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ABSTRACT: The present study aims to show the possibility of soft rubber tire waste (RTW) application in rigid recycled
concrete aggregate (RCA) by evaluating the mechanical properties of the large concrete aggregates with a grain diameter
size up to 4.0 mm mixed with small ground rubber with diameter 0—2 mm, with weight percentages between 0 and 50%.
The paper presents the results of drained monotonic triaxial tests on compacted RCA—RTW mixtures. The test results prove
that the inclusion of rubber in the RCA significantly reduces the elastic modulus (£). From the perspective of the utilization
of the studied material in road construction, a less rigid (stiff) material is obtained.

RESUME: La présente étude vise a démontrer la possibilité d'utiliser des déchets de pneus en caoutchouc mou (RTW) dans
des agrégats rigides de béton recyclé (RCA) en évaluant les propriétés mécaniques de gros agrégats de béton d'un diamétre
de grain allant jusqu'a 4,0 mm mélangés a du petit caoutchouc broyé d'un diamétre de 0 a 2 mm, avec des pourcentages de
poids compris entre 0 et 50%. L'article présente les résultats d'essais triaxiaux monotones drainés sur des mélanges
compactés RCA-RTW. Les résultats des essais prouvent que l'inclusion de caoutchouc dans le RCA réduit de manicre
significative le module d'élasticité (£). Du point de vue de I'utilisation du matériau étudié dans la construction routiére, on
obtient un matériau moins rigide.

Keywords: Mechanical properties; anthropogenic soil; recycled concrete aggregate; rubber waste.

1 INTRODUCTION properties of tire shreds, tire chips, and their mixtures
with sand. Notable among these is a study by Rao and
Dutta (2006) who found that mixtures of sand with
20% of tire chips could be a potential material for
highway and embankment construction, due to the
improved load-bearing characteristics compared to
sand only. Earlier research by Ghazavi (2004)
indicates that the addition of 10 to 20% rubber to the
sand is optimal for the highest friction angle, with
these rubber materials alone giving a friction angle of
31°. Other previous studies demonstrated that scrap
tire particles ranging in size from 50 to 100 mm give
the highest shear strength parameters (Moo-Young et
al., 2003). Wu et al., (1997) performed triaxial tests on
pure tire chips including rubber powder, and reported
that rubber waste improved shear strength and internal
friction angle in blends. The value of Young's modulus
varied from 420 to 840 kPa.

More recent studies carried out by e.g. Bali Reddy
et al. (2016) indicate that shear strength increases with
increasing rubber shred content up to 30-40% by
weight and then decreases. Similar observations were
made by Tiwari et al. (2017) who showed that shear
strength increased to an optimum value of 25% of the

The primary goal of the solid waste management
system is to protect public health, safety, and welfare
effectively. Recycled materials are mostly used for
non-structural applications. However, a large number
of industrial and municipal waste can be used in the
construction industry. The sustainable management of
tire rubber waste is a major challenge for industry and
the public sector. This is due to the following reason:
landfill disposal of scrap tires is legally prohibited in
all countries due to the negative environmental impact
(Al-Rkaby, 2019).

Given this problem, various academic research
studies are proposing to investigate the feasibility of
the re-use of this waste through reliable and viable
long-term solutions (Benjelloun et al., 2021).
Examples may include road engineers who tried
incorporating tire rubber into asphalt pavements
(Carlson and Zhu, 1999). The desirable properties of
rubber waste in geostructures over geomaterials
include compressibility, lightness, high thermal
insulation, and good durability (Saberian et al., 2018).
Many experiments using triaxial and direct shear tests
have been carried out so far to understand the strength
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volume and weight of the rubber aggregates and then
decreased above 25%. Even more recent studies, such
as the work of Balaban et al. (2019) reduce this
optimum level of rubber waste in the mix to 20%,
when an improvement in mix strength can be
observed. A summary of previous work on sand
reinforcement by adding crushed rubber can be found
in the work of (Benjelloun et al., 2021).

The authors have explored the effect of the addition
of waste rubber on the strength parameters, using
different waste materials, i.e. fine recycled concrete
(particles < 2 mm) (Gabrys et al., 2021). The research
was part of an ongoing extensive program of
experimental trials carried out at the Warsaw
University of Life Sciences (WULS), Poland, and at
the Vytautas Magnus University Agriculture Academy
(VMU), Lithuania. According to the triaxial tests
conducted, the largest improvement in shear strength
occurred for the mixture with 10% recycled tire waste
(RTW).

It is also important to note that, among other rubber
properties, the modulus of elasticity (£) has a
significant effect on the mechanical behavior of
soil-rubber compounds (Aksoy et al., 2021). The
results of laboratory tests on this parameter of granular
rubber—sand mixture, in addition to the previously
mentioned work by Wu et al., (1997), can be found,
e.g., in the research of Guler and Enunlu (2009). The
inclusion of rubber waste in the sand was found to
reduce the E-modulus significantly.

Regarding the state of the art discussed above,
this work aims to study the mechanical behavior,
particularly the elasticity modulus of compacted
anthropogenic soil modified with recycled tire waste
(RTW). This research focuses on the use of man-made
soil material-recycled concrete aggregate (RCA),
which in its unbound state can be placed as a subbase
in road structures.

2  MATERIALS AND METHODS

The materials used in this work are recycled concrete
aggregate (RCA) and rubber aggregates from waste
car tires (RTW), their characteristics are summarized
below.

2.1 RCA

The RCA adopted in the present study was the
reference material in many of the authors' previous
research (e.g. Gabry$§ et al.,, 2023). The physical
characteristics of this RCA were determined in our
laboratory (Table 1). The RCA belongs to the category
of gravel with sand (saGr), according to PN-EN ISO
14688-1:2018-05, with uniform and spherical grains
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after crushing. The RCA has an average grain size of
Dsy=2.0 mm; the void ratio can vary between
emin=0.201 and e,,,x=0.405, and the specific density of
the grains is p,=2.17 g/cm®. The particle size
distribution curve of this RCA, together with its image
after grinding and mixing, is presented in Figure 1.
From Figure 1 it can be seen that the RCA is a non-
uniformly  well-graded coarse material. This
classification was obtained by estimating the
uniformity (Cy) and curvature (Cc) coefficients.

Table 1. Physical characteristics of used recycled concrete
aggregate and recycled rubber aggregate.

Materials Under Study RCA RTW
D3 (mm) 1.00 0.84
Dso (mm) 2.00 1.00
Dgo (mm) 2.30 1.10
Cu () 9.20 1.62
Ce (/) 1.74 0.94
ps (g/cm?) 2.17 1.19
Pd, min (g/cm?) 1.545 0.464
Pd, max (g/cm?) 1.735 0.565
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Figure 1. Particle size distribution of testing materials and
their images.

22 RTW

The ground rubber used in this study is a by-product
of the scrap tire shredding process. Rubber particles
were sieved to obtain a uniform size. The rubber
material is angular and irregularly shaped and has a
diameter varying from 0.5 to 2 mm with an average
diameter of Ds;=1.0 mm. The specific density of the
rubber grains is 1.19 g/cm* which falls within the
range of values given by, e.g., Akbulut et al. (2007).
The determined maximum and minimum values of the
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void ratio are eu=1.565 and e,,;=1.106. The particle
size distribution curve of the RTW is shown in Figure
1, whereas the basic parameters of tire waste are
presented in Table 1. The values of the coefficients Cy
and C¢ indicate rubber materials with uniform
granulation. No amounts of textile parts or steel
strapping were found in this rubber additive. The
applied rubber waste is not harmful to human health,
and has a stable composition, posing no risk during
storage and transport (according to the manufacturer),
with a positive health assessment.

2.3 Mixtures preparation and testing procedure

In this study, a triaxial apparatus is used to perform all
standard isotropic CD triaxial tests on samples with
different mixing ratios of the RCA and RTW. The
testing program is summarized in Table 2. A total of 9
samples, consisting of ground rubber tires and
recycled concrete aggregate, mixed in a ratio of 0:100,
25:75, and 50:50 by weight, are employed in
laboratory tests. Generally, the volumetric proportion
of the geotechnical mixture controls the mechanical
behavior of the mix. Thus, the mixing ratios by volume
(av) of the RTW and the RCA are tabulated in Table 2.
The a, values were calculated based on the volume of
particles for each mix as follows (Youwai and
Bergado, 2003):

1
(72 GRTWr(loo_Rm)+ Rm ] (1)
Y Grca ' Grrw

a

Rm

where R, is the mixing ratio by dry weight of the RTW
in the mixture (%), Grrw is the specific gravity of the
RTW, and Grey is the specific gravity of the RCA. An
isotropic confining pressure is applied at three
different values, 90, 180, and 270 kPa, to cover the
range of stresses in applications such as road
construction or off-road lightweight fill used in
embankment construction.

A standard triaxial cell is used in a temperature-
controlled room, capable of handling samples 70 mm
in diameter and 140 mm in height (Figure 2). It was
important to avoid any segregation when preparing the
mixtures that could affect the results obtained.
Therefore, to obtain a reasonably uniform, non-
segregated mixture, special care is taken to mix the
RCA and RTW thoroughly from the beginning to the
point of pouring into the mold. After mixing the
appropriate amount of dry crushed concrete aggregates
and rubber aggregates, the specimens are carefully
constructed in five layers using undercompaction
(Ladd, 1978). Every layer is subsequently tamped
using a metal rod tamper providing a relative density
between 70 and 80%. To ensure a uniform compaction
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energy in each layer, the number of blows per layer
varies from 21 blows for the first layer to 25 for the
fifth layer.

-

Figure 2. Ti viaxial apparatus available at WULS.

After each compound is set up in the triaxial cell
with the vacuum pressure (~10 kPa), the chamber is
filled with de-aired water, and the saturation process is
carried out by applying different values of back
pressure while keeping a constant initial effective
stress of 50 kPa until obtaining a Skempton’s B-value
greater than 0.93. Thereafter, every mixture is
isotropically consolidated by increasing the effective
confining pressure to the appropriate value according
to Table 2. At the end of consolidation, the axial load
is increased at a constant axial strain rate until failure
occurs. A controlled shear rate of 0.033 mm/min is
applied during testing.

3 RESULTS

This section presents the results and analysis of the
mechanical properties of the RCA-RTW mixtures
from triaxial consolidation and drainage (TXCD) tests,
where the shear of the specimens follows a standard
path, i.e. with a constant chamber pressure and
increasing vertical stress. In this article, the authors
focus primarily on the analysis of the elastic modulus
(alternatively elasticity modulus or Young’s modulus).
During the standard triaxial shear stage, when the
total confining stress is held constant, Young's
modulus is usually calculated from the equation:

E=2 @)

- Agy,

where Aq is the deviatoric stress increment, and Ag, is
the vertical (axial) strain increment. All soil moduli
can be calculated as secant or tangent, similar to
Young's modulus. In Figure 3, schemes for
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determining the secant (Es) and tangent (£,) modulus
at two selected points X and Y are presented, from
stress—strain curve measured in drained monotonic
triaxial tests. The authors are particularly interested in

Table 2. Summary of the testing program.

two characteristic moduli, namely £y and Eso. Ey is the
initial (maximum) stiffness value in the very small
strain range (< 107). Esy is evaluated as secant stiffness
for the interval between deviatoric stress q =0 and q =
Qtailure/2 (Wichtmann et al., 2017).

Mixing ratio Preshear Preshear Preshear
No Designations mean stress dry unit void ratio
RTW: RCA by weight (%) RTW by volume (%) (kPa) weight (kPa) )

1 MIX1_A 0:100 0 90 16.68 0.30
2 MIX1 B 0:100 0 180 16.68 0.30
3 MIX1 C 0:100 0 270 16.68 0.30
4 MIX2 A 25:75 0.38 90 11.71 0.85
5 MIX2 B 25:75 0.38 180 11.85 0.83
6 MIX2 C 25:75 0.38 270 11.90 0.82
7 MIX3 A 50:50 0.65 90 9.35 1.32
8 MIX3 B 50:50 0.65 180 9.36 1.32
9 MIX3 C 50:50 0.65 270 9.38 1.31

Figure 3. Evaluation of elastic modulus based on
stress—strain characteristics (Wichtmann et al., 2017).

The  stress—strain  relationships  of  the
anthropogenic soil-ground rubber compounds at
different mix ratios are plotted in Figures 4—6. For
mixtures with rubber waste (MIX2 and MIX3), the
relationships between ¢ and & are relatively linear
when the distortional strain is less than 15% for MIX
2 (Figure 5) and 20% for MIX 3 (Figure 6). Despite
the high deformability of the ground rubber particles
used, it is possible to obtain a failure in the mixes with
rubber. It can be observed that the distortional strain
magnitude increases with increasing rubber waste
content in the specimen. In contrast, by comparing
Figures 5 and 6, ca. 20% decrease of the deviatoric
stress (e.g. from ~ 645 kPa to ~ 434 kPa for MIX2 C
and MIX3 C, respectively) with increasing RTW
content is evident.

Overall, the deformation characteristics of the
studied RCA—RTW blends are quite similar to the pure
RCA. Regarding the RCA, the peak strength (up to
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even ~ 860 kPa) develops at distortional strains
&=3.33,2.76, and 2.53% for the confining stress at 90,
180, and 270 kPa, respectively. It can be seen that
adding 25% rubber to the RCA results in an average
16% increase in distortional strains.

Based on the results in Table 3, the shear strength
of the non-reinforced RCA and RCA-RTW mixes
increases significantly with increasing normal stress,
and the shear strength of the mix is greater at higher
normal stresses. This increase is due to the
modification of the microstructure of the blends,
which produces an improvement in the contacts
between the particles, namely the friction angle.

The results obtained have been attempted to
compare with the mechanical properties of pure rubber
waste found in the literature, see e.g. Guler and Enunlu
(2009). In the case of pure rubber specimens, no
internal friction angle can be determined, as the rubber
shows no signs of yield, even when approaching 20%
strain. Consequently, the Es modulus can be only
defined from the slope of the stress—strain curve,
which is more and less straight.

Regarding the elastic moduli, the RCA containing
25 and 50% of RTW are characterized by moduli £y
averaging between 80 and 113 MPa lower and Esg
averaging around 64—-66 MPa lower in comparison to
Young’s modulus £y and Esg of the pure RCA. Among
all tested mixtures, the largest stiffness values are
recorded for crushed concrete.

In Table 3, there are also the assumed values of Esy
(designated as Eusum.) representing the arithmetic
average of the three values obtained for a given
mixture. The comparison between FEgsum. and the
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E—moduli of pure rubber waste indicate that the RTW
has over 90% less stiffness than the RCA. Moreover,
for the blend with a mixing ratio of 50:50, the
influence of the confining stress on Young’s modulus
is rather negligible. For the mixes MIX3 A, B, and C
very similar values of Ey and E5y are derived.
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Figure 4. Deviatoric stress curves of the RCA-RTW
mixtures: MIX1 (RTW=0% by weight).
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Figure 5. Deviatoric stress curves of the RCA-RTW

mixtures: MIX2 (RTW=25% by weight).
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Figure 6. Deviatoric stress curves of the RCA-RTW
mixtures: MIX3 (RTW=50% by weight).

4 CONCLUSIONS

The introduction of new or alternative (recycled waste)
materials in geotechnical engineering applications
may have many various benefits, but a proper
understanding of their geomechanical properties is
essential to correctly evaluate their performance.
Because of the above, this article attempts to verify
selected mechanical parameters of recycled concrete
aggregate blended with recycled rubber inclusions.
The results obtained in this study can be
summarized as follows. The friction angle and shear
stress at the failure of the RCA-RTW mixtures
generally decrease with increasing rubber content. As
is the case of gravelly soils, and conversely to sandy
soils, the addition of rubber does not enhance the
strength of the RCA. Available experimental data
demonstrate that the rubber-reinforced RCA has the
E—moduli lower in comparison with the pure RCA.
This reduces the possibility of using the tested mixes

Table 3. Summary of selected mechanical properties of the tested RCA—RTW mixtures.

No  Designations ¢ () G faitre (kP2) € maiure (%)  Eo (MPa)  Eso (MPa) (1}341):3
1 MIX1 A 507.45 3.33 95.73 30.17

2 MIX1 B 34.22 736.45 2.76 134.35 79.47 69.04
3 MIX1 _C 856.96 2.53 140.18 97.48

4 MIX2 A 251.25 17.87 10.39 2.65

5 MIX2 B 32.05 441.38 19.57 51.89 4.06 4.29
6 MIX2 C 644.95 19.97 67.39 6.16

7 MIX3 A 213.92 24.00 8.05 1.46

8 MIX3 B 25.90 353.51 26.94 10.03 2.29 2.33
9 MIX3 C 434.30 22.02 12.20 3.23

10  Pure rubber* - - - - 0.89

* Data taken from Guler and Enunlu (2009).
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in road construction, where the stiffness of the material
seems to be a key value. Finally, as the rubber itself is
characterized by the elasticity modulus ca. 70 times
lower than that of the RCA, the applicability of this
material is expanding. The addition of rubber to the
RCA thus creates opportunities for the potential use of
such mixtures as a barrier to absorb pressure waves
caused by earthquakes.
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