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Abstract: The increase in world population has led to a significant increase in the numbers of cars
and used tyres. These tyres must be disposed of on an ongoing basis as a result of their consumption
or deterioration. This can result in negative effects on the environment that must be preserved,
especially from those materials, i.e., these waste materials are difficult to dispose of without special
treatments. Hence, extensive experimental investigations and numerical simulations need to be
conducted to use and recycle these wastes by exploring the possibility of using them as alternative
ingredients in construction materials. For example, waste rubber pieces can be used as one of the
main components of concrete. In this study, the main aim was to numerically simulate the flexural
behaviours of rubberised concrete under the influence of an applied vertical loading with different
contents of added rubbers by using the commercial finite element software ANSYS. The obtained
numerical results were compared with the experimental results of a previous study and showed a
good agreement with the deflections and moduli of rupture, with the variances from 2-7% in the
deflections. However, the differences in the moduli of rupture varied between 5% and 9%. Finally,
the statistical analyses indicated that these numerical mean values and standard deviations were
acceptable and were very close to the experimental values.

Keywords: numerical analysis; ANSYS; rubberised concrete; lightweight aggregate; flexural test;
deflection; modulus of rupture

1. Introduction

The increase in world population has led to a significant increase in the numbers of
cars and used tyres, which are biologically difficult to recycle. They can cause disastrous en-
vironmental problems in cities around the world [1-8]. In practice, there are two basic ways
to dispose of them: burying or burning. The latter is very detrimental to the environment
due to the resulting emissions of harmful gases. However, the recycling of used tyres can
be carried out in an environmentally sustainable way. These tyres are also known as scraps
and can be chopped into different shapes and sizes, e.g., rubber chips, which can be used
as concrete components. This can be an alternative solution to maintain a sustainable and
economic environment [1,9,10]. In general, waste tyre rubbers are classified into three types
according to their sizes—chips, crumbs and rubber mills—as shown in Figure 1. Crumb
rubbers can be used as a partial replacement for aggregates in concrete [2,11]. Rubberised
concrete is a type of concrete that contains certain percentages of scrapped rubber tyre
chips as an aggregate in its composition. The gained benefit is an improvement in the
performance of concrete by introducing flexible components to its original mixture [12].
Rubber chips are added as part of aggregates, which can be extracted from scrapped
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tyres, hoses, cables, synthetic rubber products, etc. [13]. Rubberised concrete is similar in
performance to ordinary concrete and asphalt concrete and is semi-rigid [14]. Rubber is
known as a polymeric material consisting of long partial chains, also called flexible plastic,
because of its mixture of flexible polymeric threads. Rubber is applied in many engineering
fields, e.g., manufacturing various industrial products, including tyres and shock-absorbing
materials. Rubber is a highly deformable material, which can affect the flexural behaviour
of the composite material, e.g., delaying the initial cracking compared with conventional
concrete [15,16]. Furthermore, concrete containing a percentage of rubbers is used in vari-
ous ways according to the rubber sizes, such as recycled aggregate concrete with crumb
rubbers [17], rubber tyre concrete (rubbercrete) [18], rubberised concrete with chipped
rubbers [19], and concrete with rubber tyre waste [20].

(a) (b) (c)

Figure 1. Waste tyre rubber classifications: (a) Chipped, (b) crumb, (c) ground rubber [21].

In fact, recycling was initiated at the beginning of the 1990s in various fields to treat
used rubbers and other waste materials. These materials were rubbers extracted from
wasted tyres and other industrial wastes, which could be used as rubber chips or crushed
particles in applications as components in concrete mixtures. Some studies were conducted
to investigate the behaviours of rubber concrete at its early stages. Hence, the flexural
and compressive strengths of concrete would be decreased to certain extent with the
increasing percentage of replacing rubbers in addition to the early stages of cracking due
to the low bonding between rubber materials within the mixture contents. However,
rubberised concrete has a high toughness, plastic energy capacity, durability, low porosity,
and resistance to abrasion and less unit weight than normal concrete [2,11,17-20,22-24].
Among these studies, numerical models representing homogeneous and heterogeneous
materials were formulated by using specific elements in the commercial finite element
software ANSYS [25] and comparing their mechanical properties, including the flexural and
compressive resistances of rubber concrete. The numerical analyses allow the properties
of the materials to be represented by stresses, strains, and elastic moduli by comparing
results and conducting many trials to determine the optimal ratios of these components
in materials, e.g., the percentage contents of rubbers and the resulting resistances for
individual ratios [26,27]. The ANSYS program [25] is an effective tool for modelling and
representing a range of materials for various engineering developments and applications
by formulating and simulating the behaviours of these materials, including rubbers. The
accurate numerical results obtained by the program can be adopted, and the simulations on
the behaviours of rubbers inside concrete can be realised by exploring flexural responses.
Various parameters for rubberised concrete can be determined or derived by analysing the
obtained stress—strain curves, e.g., compressive strength, tensile strength, elastic modulus
and shear modulus, by assuming that the material is highly elastic [15,28,29]. Therefore,



Buildings 2022, 12, 590

30f16

the current study numerically investigated the flexural responses of reinforced concrete
models containing rubber materials.

1.1. Current Researches

Huang et al. [30] experimentally investigated the mechanical behaviours of rubberised
concrete. Additionally, a numerical parametric study was conducted using the modified
three-layer concrete specimens filled with composite particles, which consisted of aggre-
gates, the bonding regions between them and rubber cement mortar. The proportion of
rubbers used in the concrete was 15% in volume. The bonding between the rubber, aggre-
gates and cement was assumed to be symmetric. Additionally, an analysis was conducted
on the strains between the coarse aggregates and rubbers in the mixture. The results
indicated that the compressive strength decreased with the increasing rubber percentage
volume in the mixture for up to 45% at a successive 15% replacement increment. Accord-
ingly, the stress concentrations between the rubbers and the surrounding cement mortar
layers increased, leading to a cracking of the specimens.

Li et al. [31] performed a numerical analysis to model the mechanical behaviours of
concrete containing fibres and rubber chips. Three-node triangular elements were used,
and the concrete specimens were assumed to contain rubbers. The results showed that the
increasing rubber contents could affect the mechanical properties of concrete, i.e., leading to
the stress concentrations between the rubbers and the concrete components and decreases
in the compressive and flexural strengths of the concrete. However, the presence of fibres
would lessen the compressive stress concentrations.

Zheng et al. [32] experimentally studied the effects of replacing coarse aggregates with
crushed and grounded rubber tyres on the elastic and dynamic moduli and damping ratios
of concrete with volume contents of 15%, 30% and 45%. They stated that the static and
dynamic moduli and damping ratios for rubberised concrete were larger than those of
normal concrete.

Ganjian et al. [33] experimentally investigated the mechanical behaviours of concrete
with certain percentages of aggregates and cement replaced by rubbers. Two types of rubber
rubbles were used including the replacement of chipped and crushed rubbers by up to 10%.
Concrete specimens included 150 mm cubes and beams of 500 mm x 100 mm x 100 mm.
They found that the compressive and tensile strengths and elastic modulus of rubberised
concrete decreased with the increase in rubber content. The corresponding modulus of
rupture was reduced by 37% for the chipped rubber specimens and by 29% for the crushed
rubber specimens with a 10% rubber replacement. This difference was related to a weak
bonding in the samples with the chipped rubbers in comparison to those with the crushed
rubbers in their mixture.

Baetu et al. [34] numerically investigated rubber concrete with rubber volume contents
of 5%, 10% and 15% to replace the coarse aggregates. Cube specimens with a high flexibility
were adopted, and the characteristics of aggregates were defined. The numerical results
also indicated that the resistances of the specimen models, e.g., the compressive strength,
decreased with the increasing rubber volume content.

Mendis et al. [35] conducted a combined experimental and numerical study to explore
the flexural properties of rubber concrete beam specimens of 2200 mm x 100 mm x 200 mm
and the effects of rubbers. The flexural strength of the specimens was found to decrease
with the increasing content of rubbers. In numerical simulations, the concrete was repre-
sented by eight-node solid elements, and the results showed that there was an acceptable
convergence of numerical results compared with experimental results.

Jafari and Toufigh [36] experimentally and numerically investigated the mechanical
performances of polymer concrete with the aggregates replaced with chipped and crumb
rubbers by 10%, 20% and 30% in volume. Destructive and non-destructive tests were
performed to predict the overall mechanical behaviours of the concrete specimens. The
compressive strength was found to decrease by 24.1% to 86.2% in comparison with the
control specimens. Additionally, the weak bonding between the rubber particles led to



Buildings 2022, 12, 590

40f16

a decrease in flexural strength and a failure of the specimens as a result of the stress
concentrations. They observed that the rubberised specimens had higher strains and
toughness than those of the control specimens.

1.2. Significance of This Study

This study intended to numerically investigate the flexural behaviours of the rub-
berised concrete specimens by using ANSYS [25]. The obtained structural behaviours
of the numerical models included the deflections and flexural moduli. Additionally, the
basic hypotheses for simulating the experimental specimens were taken from the previous
study [37] in order to validate the numerical models and further explore the suitability of
the studied parameters.

2. Geometric Properties of the Numerical Models

As stated, this study included the formulation of a nonlinear simulation using the
elements available in the ANSYS program [25] to investigate the structural behaviours of
the rubberised concrete models under flexural loads. These behaviours were validated
using the similar behaviours of the rubber concrete in the previous experimental study
stated in the literature [37]. In general, the concrete mixture consisted of cement, sand,
lightweight coarse aggregates and water. The experimental specimens contained concrete
mixtures, including the rubbers replacing coarse aggregates at different proportions.

In the rubber concrete, some aggregates were replaced by the rubbers without the hard
steel wires. The density of the rubbers was 560 kg/m>. Additionally, the sizes of rubber
granules ranged from 0.119 mm to 1.27 mm, which were obtained by cutting rubber tyres
into small pieces [38]. The detailed mixtures of the concrete for the tested specimens are
listed in Table 1. Hence, the experimental investigations were conducted on the concrete
beam specimens of 530 mm x 150 mm x 150 mm in accordance with the specifications in
ASTM C78 [39] subjected to third-point bending as shown in Figure 2.

Table 1. Mix designs of the tested rubber concrete [37].

Content (0% Rubber) 20% 40% 60% 80% 100%
*W (kg) 250 250 250 250 250 250
C (kg) 500 500 500 500 500 500
*S (kg) 850 850 850 850 850 850
*G (kg) 500 450 175 125 25 0.00
*C.R. (kg) 0.00 50 200 250 300 350

Note: *—estimated, W—water, C—cement, S—sand, G—gravel, C.R.—crumb rubber.

Figure 2. Detailed third-point bending test setup for a typical specimen [Reprinted /adapted with
permission from Ref. [37]. 2022, Elsevier].
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2.1. Mechanical Properties of the Materials

The mechanical properties of the materials for the tested specimens taken from the
references [37,38] were defined and utilised in the numerical simulations by the ANSYS
program [25], including a Poisson’s ratio of 0.18, and concrete density of 2200 kg/m?.
Additionally, the modulus of elasticity of rubberised concrete in the ANSYS program [25]
was defined for each model, based on the averaged experimental values stated in [37].
Hence, the typical stress and strain values for the composite material defined in the ANSYS
program [25] are illustrated in Table 2.

Table 2. Typical stress—strain values for the rubberised concrete defined in ANSYS program [25].

Stress (MPa) Strain (mm/mm)
7.65 0.00033
11.68 0.00091
15.26 0.00135
18.76 0.00160
20.17 0.00220
20.17 0.00300

2.2. Assumptions

The studied beam specimens were rectangular cross-sections with the dimensions of
530 mm x 150 mm X 150 mm, according to the technical specifications set in ASTM C78 [39].
The simulated beam models were characterised by the rigidity and strain properties on
multiple points in the case of the plastic model. The hypotheses considered on the rubber
with other concrete parts were completely linked and their properties were defined by
the stress—strain curves [34,40] for individual rubber replacement ratios. Additionally, the
elastic moduli were defined for all the test beam specimens. Hence, the parts replaced by
the rubbers were imposed as rectangular elements with small dimensions integrated inside
the beam model perpendicular to the axis, where the rubbers were distributed. Thus, they
were perpendicular to the applied vertical load.

3. Finite Element Modelling

Finite element analysis is an effective tool for simulating and predicting the dif-
ferent properties and behaviours of composite materials that make up models through
different stages of loading. This method is powerful for validating the obtained be-
haviours in comparison with the experimental behaviours. In the current study, a nu-
merical analysis was conducted on the concrete beam models with the dimension of
530 mm x 150 mm x 150 mm to study the flexural and fracture behaviours under a third-
point loading by using the ANSYS program [25]. To simulate the realistic behaviours of
the tested beams, solid element 187 was used to represent the rubberised concrete, which
is a triangular element containing ten nodes. The properties of the rubber concrete were
represented by the stress—strain relationships and the defined elastic moduli for individual
components within the program. For the steel plate, solid element 185 was used, which
contains three degrees of freedom per nodes and is able to represent the properties of the
steel plate at its supports and loading points. These two elements were used because they
had high flexibilities and high loading capacities [34]. Hence, the elements had appropriate
medium sizes in order to gain more accurate results since they could reflect the full re-
sponses of various elements within each model under the applied loading. Figure 3 shows
the properties of the used solid element 187. For the control models (0% rubber content),
the total numbers of nodes for the homogeneous and heterogeneous models were 10,080,
while the total numbers of elements for the homogeneous and heterogeneous models were
3670. However, for the remaining established models, the total numbers of nodes and
elements for both the homogeneous and heterogeneous models were 50,860 and 20,860,
respectively. Thus, the total numbers of nodes and elements were consistent for indicating
the differences in the behaviours between the selected homogeneous and heterogeneous
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models. Hence, the material properties were modified to simulate the different behaviours
of the models.

Y,v

X,u
W

Figure 3. Solid element 187 [41].

It is necessary to state the steps for simulating the rubber concrete models under
flexure in the ANSYS program [25], which are as follows:

1.  Determining the locations of the nodes and entering their coordinates to form the
models, which were rectangle prisms with the cross-sectional dimensions of 530 mm
x 150 mm x 150 mm.

2. Determining the positions of the steel plate at the supports of the model and the applied
loading points to avoid sudden failure, with the element sizes set as 50 mm x 10 mm,
as shown in Figure 4.

3. After deciding the geometries of the models, carrying out the meshing for the rect-
angular concrete beam and the supporting steel plates by specifying the properties
and selecting the elements for individual materials, e.g., concrete and steel plates,
and then dividing the models to small 10 mm element sizes in a homogeneous or
heterogeneous manner, i.e., the concrete was represented by the solid element 187,
and the steel plates were modelled by using the solid element 185, see Figures 5-7.

4.  Imposing a correlation between all the simulated components in the ANSYS pro-
gram [25] by assuming a full bonding between the concrete and rubber parts.

5. Determining the tolerance criterion as a constraint when analysing the model, e.g.,
the tolerance used for deflection was 0.05.

6.  Designating the applied loads from the previous studies [37,38] in the top—middle
regions of the models to obtain true behaviours for the simulated models, where the
right support of the models was simulated as the roller support by restraining the
movement in the vertical loading direction, while the left support was restrained in
two directions against the movements in the vertical direction and in the direction
parallel to the axis of the models as a pinned support. Hence, the applied loads were
simulated gradually to be identical to the experimental loads.

7. Inthe analysis of the nonlinear behaviours of the models, the open and closed shear
coefficients were defined as 0.2 and 0.7, with the splitting tensile modulus within
the ANSYS program, [25] as stated in the references [42—44], with the details of the
simulated beam models shown in Figures 6 and 7. Hence, these parameters were
defined for the simulated models as constants for the purpose of analysis.
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In general, when conducting modelling analyses on a rubber concrete beam, its
behaviour was elastic in an integrated manner, and would extend to the range between 0.3
f< 10 0.85 f.” under the applied loading. When the deformation exceeded the permissible
or tolerated limit during numerical analysis, the mechanical behaviours of the concrete
components became plastic. Hence, the numerical models were coherent. The plane would
remain plane during loading and after loading, and the weight of the models was neglected
in the numerical analysis. In the numerical analysis, the self-weight was usually ignored
due to the more severe effects of the applied loading than those effects of self-weight alone.
Additionally, the study simulated the behaviours of the conducted models to be comparable
to the experimental behaviours under the same level of loading [42—44].

4. Results and Discussion

The obtained numerical results of the deflections and moduli of rupture of the rubber
concrete beam models were obtained from the ANSYS program [25] by utilising the specific
elements and compared with the previous experimental results [37,38]. In the numerical
analysis, both homogeneous and heterogeneous meshing patterns were used for modelling
the rubber concrete beams with different rubber percentage ratios of 0%, 10%, 20%, 40%,
60%, 80% and 100% as replacements for coarse aggregates in volume. Hence, the stress—
strain characteristics for different rubber ratios, and the loading and attribution cases were
considered during the numerical analysis. The applied load to a model could be accurately
predicted and evaluated, i.e., the generated compressive stresses on the top surfaces and
tensile stresses on the bottom surfaces of the beam models. The failure occurred when the
tensile stresses exceeded their corresponding strengths. The maximum stresses occurred
on the bottom surfaces according to the bending theory, which states that the stress is zero
at the neutral axis and become larger further upwards. The deflections were analysed
under the corresponding loads in order to compare the experimental and numerical results.
Figure 8 shows the deflection patterns of the beam models with the homogeneous and
heterogeneous meshes of 0% and 20% as rubber replacements. Their differences were higher
at the mid-span under the applied loading at the elastic stage due to stress concentrations,
becoming smaller in the direction towards the supports for rubber concrete models. It can
be noted that a homogeneous model provided the closest behaviours to the experimental
results and numerical models. The heterogeneous models contained offsets deviating from
the centre of the load, which caused the numerical modelling results to deviate slightly
from the experimental responses. The numerical analysis results indicates that the rubber
concrete beam models failed under the flexural loading for different rubber ratios.
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Figure 8. 3D views of the deflection patterns of typical beam models: (a) Rubber ratio = 0% (homo-
geneous), (b) rubber ratio = 0% (heterogeneous), (c) rubber ratio = 20% (homogeneous), (d) rubber
ratio = 20% (heterogeneous).

Figure 9 illustrates the deflection versus rubber content relationships corresponding to
the maximum applied loads. The deflection values at the mid-spans of all the simulated ho-
mogeneous and heterogeneous beam models were taken for comparison with the recorded
experimental results stated in [38]. It can be seen that the behaviours of the homogeneous
models in the numerical simulations with the ANSYS program [25] were very close to the
actual behaviours. For the homogeneous models, the variances of the numerical results in
the deflections ranged from 2% to 6% compared with the experimental results for the rubber
concrete beam models. These deflection versus rubber ratio relationships also showed
that the agreements between the numerical and experimental results fluctuated when the
percentage ratio of rubber increased.

1.60 T T T T
—#— Experimental
Numerical (Homogenous)
1.40 e Numerical (Heterogeneous) |

1.20 / \
1.00 \&
0.80 \\\z /

-

Deflection , mm

0.60
0 20 40 60 80 100 120

Rubber ratio, %

Figure 9. Deflection versus rubber content relationships of all the concrete beam models.
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For all heterogeneous rubberised concrete beam models, the differences between
the numerical and experimental results of the mid-span deflections ranged from 2% to
7%. For the homogeneous models, the decreases in the mid-span deflection responses
varied by 10.2%, 21.3% and 5.8% in comparison with the control models, which varied by
60%, 80% and 100% rubber replacements. As for the heterogeneous models, the decreases
in the mid-span deflection were 10.3%, 24.4% and 6.5% in comparison with the control
models with 60%, 80% and 100% rubber replacements under the maximum applied loads.
However, the mid-span deflections of the rubber concrete beam models for 20% and 40%
replacements increased due to a high resistance and flexibility of rubber contents in these
models in comparison with other models. In general, the resistance and ductility of the
rubber concrete beam models under flexural loading decreased with the increasing rubber
content when this exceeded 40%. This is due to the weak resistance of the rubber relative to
its high elasticity, which indicates that the resistances of the rubber concrete beam models
were largely degraded with the increase in the added rubbers as the replaced aggregates.
For the homogeneous and heterogeneous rubber concrete beam models, the relationships
between the modulus of rupture and the rubber replacement ratio are shown in Figure 10,
where the experimental values of the moduli of rupture stated in the figure were quoted
by using the equations given in [37]. It was noted that the flexural resistance decreased
with the increasing rubber proportion used in the mixture. This trend was consistent for
both numerical and experimental results, with the differences varying between 5% and
9% [35]. For the homogeneous models, the decreases in the bending resistance were 15.1%,
24.9%, 32.1%, 38.1% and 48.5% in comparison with the control model, whereas for the
heterogeneous models, the decreases in the bending resistance were 15.2%, 24.3%, 32.0%,
38.5% and 48.3% in comparison with the control model.

5.0

—#— Experimental
Numerical (Homogeneous)
4.0 ® Numerical (Heterogeneous)H

\ —a— ACI-318 [45]
[ 2
3.0 B

e S

/

Modulus of rupture fr, MPa

> "
2.0 = \‘\
1.0
0.0
0 20 40 60 80 100

Rubber ratio, %

Figure 10. Modulus of rupture versus rubber content relationships for all beam models.

Additionally, the obtained numerical results of the modulus of rupture were compared
with those determined in accordance with the ACI-318 specifications [45]. The average
values of the modulus of rupture came from numerical simulations by calculating the
stresses on the tensile sides of the examined models under flexure [34]. Numerically, the
modulus of rupture decreased by 15-49% with an increase in rubber replacement propor-
tions. However, the average decreases varied between 17% and 50% for the experimental
specimens. In general, the numerical beam models and the experimental beams showed
similar behaviour trends. However, there was a big discrepancy in the experimental and
numerical behaviours with those predicted based on ACI-318 [45], which estimated the
rupture of modulus by fr = 0.62 A/ f./, where f;, A and f.” are the modulus of rupture, the
modification factor for light-weight concrete and the cylindrical compressive strength of
concrete, respectively. Additionally, the differences between the results from the numerical
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analysis and the experimental results [37] were fairly small (below 10%) due to the utilised
methods for evaluating and calculating the rupture modulus, i.e., the experimental and
numerical methods. Furthermore, ACI-318 [45] largely underestimated the modulus of
rupture, while the numerical results slightly underestimated the experimental results [37].
This is because the former was used for design, and the latter were the average values. Thus,
ACI-318 [45] can primarily be used to estimate the modulus of rupture for the composite
materials because it provides conservative values for design. However, it is necessary to
define a new modification factor to take into account the application of other used waste
materials instead of using conventional materials, e.g., gravel and sand. Hence, if the
modification factor for lightweight aggregate is applied, the obtained rupture modulus is
less than that for conventional concrete. Figure 11 illustrates the relationships between the
applied loading and the corresponding deflections that were recorded in the experimental
study [37], stated in [38] and obtained from the current numerical analysis.
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Figure 11. Cont.
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Figure 11. Flexural load—deflection relationships of all the concrete beam models with different
rubber ratios: (a) Rubber ratio 0%, (b) rubber ratio 20%, (c) rubber ratio 40%, (d) rubber ratio 60%,
(e) rubber ratio 80%, (f) rubber ratio 100%.

In general, the results from the experimental study and the numerical modelling
showed similar trends. Hence, the results of the homogeneous models were closer to the
experimental results than those of the heterogeneous models due to the meshing patterns
used in individual models. Additionally, it is noted that the flexural resistance of the
numerical concrete beam models decreased by 15-49% with the increase in rubber content
from 20% to 100% in the models, in comparison with the control model. Experimentally, the
rubber content varying from 20% to 40% increased the corresponding deflections by 5-37%,
while numerically, the rubber content varying from 20% to 40% increased the corresponding
deflections by 5-35% because the rubbers consisted of particles with a high flexibility and
low stiffness in comparison to other concrete components [13,34].

Furthermore, the ductility of the concrete beam models increased when the rubber
replacement ratio increased to 40%, and this was related to the gradual distributions of the
applied loading within the models until the end of the loading process. However, further
increases in the rubber content above 40% would provide lower ductile models as a result
of the rapid decreases in resistance and the lack of distributions of applied loadings within
the models. This effect was also observed in the deflections of the concrete beam models.
The evaluation of the beam models based on flexural strength or the modulus of rupture is
an important way to investigate the behaviours by comparing the mechanical properties of
concrete with various mix ingredients [35,36].

Table 3 illustrates the comparisons of the obtained numerical results using the ANSYS
program [25] for the simulated homogeneous and heterogeneous concrete beam models, as
well as their counterparts, which were experimentally obtained in [37] and are stated in
reference [38]. This mainly showed the values of the modulus of rupture and the deflections
for all rubber replacement ratios. Additionally, it can be noticed that, with the increasing
rubber replacement ratio, the mid-span deflection values increased by 5% to 35% compared
to those for the rubber replacement ratios, which varied between 20% and 40%. Hence,
the homogeneous models showed larger convergences with some fluctuated variances in
comparison to the heterogeneous models in terms of the simulated mid-span deflections
due to the meshing patterns of the models.
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Table 3. Comparisons of the experimental and numerical results of the modulus of rupture and the
mid-span deflection at failure loadings.

. Numerical Numerical

Mix Experimental [37,38] (Homogeneous Models) (Heterogeneous Models)
No- 7 (MPa)  Defl.mm)  f.(MPa)  Defl.mm)  f,(MPa)  Defl. (mm)

0 3.760 1.016 3.450 0.992 3.410 0.990

20 3.109 1.397 2.930 1.343 2.890 1.341

40 2.730 1.067 2.590 1.045 2.580 1.044

60 2.488 0.914 2.340 0.890 2.320 0.888

80 2.248 0.813 2.135 0.780 2.095 0.778
100 1.874 0.991 1.776 0.935 1.762 0.926

Table 4 presents a statistical analysis of the numerical results of the modulus of rupture
and the deflection of the concrete beam models at the failure loads, including the arithmetic
means and standard deviations, showing larger convergences between the results from
the numerical analysis and experimental tests [37]. Here, the numerical and experimental
results of the mid-span deflections agreed very well with the errors ranging only between
2% and 7%, while the numerical and experimental results of the modulus of rupture also
agreed very well with the errors ranging between 5% and 9% for the homogeneous and
heterogeneous models and experimental investigations. This is mainly due to the adopted
methods used for numerically and experimentally evaluating the modulus of rupture of
the rubberised concrete beams.

Table 4. Statistical data on the experimental and numerical results of the modulus of rupture and
mid-span deflection at the failure loads.

Experimental Numerical Num./Exp. Numerical Num./Exp.
Mix [37,38] Homogeneous Heterogeneous
No. fr Defl. fr Defl. fr Defl. fr Defl. fr Defl.
(MPa) (mm) (MPa) (mm) % % (MPa) (mm) Y% %

0 3760 1.016 3450 0992 9176 9764 3410 0990 90.69 97.44
20 3.109 1397 2930 1343 9424 9613 2890 1341 9296  95.99
40 2730 1.067 2590 1.045 9487 9794 2580 1.044 9451 97.84
60 2488 0914 2340 0890 94.05 9737 2320 0.888 9325 97.16
80 2248 0813 2135 0780 9497 9594 2095 0778 9319  95.69
100 1.874  0.991 1.776 0935 9477 9435 1762 0926 94.02 93.44

Mean 9411  96.56 93.10  96.26
STD 1.10 1.24 1.20 1.47

5. Conclusions

In this study, a numerical analysis was conducted by using ANSYS program [25] for
simulating the rectangular rubberised concrete beam models with various percentage ratios
of rubbers to replace the coarse aggregates. The following conclusions can be drawn:

1.  The numerical analysis with appropriate assumptions can be used as an effective
tool to predict the structural behaviours of the rubber concrete beam models through
validating the obtained numerical results with the results from the experimental
investigations.

2. The behaviours of the homogeneous models were closer to those experimental be-
haviours than those of the heterogeneous models due to the adopted meshing methods
in the individual models.

3. The mid-span deflections of the rubberised concrete beam models at the failure

loadings increased with the increasing rubber content by 5% to 35% when the rubber
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replacement ratios varied between 20% and 40%. The variances of the deflections at
the failure loadings between the numerical and experimental results ranged from 2%
to 7% for the rubberised concrete beams under flexural loading.

4. The flexural resistance of the numerical rubberised concrete beam models was largely
degraded with the increasing content of added rubbers that replaced the coarse
aggregates. The flexural strength or the modulus of rupture decreased with the
increasing rubber replacement ratio by 15-49%. The numerical and experimental
results of the modulus of rupture agreed very well and the differences ranged from
5% to 9% for the homogeneous and heterogeneous rubber concrete beam models and
experimental studies.

5. Thestatistical analysis of the arithmetic means and standard deviations of the modulus
of rupture, as well as the deflection of the rubberised concrete beam models at the
failure loadings, indicated larger convergences between the results from the numerical
analysis and experimental investigations. However, the current study is only validated
for the considered materials and rubber replacement ratios. Additionally, the used
numerical models can be improved and used for other investigations by modifying
the relevant factors and adopting the models in the ANSYS program [25].
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