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Damage and failure of rubberized self-compacting concrete (RSCC) are studied by mesostructural models.,emodels include six
phases: mortar, aggregates, rubber particles, aggregate-mortar interfacial transaction zones (A-M ITZs), rubber-mortar interfacial
transaction zones (R-M ITZs), and voids. ,in layers between mortars and aggregates and between mortars and rubber particles
represent A-M ITZs and R-M ITZs, , respectively. Aggregates and rubber particles are modeled with linear elastic, while mortars,
A-M ITZs, and R-M ITZs are with different damage-plasticity behaviors.,emesoscale models are validated by the comparison of
numerical results and experimental results. ,e effects of essential phase parameters on the composite’s strength are evaluated,
and empirical laws for these effects are established by data regression. It is demonstrated that the effect of porosity, size, and
content of rubber particles affect strength and toughness, which provides guidance to the design of such composites for
practical applications.

1. Introduction

,e growth of the world population and economic devel-
opment leads to the accelerated generation of solid wastes
and poses challenges for their recycling. A large proportion
of solid waste comes from used tires. ,emost common way
to deal with tire rubber is by burning, which can lead to
severe hazards [1]. Another way is to dump the scrap tires in
sanitary landfills, which causes significant environmental
risk and contamination. One of the most effective and en-
vironmentally friendly ways is to use recycled tire rubber as a
partial substitute for aggregates in concrete.

,e possibility for full utilization of rubber incorpora-
tion into concrete has been a subject of several experimental
studies. ,e mechanical properties of concrete change with
the incorporation of rubber. Topcu [2] reported a 50%
decrease of the cube and cylinder compressive strength and a
64% decrease of the tensile strength of concrete mixed with
fine rubber particles. Furthermore, the use of coarse rubber
aggregates leads to a reduction of cylinder and cube

compressive strengths by 60% and 80%, respectively, and
74% for tensile strength. ,ese results indicate that the
coarse rubber aggregate has a more substantial negative
effect than the fine rubber aggregate. Similar findings were
reported by Eldin and Senouci [3] and Su et al. [4]. However,
the results obtained by Fattuhi and Clark [5] indicated the
opposite trend.,ey found that adding graded coarse rubber
granules leads to less strength decrease than the compressive
strength of concrete less than the fine rubber particles.
Fattuhi and Clark’s findings were in agreement with Ali et al.
[6]. Toutanji [7] investigated the effect of the replacement of
coarse mineral aggregate by rubber tire aggregate. ,ey
found a reduction in both compressive and flexural
strengths, showing a nonlinear relationship between the
decrease in strength and volume of rubber aggregate in
concrete. ,e differences in conclusions from previous re-
search can be attributed to differences in the nature of the
raw materials, test specimens, and test methods. But one
common conclusion can be drawn from all experimental
studies of rubber incorporation in concrete [4, 8]. With the
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addition of rubber particles, the compressive and tensile
strength of rubberized concrete decreased, but significant
enhancements in the impact resistance and fracture
toughness of concrete were observed.

Huang et al. [9] used a unit thickness cylindrical plane
model and via finite element analysis and a parametric study,
evaluated the effect of various design parameters on the
composite strength. Feng et al. [10] studied the performance
of the rubberized concrete specimen subjected to uniaxial
compression by two- and three-dimensional mesoscale
models, but the interfacial transaction zones between ag-
gregate and mortar and between rubber particles and
mortars were ignored. Xie et al. [11] presented an analysis of
the entire process from fracture propagation to failure of the
test piece through a mesoscale finite element model, where
rubber concrete was considered as a four-phase composite
containing rubber, coarse aggregate, mortar, and aggregate-
mortar interfacial transition zones (A-M ITZs). Existing
numerical studies of rubberized concrete, like the ones
mentioned above, do not contain all the phases in the real
concrete. Specifically, they all ignore the voids and the
rubber-mortar interfacial transition zones (R-M ITZs). To
remedy this, Li et al. [12] proposed a mesoscale model
containing all relevant phases in the concrete specimen and
studied the mechanical properties, crack generation, and
propagation of rubberized concrete. However, a systematic
parametric study of the effects of key parameters is not
provided.

From the above literature survey, it appears that the
previous research was limited to experimental studies and
qualitative explanations. Little work has been performed on
theoretical modelling of rubberized concrete, with various
limitations on the model’s realism and quantitative results.
Improved understanding of the damage and failure mech-
anisms in the presence of tire rubbers requires a more
comprehensive and in-depth theoretical modelling and
analysis, accurately to reveal the toughening effects.

,is paper focused on establishing the effects of rub-
berized concrete microstructure on the observed macro-
scopic behavior. Here, rubberized concrete is treated as a
multiphase composite material. A mesoscale model with six
phases, aggregate, mortar, rubber particle, A-M ITZs, R-M
ITZs, and voids, is used. ,e established comprehensive 3D
mesoscale model and numerical simulation results were
validated through comparing the results between simulation
and experimental MTS results. A systematic parametric
study is first conducted to evaluate the effect of various
design parameters on the composite strength. ,e simula-
tion results are analysed, leading to valuable statistical re-
lations that will inform improved designs of rubberized
concrete material and structures.

2. Mesoscale Model and the Numerical
Simulation Method

2.1. Generation of the Mesoscale Model. ,e detailed pro-
cedure of generating a mesoscale-rubberized concrete
sample has been given in [12]. Herein, only an outline is
presented to facilitate the discussion of results.

,e size distribution of aggregates and rubber particles
was kept consistent with the prepared test specimens shown
in Tables 1 and 2. Here, only coarse aggregates and rubber
particles were explicitly modeled as mesoscale features. ,e
sand, together with the cement matrix, was regarded as
mortar. ,e coarse aggregates and rubber particles were
considered to have spherical shapes.,e A-M ITZs and R-M
ITZs were thin layers attached to aggregates and rubber
particles, respectively. Spherical voids were introduced in the
mortar with a diameter between 2mm and 4mm.

3D mesoscale numerical samples were generated with
the following parameters: the sample dimensions were
50mm × 50mm × 150mm, the aggregates volume fraction of
30%was kept consistent with the tested specimen, the rubber
particles volume fraction was 0, 5%, 10%, and 15%, the
porosity was 1%, and the thickness of A-M ITZs and R-M
ITZs was 0.6mm. Notably, this is larger than the actual ITZ
thickness, but previous studies [13] have shown that the
thickness of 0.6mm can meet the required accuracy of
numerical simulations. ,e size of the simulation models is
half that of the test specimen to reduce the number of the
element of models and improve computation efficiency. In
order to prevent size differences from affecting the simu-
lation results, all models in this paper have the same size.

2.2. Constitutive Behavior of Constituents. Several mesoscale
models, considering the mesostructure and the local failure
mechanisms in concrete, have been proposed in the last few
decades, aiming at a better understanding of structural on
the longer-scale response of concrete [14–16]. Continuum-
based finite element models are the main approaches
employed in the literature [17–22].

Each phase of the mesoscale model of concrete has
distinct mechanical properties. For example, the stiffness
and strength of coarse aggregates are higher than those of
mortar and interfacial transaction zones. ,erefore, aggre-
gates are generally regarded as linear elastic materials in
mesoscale models. ,e rubber, in principle, is a hyperelastic
material when large deformations are allowed by the con-
straints. However, as part of the concrete, rubber particles
will be constrained to small deformations, so the rubber
material is also considered as a linear elastic material in this
work. ,e incorporation of rubber makes the interface
between rubber and mortar form a transaction zone similar
to that between aggregate andmortar. However, the strength
of the R-M ITZ zone is lower than that of A-M ITZ and
much lower than that of mortar [16, 23–25].

,e damage-plasticity model provides a general
framework for modelling concrete and other quasibrittle
materials by combining damage with separate tensile and the
compressive plastic behavior. For mortar, A-M ITZs [18, 26],
and R-M ITZs [12, 23], a concrete damaged-plasticity (CDP)
model in ABAQUS [19] is employed in the present study.
,e deformation and failure behavior defined by the CDP
model is composed of tensile cracking and compression
crushing, as shown in Figure 1. Damage is controlled by two
hardening parameters εpl

t and εpl
c under tension and

compression.
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In this paper, the general analytical expression for
concrete hardening and softening proposed by Dacheng and
Ruqi [20] was used. ,e mortar, A-M ITZs, and R-M ITZs
are linear elastic materials before peak stress under tension.
After the peak stress, the softening behavior is described by
the following formula:

Σt
ft

�
εt/εt0( 

αt εt/εt0(  − 1( 
1.7

+ εt/εt0( 
, (1)

where ft and εt0 are the peak stress and peak strain, re-
spectively, and αt is a coefficient which can be calculated by
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For uniaxial compression, the stress-strain response of

the material remains linearly elastic until the yield stress σc0,
and the plastic response is characterized by stress hardening
followed by strain-softening beyond the peak stress σcu. ,e
stress-strain relationship is expressed as follows:
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where fc and εcu are the peak stress and peak strain, and αa

and αd are two parameters calculated by αa � 2.4 − 0.0125fc

and αd � 0.157f0.785
c − 0.905.

,e uniaxial stress-strain curve can be converted into the
stress-plastic strain curve through the following formulas:

εpl
t � εck

t + εel
t0 − εel

t , (3)

εpl
c � εin

c + εel
c0 − εel

c . (4)

In equations (3) and (4), εpl
t and εpl

c are the equivalent
plastic strains in uniaxial tension and uniaxial compression,
respectively, εck

t and εin
c are the cracking strains for tension

and inelastic strain for compression, and εel
t0, ε

el
c0, ε

el
t , and εel

c

can be calculated by the following equations:
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where dt and dc are the tensile and compression damage
factors, respectively, with values in the interval (0, 1). ,e
value 0 represents the undamaged material, and the value 1
represents the complete failure of the material.

,e stress-strain relationship of concrete under uniaxial
tension and compression loading can be expressed by the
following equations, respectively.

σt � 1 − dt( E0 εt − εpl
t , (7)

σc � 1 − dc( E0 εc − εpl
c . (8)

Uniaxial tension and compression strains can be
expressed as follows:

εt � εck
t + εel

t0,

εc � εin
c + εel

c0.
(9)

Two damage criteria were employed to describe the
different effects under tension and compression:

dt � 1 −
σt/E0( 
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where bt and bc are the two constant factors, which can be
calculated by bt � εpl

t /εck
t and bc � εpl

c /ε
ck
c . Birtel and Mark

[21] suggested that bt � 0.1 and bc � 0.7.

2.3. Definition of Macroscopic Properties and Statistical
Analyses. ,e focus of this work is on the tensile strength and
toughness of rubber concrete. Material strength refers to the
mean value of the maximum stress on the stress-strain curve
(maximum load divided by the cross-sectional area) of the
numerical simulation results for several mesoscale models.

,e influence of rubber particle volume content and
porosity on the strength of rubber self-compacting concrete
was evaluated by the statistical method. ,e standard de-
viation of n simulation results can be obtained by the fol-
lowing equation:

s
2

�
1

n − 1


n

i�1
xi − x( 

2
, (11)

where x is the average value of xi.

Table 2: Rubber particle size distribution.

Sieve size (mm) Total passed percentage (%)
5 100
3 60
2 0

Table 1: Coarse aggregate size distribution.

Sieve size (mm) Total passed percentage (%)
10 100
8 60
6 0
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2.4. FE Analyses Setup. ,e compressive strength, tensile
strength, and young’s modulus are obtained from the tensile
and compressive experiments of the same size mortar
specimen. ,e parameters used for the simulations are
shown in Table 3. ,e rubber particle and aggregate are all
sphere particles to simplify themodelling process, aggregates
are assumed to be linear elastic materials, and the parameters
of these two materials are kept constant in all the samples.
,e mortar, A-M ITZs, and R-M ITZs are materials with
damage-plasticity [22, 27–29]. ,e parameters of A-M ITZs
and R-M ITZs are also kept constant in all samples, but
mortar in samples with different rubber volume fractions is
different because of the change of the sand volume. ,e
mortar parameters in the table are mean values obtained
through compressive and tensile tests of prepared mortar
specimens. Based on the past research of rubberized con-
crete, the tensile strength and compressive strength of A-M
ITZ and R-M ITZ are much lower than that of mortar, and
R-M ITZ’s are much lower than A-M ITZ’s; the parameters
of A-M ITZ and R-M ITZ are obtained through trial and
error.

Displacements of one end of the prismatic samples
were constrained in a direction normal to the plane, and
the load was applied on the opposite end via prescribed
displacements. ,ese boundary conditions are shown in
Figure 2. All simulations are performed using ABAQUS/
standard. Force and displacement variables are extracted
to calculate stress and strain by the self-written python
code. Since the crack is not modeled explicitly in this
paper, the development of cracks is judged by the SDEG
value. ,e range of SDEG value is [0, 1]. When the SDEG
value is less than 0.5, it means there is no damage to the
element. When the SDEG value is more significant than
0.5, it means that the element has started cracking.

3. Model Validation

3.1. Mesh Sensitivity Analysis. Prior to validating the me-
soscale models established in this paper, a mesh sensitivity
study was conducted. When using finite element software to
carry out mesoscopic numerical simulation of rubber
concrete, the mesh size can affect the accuracy of the cal-
culation, and it is also a key factor affecting the calculation
time and speed. ,ree models of RSCC with 5% rubber
content with identical geometric features, namely, the ag-
gregate size, aggregate distribution, rubber particle size,
rubber particle distribution, voids size, and voids distribu-
tion, are meshed by three grid sizes of 0.4mm, 0.5mm, and
0.6mm, respectively. ,e mesoscale model of three different
grid sizes is shown in Figure 3. No apparent differences can
be observed in Figure 3. However, the average number of
elements are approximately 1.3 million with 0.4mm mesh
size, approximately 0.97 million with 0.5mmmesh size, and
approximately 0.76 million with 0.6mm mesh size.

,e uniaxial tensile simulations of these mesoscopic
models were carried out using the parameters in Table 3.,e
stress-strain curves from the numerical simulations are
shown in Figure 4, and the cracks, which eventually caused
the overall failure of the entire test piece, are shown in
Figure 4. As can be seen from the stress-strain curves, with
the increase of the mesh size, there is no significant dif-
ference between the numerical simulation results. ,e
maximum error between the calculated strength of the
numerical simulation result is 3%, and the strain value
corresponding to the maximum tensile stress is very close.
,e elastic modulus of the calculated results of the nine
groups is the same; so, the numerical simulation result of the
model with the 0.6mm mesh size is adequate. As the mesh
size becomes more extensive, the total number of different
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Figure 1: Schematic diagrams of concrete response under uniaxial tension and compression. (a) Tension. (b) Compression.
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mesoscopic model elements decreases, and the computa-
tional time is shortened. It can be seen from Figure 5 that the
crack position and the cracking pattern of model 1 are
similar when the mesh size changes, and there is no sig-
nificant difference in the crack. ,ere is a big difference in
the crack pattern between the different mesh sizes of model
2. As can be seen from Figure 5(b), when the mesh size
becomes 0.5mm, the final fracture pattern of model 2 has
changed from type I to type II [30, 31], there are two parallel
cracks appeared in the specimen, and the postpeak decline
speed of the corresponding stress-strain curve is slowed
down which can be seen in Figure 4. As shown in
Figure 5(b), with the increase of the mesh size, the fracture
pattern changed again. Besides, the fracture position of
model 3 changed apparently with the increase of mesh size,
as shown in Figure 5(c). ,erefore, the crack position and

Table 3: Material parameters for the RSCC mesoscale model.

Tensile strength (MPa) Compressive strength (MPa) Young’s modulus (GPa) Poisson’s ratio Density (kg/m3)
Coarse aggregate — — 40 0.2 2600
Rubber particle — — 7 0.4 1050
A-M ITZ 3 45 21 0.2 1800
R-M ITZ 1.5 25 12.5 0.2 1500
Mortar_SCC 4.5 60 28 0.2 2200
Mortar_RSCC-5% 4.0 50 26 0.2 2200
Mortar_RSCC-10% 3.6 40 24 0.2 2200
Mortar_RSCC-15% 3.2 36 22 0.2 2200

Figure 2: Specimen loading and boundary condition.

Mesh size = 0.4mm Mesh size = 0.5mm Mesh size = 0.6mm

Figure 3: Mesoscale model of different mesh sizes.
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Figure 4: Stress-strain curves of different mesh size models.
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the crack mode may vary significantly with the change of the
mesh size. ,e main reason is that the size of the grid in-
creases, and some local components of the specimen change.
For example, as the size of the grid increases, some pores and
ITZs of some parts may be ignored as the grid cannot be
meshed. However, the initial defects and weak ITZs of the
test piece are the critical positions of the initial cracks.
,erefore, the crack position of the test piece may change
under different mesh sizes, but there is no significant dif-
ference between the stress and strain curves. ,e final
fracture of this test piece [12] is shown in Figure 6. From
Figure 6, comparing the failure crack patterns, it seems that
the failure pattern is largely mesh dependent, and 0.4mm
mesh size results give better agreement with the experiment.

3.2. Results for Model Validation. ,e mesoscale modelling
results are validated by comparing it with the test result
conducted in [12]. ,e experimental and numerical stress-
strain curves of RSCC under uniaxial tension are shown in
Figure 7.

As shown in Figures 7(a), 7(c), and 7(d), the elastic
modulus of the numerical simulation of SCC, RSCC-10%,
and RSCC-15% are very close to the test result, and the
strength is slightly smaller, with an error of 5.4%, 0.8%, and
7.1% corresponding to SCC, RSCC-10%, and RSCC-15%.
,e postpeak curves are also slightly different, mainly be-
cause the postpeak behavior is controlled firmly by the
development of cracks, which are random due to the ma-
terial heterogeneity. In all previous numerical simulations of
concrete, e.g., [22, 30, 32], the postpeak curve is close to the
experimental results, but no full match can be achieved due
to the same reasons. It is suggested that as long as the
postpeak curve is close to experimentally measured, the
numerical simulation result is sufficiently realistic.

Figure 7(b) shows the experimental and numerical
simulation results for specimen RSCC-5%. It can be seen
from Figure 7(b) that there is a difference between strength
predicted by the numerical simulation result and the ex-
perimental result. ,e error is 3.5%. ,e elastic modulus of
the simulated piece is slightly smaller than that of the actual
specimen, but the simulation result is still reliable. It can also

be seen from the test stress-strain curve of specimen RSCC-
5%, and there is a turning point A. After the turning point,
the softening curve begins to decline rapidly. Since the
development of the postpeak crack of this test piece is more
complicated, which can be seen in Figure 7(b), this turning
point has not been captured by the simulations, resulting in
more pronounced differences in the measured and predicted
softening behavior. Nevertheless, the prepeak behavior and
strength are in good agreement with experiments, similar to
SCC, justifying the use of the model for parametric studies.

4. Parametric Studies and Discussion

4.1. A-M ITZs and R-M ITZs Effects

4.1.1. Presence of A-M ITZs and R-M ITZs. Four sets of 5%
rubberized concrete specimens with the same distribution of
aggregate, rubber particles, and pores were used in this
section to investigate the fracture properties of rubberized
self-compacting concrete specimens under the uniaxial
tensile load in the presence or absence of interfacial
transaction zones. In model a, there are no A-M ITZs and
R-M ITZs; model b has fixed thickness A-M ITZs and no
R-M ITZs; model c has fixed thickness R-M ITZs and no
A-M ITZs; model d has fixed thickness of A-M ITZs and
R-M ITZs. ,e fixed thickness is 0.6mm, where applicable.
,ree realizations were constructed for each model type, and
the numerical simulation results for the realizations of the
given model showed only small differences. ,erefore, the
average value of the uniaxial tension stress-strain curves was
obtained and is shown in Figure 8. One typical crack pattern
of the varying A-M ITZs and R-M ITZs thickness is shown

Model 1 
(A) voxel-0.4 (B) voxel-0.5 (C) voxel-0.6 

(a)

Model 2
(A) voxel-0.4 (B) voxel-0.5 (C) voxel-0.6 

(b)

Model 3
(A) voxel-0.4 (B) voxel-0.5 (C) voxel-0.6 

(c)

Figure 5: Crack patterns of varying mesh size models. (a) Model 1. (b) Model 2. (c) Model 3.

Figure 6: Crack patterns of RSCC-5% test specimen.
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in Figure 9, and the corresponding dissipated energy-strain
curve is shown in Figure 10.

As can be seen from Figure 8, the presence or absence of
the ITZs has little influence on prepeak stress-strain curves.
,is is because the ITZs occupy a small volume of the whole
specimen and have little effect on the elastic behavior prior
to damage initiation. However, the existence of ITZs has a
pronounced influence on the maximum tensile stress of the
specimen. ,e maximum tensile stress of the specimen
without ITZs and its corresponding strain value are sig-
nificantly higher than that of the specimen with ITZs. ,e
maximum tensile stress error is 8.1%, and the corresponding
strain error is 36%. Liu et al. obtained a similar result in [10].
,is shows that the presence of A-M ITZs and R-M ITZs
decreases the strength and accelerates the damage evolution
and failure of the test piece. ,e fracture position and total
dissipated energy will also change with the presence of A-M

ITZs and R-M ITZs. ,e crack pattern with a constant A-M
ITZs and R-M ITZs will be closer to that of the tested specimen
that can be obtained from Figure 9. As shown in Figure 10, at
the initial fracture stage, the total dissipated energy of the
model with A-M ITZs and R-M ITZs will be slightly higher
than other models, while, at the final fracture stage, the model
with A-M ITZs and R-M ITZs will be the lowest one than other
models. ,e dissipated energy of specimens that only contain
A-M ITZs is lower than the specimen with R-M ITZs. It in-
dicates that the presence of A-M ITZs and R-M ITZs will make
the specimen much weaker, and the dissipated energy will
decrease. Besides, the R-M ITZs have amore significant impact
on the fracture energy.

It can be concluded that mesoscale models neglecting
A-M ITZs and R-M ITZs for uniaxial tensile simulation do
not provide reliable predictions for the stress-strain be-
havior. Furthermore, it can be concluded from Figure 8 that
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Figure 7: Stress-strain curve of specimen RSCC under uniaxial tension. (a) SCC. (b) RSCC-5%. (c) RSCC-10%. (d) RSCC-15%.
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the presence of A-M ITZs has a more significant effect on the
strength than the presence of R-M ITZs. However, R-M ITZs
have a high impact on fracture energy. It is expected that
R-M ITZs is the weakest part of a specimen. If there are no
R-M ITZs in a test piece, the failure rate will decrease, and
the fracture energy will increase. When a mesoscale model
has both ITZ types, the numerical simulation results are very
close to the test results, indicating that the introduced ITZs
in this work are realistic, and the model results are in closest
agreement with the experimental data. It is then justified to
explore the effects of other mechanical properties of RSCC
constituents in the subsequent sections.

4.1.2. Effect of A-M ITZs9ickness. To explore the A-M ITZs
thickness effect on the fracture properties, four different
models were generated. ,ese have the same geometry, but
A-M ITZs thickness is taken as 0mm, 0.6mm, 0.8mm, and
1mm, respectively. ,e thickness of R-M ITZs is 0.6mm for
all models in this section. ,e aggregate volume fraction is
30%, rubber particle volume fraction is 5%, and porosity is
1% of all models in this section. ,e simulation result is
shown in Figure 8. As can be seen from the Figure 11, if the
A-M ITZs is not included in the mesoscale model, the
strength of the specimen will be significantly higher than the
experimental result, indicating that the presence of A-M ITZ
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is a key factor affecting the strength of the specimen, which is
consistent with the conclusion obtained in Section 4.1.1.
,ere is a small difference between the models with a
thickness of 0.6mm, 0.8mm, and 1mm A-M ITZs, but all
results are close to the experimental one. ,is outcome
indicates that the thickness 0.6mm of A-M ITZs can meet
the calculation requirements.

4.1.3. Effect of R-M ITZs 9ickness. Four models were
generated to explore the R-M ITZs thickness effect on the

fracture properties. ,ese have the same geometry as the
models in Section 4.1.1, but the R-M ITZs thickness is varied
as 0mm, 0.6mm, 0.8mm, and 1mm, respectively. ,e
thickness of A-M ITZs is 0.6mm for all models in this
section. Two realizations of each type were used for nu-
merical simulations. ,e stress-strain curves obtained are
shown in Figure 12. It can be seen that if the RTZ is not
included in the mesoscale model, the strength of the
specimen changes insignificantly. However, the strain cor-
responding to the peak stress increases significantly, and the
toughness of the specimen is enhanced. It shows that R-M
ITZs is themost vulnerable part of the whole specimen, apart
from voids. If there are no R-M ITZs in the specimen, the
failure rate of the specimen will be reduced substantially.
Such an outcome is quite different from the test results
indicating that the R-M ITZs should be included in the
numerical simulation. ,e simulation results with different
thickness R-M ITZs are not significantly different, and all are
close to the experimental results, indicating that the effect of
R-M ITZs thickness within the studies range is minimal.,e
thickness of 0.6mm can meet the requirements of calcu-
lation accuracy.

,erefore, it can be obtained from the above study on the
thickness of ITZs: in the mesoscale simulation of rubberized
self-compacting concrete, it is necessary to separately model
A-M ITZs and R-M ITZs. Moreover, when the thickness of
both ITZs is 0.6mm, it can not only meet the requirements
of simulation accuracy but also make the number of ele-
ments of the mesoscale model within a calculable range. It is
recommended that the researcher choose 0.6mm as the
thickness of A-M ITZs and R-M ITZs for mesoscale
modelling.

4.2. Porosity Effect. ,e relationship between porosity and
specimen strength was studied using specimens of dimen-
sion 50mm × 50mm × 150mm. In all specimens, the ag-
gregate content was 30%. ,e differences between different
models were the rubber content and porosity: rubber particle
volume fractions were 0, 5%, 10%, and 15% respectively, and
the porosity of each model with given rubber particle
content was 0, 1%, 2%, and 5%, respectively. Twenty real-
izations were simulated for each model type. ,e mean
stress-strain curves of specimens with different porosity
under uniaxial tension are shown in Figure 13. For each
specimen type with a specific rubber particle content, the
strength decreases as the porosity increases.

It can be seen from Figure 13, for ordinary self-com-
pacting concrete, there are no pores in the mesoscale model,
the elastic modulus and strength are significantly greater
than the test result, and the simulation result of the
mesoscopic models with a porosity of 1% and 2% are close to
the test result; when the porosity of the mesoscopic model is
1% or 2%, the simulated results are close to those of the
uniaxial tensile test; for a specimen with a rubber content of
10%, when the mesoscopic model does not contain pores,
the strength is close to the test result, but the elastic modulus
is significantly greater than the test result, and the simulated
strength and elastic modulus are in the range of the two test
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specimens when the mesoscopic model is with a porosity of
1% and 2%, while the elastic modulus of the mesoscale
model with a porosity of 5% is significantly smaller than the
test result; the strength and elastic modulus of the specimen
with a rubber content of 15% and a porosity of 2% are close
to the test results, while the strength and elastic modulus of
the specimen with a porosity of 1% and 0 are significantly
greater than the test results. ,e strength of a specimen with
a porosity of 5% is significantly lower than the test result; a
comprehensive comparison of the mesoscale simulation
results of all different rubberized self-compacting concrete
shows that if the mesoscale model used in this paper is used
to study the mechanical behavior of rubber self-compacting
concrete, the pores should be modeled separately in the
model, and the results obtained with a porosity of 2% are the
closest to the actual test results.

Wang at al. [33] proposed a power law for the strength
porosity relations, similar to the one for compression
strength in cement paste suggested by Powers [34]. A similar
power law is proposed for the relationship of rubberized
concrete strength and porosity in this study:

σ � σn
0(1 − p)

m
, (12)

where σn
0 is the specimen strength without voids, p is the

porosity, m is an empirical coefficient, and n classifies the
concrete with different rubber contents. Specifically, when
the rubber content is 0, n is 1, when the rubber content is 5%,
n is 2, when the rubber content is 10%, n is 3, and when the
rubber content is 15%, n is 4. For each specimen with
different rubber contents, the value of m is different. ,e
proposed law and the numerical results are shown in
Figure 14.

4.3. Crack Propagation and Fracture Pattern. Figures 15 and
16 present damage development and typical failure patterns
under uniaxial tension. It can be seen that samples can
develop type I (failure by one main crack) as well as type II
(failure by more than one main crack) fracture patterns. As
discussed in [30, 31], type II and type I failures may occur in
the uniaxial tension simulation where the prepeak response
and strength are similar, but the postpeak responses are
substantially different. If a type I crack occurs, the softening
stage is relatively more rapid compared to a type II cracking
mode. From the stress-strain responses shown in Figure 17,
it can be seen that the postpeak softening for the type II-
cracked sample is more graceful than that for type
I. Figure 18 shows energy dissipations in type I and type II
cracking modes where DMD and PD correspond to damage
and plastic dissipation energy. As can be seen from Fig-
ure 18, the plastic dissipation energy of the type II crack is
much higher than type I due to the dominant fracture is a
shear fracture in the type II crack, and much more energy
will be consumed by shear fractures. However, the damage
dissipation energy of the type II crack is a little bit lower than
type I, indicating that the damage level of the type II crack is
not as worse as the type I crack.

In the two samples, many microcracks initiate in the early
stage of loading on the R-M ITZs and A-M ITZs due to their
lower strength thanmortar. Figures 15(a) and 16(a) show two
cracking states at peak stress. It can be seen that there are no
obvious macrocracks formed in either of the two cracking
modes. ,e fracture development of the postpeaks 0.6p and
0.4p is shown in Figures 15(b), 15(c), 16(b), and 16(c). With
the increase of the load, interfacial cracks between rubber
particles and mortar and aggregate and mortar continue to
develop and eventually coalesce into the main crack(s)
through the mortar. It should be noted that in Figures 15(b),
15(c), 16(b), and 16(c), microscopic cracks still exist, but their
damage is much smaller than that of macroscopic cracks to be
visible in either of the two fracture patterns.

Rabczuk [35, 36] proposed a meshfree method for ar-
bitrary evolving cracks, which has great advantages in
simulating the cracking process of the specimen, and it has
been successfully applied to the cracking of reinforced
concrete structures [37]. If this method can be introduced
into the mesoscopic model proposed in this paper, the
cracking process of the specimen under uniaxial tension can
be simulated more accurately.

4.4. Rubber Particle Size Effect. As mentioned in the intro-
duction, there are some arguments about the relationship
between rubber size and strength. ,e results obtained by
Fattuhi and Crark [5] and Ali et al. [6] indicated that
concrete containing rubber with fine grading had lower
strength than that containing coarse rubber. Nevertheless,
Eldin and Senouci [3] and Topcu [2] obtained the opposite
effect. ,e controversy still exists, and all scholars can accept
no common conclusion. In this section, two mesoscale
models are used: in the first one, sand is replaced with fine
rubber particles by volume, and in the second one, aggre-
gates are replaced by coarse rubber particles by volume. ,e
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Figure 12: Stress-strain curves of varying thickness R-M ITZs
models.
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replaced volumes are 5%, 10%, and 15%, respectively. ,e
aggregate volume is 30%, and the porosity is 1%; thickness of
A-M ITZs and R-M ITZs is 0.6mm for all mesoscale models.
For each model type, twenty realizations are generated and
simulated to get a statistical result for the rubber size effect.
,e geometry of the two types of models is shown in Fig-
ure 19. ,e rubber volume of these models is 5%.

4.4.1. Rubber Particles Replacing Fine Aggregates by Volume.
Mesoscale models with different rubber volume fractions
were used to simulate uniaxial tension and obtain the

relationship between strength and fine rubber volume
fraction. ,e rubber volume was 5%, 10%, and 15%, re-
spectively. ,e coarse aggregate content in all the samples
remained at 30%. ,e simulation parameters were kept
consistent with Table 3. ,e strength of the specimen
without rubber was kept consistent with the experimental
result of SCC. ,e stress-strain curves of the simulation
result are shown in Figure 20. ,e stress is the total vertical
reaction force of all the top boundary nodes that divides by
the specimen cross-section area. As can be seen from Fig-
ure 18, the stress-strain curves from different realizations
have small differences. As the rubber content increases, the
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Figure 13: Stress-strain curves of varying porosity models. (a) Specimen with no rubber. (b) Specimen with 5% rubber. (c) Specimen with
10% rubber. (d) Specimen with 15% rubber.
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average maximum stress decreases, and the postpeak curves
for all samples decrease more rapidly, indicating that
specimens with fine rubber replacing sand have a high
failure rate and low fracture toughness.

Toutanji [7] found that the relationship between strength
reduction and the volume of rubber aggregate is not linear
through experimental studies. Based on the above simula-
tion results, it is found that the following quadratic function
can well describe the influence of the volume fraction of
rubber particles on the strength of all specimens through
curve fitting:

y � 40.614x
2

− 11.729x + 3.510,

R
2

� 0.992.
(13)

,e relationship between the proposed law and the
numerical result is shown in Figure 21.

4.4.2. Rubber Particles Replacing Coarse Aggregates by
Volume. To obtain the relationship between the specimen
strength and the volume fraction of coarse rubber particles,
models with different volume fraction coarse rubber particles
replacing the coarse aggregate were analysed. ,ree sets of
models with 5%, 10%, and 15% rubber content were used. To
maintain a constant total coarse aggregate volume of 30%, the
corresponding aggregate volume of the specimens was 26%,
22%, and 18%, respectively. Twenty realizations were generated
and analysed for each model type. Since the volume fraction of
fine aggregates in the model was not changed, the mortar
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Figure 14: Effect of porosity on strength for models with different rubber contents (Pagg � 30%). (a) Rubber content� 0. (b) Rubber
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parameters of the rubberized concrete were not changed,
consistent with pure mortar. ,e numerical simulation pa-
rameters are shown in Table 4. Because in this kind of me-
soscale model, rubber particle was used to replace aggregate
rather than sand, the parameters of mortar were kept constant
in all the generated models in this section. ,e stress-strain
curves of the test results of each group are shown in Figure 22.

As can be seen from Figure 22, the prepeak stress-strain
curves are identical. However, the postpeak stress-strain
curves of different specimens are quite different. Some
curves show more graceful softening because type II cracks
appear in those specimens. As the rubber content increases,
the average maximum stress decreases, i.e., the incorpora-
tion of rubber particles reduces the strength of the concrete.

(a) (b) (c) (d)

Figure 15: Crack development process of the type I crack (p is the peak stress; 0.8p, 0.6p, and 0.4p are all corresponding postpeak loading
phases). (a) p. (b) 0.8p. (c) 0.6p. (d) 0.4p.

(a) (b) (c) (d)

Figure 16: Crack development process of the type II crack (p is the peak stress; 0.8p, 0.6p and 0.4p are all corresponding postpeak loading
phases). (a) p. (b) 0.8p. (c) 0.6p. (d) 0.4p.
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Based on the simulation results, it is found that the following
quadratic function can well describe the influence of rubber
particle volume fraction on the strength of all specimens:

y � 52.172x
2

− 15.625x + 3.536,

R
2

� 0.996.
(14)
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Figure 17: Stress-strain curves of the type I crack and type II crack.
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Figure 19: Compositions of the mesoscale model with rubber particle replacing coarse aggregate and sand. (a) Rubber particle replacing the
aggregate model. (b) Rubber particle replacing the sand model.
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Figure 20: Continued.
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Figure 20: Stress-strain curves of rubber replacing sand models. (a) Rubber replace 5% sand. (b) Rubber replace 10% sand. (c) Rubber
replace 15% sand.
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Figure 21: Effect of rubber volume fraction on peak stress for rubber replacing sand models.

Table 4: Material parameters for the rubberized concrete mesoscale model with rubber replacing aggregate.

Tensile strength (MPa) Compressive strength (MPa) Young’s modulus (GPa) Poisson’s ratio Density (kg/m3)
Coarse aggregate — — 40 0.2 2600
Rubber particle — — 7 0.4 1050
A-M ITZ 3 45 21 0.2 1800
R-M ITZ 1.5 25 12.5 0.2 1500
Mortar 4.5 60 28 0.2 2200
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,e relationship between the proposed law and the
numerical result is shown in Figure 23.

,e average stress-strain curves from samples with
rubber replacing aggregates and rubber replacing sand are
shown together in Figure 24. It can be seen from the figure
that if the coarse rubber particles are used to replace the
aggregate, the strength of the test piece may be larger than
the one replaced by fine rubber particles, which agrees with

the conclusion obtained by Fattuhi and Clark [5] and Ali at
al. [6]. With the increase of the replacement volume, the
strength difference becomes more considerable. ,e
toughness of specimens with aggregates replaced by coarse
rubber is higher than that of specimens with sand replaced
by fine rubber by the same volume. ,is results from the
lower failure rates of the models with coarse rubber than
those with fine rubber.
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Figure 22: Stress-strain curves of rubber replacing aggregate models. (a) Rubber replace 5% aggregate. (b) Rubber replace 10% aggregate.
(c) Rubber replace 15% aggregate.
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5. Conclusions

Modelling and simulation of rubberized concrete under
uniaxial tension has been presented. 3D mesoscale models
have been developed and validated by comparison of the
numerical results with MTS measurements. ,e effects of
mesh size, presence, and thickness of A-M ITZs and R-M
ITZs, as well as porosity on the stress-strain curve and crack
patterns, have been investigated. ,e main conclusions are
as follows:

(1) ,e validation stage showed that mesoscale models
of rubberized concrete have to contain all relevant
phases, as the omission of a phase leads to divergence
of simulation results from experimentally measured
macroscopic and damage behavior.

(2) Specifically, both A-M and R-M ITZs are essential
for the mesoscale model—A-M ITZs have a more
significant effect on the strength, while R-M ITZs
have a more significant impact on the fracture en-
ergy. It is suggested that the researcher choose
0.6mm as the thickness of A-M ITZs and R-M ITZs
for the mesoscale modelling for it can not only meet
the simulation accuracy requirements but also meet
the computation efficiency.

(3) Within a computationally acceptable range, the
mesh size has little effect on the simulated stress-
strain responses, but the emerging crack patterns are
sensitive to the mesh size, predominantly because
mesh size changes lead to changes in ITZs and voids
distributions. It is recommended to choose 0.4mm
as the mesh size to generate a mesoscale model since
the simulation results with 0.4mm mesh size will
give better agreement with the experiment result.

(4) Porosity has a pronounced effect on the strength,
indicating that it should not be ignored in mesoscale
models. ,e mesoscale model, with a porosity of 2%
can get a better result when using the model
established in this paper to study the mechanical
behavior of rubberized self-compacting concrete.
Porosity-strength relations are proposed by fitting
the results of parametric studies with different po-
rosity and rubber content.

(5) Concrete containing rubber with fine grading has
lower strength and toughness than concrete con-
taining coarse rubber. Rubber content-strength re-
lations for both fine grading and coarse grading
rubber are proposed by fitting the results of para-
metric studies with different rubber contents.

,e conclusions of this work form a useful guide for
designing rubber concrete and a solid base for further ex-
perimental and modelling efforts.

Data Availability

,e data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

(1) 3D mesoscale modelling for damage and fracture
analysis

(2) Investigation of critical mesostructural parameters
performed

(3) Effects of porosity, rubber content, and particle size
on strength established

(4) Fracture patterns related to postpeak softening
response
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Figure 24: Mean stress-strain curves of rubber replacing sand and
aggregate models.
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Figure 23: Effect of rubber volume fraction on peak stress for
rubber replacing aggregate models.
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