& polymers

Article

Mechanical Behaviour of Completely Decomposed Granite Soil
with Tire Rubber Granules and Fibres

Ru Fu and Wei Li *

check for

updates
Citation: Fu, R.; Li, W. Mechanical
Behaviour of Completely
Decomposed Granite Soil with Tire
Rubber Granules and Fibres. Polymers
2021, 13, 4261. https://doi.org/
10.3390/polym13234261

Academic Editors: Biao Hu,
Shishun Zhang, Xin Wang and
Yingwu Zhou

Received: 28 October 2021
Accepted: 23 November 2021
Published: 6 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Engineering, China University of Geosciences, Wuhan 430074, China; furu@cug.edu.cn
* Correspondence: liwei890508@126.com

Abstract: Mixing soil with waste tire rubber granules or fibres is a practical and promising solution to
the problem of global scrap tire pollution. Before successful applications, the mechanical behaviour
of the soil-rubber mixture must be thoroughly investigated. Comprehensive laboratory studies (com-
paction, permeability, oedometer and triaxial tests) were conducted on the completely decomposed
granite (CDG)-rubber mixtures, considering the effects of rubber type (rubber granules GR1 and
rubber fibre FR2) and rubber content (0-30%). Results show that, for the CDG-rubber mixture, as the
rubber content increases, the compaction curves become more rubber-like with less obvious optimum
moisture content. The effect on permeability becomes clearer only when the rubber content is greater
than 30%. The shape effect of rubber particles in compression is minimal. In triaxial shearing, the
inclusion of rubber particles tends to reduce the stiffness of the mixtures. After adding GR1, the peak
stress decreases with the increasing rubber content due to the participation of soft rubber particles in
the force transmission, while the FR2 results in higher peak stress especially at higher rubber contents
because of the reinforcement effect. For the CDG-GR1 mixture, the friction angle at the critical state
(¢’cs) decreases with the increasing rubber content, mainly due to the lower inter-particle friction of
the CDG-rubber interface compared to the pure CDG interface, while for the CDG-FR2 mixture, the
@’cs increases with the increasing rubber content, again mainly due to the reinforcement effect.

Keywords: soil-rubber mixture; compaction; permeability; compressibility; shear strength

1. Introduction

More than 2 billion units of waste tires are produced globally, and this is expected to
increase by 2% every year [1]. The accumulation of waste tires occupies much valuable
land space and may also lead to serious safety and environmental problems, such as a
high fire risk and the breeding of harmful insects. In developed countries such as the U.S.
and Japan, most waste tires are burnt as fuel, and it is reported that waste tires have an
even higher calorific value than coal. On the other hand, in developing countries such
as China and India, material recovery from waste tires (mainly rubber powder) is the
preferred choice [2]. However, both the burning and production of the rubber powder are
not environmentally friendly and usually require extra energy to clean. More recently, the
reuse of waste tires in the form of tire shreds and granulated rubber as new geo-materials or
in the form of mixtures with soil has become a popular approach in the construction of civil
engineering structures, such as lightweight embankment fill [3,4], lightweight retaining
wall backfill [5,6], drainage layers for roads, landfills, and other applications [7-9], thermal
insulation to limit frost penetration beneath roads, insulating backfill to limit heat loss from
buildings and vibration damping layers for rail lines [10-15], which have great potential
to alleviate the waste tire accumulation problems and are considered environmentally
friendly methods [16].

The physical and mechanical properties of scrap tires and tire-soil mixtures, including
compaction, hydraulic properties and compression and shearing behaviours, are the basis
of these applications, which have initiated much scientific research. Compaction tests
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have been performed on pure rubber tires, and the reported dry densities range from
0.40 g/cm3 to 0.66 g/cm? [17,18], and it was also found that the compaction energy
does not affect the dry density much. Edil and Bosscher [19] studied the compaction
behaviour of sand-rubber mixtures and found that the unit weight of the mixtures is
mainly controlled by the percentage of soil rather than the water content or compaction
effort. Regarding the hydraulic property, it was found that the permeability of the mixture
increases with the increasing rubber content [17] and tends to decrease with increasing
confining pressure [20,21].

Considering the compression behaviour, Lee et al. [22], Kim and Santamarina [23]
and Lee et al. [24] tested the sand-rubber mixtures for cases where D, pper:Dsand = 0.25:1,
Diubber:Dsand = 10:1 and Dyypber:Dsand = 1:1, respectively. A similar pattern of compression
behaviour was observed where the compressibility of the sand-rubber mixtures increased
with the increasing rubber content. However, the minimum porosity of the sand-rubber
mixtures was achieved when the volumetric rubber content was 40% for the case with
Drubber:Dsand = 0.25:1, while for the case with Dyypper:Dsand = 10:1, the minimum porosity
was achieved at 60% volumetric rubber content. Fu et al. [25,26] found that the compression
resulting from the addition of rubber particles was balanced by less particle breakage of
sand particles due to the cushioning effect of the rubber particles, resulting in similar
compressibility values of pure sand and sand-rubber mixtures.

Regarding shearing behaviour, there are studies reporting the strength of sand was
reduced after the inclusion of granulated rubber particles, which weakens the interlocking
between particles [22,27-29]. Typical failure envelopes of sand-tire granules mixtures from
Youwai and Bergado [27] show that the failure envelopes moved downwards, indicating
lower shear strength, upon increasing the rubber content up to 100% by weight. On the
other hand, other studies point out that the strength of sand increased after the inclusion of
granulated rubber particles [30-33]. As shown in Anbazhagan et al. [33], the envelopes of
sand mixed with granulated rubber particles moved upwards upon increasing the rubber
content to 35% by weight, which is similar to the behaviour of the sand-tire chips mixtures.
Overall, based on the published results from laboratory tests, there is no agreement on
how granulated rubber affects the mechanical behaviour of sand-rubber mixtures, which
is worth investigating further.

It should be noted that in most of the previous studies, natural river sand, due to
its good engineering properties (high permeability, stiffness and strength), was chosen
to mix with the shredded rubber particles as geomaterials. However, many projects are
experiencing a shortage of natural sand fill and the sand price has almost quadrupled in
the past decade. So, it is essential to find substitutes that are cheap, readily available and
environmentally friendly, to ensure sustainable construction. In this study, a well-graded
completely decomposed granite (CDG), which is widely distributed in southeast China,
was used as a substitute for natural sand to mix with rubber particles. Different from the
quartz sand, the CDG soil generally shows compressive behaviour, as its particles are easy
to break.

To better apply this composite material in the field, a comprehensive laboratory
study was conducted on these CDG-rubber mixtures, including compaction, permeability,
oedometer and triaxial tests, mainly considering the effects of rubber type (a granulated
and an elongated) and rubber content (0-30%). Special attention was paid to the triaxial
shearing behaviour, as the shearing resistance, at the peak or critical state, is a key property
to be obtained, which is used to assess the strength performance of CDG—rubber mixtures.

2. Materials and Methods

For all the tests conducted (compaction, permeability, oedometer and triaxial tests), a
well-graded CDG (completely decomposed granite) sand with a specific particle size distri-
bution (Cy = 6.3, Cer = 1.2, and D5y = 0.51 mm) was used as the host soil. The granulated
rubber particles (GR1 (0.3-0.6 mm)), and the fibre type rubber particles (FR2 (average
length = 13.48 mm, width = 1.77 mm and aspect ratio = 7.63)) were used in the mixture
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with CDG. The mixing was performed manually with a metal spoon, and a small amount
of water was added to the mixture during mixing to prevent the segregation of rubber
particles. Figure 1 shows the particle size distribution curves of CDG and the granulated
rubber particles. The size ratios, Ds ;ypber:Ds50,cDG, Were about 0.9 for GR1. Considering
the length of the fibre-type rubber particles, the size ratios, D5 rypber:Ds0,cDG, Were about
26.3 for FR2. Figure 2 shows the images of the CDG, granulated rubber and fibre-type
rubber particles. The granulated rubber particles were also angular to sub-angular in
shape while the fibre-type rubber particles were elongated in shape. The specific gravities
(Gs) were measured following ASTM D854 [34], showing that CDG is 2.65, and rubber

particles are 1.15.
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Figure 1. Particle size distributions of CDG and GRI1.

Figure 2. Images of CDG, GR1 and FR2 particles.

Compaction tests (standard Proctor test, see Figure 3a) were conducted according to
BS1377-4 [35], on pure CDG, pure GR1/FR2 and CDG-rubber mixtures (GR1/FR2) with
rubber contents of 10%, 20% and 30%, to obtain relationships between the compacted
dry density p; and water content w for different materials, in which the corresponding
maximum dry density (04 ;,5x) and optimum moisture content (OMC) can be determined.
The cylindrical metal mould had internal dimensions of 105 mm in diameter and 115.5 mm
in height, and the compaction rammer had a weight of 2.5 kg. The specimen was divided
into three layers to compact, and to each layer, 27 blows of the rammer dropping from the
controlled height of 300 mm was applied. Note that all the rubber contents mentioned in
this study refer to the content by weight, and 30% by weight corresponds to about 50% by
volume, above which the mixtures will become rubber dominated [25]. Details of all the

compaction tests are given in Table 1.
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Figure 3. Testing apparatuses: (a) Standard Proctor equipment; (b) modified oedometer apparatus;

(c) normal ELE type oedometer apparatus and (d) ELE triaxial system.
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Table 1. Summary of all compaction tests.
Material Type Compaction Type OMC (%) Pd,max (g/cm?3)
Pure CDG 13.3 1.70
10% GR1 16.4 1.52
20% GR1 20.0 1.34
30% GR1 22.8 1.15
100% GR1 Standard Proctor test - 0.53
10% FR2 14.5 1.56
20% FR2 15.8 1.44
30% FR2 20.0 1.25
100% FR2 - 0.53

Falling head permeability tests were performed on pure CDG, pure GR1/FR2 and
CDG-rubber (GR1/FR2) mixtures with rubber contents of 10%, 20% and 30%, using a
modified oedometer apparatus (see Figure 3b) to investigate effects of rubber shape, content
and compression pressure on the permeability of the sand-rubber mixture. The oedometer
ring used for the permeability test was 75 mm in diameter and 20 mm in height. A steel rod
was used to compact the sample with a predetermined mass at a 90% compaction degree
(i.e., 0.9 * 04 1yax)- After compaction, the prepared sample was immersed inside de-aired
water for at least 10 h, after which permeability tests were conducted under different
vertical stress levels. Details of all the permeability tests are given in Table 2.

Table 2. Summary of all permeability tests using the modified oedometer apparatus.

Test Rubber Compaction Vertical
No. Sand Type Rubber Type Content (%) Degree (-) Load (kPa)
1 - 0 0.9
2 GR1 10 0.9
3 GR1 20 0.9
4 CDG GR1 30 0.9
5 (Dsp = 0.51 mm, GR1 100 0.9 503’)510505’02050’
6 Cu=63Cyr=12) FR2 10 0.9 !
7 FR2 20 0.9
8 FR2 30 0.9
9 FR2 100 0.9

For the oedometer tests, a normal ELE-type oedometer apparatus (see Figure 3c)
was used for reconstituted samples of pure CDG and CDG-rubber (GR1/FR2) mixtures
with rubber contents of 10%, 20% and 30%. Rings with a diameter of 50 mm and a
height of 20 mm were used in which the maximum vertical stress that can be reached is
approximately 7 MPa. In general, the material was prepared by three layers, with the first
layer compacted with less effort and the upper layer with greater effort, to ensure a more
uniform density of the sample along its longitudinal axis. Details of all the oedometer tests
are given in Table 3.

Table 3. Summary of all standard oedometer tests.

Material Type Initial Specific Volume (-) Maximum Vertical Stress (kPa)
Pure CDG 2.160 7000
10% GR1 1.944 7000
20% GR1 1.932 7000
30% GR1 1.840 7000
10% FR2 2.051 7000
20% FR2 1.957 7000

30% FR2 2.086 7000
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Consolidated drained triaxial tests were conducted using the ELE triaxial system
(see Figure 3d) on both pure CDG and CDG-rubber (GR1 and FR2) mixtures with rubber
contents of 10%, 20% and 30%. The specimens were prepared directly on the triaxial base
with a membrane attached to a split mould under suction. For pure CDG soil and the
CDG-GR1 mixture, the sizes of specimens were 38 mm in diameter and 76 mm in height.
For the CDG-FR2 mixture, the sizes of specimens were 60 mm in diameter and 120 mm
in height. The compaction procedures were similar to those of the oedometer specimens.
Identical compaction energy was adopted for both CDG and CDG-rubber mixture samples
to ensure comparability. Details of all the triaxial tests are given in Table 4.

Table 4. Summary of all standard triaxial tests.

Rubber _ Rubber Confining
Sand Type Type Characteristics Content (%) Pressure (kPa)
CDG GR1 Dsp (0.45 mm) 0, 10, 20, 30 50, 100, 200, 400
(Dsp = 0.51 mm, L (13.48 mm) W (1.77 mm)

Cu=63,Cor =1.2) FR2 AR (7.62) 10, 20, 30 50, 100, 200, 400

3. Engineering Properties of CDG Sand and Its Mixtures with Rubber Particles
3.1. Compaction Behaviour

Figure 4 shows the samples of CDG-rubber mixtures compacted at their own optional
moisture content (OMC). It can be seen that both the GR1 and FR2 were well mixed with
the CDG, and the major difference is that the inclusion of GR1 will further reduce the
sand-sand contact due to the much smaller particle size compared with FR2, especially for
the higher rubber content. This is consistent with the findings of Lopera Perez et al. [36,37]
that the sand-rubber contacts will become dominant after including 30% granulated rubber
into the host sand.

(b)

Figure 4. Compaction samples of CDG-rubber mixture at optional moisture content (OMC): (a) GR1;
(b) FR2.
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In Figure 5, the dry densities of pure GR1 and FR2 are similar, ranging from 0.51 g/cm3
to 054 g/ cm3, and the water content seems not to affect the dry densities much. For the
pure CDG, it shows a typical compaction curve, and an obvious OMC can be determined.
As the rubber content increases, the compaction curves become more rubber-like with less
obvious OMC. In general, the dry density of the CDG-FR2 mixture is higher than that
of CDG-GR1 at the given rubber and water contents, which means the elongated FR2
particles are more flexible and work more efficiently in filling the voids of the mixture.
Figure 6 shows the effect of rubber content on the OMC and pj 5, It can be seen that
OMC increases while pg ., decreases with an increasing rubber content for both GR1 and

FR2. Note that the decreasing p ., here is mainly because of the lower unit weight of the
rubber materials.

2.0 -
16
~12 1
£
(&)
)
0.8 -
+ X —Bi- s 4 K
04 1 eCDG % 100% GR1 +100% FR2
= 10% GR1 20% GR1 #30% GR1
010% FR2 20% FR2 ©30% FR2
OO T T T T T T 1
0 5 10 15 20 25 30 35
w (%)

Figure 5. Compaction curves for different mixtures.

35 4 r 2.0

pd, max (g/cm3)

—=— OMC (GR1)

10 1 --0--OMC (FR2)

+pd, max (GR1) r 0.4
51 --A'-'pd, max (FRZ)
0 . . . 0.0

0 10 20 30 40
rubber content (%)

Figure 6. OMC/p ,,0x against rubber content.
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3.2. Permeability

Figure 7 presents the permeability of those CDG-rubber (GR1/FR2) mixtures under
increasing compression pressures. Results show that the permeability of pure GR1/FR2
(5 x 107* cm/s) is about 10 times higher than that of CDG (4 x 1072 cm/s) at the 150 kPa
stress level. The influence on permeability becomes clearer only when the rubber content is
greater than 30%. There is a decreasing trend in permeability with an increasing compres-
sion pressure. Besides, it can also be observed in Figure 7 that, in a given stress state and
rubber content, the CDG-FR2 mixture tends to have higher permeability compared with the
CDG-GR1 mixture, even if in previous compaction tests it was shown that the CDG-FR2 is
of higher dry density (i.e., lower void ratio). Similarly, the pure CDG has a higher void
ratio than those CDG-rubber mixtures, while the permeability of the pure CDG is much
lower. A possible reason could be that the CDG-rubber interface is the preferential path for
water to permeate. For pure CDG, many of the voids are sealed by fine particles rather than
connected as sands, resulting in low permeability. After the inclusion of rubber particles,
the sealed voids are connected through those CDG-rubber interfaces. For FR2, due to the
larger particle size and elongated particle shape, the CDG-FR2 interface may provide a
more connected path for the pore water to permeate. The slope of the permeability—vertical
stress curve is adopted as an indicator to assess the sensitivity of permeability of those
mixtures to the applied pressure. As shown in Figure 8, with the increasing rubber content,
the mixture becomes much more sensitive to the applied pressure.

3.3. Compression Behaviour

Figure 9 shows the one-dimensional compression curves of pure CDG and the CDG-
rubber (GR1/FR2) mixtures. The results are quite consistent with previous findings [25].
The inclusion of rubber shifts the compression curve downwards for both GR1 and FR2,
while the normal compression line for GR1 is slightly lower than that of FR2. The effect of
rubber inclusion in unloading stages is more obvious than that for pure CDG, almost all
the volumetric strain is irrecoverable and the strains become much more recoverable with
the increasing rubber content for those sand-rubber mixtures, for which the swelling lines
are S-shaped.

7X10* 1 eCDG %100% GR1 +100% FR2
m10% GR1 20% GR1 #30% GR1
6X10 - 010% FR2 20% FR2 ©30% FR2
5X104
0 4104 |
£
S
X 3X10% 4
2X104 4
1X104 -
0 T T T T 1
100 200 300 400 500 600

o, (kPa)

Figure 7. Permeability under increasing compression pressure for CDG-rubber mixtures.



Polymers 2021, 13, 4261 90f17

1X10% -
®GR1 OFR2 )
8X107 - ¢}
)]
g~ -7
3% 6X107 4
-0
o x
X <
5 %
o £ 4X107
Q O
ge
n @)
2X107 A o e
Q ([
O T T T T 1
0 20 40 60 80 100

rubber content (%)
Figure 8. Sensitivity of permeability to pressure for CDG mixed with GR1/FR2.
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Figure 9. One-dimensional compression curves for CDG-GR1/FR2 mixtures.

The compression (C.) and swelling indices (Cs) for all CDG-rubber mixtures are also
plotted against the rubber content in Figure 10. For Cs, the straighter part of the swelling
curve (at lower stress levels) was chosen for calculation as performed in Fu et al. [26],
since at higher stress levels the elastic deformation of the rubber particles cannot recover,
and the mixtures show a much stiffer behaviour. Considering the influence of rubber
content, the C. of mixtures with 10-30% rubber content was found to be similar (ranging
from 0.233 to 0.328), except a slightly higher compression index at 30% rubber content.
This phenomenon can be explained by the combined effects as follows: (i) Less compression
due to less particle breakage of CDG particles with the cushioning of rubber particles,
and (ii) more compression due to the high deformability of rubber particles. Unlike the
compression indices, the Cs of mixtures increases obviously with the increasing rubber
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content, mainly due to the recoverable elastic deformation of rubber particles. Except for
the rubber content, the shape of rubber particles seems to have a minimal effect on both
the compression and swell indices of CDG-rubber mixtures.

0.50 -
0.40 1 mGR1(C,) OFR2 (C,)
AGR1 (Cy) AFR2 (Cy)
. 0.30 -
- I =
0
o
ot
O 0.20 - A
A
4
0.10
0.00 ‘l‘ , , , .
0 10 20 30 40

rubber content (%)

Figure 10. Compression and swelling indices for CDG-GR1/FR2 mixtures.

4. Shear Behaviour of CDG Mixed with Rubber Particles
4.1. Stress—Strain Behaviour

The stress—strain data of the CDG and its mixtures with granulated and fibre-type
rubber particles are shown in Figure 11. For clarity, only those specimens sheared at
mean effective stress p’c = 400 kPa are presented. From small to moderate strain levels,
the stiffness of both mixtures (CDG-GR1/FR2) was reduced with an increasing rubber
content because the strong force chain going through softer rubber particles and the
tensile strength of the fibre-type rubber particles is not mobilised at such low strain levels
(see Figure 11a,c). From moderate to large strain levels, the CDG-GR1 mixtures show
slight post-peak strain softening behaviour, with very close stresses at the peak and critical
states. The axial strain corresponding to peak stress increases with an increasing rubber
content, indicating higher ductility. With the increase in rubber content, the stresses at
both the peak and critical states decrease slightly. The CDG-FR2 mixtures show totally
different stress—strain behaviour. Even the addition of 10% fibre-type rubber particles does
not affect the stress—strain behaviour much, and for mixtures with 20% and 30% rubber
particles, higher peak stresses are reached and the peak stress increases with the increasing
rubber content, mainly due to the reinforcement effect of those elongated rubber particles.
For volumetric strain behaviour, both CDG and its rubber mixtures are nearly purely
contractive (see Figure 11b,d). The contraction of CDG mainly comes from the breakage of
particles, while the contraction of CDG-GR1 mixtures is attributed to both the breakage of
CDG particles and the deformation of rubber particles. The CDG-FR2 mixtures show less
contraction than the CDG-GR1 mixtures, which is mainly due to the elongated shape of
rubber fibre, making it difficult to fill the voids during shearing.
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Figure 11. Stress—strain: (a) GR1 and (c) FR2, and volumetric strain: (b) GR1 and (d) FR2, behaviour
of CDG-rubber mixtures sheared at p’c = 400 kPa (with pure CDG for comparison).

4.2. Shear Strength at the Peak and Critical States

Figure 12 shows the effect of rubber inclusion on the friction angle at the peak (¢’y)
and critical states (¢’cs). For CDG, due to the initial loose state, the sample is compressed on
shearing until the critical state is reached. In this case, no distinct peak (¢’y ~ ¢'cs) will be
exhibited. The inclusion of GR1 reduces the ¢’, slightly, since it is unavoidable that the soft
rubber particles would participate in the force transmission. Meanwhile, the ¢, increases
when 20% and 30% fibre rubber (FR2) is added due to the mobilised tensile strength of FR2
particles (Figure 12a). Figure 12b shows the effect of rubber inclusion on the ¢’s. The ¢’
decreases after adding granulated rubber particles, mainly because the inclusion of rubber
leads to less strength mobilised from inter-particle friction as described in Li et al. [38].
The ¢’ increases after adding fibre rubber particles, again due to the mobilised tensile
strength of FR2 particles.
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Figure 12. Friction angles at the (a) peak states and (b) critical states for CDG-GR1/FR2 mixtures.

4.3. Critical State Lines in V-Lnp’ Space

Figure 13 shows the compression and shearing paths of CDG and its rubber mixtures,
where the critical states are marked. It can be seen that a unique CSL can be defined for
each material. In Figure 13a, for CDG-GR1 mixtures, the CSL moves downwards when
the rubber content increases. The gradient A, which indicates the compressibility of the
material, does not change much when the GR1 content is 10%. As the GR1 content increases
to 20% or 30%, A values are higher, indicating slightly higher compressibility. In Figure 13b,
for CDG-FR2 mixtures, a unique CSL can also be defined for each material. Note that those
CDG-FR2 samples with higher rubber content that did not reach stable deviatoric stresses
would not affect the critical state in the v-Inp’ plane much due to the log scale, so the
CSLs obtained are reasonably true. It shows that the CSL also moves downwards with an
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increasing rubber content, and without significant change in gradient A. The downwards
shift is much more obvious than that of the CDG-GR1 mixture.
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Figure 13. Critical state lines at v-Inp’ plane for CDG-rubber mixtures: (a) GR1 and (b) FR2.
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4.4. Peak Strength with Respect to the State Parameter

The peak strength was discussed with respect to the state parameters proposed by
Been and Jefferies [39] in this section. Figure 14 shows the peak strength against state
parameters. It can be seen that the peak strength decreases with the increase in state
parameters for all the materials tested. Within some scatteredness, a unique relationship
can be identified for all the materials, which indicates that the major effect of rubber
inclusion in those mixtures is the change of particle packing due to the alteration of the
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particle size distribution. For CDG-GR1 mixtures, especially at 30% rubber content, the
state parameters obviously decrease, indicating denser packing, which results in higher
peak strength.

55 4

50 A

@, =—58.1(y+1) + 98.6

30
m10%GR1  A20%GR1  #30%GR1
25 010%FR2  A20%FR2  ©30%FR2
o CDG

20 T T T T T 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6

W+1(-)

Figure 14. The relationship between peak strength ¢’p, and state parameter +1 ( + 1) for
GR1/FR2 mixtures.

For CDG-FR2 mixtures, the state parameters are clearly reduced, resulting in much
higher peak strength. A unique relationship cannot be well defined, especially for the
mixtures with 30% FR2, possibly because of the different mechanisms affecting the peak
strength of the mixtures. For the mixtures with a higher percentage of elongated rubber
particles, the reinforcement effect will become dominant rather than the changing of particle
packing as happened in the of CDG-granulated rubber mixtures.

5. Summary and Conclusions

This paper provides a comprehensive summary of a series of laboratory tests con-
ducted on a well-graded CDG and the CDG-rubber mixtures, to examine their mechanical
properties, including compactability, permeability, compression and shearing behaviour,
mainly considering the effects of rubber shape and content. The main points are sum-
marised below:

(1) In Proctor tests, the dry densities of pure rubber particles (both GR1 and FR2) re-
mained constant, ranging from 0.51 g/cm? to 0.54 g/cm?3, which seems to be inde-
pendent of water content. For the CDG—rubber mixture, with an increasing rubber
content, the compaction curves became more rubber-like with less obvious OMC.
The pure rubber particles show about 10 times higher permeability (5 x 10~4 cm/s)
than that of pure CDG (4 x 1072 cm/s) at the 150 kPa stress level. The influence
on permeability becomes clearer only when the rubber content is greater than 30%.
With the increasing rubber content, the mixture becomes much more sensitive to the
applied pressure.

(2) The inclusion of rubber shifts the compression curve downwards with the increasing
rubber content. The C. values of mixtures with 10-30% rubber content are found to be
similar, except a slightly higher compression index at 30% rubber content. The effect
of rubber inclusion in unloading stages is more obvious when the strains become
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much more recoverable with the increasing rubber content. The effects of rubber
shape are found to be minimal in both compression and unloading stages.

For CDG-granulated rubber mixtures, the stiffness is lower than that of the pure
CDG, which is more obvious with the increasing rubber content. The peak strength
(¢’p) decreases slightly with the increasing rubber content. The strength at the critical
state (¢’cs) decreases with the increasing rubber content, which is mainly because
the inclusion of rubber leads to less strength mobilised from inter-particle friction.
For CDG-rubber fibre mixtures, the stiffness is also lower than that of the pure CDG,
indicating that the tensile strength of the fibre-type rubber particles is not mobilised
at such low strain levels. In general, both the strengths at the peak and critical states
of CDG-rubber fibre mixtures are higher than that of the pure CDG and they increase
with the increasing rubber content, mainly due to the reinforcement effect of those
elongated rubber fibre particles.

For CDG—granulated rubber mixtures, the inclusion of rubber does not change the
state parameters much, so the change of peak strength of those materials is not
significant. For CDG-rubber fibre mixtures, the state parameters are clearly reduced
resulting in much higher peak strength. For mixtures with a higher percentage of
elongated rubber particles, the reinforcement effect will become dominant rather than
the change in particle packing as happened in those of CDG-GR1 mixtures.

All the above findings prove the suitability of adding rubber particles to CDG soil
as fill materials for various kinds of geotechnical engineering projects, including
lightweight fill materials for embankments, drainage layers for roads, landfills and
other applications, and reinforced fill materials for retaining walls, which could not
only reduce tire waste but also enhance the mechanical behaviour of CDG soil.
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Cer
CDG
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Cy

compression index

coefficient of curvature
completely decomposed granite
swelling index

coefficient of uniformity

mean particle size

rubber fibre

rubber granules

specific gravity of soil grains
optimum moisture content
mean effective stress

deviatoric stress

specific volume

slope of normal consolidation line
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0d dry density
Pdmax ~Maximum dry density

Qcs friction angle at the critical state
Py friction angle at the peak
VP state parameter
r specific volume of soil at critical state with p’ = 1.0 kN /m?
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