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Evaluations of both macroscopic and mesoscopic strengths of materials have been the topic of a great deal of recent research. This
paper presents the results of a study, based on the Walraven equation of the production of a mesoscopic random aggregate structure
containing various rubber contents and aggregate sizes. On a mesoscopic scale, the damage mechanism in the rubber concrete
and the effects of the rubber content and aggregate-mortar interface on the rubber concrete’s compressive resistance property were
studied. The results indicate that the random aggregate structural model very closely approximates the experimental results in terms
of the fracture distribution and damage characteristics under uniaxial compression. The aggregate-mortar interface mechanical
properties have a substantial impact on the test sample’s strength and fracture distribution. As the rubber content increases, the
compressive strength and elastic modulus of the test sample decrease proportionally. This paper presents graphics of the entire
process from fracture propagation to structural failure of the test piece by means of the mesoscopic finite-element method, which
provides a theoretical reference for studying the damage mechanism in rubber concrete and performing parametric calculations.

1. Introduction
Rubber concrete is a concrete-based composite material that
uniformly blends rubber powder or rubber particles into a
cemented material. Compared with conventional concrete,
rubber concrete is lightweight, durable, and better at damping
shocks, resists impacts and spalling well, and displays good
heat insulation qualities due to the rubber particles [1–3].
Studies [4–7] have shown that the compressive resistance
of rubber concrete decreases significantly as the rubber
content increases, whereas the rubber particle size is not
significant. However, recent studies of rubber concrete have
been primarily based on experiments [2–8], which demand a
large amount of manpower and resources, and the results are
somewhat inconclusive due to changes in experimental and
environmental conditions and the complexity of the material
itself. Moreover, macroscopic experiments have not revealed
the mechanism of damage to rubber concrete.
Finite-element mesoscopic analysis of concrete-type
materials can clearly reveal the entire process of fracture
initiation and propagation to damage in the various internal

constituents under stress. Scholars have performed many
meaningful numerical mesoscopic-scale studies of analogous
concrete materials. For example, Kwan et al. [9] used zerothickness interface elements to simulate the uniaxial cracking
process in a random aggregate concrete model. Ma et al. [10]
performed a numerical uniaxial compression simulation and
three-point loaded-beam bending experiment on a random
concrete aggregate model based on plastic damage. Du et al.
[11] used an extended finite-element method to numerically
simulate the uniaxial tensile strength and Winkler L plate
mesoscopic fracture process. However, mesoscopic numerical studies of rubber concrete are relatively scarce. Liu et
al. [12] treated rubber concrete as a dual-phase composite
material composed of concrete and rubber and calculated its
uniaxial compressive strength on a mesoscopic scale. Their
results indicate that errors in the bearing capacity values
range from 2.6% to 21.1% compared to the experimental
values, and thus the simulation results may be considered
to be representative and valid. Rubber absorbs a relatively
small force during the damage process and behaves elastically. Wang et al. [13] viewed rubber asphalt concrete as a
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Table 1: Rubber concrete mix ratio.

Test sample designation
NCR0
NCR10
NCR20

Added water
195
195
195

Unit volume material content (kg/m3 )
Concrete
Sand
Natural aggregate
375
658.8
1171
375
593
1171
375
527
1171

dual-phase composite material composed of coarse aggregate
and rubber mixed with asphalt mortar. They simulated the
cracking process using an extended finite-element method
with the assistance of X-ray CT. The results indicate that the
numerical values are very close to the experimental ones.
These numerical analyses of rubber concrete focused on its
strength, and no studies of its damage mechanism have been
reported.
In this paper, rubber concrete is viewed as a fourphase composite material composed of rubber, coarse aggregate, mortar, and aggregate-mortar interfaces. The twodimensional random aggregate composition was modeled
using the Monte-Carlo method. Mesoscopic numerical calculation of the uniaxial compressive strength and damage
mechanism of a cubic, random aggregate sample of rubber
concrete was performed based on a plastic damage model.
The study of the damage mechanism in rubber concrete
and the impacts of the rubber content and aggregate-mortar
interfaces on the compressive strength of rubber concrete was
conducted on a mesoscopic scale.

2. Computation Analysis Model
2.1. Random Rubber Particle Concrete Construct. For simplicity, the rubber particles in the model were assumed
to be spheres. Based on the Walraven formula, the threedimensional distribution of rubber particles was converted
to a two-dimensional distribution. The Walraven formula is
based on the Fuller formula, which is used to convert threedimensional grading curves into the aggregate diameter of
𝑑 (mm) < 𝑑0 (mm), with a probability of 𝑃𝑐 (𝑑 < 𝑑0 ) at any
point along a cross section through the test sample [14]:

8
𝑑0 6
𝑑
) − 0.045 ( 0 )
𝑑max
𝑑max

(1)

10
𝑑
+ 0.0025 ( 0 ) ] .
𝑑max

In (1), 𝑑max is the maximum aggregate particle diameter, and
𝜑𝑘 is the ratio of the aggregate (including coarse rubber and
fine aggregate) volume to the total volume. The number of
corresponding aggregate particles, 𝑛𝑖 , along the test sample
cross section is
𝑛𝑖 = (𝑝𝑐𝑖 − 𝑝𝑐𝑗 )

𝐴
,
𝐴𝑖

where 𝐴 is the sample cross-sectional area and 𝐴 𝑖 is the crosssectional area of a particular aggregate particle, expressed
in units of mm2 . After applying this function to a concrete
mixture, as shown in Table 1, the number of aggregate
particles in a cross section was calculated. These aggregates
were randomly generated in the test sample cross section by
means of the Monte-Carlo method.
The cubic test samples used in this study measured
150 mm on each side. Their cross-sectional area measured
22,500 mm2 . The rubber density was 1020 kg/m3 , and the
rubber particle diameter was 1–3 mm. The coarse aggregate
was first divided into five ranges: 5–10 mm, 10–15 mm, 15–
20 mm, 20–25 mm, and 25–30 mm. The average within each
range was taken as the representative aggregate diameter,
and the rubber-mortar particle diameter was assigned a
value of 2 mm. According to (2) and in combination with
Table 1, the number of rubber particles in each cross section
corresponding to various rubber contents was calculated; the
results are shown in Table 2. After determining the numbers
of aggregate particles of various diameters, the corresponding
numbers of particles were inserted into the two-dimensional
test sample cross section. Coordinates of the centers of the
circles (𝑥, 𝑦) of these particles were randomly generated
using the Monte-Carlo method. Circular aggregates without
overlaps were ensured in the test sample, as required by (3).
The random rubber particle model is shown in Figure 1. The
rubber concrete was thus composed of a four-phase material
consisting of aggregate, rubber, mortar, and aggregate-mortar
interfaces:
2

2

√ (𝑥𝑖 − 𝑥𝑗 ) + (𝑦𝑖 − 𝑦𝑗 ) ≥ 𝜂 (𝑟𝑖 + 𝑟𝑗 )

(3)

(𝑖, 𝑗 = 1, 2, 3, . . . , 𝑛; 𝑖 ≠ 𝑗) .

0.5
4
𝑑
𝑑
𝑃𝑐 (𝑑 < 𝑑0 ) = 𝜑𝑘 [1.065 ( 0 ) − 0.053 ( 0 )
𝑑max
𝑑max

− 0.012 (

Rubber content
0
27.7
55.4

(2)

In the equation, 𝜂 is the aggregate region of influence coefficient, which was assigned a value of 1.05, and 𝑟𝑖 and 𝑟𝑗 are the
radii of spherical rubber aggregates 𝑖 and 𝑗, respectively.
2.2. Constitutive Relations of Phases of Rubber Concrete and
Damage Evolution Model. The rubber concrete elements are
viewed as being consisting of rubber, aggregate, mortar, and
aggregate-mortar interface elements. The thicknesses of the
actual interfaces are very small, based on the literature [9,
15, 16], and we assigned the interface elements a thickness of
1 mm. Material properties such as strength and stiffness were
assigned to the various elements shown in Figure 2.
The mesoscopic finite elements of the rubber concrete
in this study were used to analyze deformation, damage,
and failure processes in various material components on a
mesoscopic scale; continuum mechanics, damage mechanics,
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Table 2: Number of rubber particles under different rubber content.
Specimen

Content of rubber (kg/m3 )

𝜑𝑘

0
27.7
55.4

0.74
0.74
0.74

NCR0
NCR10
NCR20

27.5
2
2
2

Diameter of particles (mm)
22.5
17.5
12.5
3
7
18
3
7
18
3
7
18

7.5
66
66
66

Number of
2 mm rubber particles
—
68
138

Note: the meaning of the specimen designation (e.g., NCR10) is as follows. NRC is crumb rubber concrete, and the number 10 means that the rubber content
is 10% (volume of sand-size fraction).

NCR0

NCR10

NCR20

(a) Without bonding interfaces

NCR0

NCR10

NCR20

(b) With bonding interfaces

Figure 1: Rubber concrete random-distribution model.
Rubber
Coarse aggregate

Interface

Rubber

Coarse aggregate

Mortar

Mortar

Figure 2: Element material property assignments.
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Table 3: Material properties [12].

Material
Mortar
Interface
Aggregate
Rubber aggregate

Elastic modulus (MPa)
35,380
30,000
50,000
80

Poisson’s ratio
0.2
0.2
0.16
0.499

60

Compressive strength (MPa)
54.0
36.0
160

Tensional strength (MPa)
4.3
2.9
6.0

a linear elastic stage before the tensile stress reaches its peak
value. The damage variable is determined using [17]

50

𝜎 (MPa)

40

𝐷𝑘 =

(1 − 𝛽) 𝜀in 𝐸0
,
𝛼𝑘 + (1 − 𝛽) 𝜀in 𝐸0

(𝑘 = 𝑡, 𝑐) .

(5)

30

In this equation, 𝑡 and 𝑐 represent tension and compression,
respectively; 𝛽 is the ratio of plastic to nonplastic strain, which
is 0.35–0.7 under compression and 0.5–0.95 under tension;
and 𝜀in is the nonelastic strain of the concrete under tensile
or compressive conditions.

20
10
0
0.000

0.002

0.004

0.006

0.008

𝜀

Figure 3: Mortar uniaxial compressive stress-strain constitutive
curve.

and computational mechanics were used in combination. The
degradation of the stiffness of various components is reflected
by the tensile and compressive failure criteria and the damage
model. The entire failure process of the rubber concrete test
sample can be characterized using the finite-element method
to simulate the compression failure mode.
(1) Mortar. Similar to concrete, mortar is also a type of quasibrittle material. Its stress-strain behavior displays nonlinear
characteristics. In addition to plastic deformation, structural
damage is primarily caused by the initiation and propagation of microfractures. Therefore, an elastic-plastic damage
mechanical constitutive relation can be used to describe the
mechanical properties of the concrete in the mesoscopic
model. According to the Lemaitre strain equivalence principle, the constitutive relation of the damaged material can be
expressed as the relationship between the normal stress 𝜎 and
normal strain 𝜀:
𝐸 = (1 − 𝐷) 𝐸0 ,
𝜎 = 𝐸𝜀,

(4)
(0 ≤ 𝐷 ≤ 1) .

In this equation, 𝐸0 is the initial elastic modulus, 𝐸 is the
elastic modulus after damage, and 𝐷 is the damage variable.
The experimentally measured stress-strain curve is used
as the mortar’s compression constitutive relation in this paper,
as shown in Figure 3. The mortar’s uniaxial tension is in

(2) Coarse Aggregate. Both compressive strength and elastic
modulus of the coarse aggregate are relatively high; typically,
the compressive strength of coarse aggregate is in the range
of 150–200 MPa. Numerical computation reveals that the
impact on the test sample’s compressive strength is small
when the compressive strength of the coarse aggregate is
within this range. Based on the values for coarse aggregate
in the relevant literature [9–11, 16], the mechanical parameter
values that were used in this study are listed in Table 3.
(3) Rubber Particles. According to [12, 18], the elastic modulus
of the rubber in rubber concrete is low, and the allowable
deformation is high. The stress exerted on the rubber during damage to rubber concrete is small, and none of the
rubber particles were damaged. Therefore, the rubber can
be assumed to be an isotropic linear elastic material (see
Table 3). It is assumed that the bonding of rubber particles
to the concrete base is robust and will not separate during the
computation process.
(4) Interface. In general, the coarse aggregate-mortar interface has the characteristics of relatively large porosity and
relatively low density and strength. Therefore, the mechanical
properties of the interface elements are associated with a
certain degree of strength reduction. Due to the difficulty
of measuring the interface layer mechanical properties, the
researchers generally take 1/3 to 1 times the mortar base
strength as the strength of the interface. In this paper, the
interface layer strength was taken to be 2/3 to 1 times (i.e.,
interface layer not taken into account) the base strength.
The purpose of using both of these values is to ascertain the
impact of the interface layer’s mechanical properties on the
test sample’s strength and to compare this with experimental
data to develop values for the interface mechanical parameters (see Table 3 for parameter list).
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(a) Numerical computation model

(b) Loading experiment apparatus

Figure 4: Uniaxial compression of concrete cubic standard test sample.

NCR10

NCR0

NCR20

(a) Bond interface not taken into account

NCR10

NCR0

NCR20

(b) Bond interface taken into account

Figure 5: Enlarged finite-element meshes of various rubber contents.

3. Computational Analysis of Cubic Rubber
Concrete Standard Test Sample
To evaluate the fracture initiation, propagation, and damage
mechanism of the rubber concrete on a mesoscopic scale,
the function of the rubber and interface layer in the concrete
damage process and the effect of the rubber content and

interface layer strength on the compressive strength were
investigated. Three random aggregate rubber particle content
distributions (0%, 10%, and 20%) were developed, both with
and without consideration of the interface. While holding
other parameters constant, the damage to the test sample
under compression was simulated.
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0
0.0

0.1

0.2

0
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0.3

0.1
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0.3

NCR0-2
NCR10-2
NCR20-2

NCR0
NCR10
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Figure 6: Load displacement 𝑃-𝛿 curve for various rubber contents
without taking into account the interface layer.

0.2
Deflection (mm)

Figure 7: Load displacement 𝑃-𝛿 curve for various rubber contents
taking into account the interface layer.

Compressive strength 𝜎 (MPa)

60

The computational analysis model was a plane stress
model, and the test sample measured 150 mm on each side.
Mesoscopic elements were used to simulate the four-phase
material consisting of rubber, coarse aggregate, mortar, and
interface elements and to then assign them corresponding
material properties. The mesh element size was assigned a
value of 2 mm. According to Ma et al. [10], the computational results with this mesh size tend to be stable and
fully reflect the nonuniformity of the mesoscopic character
of the concrete. Figure 5 shows an enlarged view of the
local finite-element mesh with various rubber contents. The
boundary conditions include a hinged mount for the bottom
plate, and horizontal constraints are exerted on the center
of the upper and lower interfaces of the test sample to
prevent horizontal movement. The steel plate is connected
to the test sample in the form of interface contact, and the
friction coefficient between the two is assumed to be 0.5.
Displacement-controlled loading is exerted on the center
of the top steel plate. The numerical computation model is
shown in Figure 4(a).
Figure 6 shows the uniaxial compressive load displacement curve for different rubber contents without taking into
account the aggregate-mortar interfaces (i.e., the interface
strength is equal to the base strength). The plots show that
as the rubber content increases the compressive strength of
the concrete and its peak strain value decrease, although
the degree of strength reduction decreases in a nonlinear
fashion. The elastic modulus displays a slight decreasing
trend. After the peak load is applied, the slope of the strength
reduction decreases with increasing rubber content. These
results indicate that the rubber concrete exhibited strong
ductility after the peak loading.

50
40
30
20
10
0

NCR0

NCR10

NCR20

Experimental value
1x mortar substratum strength
2/3x mortar substratum strength

Figure 8: Comparison of various computational and experimental
values.

Figure 7 shows the concrete uniaxial compressive load
displacement curve for various rubber contents while taking
into account the aggregate-mortar interfaces (i.e., interface
strength is 2/3 of the base strength). The results indicate that
as the rubber content increases the compressive strength,
peak strain, and elastic modulus all decrease roughly proportionally. After the peak loading, the slope of the reduction
decreases with increasing rubber content.
Figure 8 shows the compressive strengths of the mesoscopic modeling and experimental measurement. The three
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0.1 mm

7

0.15 mm

0.2 mm

(a) NCR0

0.1 mm

0.15 mm

0.2 mm

(b) NCR10

0.1 mm

0.15 mm

0.2 mm

(c) NCR20

Figure 9: Fracture distribution in rubber concrete, taking into account the bonding interfaces.

curves in the figure are the experimental and computational results when the interface strength is set to 1x and
2/3x the substratum strength, respectively. As the rubber
content increases from 0 to 20%, the experimental values
of the compressive strength decrease roughly proportionally. With every 10% increase in the rubber content, the
compressive strength decreases approximately 5 MPa. In the
mesoscopic computation, when the interface strength is 2/3
of the substratum strength, the rubber concrete’s compressive
strength also decreases roughly proportionally. The degree

of reduction, however, is less than that of the experimental
values: every 10% increase in the rubber content produces a
decrease in the compressive strength of approximately 2 MPa.
At a constant rubber content, the difference between the
computed and experimental values is 10–23%. When the
interface strength is assumed to be equal to the substratum
strength (i.e., interface not taken into account), the rubber
concrete’s compressive strength is reduced, but to a lesser
degree. When the rubber content is 0% and 20%, the
computed compressive strength is very close to the actual

8

Advances in Materials Science and Engineering

0.1 mm

0.15 mm

0.2 mm

(a) NCR0

0.1 mm

0.15 mm

0.2 mm

(b) NCR10

0.1 mm

0.15 mm

0.2 mm

(c) NCR20

Figure 10: Fracture distribution in rubber concrete without taking into account the bonding interfaces.

experimentally measured value, with approximately a 3%
difference.

4. Entire Uniaxial Compression and
Damage Process of Rubber Concrete
Cubical Test Sample
Figure 9 shows the fracture propagation in the rubber concrete under uniaxial compression while taking into account

the bonding interface. The loading displacement reached
0.1 mm, 0.15 mm, and 0.2 mm. Fractures first appeared along
the relatively weak interfaces; these were dispersed and
discontinuous. As the pressure increased, only a few fractures
connected by extending around the coarse aggregate. At a
constant displacement, as the rubber content increases, the
number of fractures along the interfaces and the total number of fractures decreased slightly. The eventual connected
fractures were concentrated primarily near rubber particles.
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Figure 11: Actual measured fracture distribution in rubber concrete.

Therefore, the inclusion of rubber particles increased the ductility of the concrete and improved the concrete’s deformation
performance.
Figure 10 shows the fracture propagation in rubber
concrete without taking into account the bonding interface. When the displacement was 0.15 mm, many fractures
appeared in the concrete without rubber. As the load
increased, fractures extended around the coarse aggregate
and became connected. As rubber content increased the
number of fractures increased slightly, while the width of
the fractures decreased slightly; that is, the fractures became
narrower and denser. The fractures extended around the
coarse aggregate and connected and also propagated towards
the rubber particles.
A comparison of Figures 9 and 10 indicates that there is a
relatively large difference in the concrete damage mechanism
depending on whether the bonding interface is taken into
account. When a weak bonding interface is assumed, the fractures first appear along the interfaces, and only a few fractures
are connected at the time of eventual failure. In other words,
the fractures near the interfaces tend to be discontinuous
due to the relatively strong mortar substratum between the
fractures. The weaker the interface is, the more evident this
phenomenon becomes. When the bonding interface is not
taken into account, the fractures propagate and connect;
fewer, wider fractures develop; and the brittleness is evident.
Figure 11 shows the actual fracture propagation distribution. As the rubber content increases, the fractures in the test
sample surface are few and are connected, which is similar
to the fracture distribution in rubber concrete without taking
into account the bonding interface.

5. Conclusions
The damage to a cubic rubber concrete sample under load
was numerically simulated on a mesoscopic scale, based
on a plastic damage model. The following conclusions were
developed.
(1) A direct view of the entire process of microfracture initiation, propagation, and connection can be
achieved using mesoscopic numerical computation
on rubber concrete with a random aggregate model.
Under uniaxial loading, the damage to the random

aggregate model is similar to that obtained experimentally.
(2) As the rubber content increases from 0 to 20%, the
compressive strength of rubber concrete decreases. At
a constant rubber content, the calculated compressive
strength is very close to the experimentally measured
value, within an error of 3%, when the interface
strength is set equal to the substratum strength (i.e.,
the interface is not taken into account). This error
increased and reached 10–23% when the interface
strength was assigned a value of 2/3 of the substratum strength. Therefore, the computational results
reductions in the interface strength are not taken into
account being closer to the experimental results.
(3) Fractures in rubber concrete first appear along the
interfaces between the aggregate and rubber-mortar
elements. When the interface strength reduction is
taken into account, the fractures along the interfaces
tend to be discontinuous due to the relatively highstrength mortar in between; the deformation of the
test sample is concentrated primarily in the interface
layer. When the interface strength is not taken into
account, fractures produced along the interfaces tend
to propagate and connect as the load is applied, and
the eventual damage mode is consistent with the
experimental observations.
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