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Abstract
The utilization of processed rubber and construction waste in lieu of soil as a substrate could improve significantly seismic 
performance, while addressing the pressing environmental issue of how to reutilize and dispose of, i.e., automotive tires 
and demolition by-products. In this study, a series of laboratory tests explore the influence of recycled tire waste (RTW) and 
recycled concrete aggregate (RCA) fine particles on the compressibility parameters of RCA–RTW mixtures. The results 
revealed that the addition of rubber waste to RCA causes an increase in its compressibility and consolidation index (cv) while 
prompting a power law decrease in the associated void ratio. It is found that all RCA–RTW mixtures are characterized by 
higher values of the compression (CC) and swelling (CS) indexes when compared to the pure RCA specimens while present-
ing a primary and secondary constrained modulus of fewer than 42 MPa and 96 MPa, respectively.

Keywords  Recycling · Environment · Waste · Anthropogenic soil · Oedometer tests

Introduction

Solid wastes are produced from commercial, industrial, 
and all forms of anthropogenic activities [1]. Some of these 
wastes are usually dumped in landfills whereas others are 
disposed of in water bodies, drainage ditches, and fallows 
surrounding human homes. Such unhealthy dumping of 
waste is very dangerous to humans, animals, and plants due 
to their often high levels of toxicity. Therefore, the social, 
environmental, and economic costs of solid waste disposal 
are too high to ignore [2].

Among materials of hard disposal, the rapid growth 
of industrialization in different societies has dramatically 
increased waste tire generation. Such a material is classified 
as non-degradable, the landfill of which produces hazardous 
leachate, whereas incineration can result in non-desirable 
gasses and heat. Their recycling and reutilization are, there-
fore, preferred due to environmental benefits and potential 
cost reductions ensuing from reduced use of raw natural 
resources [3]. Tire recycling is the process of converting 
end-of-life or unwanted waste tires into materials that can 

be utilized in new products or applications [4]. Tire wastes 
(whole tires, tire shreds, or tire chips) provide many unique 
properties that are significant for engineering applications, 
particularly in geotechnical engineering [5]. These include 
low density, low earth pressure, good insulating properties, 
good drainage capability, good long-term durability, and 
high compressibility [6].

Another waste of growing concern, resulting from the 
rapid urbanization of society, is refuse from demolition and 
construction work. Many particles constitute such a waste, 
for example, wood, bricks, steel, humus, and asbestos, 
although 85% of its content is aggregates [7]. As illustrated 
in Fig. 1, Arabani and Azarhoosh [8] reported that up to 75% 
of construction and demolition (C&D) wastes are concrete 
composites. By crushing demolished concrete, aggregates 
can be recovered or reclaimed, and later reused in the same 
construction ground or other building activities [9]. Such 
aggregates are referred to as recycled concrete aggregates 
(RCA) [10]. Depending on the quality of the aggregate, 
RCAs produced from C&D waste can be used in various 
construction sites [7]. The use of modified RCAs has been 
proven effective in various aspects of geotechnical engi-
neering, such as construction substrates or a replacement 
for natural aggregates [2].

The question then becomes, what will the combination 
of two recycled materials look like? What will be the result 
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of modifying RCA and enriching it with recycled tire waste 
(RTW)?

The literature survey shows that most studies to date 
concerning RTW have dealt with the engineering proper-
ties of sand-rubber mixtures (mainly tire scrap—shreds and/
or chips) [11]. It was found that the addition of scrap rubber 
waste to the sand improved the shear strength of the sand, 
while granulated rubber reduced it, due to its significant duc-
tility. In contrast, mixtures of sand with scrap tire waste were 
reported to undergo large deformations without any apparent 
peak or failure. In addition, they are characterized by low 
shear modulus and high damping coefficient, low liquefac-
tion potential, and excellent damping and seismic isolation 
properties. Studies in recent years have shown that compac-
tion effort has a negligible effect on the shear strength of 
sand-tire chip mixes. It has been observed that the behavior 
of the mixture changes from sandy to rubbery as the propor-
tion of waste rubber in the composition increases [6]. Deter-
mining the behavioral zones (sand, sand-rubber, rubber) of 
the tested mixes is fundamental to their use in engineering 
projects.

However, when selecting the type of soil and size of recy-
cled rubber to create soil–rubber mixtures for geotechnical 
applications, the availability, and cost-effectiveness of both 
materials must be carefully considered. [4]. An alternative to 
RTW mixtures is the employment of locally available RCA 
in place of sandy soil. Such compositions have a definite 
advantage of having, in theory, properties independent of 
location (rubber chips and concrete are standardized materi-
als). Such RCA–RTW mixtures, however, lack throughout 
characterization [5]. Although a good indication, the knowl-
edge acquired from studies on sand-rubber compounds can-
not be directly applied to recycled concrete aggregate–rub-
ber blends. Therefore, detailed studies providing insights 
into the physical properties, compaction characteristics, and 

mechanical behavior of the RCA–RTW mixtures are instru-
mental for their large-scale applications.

To address this issue, the present research deals with the 
compressibility characteristics of modified RCA by shred-
ded rubber tires. Some physical and mechanical properties 
of the same or similar geocomposites have been studied by 
the authors of this paper from the year 2015 [5, 12, 13]. 
This article will present a series of oedometer tests on eight 
loose mixtures of variable grain-size distribution, rubber 
inclusion (RC), and fine fraction (FF) content. Oedometer 
tests are carried out to explore the influence of rubber par-
ticles on the compressibility parameters of the RCA–RTW 
mixtures. These parameters are of great importance in the 
mechanical behavior of rubberized soil mixtures. Fully dried 
RCA–RTW specimens, prepared at different percentages of 
rubber content of 5%, 10%, 15%, and 20%, are subjected to 
different vertical stress under no lateral displacement. Based 
on the obtained results, an attempt is made to investigate 
the deformation mechanisms of the mixture of two recycled 
materials. It is believed that such studies can be very useful 
in designing the reuse of shredded tires as structural and 
general fill material.

Materials and methods

Materials and mixtures

The anthropogenic material used in this work as a basic 
material for the preparation of composites is recycled con-
crete aggregate, wherein the concrete elements are derived 
from concrete floors, especially concrete curbs from the 
demolition of roads, of the strength class between C16/20 
and C30/35. A presentation of RCA employed in the recent 
research, along with its selected physical, geometric, and 

Fig. 1   A typical composition 
of construction wastes, based 
on [8]
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chemical properties can be found in the authors' previous 
publications [5, 13]. The recycled concrete particles have a 
rounded, spherical shape, with smooth edges (Fig. 2), with a 
specific gravity (Gs) between the values of 2.60–2.61 g/cm3. 
The more rounded and spherical shape of RCA improves its 
workability, in comparison to the original aggregates, which 
have generally an angular shape [14].

The used RCA is a granular material categorized by 
granulation, which allows for its classification as a non-
cohesive soil. The size of the soil particles varies between 
less than 0.063 mm (up to even 30%) and 2.0 mm (around 
1%) with an average grain size characterized by d50 of about 
0.16 mm. It can be seen that it is a material with a high pro-
portion of fine fraction, zero proportion of gravel fraction, 
and predominantly sand fraction. According to PN-EN ISO, 
14,688-2:2006 [15] specification the ‘parent’ granular mate-
rials are classified as poorly graded sand and well-graded 
sand with silt, with a coefficient of uniformity (Cu) in a range 
of 2.86–5.60 and a coefficient of curvature (Cc) in a range 
of 0.91–1.29. Using sieve analysis, this ‘parent’ material 
is separated into individual fractions with particle sizes as 
follows: < 0.063 mm, 0.063–0.125 mm, 0.125–0.25 mm, 
0.25–0.50 mm, 0.5–1.0 mm, and 1.0–2.0 mm. Then, four 
new compositions of RCA, namely M1, M2, M3, and M4, 
are created. These mixtures have different, increasing, the 
content of fine fraction (FF), from 0 to 30%, in the increment 
of 10%. In Fig. 3 the grain size distribution curves of the 
mixes M1–M4 are depicted. Tested mixtures are of uniform 
grain size.

In the current research, to optimize the anthropogenic soil 
properties, two uniform rubber materials were used as syn-
thetic parts of the mixtures, namely powder (P) 0.5–1.0 mm 
and granulate (G) 1.0–2.0 mm (Fig. 4). According to ASTM 
specification [16], these materials are classified as granu-
lated or powdered rubber, exhibiting a mean grain size (d50) 
in a range of 0.65–2.5 mm, with a coefficient of uniformity 
(Cu) in a range of 1.97–2.46 and a coefficient of curvature 

(Cc) in a range of 0.79–1.14. The specific gravity (Gs) of 
rubber solids was approximately 1.19 g/cm3. In Fig. 5, the 
grain size distribution curves of ‘parent’ rubber materials 
are presented.

The applied rubber comes from waste tires. It was shred-
ded and processed in the local tire manufacturing plant. The 
use of rubber waste from worn vehicle tires was intentional. 
First, recycling used tires will cause serious negative effects 
on the ecosystem [6]. Second, based on the natural geotech-
nical properties of tire rubber, it can be mixed with soil to 
form rubber-reinforced soil, a new type of geotechnical 
material that can improve some selected properties of soil 
[17]. The main chemical components of used waste tires 
are natural rubber and synthetic rubber, as well as sulfur, 
carbon black, silicon oxide, iron oxide, calcium oxide, and 
other additives [5].

For test purposes, recycled tire wastes of two sizes, viz. 
powder and granulate, were mixed with previously prepared 
M1–M4 compositions with different mass rubber content, 

Fig. 2   Recycled concrete aggre-
gate used in this study: a natural 
dimensions and b microscopic 
view
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appropriately 5%, 10%, 15%, and 20% of mixture weight. 
According to the literature [18], the maximum rubber con-
tent is equal here to 20% by weight, which corresponds to 
about 35–40% rubber content by mixture volume 
(VRC = 0.35–0.4). The new blends (mixtures named M1-R, 
M2-R, M3-R, and M4-R, where the letter R stands for rub-
ber) were created in a slightly different way than the tradi-
tional mixing of two materials. The new compositions were 

prepared in such a process that the corresponding RCA frac-
tion, with grain sizes ranging from about 2.0 mm or 1.0 mm 
to 0.5 mm, was eliminated and replaced with rubber waste. 
The final result was as follows soil grains smaller than rub-
ber particles (d50R > d50S). However, it is difficult to deter-
mine the relative particle size between RTW and RCA, 
known as the aspect ratio ( AR =

D50, RTW

D50, RCA

, where D50, RTW​ is 
the median diameter of recycled tire waste, and D50, RCA​ is 
the median diameter of recycled concrete aggregate). It is 
worth noting that as the content of the fine fraction (FF), 
i.e., < 0.063 mm, increases, the content of waste rubber 
decreases.

A major problem with this type of mixture, i.e., granular 
mixtures, is material segregation. In this study, to reduce 
segregation, the vibration was minimized and granular flow 
during specimen preparation was eliminated.

In Table 1, the general information about RCA–RTW 
resulting mixtures is summarized.

The variation of dry density (ρd) and void ratio (e) against 
rubber content (RC) are presented in Fig. 6. Since rubber 
particles are much lighter than recycled concrete aggregates 
(i.e., the Gs of rubber particle is around 40% less than of 
the RCA), dry density (both minimum and maximum) of 
the RCA–RTW mixtures decreases linearly by increasing 
RC as demonstrated in Fig. 6a. The decrease is within 7% 
for ρd, max, and within 3% for ρd, min. However, in terms of 
the void ratio, as shown in Fig. 6b, the void ratio slightly 
increased by about 7.5% up to RC = 20%. For emax, it is a lin-
ear increase in value with increasing rubber waste content. 
In the case of emin, on the other hand, a break in the upward 
trend is observed for rubber contents of 15%. In general, 
the reported increase in the void ratio values is related to 
the way the mixtures were prepared, namely by replacing 
RCA particles with rubber particles in the mixtures. In the 
research presented here, although the dimensions of rubber 
waste applied in the new specimens are usually small, as it 
has been used rubber powder and granulate, up to 2 mm in 
size, there are not small enough to fit in the voids between 
RCA grains. The dimensions of the rubber materials cor-
respond to the dimensions of the soil removed; in this case, 
there is no possibility of filling. Soil separates the rubber 
contacts.

Shear strength characteristics of all RCA–RTW mixtures 
are included in the other manuscript by the author [5], where 
the results of friction angle and cohesion are indicated. 
Young’s modulus values are reported to be in the range of 
approx. 160–33 MPa. In this research, the higher the con-
tent of waste rubber in the mixture, the lower the modulus. 
Although, it is important to keep in mind that the maximum 
content of rubber waste in the mix was 20%. With such a 
low rubber content, the RCA skeleton controls the behavior 
of the mixtures. A summary of rubber–soil interaction in 

Fig. 4   Recycled tire waste: a powder 0.5–1.0  mm, b granulate 1.0–
2.0 mm, and c microscopic view
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mixtures with different gravimetric and volumetric rubber 
content can be found in Kim and Santamarina [19].

Testing method

In this study, an experimental laboratory program contain-
ing a series of oedometric tests was carried out. In the first 
step, soil and rubber parts were dried and mixed in a selected 
percentage of crushed pieces of recycled tire waste ranging 
from 0% (clean recycled concrete aggregate) to 20% by mix-
ture weight to prepare uniform mixtures of specific rubber 
content. In the second step, 50 × 20 mm (diameter × height) 
specimens were constructed in dry conditions in three/four 
small layers directly in the metal ring of the oedometer, 
already in the oedometer cell. Each layer was compacted 
by a small hand tamper, from the bottom to the top of the 
metal ring. Densification was attained by tamping. The 
vibratory compaction is not suitable for granulated rubber 
samples [20]. All specimens were built at about the same 

construction energy (standard Proctor energy, 0.59 J/cm3), 
although the energy level has little effect on the compatibil-
ity of rubber waste mixtures [21]. After each specimen was 
finished, its surface was leveled and capped with filter paper 
and permeable stone. The details regarding the ratio of soil 
to rubber, as well as the justification for RTW maximum 
content, are included in [5].

Each RCA–RTW blend was saturated, enclosed in a cir-
cular metal ring, and sandwiched between porous stones 
[22]. Vertical increments of static load were applied at 
regular time intervals (e.g., 24 h). The load was doubled 
with each increment, starting at 12.5 kPa, up to the required 
maximum, equal to 800 kPa. Once full consolidation was 
achieved, the unloading process was initiated. Each speci-
men was unloaded in four steps, in the sequence of 800, 400, 
200, and 100 kPa with a load decrement ratio of 2. After-
ward, the same specimen was reloaded (as well in four steps) 
up to a load of 1600 kPa. After the end of each test, the 
specimen was removed, and its thickness and water content 

Table 1   Parameters of the tested RCA-RTW mixtures

a Coefficient of uniformity Cu = d60/d10
b Coefficient of curvature Cc = d30

2/(d10 × d60)

No. Code name of 
RCA-RTW 
mixture

Composition Classification of rubber Percentage of 
fine fraction

d50 (mm) Cu
a Cc

b emin (−) emax (−)

1 M1-R RCA_20R_0FF 10% powder, 10% granulate 0 0.20 2.91 0.91 0.863 1.091
2 M2-R RCA_15R_10FF 15% powder 10 0.16 2.86 1.27 0.719 1.077
3 M3-R RCA_10R_20FF 10% powder 20 0.14 5.15 1.29 0.784 0.955
4 M4-R RCA_5R_30FF 5% powder 30 0.12 5.60 1.17 0.699 0.882

ρd = -0.019RC + 1.5358
R² = 0.93

ρd = -0.0071RC + 1.0985
R² = 0.9382
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were determined. In this study, one-dimensional consolida-
tion tests on the RCA–RTW mixtures were carried out under 
repeated unloading and reloading conditions to investigate 
the effect of the addition of recycled tire rubber aggregate on 
the compressibility parameters of the mixtures.

All experimental tests were performed on freshly com-
posed mixtures, without creep analysis. It can be expected 
that soil–rubber creep is significant, and this is an idea for 
future original research. Tire rubber has a remarkable ability 
to absorb oil and has been used to remove oil contaminants 
[23, 24]. The oil absorption translates into swelling of the 
rubber particles, thereby altering and potentially manipu-
lating the mechanical response of the material. Based on 
the further literature review, it was concluded by Ngo and 
Valdes [25] that the initial and creep strains are proportional 
to the rubber content.

As for the temperature dependency, all experiments were 
conducted at room temperature (i.e., 22 °C). The tests were 
not performed at a different temperature, because according 
to the literature review [25] soil–rubber creep is temperature 
independent within the range of temperatures pertinent to 
typical civil engineering works.

Test results and discussion

Compressibility behavior

Compressibility is one of the most important parameters 
required in design considerations. For natural pure soils 
such as sand and gravel that have rigid particles, any volume 
change is caused by the movement, rotation, and rearrange-
ment of non-compressible particles [26]. The compressibil-
ity of soil–rubber mixture, however, is completely different 
due to inter alia significantly lower elastic modulus of soft 
rubber particles in comparison with the rigid particles of the 
host soil [27]. The Poisson’s ratio of pure rubber is close to 
0.5 [28], causing high bulk modulus, low shear modulus, 
and consequently, when subjected to an applied load, easy 
distortion of rubber specimens.

This section presents the compressibility results of tests 
carried out in the oedometer apparatus on loose mixtures 
of composite materials that consist of recycled concrete 
aggregate (RCA) and crushed pieces of recycled tire waste 
(RTW). The consolidation curves on the void ratio–stress 
(e− σ) the plot is shown in Fig. 7. The process of creating 
a consolidation curve is included in Sect. Testing Method 
of this article.

The results of various tests show that the compressibil-
ity of mixtures with rubber addition is higher than that of 
mixtures without rubber addition. Furthermore, the com-
pressibility of the RCA–RTW mixtures generally increases 
with an increasing proportion of rubber waste. The highest 

compressibility is characteristic of the sample with 20% of 
rubber content (the M1-R mixture). The lowest compress-
ibility is, on the other hand, characteristic of the M2 mixture, 
which is a composition without rubber waste but with a 10% 
of fine fraction. It was expected that the rubber would act 
as a solid grains binder, which will appropriately reduce the 
void ratio. The way the composites were designed had a big 
effect on this. As mentioned earlier, a rubber additive of a 
similar size to the initial soil was used, without the possibil-
ity to fill the voids. The effect of decreasing the compress-
ibility could be achieved with smaller aspect ratio values. In 
Fig. 7, additional information about the average increase in 
void ratio values between corresponding soil–rubber blends 
and initial soil mixtures is included. It can be noticed that 
changes in ∆e are similar, on average it is an increase of 0.3.

In Fig. 8, the void ratio as a function of rubber content 
and fine fraction content is presented. It may be seen as an 
increase in the average void ratio with an increase in the 
rubber additive content in the mixture. The increase of the 
average void ratio for the tested mixtures M1-R–M4-R has 
been developed in the power function. The obtained e val-
ues are similar to those characterizing loose even-grained 
sands. These results might be related to the fact that the 
addition of RTW reduces the density of the material, provid-
ing an increase in the void ratio of the soil and consequently 
increasing the compressibility of the composite. The lack of 
rubber addition results in a lack of ordering of the obtained 
void ratio values (see the mixtures M1–M4). The e values 
are smaller but also have less variation. They are similar 

Fig. 7   Compressibility curves for pure RCA mixtures (compositions 
M1 to M4) and RCA–RTW mixtures (compositions M1-R to M4-R)
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to those characterizing loose well-grained sands. The void 
ratio of mixtures with rubber is higher than those without 
rubber inclusion. This is due mainly to the higher angularity 
of rubber particles and the lower specific gravity (Gs). It is 
worth mentioning that the smaller the rubber particles are, 
the higher the emax value of the pure rubber is.

Compressibility parameters

The compressibility of soils, along with their strength, is 
one of the most important soil characteristics considered 
at the stage of designing engineering structures founded on 
the ground. Compressibility is defined as the change in soil 
volume toward increasing loading. Among the basic param-
eters characterizing compressibility is the compression and 
recompression index. They are usually obtained using the 
graphical analysis of compression curve in void ratio—effec-
tive stress (e − log σ) plots in Fig. 9. This curve consists of 
two basic fragments with an approximately linear course 
[29]. The slope of the straight-line portion of the virgin 
part of the compression curve on a semi-logarithmic plot 
is the compression index (CC) and the slope of the recom-
pression or swelling curve is the recompression index (Cr) 
[30], as shown in Fig. 9a. The swelling index (CS) used as 
well for settlement calculation can be obtained also from the 
one–dimensional consolidation test. It represents the esti-
mated slope of the decompression curve, the second branch 
of the compression curve as shown in Fig. 9b.

In Fig. 10, the variations of different compressibility 
parameters of tested soil–rubber mixtures as a function of 
the percentage of rubber waste addition and a fine fraction 
are presented. In the case of rubber-enriched recycled con-
crete aggregate (mixes M1-R-M4-R), the highest values of 
compression index, equal to 0.07, were obtained for first 
loading, in the first load range from 12.5 to 800 kPa. The val-
ues of the other two parameters, CS and Cr, are very similar, 

Fig. 8   Void ratio vs rubber waste content (blank symbols, composi-
tions M1-R to M4-R) and fine fraction content (filled symbols, com-
positions M1 to M4)

a b

Fig. 9   Definition of: a Cc, Cr, and b Cs from the compression curve of the M2 blend
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almost overlapping, ranging from around 0.01 to 0.02. Based 
on the data presented, it is seen that the M3-R mix, with 
10% of RC, is characterized by the highest values of the 
investigated parameters.

The one-dimensional compression tests on RCA–RTW 
mixtures indicate that owing to the high compressibility 
nature of tire rubber, the compressibility increases with 
increasing rubber content by weight. There is, for example, 
a slight linear increase, of about 17%, in the compression 
index for the first loading, in the second load range from 
800 to 1600 kPa.

For pure RCA compositions (M1–M4), the compression 
index is characterized by the greatest dispersion of results. 
Moreover, it is difficult to observe any dependency on the 
fine fraction content. The highest value, CC = 0.057, was 
obtained for the specimen M2 (FF = 10%), for the first load-
ing, in the second load range from 800 to 1600 kPa. This 
is an exception in comparison with other mixtures, where 
for all others, higher CC was found for the first loading 
sequence, 12.5–800 kPa. The decompression and recom-
pression index take similar values for M1–M4 blends, with 
an average of 0.005.

These studies show that all RCA–RTW blends tested are 
characterized by higher values of the compression index 
(CC) and swelling index (CS) compared to the pure RCA 
specimens, by around 26–27%. However, it must be empha-
sized that the CC values are of the order of 5·10–2 − 6·10–2 
for soil-rubber mixtures, and the order of 3·10–2 − 4·10–2 for 
pure soil samples, which corresponds to typical values of CC 
for sands and indicates that all mixtures are low compress-
ible soils. The recompression indexes (Cr) are between 1

3
 and 

1

6
 of the virgin compression index, revealing that consolida-

tion or compaction significantly improves the stiffness of 
the blends. The swelling potential was found in the range of 
0 < CS < 0.1 for all investigated mixtures. This means that the 
specimens had a low degree of swelling. Similar conclusions 

were drawn by Benessalah et al. [31], who investigated the 
compressibility of natural soil, and sand, mixed with rubber 
under one-dimensional consolidation loading conditions.

The oedometric modulus is another parameter character-
izing soil compressibility that can be obtained by the oedo-
metric tests. If the results from the oedometric test are rep-
resented in terms of the oedometric curve 

(

Δ� = f
(

Δ�ef

))

, 
it will be found that for each point on the curve a different 
ratio of �ef

�

 , where σef is the effective stress, Δσef is the reduc-
tion of effective stresses, ε is the strain, Δε the is the change 
in strain with a change in stress of Δσef. If the stress–strain 
curve is replaced for a certain interval of two adjacent 
stresses �1ef − �2ef  by a secant line, the linear behavior of 
soil in this interval is allowed and represents the soil com-
pressibility by Δ�ef

Δ�
 . This ratio is called the oedometric modu-

lus of deformation. The oedometric modulus of deformation 
(M) is, therefore, a secant modulus linked to a certain stress 
interval �1ef − �2ef  selected on the stress–strain  diagram 
(

Δ� = f
(

Δ�ef

))

∶

[32] Based on the curves of compressibility, values of 
oedometric modulus of deformation during primary con-
solidation (M0), in the stress range 12.5–800  kPa and 
800–1600 kPa, and secondary consolidation (M), in the 
stress range 100–800 kPa, are calculated and presented in 
Fig. 11. The difference between the oedometric modulus of 
pure anthropogenic soil and soil–rubber mixture is in the 
order of approximately 33%. By increasing rubber in the 
mixture (Fig. 11), the modulus M0 decreases by an average 
of 8% for vertical stress from 12.5–800 kPa, and by an aver-
age of 37% for vertical stress from 800 to 1600 kPa. A simi-
lar trend of change in oedometric modulus for soil–rubber 

(1)M =

Δ�ef

Δ�
=

�2,ef − �1,ef

�2 − �1

.

Fig. 10   Variation of the 
compression parameters versus 
rubber content (RCA–RTW 
mixtures) and fine fraction 
content (pure RCA mixtures). 
Solid rectangles indicate pure 
RCA mixtures, and hatched 
rectangles indicate RCA–RTW 
mixtures. The arrow indicates 
the direction of change in the 
fines (FF) or rubber waste (RC) 
content
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mixtures are reported in the literature [33]. From the data 
presented, it can be seen that when RC is small (up to 10%), 
the mixture transfers the load mainly through the soil skel-
eton. The increased rubber–rubber interaction gradually 
reduces the effective stiffness of the mixture, as well as the 
modulus of deformation, with an increasing fraction of rub-
ber particles [19]. The values of modulus during reloading 
(M) decreased by more than 50% (see the M1-R and M3-R 
blends). In addition, for RCA–RTW mixtures the highest 
modulus values (M0 ≅ 42 MPa, M ≅ 96 MPa) are obtained 
for the mixture with 10% of rubber content (M2-R).

Based on the results presented, it can be noted that the 
amount of the fine fraction affects the oedometric modulus of 
deformation at higher vertical stress levels (i.e., > 800 kPa) 
(Fig. 11). A linear gradual increase in M0 values is observed 
(a coefficient of determination R2 = 0.91). The highest value 
of M0 (M0 = 67.76 MPa) is found for the composition M4, 
with the maximum addition of FF, equal to 30%. At a lower 
vertical stress level (i.e., < 800 kPa), specimen No 1 (pure 
anthropogenic material) is characterized by the highest mod-
uli. The addition of fine fraction (< 0.063 mm) generally 
causes M0 and M to decrease by respectively 23% and 52%. 
Then, on the other hand, the amount of FF content alone 
does not have any significant impact on the modulus values. 
The scatter of these values is small, of the order of a few 
percent for the M0 modulus and a dozen for the M modulus.

Consolidation parameters

Using oedometer tests it is possible to quantify the effects 
of consolidation. The analysis of the settlement curves as a 
function of time, so-called consolidation curves, makes it 
possible to define the representative points of the bearing 

in mechanical terms of vertical stress versus deformation. 
In Fig. 12, an example of consolidation curves under nor-
mal stress of 100 kPa for all investigated mixtures is pre-
sented. Based on the following figure, it can be concluded 
that the consolidation process in all analyzed mixes is fast; 
the consolidation curves have a similar path; the thresholds 
of change to subsequent phases of the consolidation process 
are clear.

From the time-settlement curve, the coefficient of con-
solidation (cv) can be readily estimated. Of two commonly 
used methods to determine cv, the Taylor method is imple-
mented in this research. In this method, readings of a com-
pression dial are taken up to a time corresponding to at least 
90% of the primary compression of the test specimen under 
the increment of loading being considered. The 90% con-
solidation time varies with different specimens and with 
different thicknesses of specimens [33]. The Taylor method 
consists in determining the slope at the starting point in the 
plane of settlements as a function of the square root of the 
consolidation time. The slope multiplied by 1.15 intersects 
the consolidation curve at 90% of the deformations, which 
makes it possible to define the t90 value and thus the con-
solidation index (cv) for the considered level. Cv is described 
by Eq. (2):

where H is the average longest drain path during consolida-
tion (the thickness of specimen at 90% consolidation), t90 is 
the time to reach 90% deformation (consolidation) and Tv90 
is the time factor, which takes the value 0.848 [34].

In Table 2, the changes in cv coefficients for all tested 
composites are summarized. Results show that in most cases, 
as the rubber content of the mixtures increases (mixtures 

(2)cv =
Tv90 ⋅ H
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M1-R–M4-R), the consolidation index (cv) increases too. 
The composition with the highest rubber content, at 20%, 
results in higher cv. This is an increase of over 50% com-
pared to a composition with 15% rubber content. For subse-
quent soil–rubber samples, Δcv is around 2%. However, the 
M3-R blend is an exception, the cv value obtained is signifi-
cantly different from the others. In the case of pure anthro-
pogenic soil mixtures, there is a large scatter of results, with 
no clear trend in cv change, and one mixture (here M3) sig-
nificantly diverging from the others.

Conclusions

Previous studies on soil–rubber mixtures have mainly 
focused on sandy soils mixed with various rubber sizes. This 
paper presents one–dimensional compression test results for 
recycled concrete aggregate (RCA) mixed with recycled tire 
waste (RTW), as well as, for comparison, for specimens of 
pure RCA. The tests are performed on compositions pre-
pared and air-dried by the tamping method. All blends are 
consolidated under normal effective stress in the oedometric 
device. The compressibility characteristics of eight loose 
mixtures of variable grain-size distribution, rubber inclu-
sion (RC), and fine fraction (FF) content are shown and 
described here. The main conclusions of this research are 
the following:

•	 The inclusion of rubber particles in RCA–RTW blends 
increases the compressibility of the compound materials.

•	 Compressibility parameters (CC and CS) of rubber-rein-
forced mixtures are mostly about 27% higher in compari-
son to pure RCA mixtures.

•	 RCA blends are characterized by higher values of pri-
mary (M0) and secondary (M) oedometric modulus 
than RCA–RTW mixes by an average of 33% and 26%, 
respectively.

•	 An increase in consolidation index (cv) is observed when 
rubber content increases. The size and highly compress-
ible nature of tire rubber may be responsible for the 
increased rate of consolidation.

In future studies, the experimental results of this work 
could be enriched with additional laboratory tests on the 
specimens with optimum moisture content prepared by 
under compaction method to avoid segregation of two–size 
soil–rubber mixtures. Moreover, an adaptation of water–sat-
urated mixtures has more advantages from a geotechnical 
viewpoint. RCA is an excellent construction material and 
when enhanced with rubber waste can be successfully used 
in road construction. An interesting solution for many geo-
technical applications may be the usage of coarser material 
in mixes, either coarser RCA or larger rubber. According to 
Hazarika et al. [35], the implementation of gravel-rubber 
mixtures in the layers under the foundation of residential 
buildings can provide sufficient bearing capacity and reduce 
earthquake-induced subsidence.

Finally, although RCA–RTW are great building materials 
from a geotechnical point of view, their final use should also 
be determined by environmental studies to ensure that there 
is no damage to the environment.

Acknowledgements  The author is grateful for the discussion and sup-
port of Emil Soból from Remea Sp. z o.o. and Bruno Cury Camargo 
from the University of Warsaw in the course of the presented research. 
The author would also like to thank the representatives of the tire-
shredding company Orzeł S.A., who delivered the rubber material for 
this study.

Funding  The work was supported by the National Science Centre, 
Poland, under research project No. DEC 2020/04/X/ST8/00732.

Declarations 

Conflict of interest  The author declares that they have no conflict of 
interest. The funding organization has no role in the collection, analy-
sis, or interpretation of data; in the writing of the manuscript, or in the 
decision to publish the results.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Table 2   Consolidation parameters of the tested mixtures

Mixture No. Code name 
of mixture

t90 (min) Tv90 (−) H (mm) cv (mm2/
min)

1 M1 0.25 0.848 19.557 1297.36
2 M2 0.32 0.848 19.896 1049.00
3 M3 0.04 0.848 19.504 8064.61
4 M4 0.19 0.848 19.684 1729.29
5 M1-R 0.11 0.848 19.601 2961.83
6 M2-R 0.25 0.848 19.553 1296.83
7 M3-R 0.04 0.848 19.548 8101.04
8 M4-R 0.25 0.848 19.395 1275.96
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