and numerical research, which shows
polygonal aggregate models better capture interlocking effects and fracture patterns in concrete materi-
als [32,33]. Rubber particles are retained in circular form. This approach is divided into two main steps:
First, the “Polygonal Base Framework Formation”. For each aggregate, a polygonal base framework is formed
by randomly generating a number of points along its boundary, where this number is proportional to the
particle diameter (D). Larger aggregates are assigned to a higher number of vertices () than smaller ones. To
ensure the convexity of the polygon, the minimum side length L,,;, is governed by Eq. (3). This constraint
ensures that the centroid of the aggregate remains within the polygon.

Lyin=(1/2)-D- sin( (3)

n
2(n-1) )min

The second step is the “Extension of the Aggregate Base Framework” Once the polygonal base
framework is established, its area is incrementally expanded outward to approximate the area of a rounded
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aggregate. Edges with greater lengths are prioritized for extension. The new vertex coordinates after each
extension are computed as:

+(xa1+ xp1 + A1B; - M - cos (21N))
1 S (4)
Nn= 5 ()’Al +yp1+ A1B- M -sin (2N))

N =

X =

where, (xa1, ya1) and (xp;1, yp1): Endpoints of the extended edge, A;B;: Length of the edge, M, N: Random
numbers in the interval (0, 1).

The extension constraints of the approach are: (1) The newly inserted vertex must lie within the
specimen’s boundaries. (2) The length of any new edge must exceed L,,;,. (3) The resulting polygon must
remain convex. (4) The expanded polygon must not overlap with other convex aggregates or rounded rubber
particles. The extension process finishes when the polygon’s area equals or exceeds the circular aggregate’s
target area. The procedure is then repeated for subsequent aggregates. The grading of aggregates is maintained
uniformly across both models, with variations only in their shapes. This process is governed by the number
of vertices in the basic frame and the lengthening of the radius. The resultant convex aggregates display
increased irregularity with fewer vertices and larger extension radii, aligning with the study’s focus on
detailed geometric representation.

The rubber components of the CRC mix are modelled. Rubber particles generally have a diameter of
less than 5 mm, categorizing them as fine aggregate. Based on the experimental data [29], the ratio of the
volume of fine aggregate to the total volume, denoted as Vi, can be determined using the apparent density
of fine aggregates per unit volume of concrete. Rubber of varying particle sizes can replace an equivalent
volume of fine aggregates at different mixing ratios. The calculation for the number (Ny) of rubber particles
is as follows:

NR:VRXCXA/AR (5)

where cis the replacement percentage of rubber, A is the cross-section area of the crumb rubber concrete, and
Ap is the crumb rubber particle are of that size. The rubber particles of varying sizes (4 and 2 mm) are utilized
to replace 10%, 20%, and 30% of fine aggregates by volume in the concrete mix. The selected rubber particle
sizes are consistent with those commonly adopted in experimental studies on crumb rubber concrete [34].
Previous investigations show these sizes are representative of fine rubber aggregates and are frequently used
to examine their influence on the mechanical properties and fracture behavior of CRC [35,36].

This study uses a two-dimensional plane mesoscale model for simulation analyses. The experimental
specimens from the literature are three-dimensional cubic samples. However, a 2D representation is
commonly used in mesoscale analyses of concrete and crumb rubber concrete [37,38]. This approach
captures the main mechanisms of stress redistribution, crack initiation, and crack propagation. Aggregates,
rubber particles, and interfacial transition zones govern these mechanisms. The model aims to compare
mechanical trends and mesoscale damage evolution, but does not capture the full three-dimensional
stress state. This is noted as a limitation. The CRC specimens are grouped into three size categories:
100 mm x 100 mm, 150 mm x 150 mm, and 300 mm x 300 mm. This division examines their impact on

model output.

Utilizing the Monte Carlo method, this research employs a random placement strategy for coarse
aggregates and crumb rubber particles within the model using FORTRAN code [31]. This involved defining
the boundaries and coordinate system based on the dimensions of the specimen and producing uniformly
distributed random numbers to obtain coordinates for aggregate distribution. The obtained coordinates
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were then subject to specific constraints concerning dimensions and distances between centers (1.1 times the
combined diameters of the aggregates). To reduce the influence of aggregate randomness, three independent
simulations with distinct random aggregate and rubber-particle distributions were performed for each CRC
configuration. The results reported in this study correspond to mean values obtained from these simulations.
The coeflicients of variation are between approximately 2%-5% in tension and 0.5%-3% in compression.
These results suggest that random particle placement exerts minimal influence on the observed trends and
confirm the statistical robustness of the numerical findings. The subsequent process involves dividing the
mesh into segments and assigning specific parameters to each mesh element, ensuring a comprehensive
and systematic approach to the model’s development, as shown in Fig. 1. This study employs a rectangular
mesh with edge-center nodes featuring a partition step of 0.5 mm. The literature shows that this mesh size
balances accuracy and computational efficiency in BFEM-based mesoscale concrete simulations [31,39]. It
also captures interfacial transition zones and mesoscale cracks efficiently. The characterization of each mesh
element is determined based on the spatial relationship between the nodes and the aggregate components.
Depending on their positions, the meshes are categorized as aggregate, rubber, mortar, or as an ITZ mesh
when situated between aggregate or rubber and mortar. Current numerical simulations apply displacement-
controlled loading at the top boundary for uniaxial tension or compression, while the bottom boundary is
constrained to prevent rigid-body motion.

2.2 Base Force Element’s Stress and Strain Formulations

In the Base Force Element Method (BFEM), the structural elements feature mid-side nodes, enhancing
their analytical capacity. The formulation of the governing equations relies on the complementary energy
principle, avoiding the need for interpolation functions, as detailed in the literature [31]. This method
is illustrated in the four-node planar fundamental nodal force element. The points I, J, M, N represent
the midpoints of the four sides, and the resultant forces exerted at these midpoints are denoted by
', 77, T, TV.

When the element size is sufficiently small, the stress deviation can be neglected. The stress (¢) can
replace the average stress (¢) within the element, hence ¢ = 0.

Assuming that stress is uniformly distributed on each face:

L1l g R (6)
o=—

v I

where, V represents the volume of the element; R; is the radius vectors from the origin O to the midpoints
L

For planar elements, the equation can be formulated as follows:
c=~T'oR (7)
= !

where, A is the area of the element.

By substituting R; = Rjje; + Rjze; and T! = T"e; + T'%e, into the previous equation, the expanded
expression of the element stress [18] can be obtained as follows:

1
o= Z Z [THRIIel ® e+ THRIZel ® e, + TIanez ® e+ T12R12e2 ® ez] (8)
I

=1

where, e, is the direction vector in direction 1 and e, is the direction vectors in direction 2.
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The matrix form is:

4 4
1 > T'Ry ¥ T"Rp
o= Z 121 IZI (9)
TRy, Y T™Rp
=1 I=1
The explicit expression for node displacement §; [28] is:
OTIS (T, A, 15)
0r = T (10)
6[=CU'T]+/1+/\38‘R1 (11)

where, A and A; are Lagrange multipliers; Cj; is the compliance matrix of the element.

Substituting R; = Rpe; + Rpzes, T! = T!e, + T2e, into previous equation yields the displacement
expansion expression:

6[ = (CIUI . T]1 + C[1]2 . le + Al + A3R12) e+ (C12]1 . T]1 + C[z]z . T]2 + /\2 - /\3R12) e (12)

in which, I represents the I-th edge and J stands for the /-th edge of the element.

2.3 Loading Models and Damage Constitutive Parameters

The mesoscopic tension and compression load models used in the BFEM simulations are shown
in Fig. 2. In the tensile model, a uniform load is applied at the top, with displacement incrementally increased
ata rate of 0.001 mm per load step. For the compression model, an equal displacement increment of 0.01 mm
per load step is applied to generate a uniformly distributed compressive load. Regarding the boundary
conditions, vertical displacement at all nodes along the bottom is fixed to eliminate rigid-body motion. In
addition, the bottom central node is additionally constrained in the horizontal direction. These conditions
are applied in both tension and compression loading cases.

Lttt [wensnsven)

—— Compression A

—— Tension

o/o,

<
%

ele, P e 1 0C 1 m & e
Figure 2: Damage model curves and loading models.

In CRC analysis, significant non-linear behavior occurs as materials approach peak stress. To accurately
capture this phenomenon, a damage constitutive model is employed to enhance the simulation of the damage
process. This model, illustrated in Fig. 2, incorporates both tensile and compressive damage factors, which
better represent the material’s response to various loading conditions [40]. The inclusion of crumb rubber
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significantly alters CRC’s mechanical properties due to its lower strength and weaker bond with mortar
compared to traditional aggregates. The rubber phase is modeled as a linear elastic material without damage.
Mesoscale simulations of CRC under uniaxial loading show that rubber particles develop strains below
approximately 0.02 [37]. These strains are considerably lower than the ~0.15 strain threshold at which tire-
derived rubber begins to exhibit nonlinear or damage behavior [41]. Thus, a linear elastic representation
adequately captures the mechanical response of rubber in this framework.

In this research, the cubic specimen of CRC is simplified into a two-dimensional plane model, leading
to the development of the CRC mixed random aggregate model. The interfacial transition zone (ITZ),
crucial in concrete mesoscale studies, is modeled with a thickness between 0.1 and 1 mm, as studies indicate
minimal impact on mechanical properties within this range [42]. The model incorporates 0.5 mm x 0.5 mm
quadrilateral meshes. Material parameters are sourced from the literature [43] and empirical formulas,
considering the water-cement ratio in CRC [29]. The aggregate and mortar I'TZ parameters are set at 65%
of the mortar parameters and for the rubber-mortar interface at 35% [44]. The Poisson’s ratio for ITZ,
challenging to ascertain experimentally, is approximated at 0.2 [40]. The constitutive model parameters are
deduced inversely based on the strength and modulus of elasticity of each phase. The detailed material
parameters for the five phases are presented in Table 1.

Table 1: Material properties and damage parameters. Values are sourced from the literature [29,43,44] and calibrated
based on experimental data reported in the literature [29].

. Elastic Modulus . R . Tensile Strength Compressive Damage Parameters

Medium (GPa) Poisson’s Ratio (MPa) Strength (MPa)
vy ¢ an B
Aggregate 55 0.16 10 100 085020203 4 10
Rubber 0.07 0.49 - - - - - - - =
Mortar 18.97 0.22 2.95 24 05 020205 5 10

A -M

ggreg;‘;ez ortar 12.33 0.2 1.92 15.6 0.65 020203 3 10
Rubber-Mortar ITZ 6.64 0.2 1.03 8.4 0.65 0.2 0.2 03 3 10

In the uniaxial tension simulations, crack initiation and propagation are governed by mode-I fracture
mechanisms. In this mode, isotropic damage constitutive models adequately describe the meso-structural
behavior of concrete [45]. Therefore, the mesoscale CRC model is treated as macroscopically isotropic under
uniaxial tension. This approach aligns with established damage-based modeling methods reported in the
literature [46].

The base force element method (BFEM), formulated within the complementary energy principle, has
been applied to fracture and damage analysis of heterogeneous cementitious materials, including normal
concrete and recycled aggregate concrete [24,25]. These studies demonstrated that the method provides a
stable numerical simulation of mesoscale crack initiation and propagation. On this basis, BFEM is adopted
in the present study for mesoscale modeling of crumb rubber concrete.

3 Results and Discussion
3.1 Influence of Rubber Content and Particle Size

Crumb rubber concrete, produced by substituting fine aggregates with rubber particles of varying sizes
in equivalent volume, exhibits distinct mechanical properties owing to rubber’s unique strength, elasticity,
and adhesion characteristics compared to traditional aggregates. The rubber’s volume and particle size
notably influence these properties. Utilizing the previously mentioned mixed random aggregate model, this
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section employed numerical simulations on 100 mm x 100 mm specimens with rubber particle sizes of 4 and
2 mm and rubber contents of 10%, 20%, and 30%. To mitigate the impact of aggregate randomness, each CRC
type underwent three random placements, with a standard concrete set acting as a control. Specimens were
labeled as CRC-d-r, where d is the rubber particle size in millimeters and r is the rubber content percentage
by volume. For instance, CRC-4-10 represents a specimen with 4 mm rubber particle size and 10% rubber
content. PC denotes plain concrete.

3.1.1 Uniaxial Tension

Numerical simulations were performed on CRC specimen models with different rubber particle sizes
and rubber contents using the complementary energy principle-based surface force element method. The
loading model is the same as mentioned earlier. The obtained simulation results were compared with the
experimental results of Hu et al. [29]. In those experiments, crumb rubber particles ranged in size from 2
to 5 mm. From Fig. 3a, the tensile strength of plain concrete is 1.651 MPa. When rubber particles with a
diameter of 4 mm are added, the tensile strength of CRC with rubber contents of 10%, 20%, and 30% is 1.106,
0.960, and 0.829 MPa, respectively, accounting for 67%, 58%, and 50% of the plain concrete strength. When
rubber particles with a diameter of 2 mm are added, the tensile strength of CRC s 1.141, 0.922, and 0.735 MPa,
respectively, accounting for 69%, 56%, and 45% of the plain concrete strength. It is evident that as the rubber
content increases, the tensile strength of CRC significantly decreases, with the maximum reduction being
55%. When 10% rubber is added, the rate of strength decrease is relatively large, but this rate slows down as
the content increases. This pattern is consistent with other experimental data [47,48]. Fig. 3b states that for a
10% rubber content, the tensile strength of CRC with a 2 mm particle size slightly exceeds that of the 4 mm
size. However, with a 20% rubber content, the tensile strength of CRC with 2 mm rubber particles drops by
3.4% compared to the 4 mm variant. This decline intensifies with a rubber dosage of 30%, recording a 10%
reduction. As rubber content ranges between 20% and 30%, the tensile strength of CRC with 2 mm particle
size is consistently lower than that of 4 mm, with this disparity widening with increased rubber content. This
decline in strength can be attributed to the enlarged specific surface area as rubber particle size diminishes,
amplifying the rubber-mortar ITZ and consequently making the concrete more prone to damage.

94 I (a) Bl Experimental (Hu 12k (b) —a— Experimental (Hu
_~ ' et al., 2020) g et al., 2020)
& 20k BA Numerical - 4 mm 2 —e— Numerical - 4 mm
g | B Numerical - 2 mm g 1.0 F —A— Numerical - 2 mm
= n
éb 1.6 [ .
L 12 5 0.8F
5127 =
Z 0.8 2
2 Z o} _
= 0.4 & .\}

0.0 I 0.4 1 1 1 1

' 0 10 20 30 0 10 20 30
Rubber Content (%) Rubber Content (%)
(a) (b)

Figure 3: Effect of rubber particle size and content on tensile strength of CRC under uniaxial tension: (a) Tensile
strength (MPa); (b) Relative tensile strength.
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The illustration of the tensile damage evolution of CRC under different rubber particle sizes and contents
is shown in Fig. 4a—g. From the figures, it can be seen that the tensile failure characteristics of each group
of CRC:s are roughly the same as in the previous section. Cracks first appear in areas where the rubber is
denser, and the cracks gradually begin to extend perpendicular to the loading direction, connecting with
other cracks and the ITZ cracks with the aggregates, forming one or two main cracks, eventually leading
to the failure of the specimen. However, the difference is that as the rubber particle size decreases and the
dosage increases, small cracks will appear in the rubber concentration area during failure.

At 80% of peak stress
(Pre-peak)

At 60% of peak stress At 10% of peak stress
(Post-peak) (Post-peak)

At Peak stress

(a)

(b)

(©

(d)

(e)

®

(8)

Figure 4: Tensile failure evolution of plain concrete and crumb rubber concrete with different rubber size and contents
at different stress levels: (a) PC; (b) CRC-4-10; (c) CRC-4-20; (d) CRC-4-30; (e) CA-2-10; (f) CRC-2-20; (g) CRC-2-30.
Black spots represent the crack path.
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3.1.2 Uniaxial Compression

The loading model presented in Fig. 2 is used to simulate the uniaxial compression of CRC specimen
models with different rubber particle sizes and different rubber contents. The simulation results are compared
with the experimental results of Hu et al. [29], in which the crumb rubber particles ranged in size from 2
to 5 mm. The numerical simulation results are shown in Fig. 5a. The compressive strength decreases with
the increase of the replacement ratio for both rubber sizes [49]. For a 4 mm rubber size, the reduction in
compressive strength is recorded at 33%, 42%, and 50% for the crumb rubber replacement ratios of 10%,
20%, and 30%, respectively. At the same time, the decline is 39%, 44%, and 56% for 2 mm rubber content,
10%, 20%, and 30%, respectively. The compressive strengths of the 4 mm group are more comparable to
the experimental results. According to Fig. 5b, as rubber content rises from 10% to 30%, the compressive
strength of CRC with a 2 mm particle size decreases by 1.4%, 5%, and 13%, respectively, when compared to
its 4 mm counterpart. This reduced strength correlates with an increase in the specific surface area of the
smaller rubber particles, enhancing the rubber-mortar ITZ and generating the concrete more susceptible to
damage. The former experimental studies of different crumbed rubber sizes in concrete reached the same
conclusion [34].

50

= L (a) B Experimental (Hu 'ﬁ) 121 (b) —a— Experimental (Hu
a et al., 2020) 5 et al., 2020)
é 40 | A Numerical - 4 mm|| & —e— Numerical - 4 mm
= B Numerical - 2 mm (ﬁ 1.0 F —A— Numerical - 2 mm
230 Z
o N
- )
% E’ 0.8
2 20 5
g S 06t N
£ 10 £ \
1S = ®
© v 04r 3

O 1 1 1 1

0 10 20 30 0 10 20 30
Rubber Content (%) Rubber Content (%)
(a) (b)

Figure 5: Effect of rubber particle size and content on compressive strength of CRC under uniaxial compression:
(a) Compressive strength (MPa); (b) Relative compressive strength.

Fig. 6a—g details the compressive failure mechanism of CRC across varied particle sizes and contents,
aligning with the observations from the literature [26]. Damage initiates in rubber-dense regions, evolving
from diagonal meshes to fork-shaped units surrounding the rubber, culminating in specimen failure.
Notably, higher rubber contents and a 2 mm particle size intensify the frequency, fineness, and dispersion of
cracks compared to those with a 4 mm particle size.

3.2 Size Effect of Crumbed Rubber Concrete

Utilizing the preceding modeling and computational techniques, this part conducts uniaxial tension
and compression simulations on cubic CRC specimens with 100, 150, and 300 mm dimensions. The aim is
to analyze the mechanical properties of CRC across different specimen sizes, thus ascertaining the size effect
inherent in CRC. The specimens comprise a rubber content of 20%, a rubber particle size of 4 mm, and fine
aggregates constituting 30% of the overall volume. Material and constitutive parameters align with those
delineated in Table 1.
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At 80% of peak stress At 60% of peak stress At 10% of peak stress
At Peak stress
(Pre-peak) (Post-peak) (Post-peak)

(e)

Figure 6: Compressive failure evolution of plain concrete and crumb rubber concrete with different rubber size and
contents at different stress levels: (a) PC; (b) CRC-4-10; (¢) CRC-4-20; (d) CRC-4-30; (e) CA-2-10; (f) CRC-2-20;
(g) CRC-2-30. Black spots represent the crack path.
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3.2.1 Uniaxial Tension

This study conducted uniaxial tensile numerical simulations on three distinct size categories of CRC
specimens. Fig. 7 shows the stress-strain curves of CRC specimens with different sizes under uniaxial
loading. The tensile stress-strain curves of three different sizes of CRC specimens are consistent in shape
(Fig. 7a). The slope of the linear zone shows slight differences among the three sizes. However, the samples
exhibit varying values at the curve’s peak and softening sections. The peak tensile strength and softening
decrease with the increase in sample size.
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Figure 7: Stress-strain curves of CRC specimens with different sizes under uniaxial loading: (a) Tensile stress (MPa);
(b) Compressive stress (MPa).

The peak tensile stress and modulus of elasticity of CRC due to the size effect are shown in Fig. 8a. The
peak strength values reached 0.94, 0.81, and 0.72 MPa, while the modulus of elasticity values were 17, 18.8,
and 17.9 GPa for the samples measuring 100 mm x 100 mm, 150 mm x 150 mm, and 300 mm x 300 mm,
respectively. When the specimen size is 150 mm, the peak tensile strength is reduced by 14% compared to
the specimen size of 100 mm, and when the specimen size is 300 mm, the tensile strength is reduced by 24%
compared to the specimen size of 100 mm. In contrast, no clear trend was observed regarding the changes to
the elastic modulus. The 150 mm x 150 mm specimen showed an increase of 11%, while the 300 mm x 300 mm
specimen experienced a 6% increase. Overall, the size effect on elastic modulus is less pronounced than on
tensile strength. Additionally, CRC exhibits a size effect similar to that of ordinary concrete when subjected
to tension, and the effect is even more pronounced in CRC [50]. Fig. 8b shows the peak and final strains. As
the CRC sample size increased, the peak and final strains decreased. The peak strain decreased by 14% and
24%, while the final strain decreased by 22% and 27% for the specimens measuring 150 mm x 150 mm and
300 mm x 300 mm, respectively.

Fig. 9a—c presents the uniaxial tensile failure visuals for CRC across varied sizes. The observed failure
morphologies are congruent across specimen sizes, characterized by cracks oriented perpendicular to the
applied load. Intriguingly, with an uptick in the CRC’s size, there is an expansion of weak ITZ regions
surrounding the rubber, leading to a concurrent surge in the number of cracks at the point of failure.
Similar damage patterns resulting from size effects in conventional concrete have been documented in the
literature [51].
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Figure 8: Uniaxial tension results of CRC specimens with different sizes: (a) Peak tensile strength (MPa) and modulus
of elasticity (GPa); (b) Peak and final strains (um/m).

(@) (b)

Figure 9: Failure crack pattern of CRC specimens with different sizes under uniaxial tension: (a) 100 mm x 100 mm;
(b) 150 mm x 150 mm; (c) 300 mm x 300 mm. Black spots represent the crack path.

3.2.2 Uniaxial Compression

Numerical simulations were conducted on three groups of CRC specimens of varying sizes. The
compression stress-strain curves are displayed in Fig. 7b. The elastic zones of the stress-strain curve are
remarkably similar. However, a notable deviation exists between the different sizes at the nonlinear ascending
zone (peak) and the descending (softening) zone. The compressive strength and peak stress of CRC decrease
with the increase in the specimen size, as illustrated in Fig. 10a. The compressive strength of the specimen
with a size of 150 mm is reduced by 14.5% compared to the specimen with a size of 100 mm, and the
compressive strength of the specimen with a size of 300 mm is reduced by 27.7% compared to the specimen
with a size of 100 mm. In contrast, the elastic modulus of CRC increased due to the size effect. The
elastic modulus increases by 12% for 150 mm specimens and 11% for 300 mm specimens compared to the
100 mm specimens. In summary, CRC has a size effect similar to conventional concrete during uniaxial
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compression [50], and it is more pronounced than in concrete. This is because the size effect of concrete
material is related to the number of cracks generated by defect expansion during loading. In numerical
simulations, larger specimens form more cracks during the loading process due to weaker ITZ areas, resulting
in a reduction in strength for larger specimens. For CRC, adding rubber particles further increases the
number of weak areas in the specimen, resulting in a more significant size effect [50].
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Figure 10: Uniaxial compression results of CRC specimens with different sizes: (a) Peak compressive strength (MPa)
and modulus of elasticity (GPa); (b) Peak and final strains (um/m).

As shown in Fig. 10b, the impact of the specimen size on CRC under compression load is more
pronounced in strains than in stresses. For the 150 mm specimen, the peak strain is reduced by 20%, and
the final strain is reduced by 33% compared to the 100 mm specimen. In the case of the 300 mm specimen,
both the peak and final strains are reduced by 42% when compared to the same strains observed in the
150 mm specimen.

Fig. 1la—c shows the failure diagrams of specimens of different sizes under uniaxial compression. As can
be seen from the figure, the failure pattern of specimens of different sizes is consistent, with cracks extending
obliquely centered around the rubber, forming a fork shape. However, it can be clearly seen that the larger
the size of the CRC, the more cracks there are. This is because the larger the specimen, the weaker ITZ areas
around the rubber, making it more susceptible to failure [51].

(a) (b) (©)

Figure 11: Failure crack pattern of CRC specimens with different sizes under uniaxial compression: (a)
100 mm x 100 mm; (b) 150 mm x 150 mm; (¢) 300 mm x 300 mm. Black spots represent the crack path.
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4 Conclusions

This study advances understanding of crumb rubber concrete (CRC) by developing a novel mixed-
random-aggregate mesoscale model. Systematic numerical analyses are conducted using the Base Force
Element Method (BFEM). The model includes convex polygonal coarse aggregates and circular rubber
particles. This procedure allows accurate simulation of CRC’s mechanical behavior and damage mechanisms
under uniaxial tension and compression. Key parameters are investigated, including rubber substitution
ratio (0%-30%), rubber particle size (2 and 4 mm), and specimen size (100 mm x 100 mm, 150 mm
x 150 mm, 300 mm x 300 mm). These factors provide insights into optimizing CRC’s performance in
sustainable construction. The numerical results are validated against experimental data from the literature.
They display consistent trends in CRC’s structural response. Crack initiation mainly occurs in rubber-dense
regions and interfacial transition zones (ITZs). Propagation pathways connect these weak areas to form
main cracks that lead to specimen failure. Increasing the rubber content significantly reduces both tensile
and compressive strengths. At 30% rubber substitution, maximum reductions of 55% in tensile strength
and 56% in compressive strength are observed. Rubber particle size also influences strength. At the same
substitution ratio, larger particles (4 mm) yield higher strength than smaller ones (2 mm). This effect is
attributed to the larger specific surface area of smaller particles, which intensifies I'TZ weakness. Additionally,
CRC shows a marked size effect. Peak tensile and compressive strengths decrease with increasing specimen
size. Reductions reach up to 27.7% for 300 mm specimens compared to 100 mm ones. This effect is more
notable than in conventional concrete due to additional weak zones introduced by rubber particles. CRC’s
stress—strain response shows negligible rubber influence in the initial elastic stage. However, it exhibits
distinct softening near peak stress, mainly under compression. CRC demonstrates a more gradual post-peak
behavior than plain concrete. The present work uses a 2D mesoscale representation with simplified geometric
assumptions. Aggregates are randomly distributed. Crumb rubber particles are treated as idealized circles
rather than irregular shapes. These simplifications allow efficient parametric analyses but may influence
local stress states and crack initiation mechanisms. To address potential limitations, future work will
incorporate realistic aggregate morphology and shape-informed rubber-particle representations. With these
improvements, the accuracy of mesoscale simulations is expected to increase. In summary, this research
clarifies CRC’s mesoscopic mechanisms and presents a modeling approach for optimizing mix proportions
and structural applications. These findings support waste tire recycling and reduce environmental impact,
advancing sustainable construction materials.
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