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Abstract: Each year, the number of scrap tires disposed of in huge piles across the world continuously
increases. Consequently, new recycling solutions for these materials have to be proposed. Among
them, one possibility consists of shredding tires and mixing the obtained tire chips with sand, which
can be used as alternative soils in various geotechnical applications, such as backfilling for retaining
structures, slope and highway embankment stabilization, road constructions, soil erosion prevention,
and seismic isolation of foundations. Such types of mixtures are highly heterogeneous due to the
important difference in elasticity and deformability between the two constituents, which leads to
complex mechanical behavior. In this article, the one-dimensional loading/unloading behavior of
sand-rubber mixtures is investigated by laboratory strain-controlled experiments performed for
different packing densities, particle sizes, rubber contents, and sand/rubber size ratios. After a global
analysis of the increase of the packing deformation with the rubber fraction and the stress level, a
novel criterion to classify the behavior of the mixture as sand-like or rubber-like was proposed, based
on the concavity of the void ratio—log of vertical stress curve. The concavity increased with the
stress level and the rubber fraction, up to the limits where the saturation of the voids due to their
filling with rubber induces a rubber-like behavior. A simplified phase diagram, limited to the range
of this study, is proposed. The one-dimensional confined stiffness and the swelling behavior were
also analyzed.

Keywords: sand rubber mixture; granular materials; oedometric compression

1. Introduction

Multistate and multiphase particulate materials may provide a high degree of flexibil-
ity in both the design and performance of engineering structures, including the potential
for project cost efficiency. This is certainly true for civil engineering materials made from
combinations of rigid, liquid, and soft deformable constituents. Soft rubber particles, re-
sulting mainly from recycled waste tires, are used as a partial replacement for granular
soils in a large variety of geotechnical applications, such as backfill of retaining walls [1],
highway embankments [2–4], subgrade road construction [5,6], ground erosion control,
and stabilization of slopes [7,8], as well as seismic foundation isolation [9–12]. While the
reduced weight and improved damping properties of sand–rubber mixtures, resulting
from the addition of rubber particles, provide a reduction of lateral earth pressures on the
retaining walls [1,13] and increased capacity against seismic actions and soil liquefaction
occurrence [14–16], the use of rubber as a secondary raw material complements the recovery
rate of the scrap tires and reduces the pressure on the landfill disposal solutions.

The engineering properties of sand–rubber composite mixtures have been extensively
studied over the past two–three decades in both laboratories and in situ setups, although the
latter to a lesser extent. Segregation in the sand–rubber mixtures have been characterized
in [17]. In the case of classical laboratory experiments, most of the research has mainly
focused on the characterization of the compressibility either in one-dimension or in isotropic
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loading conditions [18–23], and the monotonic strain-stress-strength behavior of various
combinations of soils, rubber types, and particle size dimensions [24–29]. Exploration of
the small strain stiffness of sand–rubber composites has also been conducted [19,30–34].
The applicability of the critical state framework to sand–rubber mixtures has been reported
in [35,36]. A simple model for predicting the isotropic compression behavior based on soft–
rigid interactions at the particle scale has been developed in [37]. Particle-scale mechanisms
that underlie the energy dissipation were observed in the sand–rubber mixtures under
oedometer testing and have been previously reported [38]. An excellent summary of a range
of experimental studies, including the physical characteristics of the mixture materials
used as well as the testing conditions and main conclusions, can be found in [35,36].
While, as equally emphasized by the same authors, comparison between different studies
remains challenging, the examination of published results shows that the response of
the sand–rubber composite mixtures is mainly controlled by the volume fraction of the
components and the characteristic geometrical contrasts of the rigid/soft particles through
either the aspect ratio (length over width) of fiber-type rubber inclusions, which encourages
additional fiber-soil type internal interaction mechanisms [22,26,39,40] or the rubber to
sand particle size ratio, as shown by [19,30,41].

Based on a given set of these variables, the behavior of sand–rubber mixtures can
vary from sand-like to rubber-like with a transitional state confinement stress-dependent.
Large triaxial tests on sand–rubber mixtures and the behavior of mixtures as sand-like (for
rubber contents < 34%) and rubber-like (rubber contents > 34%) have been reported in [42].
Further, Mashiri et al. [43] proposed three different behavioral zones, viz. sand-like (rubber
contents < 18%), rubber-like (rubber contents > 35%), and sand-rubber-like (18% < rubber
contents < 35%). Lee et al. [19] also investigated the small strain and large strain response of
sand-rubber mixtures and reported rubber-like (for rubber contents > 60%) and sand-like
behaviors (for rubber contents < 30%), whereas for rubber content equal to 40%, it was
rubber-like (for low stress) and sand-like (for high stress). While the characterization of
these behavioral zones is fundamental for the use of such composites in practical applica-
tions and the design of geotechnical systems, their identification is based on qualitative
observations of the sand–rubber mixture response.

This article presents the results of strain-controlled one-dimensional loading/unloading
experiments performed on sand–rubber mixtures. The influence of different packing
densities, particle sizes, rubber contents, and sand/rubber size ratios was evaluated. The
one-dimensional confined stiffness and the swelling behavior were more particularly
studied. Based on these results, a novel criterion to classify the behavior of the mixture as
sand-like or rubber-like is proposed and used to study how this behavior varies with the
stress level and the rubber content, in the ranges used within these experiments.

2. Materials and Methods
2.1. Materials, Sample Fabrication, and Experimental Setup

The oedometer tests on the sand and sand–rubber mixtures were conducted on cylin-
drical, rigidly laterally confined samples of 74 mm diameter and 40 mm height. While
Leighton Buzzard fraction A sand [44] and rubber particles obtained from the shredding of
used lorry tires [17,37,45] were used as base materials, the sand–rubber mixtures contained
specific sand and rubber fraction dimensions. Pretest sample preparation procedures,
therefore, included sieving both sand and rubber particles and particle size separation
into the following grading sizes: 0.6–0.8 mm (D50 = 0.7 mm), 1.25–1.6 mm (D50 = 1.4 mm),
1.6–2.0 mm (D50 = 1.8 mm), and 2.0–2.24 mm (D50 = 2.1 mm) for LB sand, and 1.25–1.6 mm
(D50 = 1.4 mm) and 1.6–2.0 mm (D50 = 1.8 mm) for the rubber, where D50 represents the
mean grain size of the selected fraction.

All the samples were fabricated in two layers, which were 20 mm each in height, and
followed the moist tamping procedure [45–47] (see Figure 1a). The required quantities
of dry sand or sand and rubber for each sample layer were, first, manually mixed in
a container together with 10% water (by dry weight of solids). Then, the mixture was
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gently placed in the rigid oedometer cylinder using a spoon and compacted by a rigid steel
cylindrical tamper, which had a diameter half that of the sample’s diameter [48], until the
required target sample void ratio was achieved. Following the completion of fabrication,
the sample was placed on the testing configuration and saturated by flushing water through
the porous stone cylinder base. Once the saturation was completed, a relatively light steel
cylinder top cap was placed, the sample settlement was recorded, and the fabrication void
ratio was updated.
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Figure 1. Figure showing (a) fabrication of mixtures using the moist tamping method and (b) experi-
mental setup for the oedometric compression tests [46].

The one-dimensional testing was conducted using a displacement-controlled elec-
tromechanical loading frame (refer to Figure 1b). The lower platen supporting the sample
moves upwards with a constant speed set for all tests at 0.5 mm/min, while the sam-
ple top cap remains fixed and in contact with the loading ram, incorporating a linear
variable differential transformer (LVDT) for vertical displacement measurements, and a
10 kN-load cell (with a linear response throughout the whole measurement range). The
one-dimensional compression was stopped once the force approached the load cell limit
capacity (corresponding to approximately 2.3 MPa of vertical stress) and the sample was,
then, fully unloaded by reversing the lower platen movement at a similar speed. However,
at the unloading point, the sample experienced some relaxation due to the backlash in the
electromechanical loading system.

2.2. Experimental Program

Several rubber fractions (xr) were chosen for the tested sand–rubber mixtures: 0%,
10%, 20%, 25%, 30%, 40%, and 50%. The rubber fraction, xr, is defined as the ratio between
the volume of rubber and the total volume of solids (rubber and sand). In the calculation of
the rubber fraction, a solid density of 2.65 g/cm3 of sand and a solid density of 1.04 g/cm3

of rubber were used.
Packings with two target fabrication void ratios, 0.65 and 0.75, were produced with

equal-sized rubber and sand particles with a mean grain size, D50, of 1.8 mm. Samples
with a void ratio of 0.65 and made of equal-sized sand and rubber particles with a mean
size D50 of 1.4 mm were also tested. For two particular rubber fractions, i.e., 10% and 50%,
tests were also performed on sand–rubber mixtures at a void ratio of 0.65 by choosing
sand/rubber mean particle size ratios of 0.5 and 1.5. The rubber size used for these tests
was a D50 of 1.4 mm, while the size of the sand was either a D50 of 0.7 mm or 2.1 mm.
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It is to be noted that the maximum and minimum void ratios of the Leighton Buzzard
fraction A sand were 0.83 and 0.55, respectively. These limits are of course different for the
present packings, with close grading sizes and significant rubber content. However, no
attempt was made to determine these void ratio limits.

Table 1 presents the characteristics of tested samples and the material constituents. The
void ratio, eo, in Table 1 represents the void ratio at the beginning of the one-dimensional
compression test. For a given sand–rubber mixture type, some deviation from the target
value of the void ratio was recorded and while the gap increased with the rubber content,
its extent is regarded as very limited. In the name of the tests, capital letters ‘S/R’ opposite
to small caps letters ‘s/r’ designate samples with a higher sand and rubber particle size,
1.8 mm as opposed to 1.4 mm, while D or L refers to a dense sample condition (0.65 void
ratio) or a loose sample condition (0.75 void ratio), respectively. The use of sR-D-10 refers
to a dense sample (0.65 void ratio) with 10% rubber content and sand (s) particles smaller
than the rubber (R) particles. Similarly, Sr-D-50 refers to a dense sample (0.65 void ratio)
with 50% rubber content, yet with sand (S) particles larger than the rubber (r) particles.

Table 1. Summary of the testing series and sample characteristics.

Sand–Rubber
Mixture Type

Sand Particle
Mean Size,
D50 (mm)

Rubber Particle
Mean Size,
D50 (mm)

Sand/Rubber
Mean
Size Ratio

Rubber Fraction,
xr (%)

Sample Void Ratio at
the Beginning of Test,
eo

SR-D 1.8 1.8 1.0

0 0.647
10 0.646
20 0.644
25 0.643
30 0.642
40 0.641
50 0.640

SR-L 1.8 1.8 1.0

0 0.748
10 0.746
20 0.744
25 0.744
30 0.742
40 0.742
50 0.740

sr-D 1.4 1.4 1.0

0 0.647
10 0.645
20 0.645
25 0.644
30 0.643
40 0.642
50 0.642

sR-D-10
0.7 1.4 0.5

10 0.646
sR-D-50 50 0.645

Sr-D-10
2.1 1.4 1.5

10 0.642
Sr-D-50 50 0.642

3. Results and Discussion
3.1. General One-Dimensional Response

The vertical strain, εv, and stress, σv, during an oedometer test are represented in
Figure 2 by a conventional semi-logarithmic scale for the different rubber fractions at the
two initial densities, SR-D and SR-L tests. As expected, the magnitude of the packing
deformation increases with the rubber fraction, while for a given rubber fraction, the
deformation of the dense packing is smaller than that of the loose packing.
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Figure 2. Vertical strain as a function of the vertical stress for samples with 0% to 50% rubber fractions,
loading, and unloading during oedometer tests: (a) SR-D tests; (b) SR-L tests (see Table 1).

The evolutions of the maximum vertical strain εmax, obtained at the maximum applied
vertical stress, σmax, of 2.3 MPa, and unrecovered vertical strain, εo, after complete unload-
ing with the rubber fraction, xr, for SR-D, SR-L, and sr-D series tests, and Sr-D-10, Sr-D-50,
sR-D-10, and sR-D-50 tests are given in Figure 3. As can be observed, independent of the
rubber content, the effect of the particle size for the SR-D and sr-D tests in the measured
maximum or unrecovered strain appears negligible (the non-null difference is smaller than
5% of the reference strain). The standard deviations of the strain range differences for
the maximum and unrecovered vertical strain at each rubber fraction for these two series
are around 0.7% and 0.4%, respectively. For both strain limits, the looser packing of SR-L
tests induced, on average, 0.9% more vertical strain compared with the denser SR-D and
sr-D samples.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 13 
 

3. Results and Discussion 
3.1. General One-Dimensional Response 

The vertical strain, 𝜀௩, and stress, 𝜎௩, during an oedometer test are represented in 
Figure 2 by a conventional semi-logarithmic scale for the different rubber fractions at the 
two initial densities, SR-D and SR-L tests. As expected, the magnitude of the packing de-
formation increases with the rubber fraction, while for a given rubber fraction, the defor-
mation of the dense packing is smaller than that of the loose packing. 

 
Figure 2. Vertical strain as a function of the vertical stress for samples with 0% to 50% rubber frac-
tions, loading, and unloading during oedometer tests: (a) SR-D tests; (b) SR-L tests (see Table 1). 

The evolutions of the maximum vertical strain 𝜀௠௔௫, obtained at the maximum ap-
plied vertical stress, 𝜎௠௔௫, of 2.3 MPa, and unrecovered vertical strain, 𝜀௢, after complete 
unloading with the rubber fraction, xr, for SR-D, SR-L, and sr-D series tests, and Sr-D-10, 
Sr-D-50, sR-D-10, and sR-D-50 tests are given in Figure 3. As can be observed, independent 
of the rubber content, the effect of the particle size for the SR-D and sr-D tests in the meas-
ured maximum or unrecovered strain appears negligible (the non-null difference is 
smaller than 5% of the reference strain). The standard deviations of the strain range dif-
ferences for the maximum and unrecovered vertical strain at each rubber fraction for these 
two series are around 0.7% and 0.4%, respectively. For both strain limits, the looser pack-
ing of SR-L tests induced, on average, 0.9% more vertical strain compared with the denser 
SR-D and sr-D samples. 

 
Figure 3. Evolution of (a) the maximum vertical strain and (b) the unrecovered strain after complete 
unloading with the rubber fraction for SR-D, SR-L, and sr-D series tests, and Sr-D-10, Sr-D-50, sR-
D-10, and sR-D-50 tests (see Table 1). 

Figure 3 also plots the corresponding values of the strain limits for tests on samples 
made by non-equal sand and rubber particle sizes. For the 10% rubber fractions, while the 
volume of sand is nine times bigger than the volume of rubber, the behavior is dominated 

Figure 3. Evolution of (a) the maximum vertical strain and (b) the unrecovered strain after complete
unloading with the rubber fraction for SR-D, SR-L, and sr-D series tests, and Sr-D-10, Sr-D-50, sR-D-10,
and sR-D-50 tests (see Table 1).

Figure 3 also plots the corresponding values of the strain limits for tests on samples
made by non-equal sand and rubber particle sizes. For the 10% rubber fractions, while the
volume of sand is nine times bigger than the volume of rubber, the behavior is dominated
by the sand phase and very close to the SR or sr cases. When xr = 50%, the volume of sand
equals the volume of rubber, yet the number of sand particles is about eight times larger
than the number of rubber particles when the sand/rubber mean size ratio is 0.5 (sR-D
tests), while the number of rubber particles is three times bigger than the sand particles
when the sand/rubber mean size ratio is 1.5 (Sr-D tests). As a consequence, the response is
more compressible for the latter Sr-D case and less compressible for the former sR-D case,
when compared with equal sand and rubber particle sizes tests. A similar observation for
the effect of the smaller-sized rubber particles on the one-dimensional compression was
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also witnessed by [40]. The unrecovered strains follow the same trends, with lower and
higher strains for sR and Sr cases.

The loading behavior in one-dimensional testing is generally represented by the
evolution of the current void ratio, e, with the vertical stress in the log scale (log σv). The
current void ratio is related to the vertical strain, εv, by the equation:

e = e0 − εv(1 + e0) (1)

where e0 is the initial sample void ratio.
The one-dimensional loading behavior of the pure sand is mostly linear in the e—

(log σv) plane, slightly concave for large normal stresses (i.e., negative second derivative,
see Figure 2). When rubber is added to the mixture, the stiffness progressively decreases,
and the concavity becomes more pronounced as the behavior asymptotically converges to
a normal compression line [22]. However, for high rubber fractions and at high vertical
stresses (generally larger than 1000 kPa), one can observe a change of curvature in the
void ratio—vertical stress semi-logarithmic plane—which becomes slightly convex, see
for instance [22,38,41]. This is the effect of the saturation of the voids filled by the rubber
grains and, thus, a clear sign of the influence of the rubber grains on the macroscopic
behavior of the system. We, firstly, propose here to estimate the mean curvature of the
e—(log σv) curve between 1 and 2 MPa vertical stress. This property leads to a method
that can be used to determine the behavior or the mixture: “sand-like” if the concavity
increases with the rubber content and “rubber-like” if an increase in the rubber content
induces decreasing concavity (suggesting, as mentioned above, that the pores are being
saturated progressively).

Then, the sign of the following curvature evolution with the rubber fraction:

C̃(σv, xr) =
∂

∂xr

∂2e(σv, xr)

∂(logσv)2
=

∂3e(σv, xr)

∂xr∂(logσv)2
(2)

indicates whether the mixture is sand (negative C̃) or rubber type (positive C̃) at the
corresponding stress level. In the following, for practical reasons, the sign is determined by
the mean of the curvature over a given vertical stress interval.

Figure 4 shows the evolution of the mean curvature between 1 and 2 MPa of vertical
stress with the rubber fraction for the two densities of the mixture and for the two particle
sizes. It can be observed that the concavity of the e—(log σv) curve increased with the
rubber fraction, up to about 25–30% of rubber, and then decreased. The transition point
between sand and rubber-type behaviors seems fairly similar for the two densities and the
two particle sizes.

Figure 5 presents the evolution of the mean curvature for five vertical stress intervals.
For one rubber content, one point in the figure represents the mean curvature value for
the SR-L, SR-D, and sr-D tests. This averaging is justified by the weak dependence of this
curvature on the mixture type (see Figure 3). For vertical stresses higher than 600 kPa,
the transition point seems to be fairly independent of the stress level. On the contrary, at
vertical stresses lower than 600 kPa, the one-dimensional response of the mixture seems
to be a sand-like type in all the tested ranges of rubber fractions. It is also interesting to
observe that the curvature of the e—(log σv) curve became convex for a rubber fraction of
50%, a phenomenon that clearly reflects a behavior closer to pure rubber packing.



Appl. Sci. 2023, 13, 3867 7 of 13Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 13 
 

 
Figure 4. Mean curvature of the e—log (𝜎௩) evolution between 1 and 2 MPa of vertical stress for 
equally sized particle mixtures of SR-L, SR-D, and sr-D (see Table 1). 

Figure 5 presents the evolution of the mean curvature for five vertical stress intervals. 
For one rubber content, one point in the figure represents the mean curvature value for 
the SR-L, SR-D, and sr-D tests. This averaging is justified by the weak dependence of this 
curvature on the mixture type (see Figure 3). For vertical stresses higher than 600 kPa, the 
transition point seems to be fairly independent of the stress level. On the contrary, at ver-
tical stresses lower than 600 kPa, the one-dimensional response of the mixture seems to 
be a sand-like type in all the tested ranges of rubber fractions. It is also interesting to ob-
serve that the curvature of the e—(log 𝜎௩) curve became convex for a rubber fraction of 
50%, a phenomenon that clearly reflects a behavior closer to pure rubber packing. 

 
Figure 5. Mean curvature of the e—log𝜎௩ evolution in several ranges of vertical stress; the mean of 
the values is determined for the equally sized SR-D, SR-L, and sr-D mixtures at the same rubber 
fraction. 

The overall information is schematically presented in the phase diagram (see Figure 
6). The rubber-like behavior was observed for vertical stress levels higher than around 600 
kPa and a rubber fraction higher than around 25%. In all other situations, up to a rubber 
fraction of 50%, the behavior (the sign of 𝐶~) reflected a sand-type mixture. 

Figure 4. Mean curvature of the e—log (σv) evolution between 1 and 2 MPa of vertical stress for
equally sized particle mixtures of SR-L, SR-D, and sr-D (see Table 1).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 13 
 

 
Figure 4. Mean curvature of the e—log (𝜎௩) evolution between 1 and 2 MPa of vertical stress for 
equally sized particle mixtures of SR-L, SR-D, and sr-D (see Table 1). 

Figure 5 presents the evolution of the mean curvature for five vertical stress intervals. 
For one rubber content, one point in the figure represents the mean curvature value for 
the SR-L, SR-D, and sr-D tests. This averaging is justified by the weak dependence of this 
curvature on the mixture type (see Figure 3). For vertical stresses higher than 600 kPa, the 
transition point seems to be fairly independent of the stress level. On the contrary, at ver-
tical stresses lower than 600 kPa, the one-dimensional response of the mixture seems to 
be a sand-like type in all the tested ranges of rubber fractions. It is also interesting to ob-
serve that the curvature of the e—(log 𝜎௩) curve became convex for a rubber fraction of 
50%, a phenomenon that clearly reflects a behavior closer to pure rubber packing. 

 
Figure 5. Mean curvature of the e—log𝜎௩ evolution in several ranges of vertical stress; the mean of 
the values is determined for the equally sized SR-D, SR-L, and sr-D mixtures at the same rubber 
fraction. 

The overall information is schematically presented in the phase diagram (see Figure 
6). The rubber-like behavior was observed for vertical stress levels higher than around 600 
kPa and a rubber fraction higher than around 25%. In all other situations, up to a rubber 
fraction of 50%, the behavior (the sign of 𝐶~) reflected a sand-type mixture. 

Figure 5. Mean curvature of the e—log σv evolution in several ranges of vertical stress; the mean of the
values is determined for the equally sized SR-D, SR-L, and sr-D mixtures at the same rubber fraction.

The overall information is schematically presented in the phase diagram (see Figure 6).
The rubber-like behavior was observed for vertical stress levels higher than around 600 kPa
and a rubber fraction higher than around 25%. In all other situations, up to a rubber fraction
of 50%, the behavior (the sign of C̃) reflected a sand-type mixture.

3.2. One-Dimensional Confined Stiffness

The one-dimensional compression of the sand–rubber mixtures is non-linear and
irreversible. The incremental confined stiffness, M, is given by the following relation:

M= δσv/δεv (3)

where δσv is the increment of vertical effective stress and δεv is the increment of vertical
strain, which is, therefore, not constant during the one-dimensional loading. A power law
has been suggested to describe the link between the one-dimensional incremental confined
stiffness, M, and the vertical effective stress, σv, [49]:

M = mσre f

(
σv

σre f

)α

(4)
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where σre f is a reference pressure, introduced for dimensional consistency, taken as 100 kPa,
and m and α are material parametersf. The exponent α controls the way in which the
incremental stiffness changes with the level of vertical stress. The m, material parame-
ter, (known also as modulus number) is the magnitude of the confined stiffness at the
reference pressure.
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Thus, the confined stiffness was analyzed for vertical stresses ranging from 100 kPa
to 500 kPa. This choice was made to avoid the influence of particle crushing, which may
occur at higher levels of compression stresses [50]. Post-test particle size analysis showed
considerable sand grain crushing.

The parameters m and α can be easily obtained by plotting M/σre f versus the σv/σre f
ratio. Figure 7 reports the corresponding curves for the equally sized sand–rubber particles,
SR-D and SR-L test series. The parameter α seems to be independent of the rubber fraction
and slightly influenced by the initial void ratio, with averages of 0.69 for SR-D and 0.71 for
SR-L. However, the observed difference of α-values between the two packing densities is
not statistically relevant given the standard errors, 0.012 and 0.022 respectively. The sr-D
test series having smaller particles (D50 = 1.4 mm) showed identical trends and similar α
values. In all, the observed values of the power index α are close to the results of [30].
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The values of the modulus number, m, with the rubber content for all SR-L, SR-D, and
sr-D test series are presented in Figure 8. A power law decrease of the modulus number, m,
with the rubber fraction is observed for both densities. The ratio between the m-values for
loose and dense packings is relatively constant, around 75% (standard deviation of 7%), in
the ranges of all rubber fractions.
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The influence of the particle size ratio on α and m parameters is analyzed in Figure 9.
It can be observed that α is not significantly affected by the particle size ratio. The slopes
of the one-dimensional confined stiffness versus vertical stress for both sR-D and Sr-D
tests are because of the SR-D for both the 10% and 50% rubber contents. However, the
influence of the sand–rubber particle size ratio on the modulus number is non-negligible,
when the rubber particles are bigger than the sand particles (sR-D-10 and sR-D-50 tests).
At these rubber contents, the sR-D tests were also shown to be less compressible than
all the other test series, which indicates that stronger sand-to-sand contact networks are
dominating in these particular test mixtures. In [40], it was also observed that for mixtures
with coarser rubber particles than sand, the behavior of the packings was stiffer, while for
the rubber/sand size ratios smaller or equal to unity, the constrained modulus was only
slightly increased.
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3.3. Swelling Behavior

Typical one-dimensional loading-unloading responses for sand and sand-rubber mix-
tures are shown in Figure 2. A clear change from the almost rigid unloading for the pure
sands to a much more recoverable strain response, rubber content dependent, is observed.
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The swelling curves for the sand–rubber mixtures have a distinct S-shape, which was also
observed in [19,22,30,35,41]. While the effects of adding rubber could be assessed through
the swelling index, Cs, the slope of the straight swelling line in void ratio—log (σv) plane,
given the high non-linearity of the swelling curves, the swelling index is expressed in an
incremental form:

Cs =
−δe

δ(logσv)
=

(1 + eo)δεv

δ(logσv)
(5)

The evolution of the incremental swelling index with the vertical stress for the tests
presented in Figure 2 is presented in Figure 10. With the exception of pure sand and
the sand–rubber mixture with the lowest rubber content of 10%, all the curves reflect the
S-shape variation of the swelling curve, with low Cs values at the unloading and the end of
test stages, and a steady increase and decrease following the peak value. The value of the
peak and the rate of the increase/decrease of the swelling index is highly dependent on
the rubber content. The vertical stress value corresponding to the peak swelling index also
appears to decrease with the reduction of the rubber content from 100 kPa to 30 kPa.
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4. Conclusions

The mechanical response of the sand–rubber mixtures under one-dimensional loading
was studied in this work. Different parameters, such as the initial void ratio, rubber
fraction, and sand/rubber size ratio were varied in order to quantify their effect on the
mechanical behavior of the mixtures. The different results obtained are presented, briefly,
in the following:

• The magnitude of the packing deformation increased as the rubber fraction increased.
Further, for a given rubber fraction, the mixture with larger sand particles (Sr-D) was
more compressible, while the mixture with smaller sand particles (sR-D) was less
compressible than the mixture with equal-sized rubber and sand particles. This trend
is in accordance with previous observations by [41]. One reason could be that a greater
number of rubber (flexible) particles for the same rubber volume fraction increases
the displacement/rotation of all particles, including rigid ones, thus, relaxing the
particle jamming.

• The concavity of the loading curve in the e—log (σv) plane increased for pure sand
packing with an increase in the normal stress. However, with the addition of rubber,
the curve was found to become more convex at higher values of stress. The observed
curvature change can be attributed to the saturation of the voids due to their filling with
rubber, thus, indicating the impact of rubber addition on the macroscopic response of
the mixture. An estimation of the mean curvature was performed. The mixtures were
categorized into “sand-like” if the concavity increased and “rubber-like” if it decreased
with the rubber fraction. This classification is helpful since it gives an objective
definition of packing behavior on the basis of vertical stress and rubber fraction.
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• The one-dimensional confined stiffness was found to decrease with an increase in the
rubber fraction. A power law decrease of the modulus number, m, with the rubber
fraction was observed for both densities. The ratio between the m-values for loose
and dense packings was relatively constant around 75% (standard deviation of 7%)
on all the range of rubber fractions. The power law index was relatively constant
for all tests, with slightly higher values for looser packings. Moreover, for a given
rubber fraction, coarser rubber particle packings (sR-D) showed a stiffer response than
the corresponding equal-sized particle mixtures, indicating a stronger sand contact
force network.

This work strengthens the understanding of the mechanical response of sand–rubber
mixtures. Such mixtures can be an interesting solution as a composite soil in numerous
geotechnical applications. Thus, the results presented here are a step further to better
understanding the behaviors of such mixtures. Numerical studies, using DEM, can be the
perspective for such experiments, which will help link the micromechanical interactions
with the macroscale responses observed.
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