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ABSTRACT: Scrap tyre rubber is considered an appropriate material for use in geotechnical seismic isolation
systems due to its beneficial dynamic properties, low unit weight, and sustainability. Rubber particles are
commonly mixed with sand or gravel to reduce compressibility and increase shear strength. Such mixtures are
typically prepared to a prescribed relative density, which necessitates the reliable determination of the
minimum and maximum void ratios (em» and emax). This paper presents the e, and e values obtained for
mixtures of well-graded rubber granulate and well-graded recycled concrete aggregate, with the rubber content
by weight Xy = 0, 11, 23, 55, or 100%. The investigation showed that vibration, recommended in standard
procedures to determine en.in, was effective for RCA and RCA-TDA mixtures, but gave overestimated values
for TDA. The method using a measuring cylinder proved to be the most effective for determining eu.. The
relationships between Xy and ein OF emax Showed trends similar to those for typical mixtures of natural gravel
and rubber of the same median sizes, i.e. no specific rubber content at which the limiting void ratios would
reach a minimum. The obtained e.n... values were higher than those observed in most sand-rubber and gravel-
rubber mixtures, which results probably from both the higher eq.. of the alternative aggregates used in this
study and the different testing methodology.

1 INTRODUCTION The specific density can be determined following
(ISO, 2015). However, there is no European standard
that indicates common procedures for pg max and p g min.
This leaves room for some freedom of choice
bet ing th isti tional standards, e.g.
needed to assess the current relative density, Ip (%), AemV;fiiI;nus?/lngTﬁ ex21(s)(1)1(1)2gl ng(;gl(l)?,) s aBr;itzil;hs, (Eé
gf . soil deg’om al“d f.ﬁ‘e possible Maximum - 990), German (DIN, 1996), or other established

ensification ot granular fills at various stages of a methods, like the ones described in the withdrawn

building - process and. service h.f e, e.g. during Polish standard (PKNMJ, 1988). In most of these
transport, after mechanical compaction, or as a result documents, to obtain the smallest possible dry

of operational loads. In laboratory tests, emi» and €max density, it is recommended to either pour the dry
are necessary to build comparative specimens by material into a mould using a funnel that is slowly

maintaining thg same /p value.. . . 3 lifted over the bottom of the mould or to place the dry

For a S(.)ﬂ with known spec%flc density Ps (glcm ), material in a measuring cylinder and allow the grains
th(? fnIum and maximum void - ratios to fall freely after inverting the cylinder a few times.
(dlmen51onless) can be determqud based on thf The methods to achieve the densest state consist of
maximum and r:llnlmum .dry den81t1§s, Pamax (g/em’) applying vibrations to the dry or wet material placed
and pamin (g/em), according to equations: in a mould — using a vibrating table, hammer, or fork.
Each set of instructions provides different

The minimum and maximum void ratios (e, and
emax) are fundamental physical parameters of non-
cohesive soils. In practical applications, they are

Qs

€min = odman 1 (1) recommendations regarding the applicability of these
' procedures, including the range of soil grading,
0s method of soil preparation, dimensions and mass of
Cmax = 0d.min -1 2) the containers, as well as other accessories, or the

number of repetitions.



The determination of em» and en. becomes
challenging when non-standard geomaterials are
considered. In this study, we focus on two sustainable
waste-derived materials: scrap tyre rubber (also
known as ‘tyre derived aggregate’, TDA), produced
from end-of-life car tyres, and recycled concrete
aggregate (RCA). Both materials exhibit mechanical
and physical characteristics that differ from those of
natural granular soils.

Due to its beneficial properties, such as durability,
low weight, elasticity, energy absorption capacity,
and high permeability, TDA is considered an
appropriate material for use in geotechnical seismic
isolation systems (GSIS). This has already been
proved in several small and large-scale laboratory
experiments (Abate et al., 2023; Gromysz and
Kowalska, 2017; Hazarika et al., 2008; Kowalska and
Vrettos, 2025; Rios et al., 2021; Tsang et al., 2021),
numerical analyses (Chiaro et al., 2023; Tsang et al.,
2012), and practical applications (Pitilakis et al.,
2024; Raj and Suppiah, 2021; Takemiya, 2007). Most
real or large-scale physical tests refer to the largest
fractions of TDA (shreds and chips), which require
less energy to manufacture and are less expensive.
However, they contain significant amounts of steel
and textile cord, which were believed to be
responsible for the self-ignition cases reported in
1995 (Arroyo et al., 2011; Humphrey, 1996). This
problem does not apply to finer fractions, such as
granulate and powder, because they are made up
almost entirely of pure rubber, with only minimal
traces of other materials. Due to the size limits of
various pieces of equipment, these fractions are
preferred in small-scale laboratory tests.

To reduce the compressibility of the damping
layers in GSIS, TDA is usually mixed with sand or
gravel. As natural mineral soils are becoming
expensive and less available, it is worth considering
replacing them with an alternative material, e.g.
RCA, which is sustainable, cost-effective, and
behaves similarly to natural gravel.

In this research, our objective was to determine
the minimum and maximum void ratios of well-
graded TDA, RCA, and RCA-TDA mixtures, as well
as the influence of testing methodology on the
preparation of typical laboratory-size specimens of
specified Ip.

The literature on RCA-TDA mixtures is scarce
(Arulrajah et al., 2019; Gabrys et al., 2021; Shahjalal
et al., 2023). To the authors® best knowledge, there
have been no previous studies related to emi» and €max
in these materials. Earlier investigations of pure TDA
or TDA-soil mixtures also rarely focused on the
influence of rubber content, particle size distribution,
or testing methodology on the e, and eunqx values.
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However, it has been shown, e.g. by Kim and
Santamarina (2008) and Tasalloti et al. (2021), that
rubber-only is usually characterised with higher void
ratios than mineral soils or gravel-rubber mixtures.
Additionally, it is already known that the ratio of the
median particle sizes of rubber dsoz (mm) and soil
dso,s (mm), n = dsor/dsos, plays an important role; at
n >> 1 or y << 1, there exists a rubber content, giving
minimum values of e, and enqx, and indicating the
segregation of the particles; at # = 1, both values tend
to increase with the rubber content; c.f. Figure 3. It
should be mentioned that in most published studies
on TDA-soil mixtures, the components considered
are uniformly graded.

2  METHODOLOGY

The choice of procedures to determine e, and e,
and the particle size distribution of the RCA and TDA,
was dictated by the fact that the results were needed
to prepare specimens of controlled Ip in the chambers
of a triaxial apparatus and a resonant column. Both
apparatuses accommodate specimens of specific
dimensions (140 mm in height and 70 mm in
diameter), imposing a limit on the maximum size of
a particle (11.7 mm).

2.1 Material

The RCA came from the demolition of a shopping
centre in Poland, specifically from the concrete
ceilings and columns of its above-ground car park. It
was washed to remove any impurities and dried. The
TDA was produced by ambient-temperature
shredding of car tyres. Their p; were equal to 2.71 and
1.20 g/cm?, respectively. Both materials were sieved
through a set of sieves ranging in size from 0.063 to
6.3 mm. The required amount of each fraction was
combined to produce well-graded air-dry RCA and
TDA samples with the following identical
parameters: dso = 2.45 mm, coefficient of uniformity
Cy = 15.7 (-), coefficient of curvature Cc = 1.2 (-).
Three RCA-TDA mixtures were also produced with
rubber content by weight Xy = 11, 23, and 55%, and
dsor = dsos; see Figure 1. It shall be noted that the
RCA particles were predominantly cubic, angular,
and rough, whereas the TDA particles were cubic or
elongate (in the finest fractions), subangular, and
smooth.
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Figure 1. RCA-TDA mlxtures wzth Xu=11, 23 and 55%.

2.2  Procedures

The minimum bulk density was determined on air-
dry specimens using three methods:
(1) carefully placing the material using a spoon or
scoop into a metal mould ~126 mm high and
71 mm in diameter (volume ~497 cm?);
(2) filling the mould to approximately half or
three-quarters of its height, slowly inverting it

several times, placing it upright, and
eventually filling the remaining volume using
a spoon;

(3) slowly inverting a 1 litre plastic measuring
cylinder graduated to 10 ml (62 mm in
diameter) filled with soil a couple of times and
carefully standing it on a flat surface.

In methods (1) and (2), the excess soil was
removed with a straightedge. In method (3), before
placing it on a table, the cylinder was slowly rotated
to produce a possibly flat upper surface of the
material and enable reading of the volume. Each
measurement was repeated at least once. The pgmin
was taken as the minimum of all measurements.

The maximum bulk density was determined for an
air-dry specimen (water content of 0.5 to 3%) by
compacting it in the same mould as in the methods
(1) and (2). The material was placed in 4 to 5 layers,
each of which was manually compacted with a
tamper, with sufficient care to avoid crushing the
RCA particles. Then a metal piston of a matching
diameter, weighing ~532 g, was placed at the top of
the specimen and strongly statically pressed by hand.
The whole set was attached to a vibrating table and
vibrated with a frequency of 50 Hz. The vibration
amplitude was increased stepwise (0.1/0.4/0.6 mm)
after no further sinking of the piston was observed in
two consecutive measurements. At the end of the test,
the piston was again pressed statically, by hand,
before the final height measurement. Each reading
was repeated twice. The pgme Was taken as the
maximum of all recorded values.
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3 RESULTS AND DISCUSSION

The pamar and pamin are presented in Figure 2 as
afunction of Xy. The relationships can be
approximated with a simple polynomial function,
which yields high values of the coefficient of
determination (R? > 0.99). The red and green dotted
trend lines in Figure 2 indicate the highest and lowest
values of pgmaer and pgmin, respectively.

Both the maximum and minimum dry densities
decreased gradually as the rubber content increased.
It can be seen that the variability in the results
obtained was higher for the loosest than the densest
state; it was almost negligible for TDA.

2.0
y = 6E-05x2 - 0.0156x + 1.6571
1.~ R2 = 0.997
— 1.5 .
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o
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Figure 2. The maximum and minimum dry densities (pdmax
and pgmin) of the RCA-TDA mixtures.

In all cases, method (3) was the most effective in
giving the smallest density of the material. It should
be noted that the reading from the cylinder scale was
subject to measurement uncertainty due to imperfect
surface levelling. However, it is estimated that the
resulting error did not exceed 0.02 g/cm®.

For RCA and RCA-TDA mixtures, the maximum
dry density was consistently achieved at the end of
the test, i.e. after the height of the specimen stabilised
at the amplitude of vibration of 0.6 mm. In contrast,
the maximum dry density of the well-graded TDA
was achieved when the piston was pressed statically
by hand; subsequent vibration caused only a gradual
loosening of the material. Additionally, TDA
specimens exhibited partial rebound after removal of
the static load and strong interlocking of particles,
necessitating the use of tools to remove the material
from the mould. Visual inspection, as well as sieve
analysis before and after testing on a vibrating table,
indicated negligible particle breakage in RCA
specimens after vibration.

Figure 3 presents the pg max and pamin, as well as the
emin and emqx values obtained in this study, compared
with selected results from the literature. The data are
coded using the type of material (RCA, TDA, S for
sand, G for gravel) and its dso, and the name of the
researcher(s): Be for Benjelloun et al. (2022), F for



Fiamingo et al. (2025), M for Mashiri (2014), Pa for
Pasha et al. (2019), and Pi for Pitilakis et al. (2024).
It is worth noting that mixtures of well-graded RCA
or natural sandy gravel and well-graded TDA have
not been previously analysed. The presented
literature results refer to the mixtures in which both
soil and rubber are uniformly graded (Cy =1-2.2, C¢
= 0.9-2.2); the only exception is the research by
Fiamingo et al. (2025), who investigated mixtures of
well-graded sandy gravel (Cy =27 and Cc=2.2) and
uniform TDA (Cy=1.9 and C¢c = 1.5).

The observed decrease in dry density with
increasing rubber content (Figure 2) is consistent
with published trends. Significant differences in the
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Figure 3. Influence of Xy on pamin and pamax (@), €max (b)
and emin (¢) of various soil-rubber mixtures.

and pg min at Xy = 0 for the various materials presented
are attributed mainly to variations in the particle size
distribution (dsp = 0.3-20.8 mm), as well as the
shapes and specific densities of the mineral particles.
The results obtained for pure rubber exhibit a
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relatively small dispersion of values, likely due to the
narrower range of rubber particle sizes considered in
the literature (dso = 1.5-10.0 mm).

Figure 3b and Figure 3c show that the
relationships between the rubber content and the
maximum and minimum void ratios of the mixtures
of well-graded RCA and well-graded TDA are quite
different from those for the other TDA-soil mixtures.

First of all, the addition of small rubber contents
to RCA did not cause any significant decrease of euin
O emax, typical for soil-rubber mixtures made of
components of very different sizes, like in the studies
of Pasha et al. (2019), Benjelloun et al. (2022), and
Mashiri (2014), where # are equal to 0.35, 10.5, and
28.6, respectively. This also means that segregation
of the RCA and TDA particles is very unlikely.

In the RCA-TDA mixtures, e... exhibited a
gradual increase with Xj, which is consistent with
previous works presented in the literature for
mixtures with # = 1, i.e. those investigated by
Fiamingo et al. (2025) and Pasha et al. (2019), with »
= 0.9 and 1.2, respectively. The values obtained in
our research were higher than those reported for the
sand-rubber and gravel-rubber mixtures in previous
studies. This discrepancy could be attributed to the
different testing procedures used or to the intrinsic
properties of the tested materials. The latter can be
supported by the fact that the values for the well-
graded RCA and TDA are similar to those reported
by Pitilakis et al. (2024) for uniformly graded
medium gravel, with dso = 9.0 and 20.8 mm, and
rubber granulate with dsp = 3.3 mm, respectively.
Unfortunately, the authors did not indicate the
procedure used to obtain these results.

Interestingly, the e, values for all RCA, TDA,
and RCA-TDA mixtures were approximately 0.6,
regardless of the rubber content. This similarity can
be attributed to the well-graded nature of both
components. Additionally, the relatively small e, of
the TDA alone can result from the static load applied
to the specimens — a procedure not used in the
standard approach, which turned out to be more
effective than vibration. The application of a larger,
controlled load is supposed to cause a further
decrease in the observed trend for specimens with the
prevailing rubber content.

4 CONCLUSIONS

For well-graded RCA and RCA-TDA mixtures
containing 11-55% rubber by weight, vibration was
effective in providing the maximum compaction of
the material. In contrast, for well-graded TDA, higher
density was reached under static loading, while
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vibration caused partial loosening of the structure.
This is due to the high damping capacity of rubber
and the deformability of the angular rubber particles,
which strongly interlock when statically pressed but
allow rearrangement and expansion under dynamic
excitation. These findings suggest that the standard
vibration-based procedures for determining e, in
natural soils are not suitable for rubber aggregates, as
they can result in a substantial overestimation of the
minimum void ratio.

The minimum void ratios obtained in the well-
graded RCA and TDA specimens, as well as in their
mixtures, were very similar (= 0.6) and did not show
any clear dependency on the rubber content, typical
for sand-rubber and gravel-rubber mixtures.
Therefore, the grading characteristics of a material
(Cu, Cc) appear to affect porosity more significantly
than the stiffness of the individual particles. The
results obtained for TDA suggest that, contrary to
other materials, exi» should not be treated as a unique
material constant; it may decrease with increasing
applied stress and tend towards small values (even
zero) under sufficiently high loads, reflecting
progressive deformation and rearrangement of rubber
particles. It is hypothesised that uniaxial loading in
an oedometer or drained triaxial compression, up to
the maximum stress expected in the analysed case,
will provide more realistic em» results if a true
maximum density of TDA is required.

The procedure in which a measuring cylinder with
soil is slowly inverted and gently placed on a table
was the most effective in providing the loosest state
in all well-graded RCA, TDA, and RCA-TDA
mixtures. The en... values obtained in this study
showed a slight increase with rubber content — a
relationship similar to that observed in other studies
for sand-rubber and gravel-rubber mixtures
characterised with # = 1. They were yet higher than
those shown in most TDA-soil mixtures in the
literature, which probably results from the higher
coefficient of uniformity of the well-graded RCA-
TDA mixtures. On the other hand, the e, values for
RCA and TDA (alone) were within the wide ranges
obtained by other researchers for natural gravel and
rubber granulate. The possible effect of Cy on e
requires confirmation in further studies, as the
observed discrepancies may also result from
differences in research procedures applied, which are
not always clearly specified in the literature.

Overall, this study provides practical guidance
on determining the minimum and maximum void
ratios of waste-derived aggregates and supports the
development of more appropriate laboratory
procedures for characterising and designing
geotechnical systems that incorporate TDA.
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