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Geotechnical characteristics of a Rubber Intermixed Ballast System
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ABSTRACT

This study aims to promote the concept of using rubber granules from waste tyres as elastic aggregates blended
with traditional ballast particles for better performance of rail tracks, i.e. a Rubber Intermixed Ballast System
(RIBS). This paper describes the mechanical and compressibility characteristics of RIBS under monotonic loads
and a criterion designed to determine the optimum rubber content in the proposed RIBS. The most interesting
findings of this study embrace how the rubber granules in the blended rockfill assembly significantly reduce the
dilation and modulus degradation, and the breakage of ballast aggregates. RIBS with more than 10% of rubber
demonstrates a seemingly consistent reduction in dilation under changing confining pressures. Increased
deviator stress and larger effective confining pressure compress the rubber particles within the RIBS which may
cause relatively large initial settlements in the ballast layer, if the rubber content becomes excessive. It is also
evident from the results that rubber particles ranging from 9.5mm to 19mm with similar angularity to ballast
aggregates are advantageous, because, they reduce the breakage of load-bearing larger aggregates, thus
effectively controlling ballast fouling within the granular matrix.

Key words: Rubber intermixed ballast, Triaxial compression test, Ballast breakage, Modulus degradation
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1. Introduction

Ballasted railways are among the commonly used track infrastructure, as they provide adequate load bearing
capacity and stability subjected to a large range of moving loads apart from ensuring rapid drainage. Despite
these benefits, ballasted railways exhibit shortcomings that are mainly associated with track stability as the ballast
becomes degraded over time. After a certain period of operation, damaged ballast can no longer be used, and
requires replenishment with freshly quarried ballast which is one of the most expensive budget items in track

maintenance schemes in Australia [17].

In recent years, researchers have been investigating a variety of approaches to utilise recycled industry wastes
(i.e. tyre derivatives, coal wash, plastics, glass, etc.) in railway substructure to identify and evaluate sustainable
and innovative ways of recycling various types of industrial wastes, while reducing track degradation and
enhancing the performance. Different approaches have already been reported to a limited extent. For instance,
Ho et al. [9] and Kennedy et al. [18] introduced a blended ballast matrix such as elastomeric particles bounded
with the polymer matrix resin, and Fathali et al. [6] tested ballast mixed with tyre derived aggregates without a
binder as an alternative to traditional ballast. Qi et al. [24] proposed the use of shredded or crumbed rubber
blended with steel furnace slag and coal wash in sub-ballast. Moreover, Arulrajah et al. [1] introduced recycled
plastic and demolition wastes as railway capping materials, while Naeini et al. [23] introduced recycled glass

into these waste mixtures and evaluated stiffness and strength characteristics of capping layer.

Some previous studies [6, 27, 28] attempted to evaluate the impact of adding rubber granules in ballast
employing uniaxial compression tests and direct shear tests under dynamic loading. The most notable findings
to emerge from the literature imply that rubber added to a ballast assembly could reduce ballast breakage and
damage to track elements by increasing the capacity of the ballast layer to retain more strain energy [6, 27]. The
addition of rubber reduces the shear strength and stiffness of the ballast and increases its total settlement [28].
This is primarily attributed to the elastic modulus of rubber granules which are significantly lower than that of
rock aggregates. In previous studies, the particle size distribution of rubber granules has generally followed the
same shape of ballast gradations for compatibility of intermixing [4, 6, 28]. The study by Esmaeili et al. [5],
investigated the dynamic properties of rail ballast mixed with tyre-derived aggregates (TDA) in a modal shaker
test, and they found a significant decrease in overall stiffness associated with an increase in the damping ratio as
the amount of TDA increased (e.g. 22% of TDA in the ballast mixture decreased the stiffness more than 90%

and increased the damping ratio more than 60%). A follow-up study by the same author [4] found that 10% by
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volume of TDA could reduce the stiffness of pure ballast to one-fourth. This confirms that the overall behaviour

of ballast and rubber mixtures is directly influenced by the rubber particles.

Some researchers [27] suggest mixing rubber granules that are considerably smaller than the ballast particle sizes
(8mm-22.4mm), but this may not be a practical option, because, relatively smaller rubber particles can contribute
to ballast fouling (void filling) and segregation rather than improving the energy absorbing capability of a well-
interlocked matrix. M.Sol-Sanchez et al. [27] and Esmaeili et al. [5] suggested that 10% of rubber granules by
volume could reduce ballast degradation and increase the capacity of the ballast to absorb energy and also
maintain an acceptable level of stiffness of the matrix. Fathali et al. [6] proposed 10% by weight as a suitable
amount of rubber granules based on the combined effects of physical and mechanical properties, while Gong et
al. [7] and Guo et al. [8] also proposed the same recommendation of 10% by weight, considering particle
breakage. Considering various available ballast standards, Song et al. [28] suggested the addition of about 5%
of rubber particles by volume, in relation to the acceptable mechanical and damping properties expected of a

high quality ballast.

All these experimental and numerical studies found in the literature so far have focused on the dynamic
properties of railway ballast mixed with rubber granules, and they did not offer consistent and convincing
explanations regarding the optimum amount or the size of rubber particles to be utilised. Since all these studies
were conducted using either a ballast box, a direct shear test, or a modal shaker, none of the authors has
considered the roles of stress ratio, modulus degradation, and the compression/dilatancy, response to changing
confining pressures, when selecting the optimum amount of rubber. Furthermore, none of these studies took

place in the triaxial space to evaluate the relevant behaviour during the shearing process.

In view of the above, this paper presents important insights of the behaviour of Rubber Intermixed Ballast
System-RIBS using large-scale triaxial tests under three different effective confining pressures 10kPa to 60kPa
where different weight percentages of rubber (R,) ranges from 0-15%. A Particle size of rubber granules is
proposed based on the minimal effect on stiffness degradation and ballast fouling. A stability-based parametric
approach is used to evaluate the optimum amount of rubber in RIBS, while considering the geotechnical
properties of RIBS, i.e. the shear strength, stiffness degradation, reduced dilation, energy absorption capacity,

and ballast breakage.

2. Materials and testing program
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2.1 Test material

Fresh ballast for this study was obtained from Bombo Quarry (New South Wales, Australia), and it consisted of
latite basalt, which is widely used for railway tracks in the local region. Rubber granules were obtained from
scrapped tyres by the standard shredding process. The maximum particle size of the ballast was limited to 53mm
to ensure that the ratio of the diameter of the test specimen (300 mm) to the largest particle size is not less than
6, to avoid the boundary effect during triaxial testing [22]. The specific gravities of the ballast and rubber
granules were 2.8 and 1.15, respectively. The target particle size distribution (PSD) curve of RIBS with different
percentages of rubber granules along with the details such as the maximum (Dmax) and minimum (Dmin) particle
sizes, the coefficient of uniformity (C,), the coefficient of gradation (C¢) and the particle size distributuion of
rubber granules are shown in Fig. 1. RIBS gradation is appropriate for use as a railway ballast according to the

nominal 60 graded specifications specified by the latest Australian Standard (AS 2758.7:2015).

100

Adopted 60-graded ballast
(AS 2758.7:2015)
—s— Ballast upper and lower limits
—&— RIBS
—O— Rubber granules

oo
o

=N}
o

N
<

max — 03 mm

Passing percentage %
[y
<

D
Diin = 9.5 mm
C
C

2.36 4.75 9.5 13.2 19 26.5 37.5 5363
Particle size (mm)

Fig. 1 Particle size distribution of RIBS and rubber granules

According to past experimental studies [10, 12] and the current laboratory tests conducted for commonly used
ballast in the state of NSW in Australia (latite basalt), it is shown that larger ballast grains (19mm-53mm) are
more susceptible to breakage than smaller particles. This is because bigger particles forming the skeleton of
compacted ballast tend to be more angular, and consequently taking much of the applied stress concentrations
[10]. Besides, Khoshoei et al. [19] did some experiments with steel slag aggregates with tyre derived aggregates
and found that the specimens with larger rubber aggregates (20mm-60mm) were not as stiff as the samples with

smaller rubber aggregates (10mm-20 mm). Moreover, the larger particles of scrapped tyre granules are too planar
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and flaky as a result of the shredding process, and may not be appropriate for a typical rail ballast mix (Fig. 2a).
The elongated nature of the particles is different from the usual angular shape of the ballast, and therefore they
cannot interlock properly. Furthermore, those rubber particles less than 9.5 mm can cause fouling without adding
any favourable effects to RIBS. For this reason, the rubber granules used in this study range from 9.5mm to
19.5mm to maintain the structure of the ballast matrix without compromising its stiffness and shear strength.
Fig. 2(b-d) shows the visual appearance of pure ballast, rubber granules and the rubber intermixed ballast used

in this study.

0 2cm (@) Different size rubber granules "
il ) '
) |

B aed
1~

9.5mm-19mm 19mm-26.5mm 26.5mm-37.5mm

5 % | Rubber granules
A Ballast
el < 9.5mm-19mm 4

Fig. 2 (a) Shape of different size rubber granules; (b) Pure ballast; (c) rubber granules; (d) rubber intermixed

ballast system (RIBS)
2.2 Triaxial test procedure

A series of triaxial tests were carried out on specimens of 300 mm in diameter and 600 mm in height using the
large-scale triaxial apparatus. This apparatus consisted of a main chamber, a pressure control unit, a volume
change measuring device, a loading actuator and a data logger, all of which were controlled by the fully
automated servo-control unit. This apparatus enables a specimen to undergo triaxial loading under a constant
effective confining pressure. A more detailed description of the test apparatus can be found in Indraratna et al.

[10].
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Fresh ballast was sieved, washed, dried and then mixed with a certain amount of rubber granules to achieve
target PSD as shown in Fig. 1. This was carried out by pre-calculating the mass of each particle range while
keeping the same initial void ratio of 0.824 the same as the pure ballast for all the specimens. The initial void
ratio for compacted fresh ballast was achieved by tamping lightly to ensure minimum particle breakage while
preparing the test specimens. The densities and the specific gravities of RIBS after compaction are given in
Table 1. The specimens were compacted in four layers to reach the target initial void ratio, within the
confinement of a 7 mm thick rubber membrane. Before testing, each specimen was saturated under a back
pressure of 10kPa until Skempton’s B value of at least 0.98 was reached. The target isotropic effective confining
pressures (i.e., 0’3 =10, 30 and 60kPa) were selected to represent the actual field conditions for conventional
tracks [29]. Each specimen was subjected to axial strain up to 20-25% until they failed or reached the maximum
axial strain limit of the apparatus. The applied shearing rate was 1.5mm/min, which was gradual enough to
prevent any excess pore pressures building up to maintain drained condition. The stress measurements were
corrected for the membrane effect as per ASTM D7181-20 [2]. After completing each test, the specimens were
then sieved to determine the extent of ballast breakage. During testing, the shape and texture of the rubber

aggregates prevented segregation within the compacted RIBS mixture.

Table 1 Initial specific gravity, density, relative density and the effective friction angle

Ry (%) in the RIBS Initial specific Density Relative density, Effective friction
mixture gravity (kg/m?) Dr % angle, ¢,y
0 2.8 1535 1.00 48.8
5 2.61 1432 0.93 48.4
10 2.45 1342 0.87 47.7
15 2.3 1263 0.82 46

3. Experimental results and discussion

3.1 Stress-Strain response
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Fig. 3 Effect of the rubber on: (a-c) deviator stress-axial strain curves; (d-f) volumetric-axial strain curves

In this paper the conventional triaxial stress parameters: p’ (mean effective stress) and g (deviator stress) are

1+203 inei i i
calculated from p' = % and g = g{-04, where gy, and o3 are the principal effective compressive stresses.

The volumetric strain (g,,) can be determined from (&, + 2¢,.) where &, and ¢, are the axial and the radial strain,
respectively. Typical stress-strain curves for RIBS mixtures with different R, (i.e., 0%, 5%, 10% and 15%) at
different effective confining pressures (i.e., ¢'; =10, 30 and 60kPa) are shown in Fig. 3. Note that the deviator
stress of all the specimens increases with the axial strain until they reach the peak deviator stress, and there is no
pronounced strain-softening except for pure ballast and for the ballast with 5% rubber at ¢'; = 10kPa. This
complements the observations made earlier by Indraratna et al. [16] and Lackenby et al. [20], as failure of ballast
is generally accompanied by bulging towards the centre of the specimen, rather than a distinct shear plane across
the specimen. The computed peak deviator stress ratio (1,¢4) has been denoted as a dark solid circle on each
plot. Note that the peak deviator stress (qpeak) increases as the effective confining pressure increases, whereas
under the same effective confining pressure, gpeax decreases with an increasing R;, when the amount of rubber is
>5%. However, when R,=5%, the RIBS mixtures have the relatively similar gpeax to pure ballast, but when the

amount of rubber increases the RIBS mixtures exhibit a rubber-like behaviour (Fig. 3a-c) as they reach their
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peak stress at relatively higher axial strains, thus transforming the RIBS mixture from a brittle to a ductile state.
Moreover, the volumetric strain of RIBS with R, >5% barely stabilised by the end of the test, probably because
the rubber particles continued to deform until the end of the test, thus preventing the volumetric strain to attain

a constant value, i.e. a critical state.

Unlike the light tamping while preparing the test specimen, increased deviator stress and larger effective
confining pressure compress the rubber particles in the RIBS mixtures and make notable changes in the
compressive behaviour of the mix compared to pure ballast specimens (Fig. 3d-e). The rubber grains in a
compressed state trigger effective particle interlocking (i.e., it reduces the volume of voids) to make the material
denser than its initial state. Similar to the way in which an increased effective confining pressure would suppress
volume expansion, an increased density reduced the volume compression, followed by dilation of the dense

granular assembly as shearing progressed.

As shown in Fig. 3d-e, pure ballast and RIBS with 5% rubber (¢'3<30kPa) show only limited initial volumetric
contraction in contrast to overall dilation, whereas test specimens of RIBS with R,>5% undergo significant
initial compression before any dilation. RIBS with increased rubber content at larger effective confining
pressures demonstrate larger compressions (e.g. 4% for RIBS with 15% rubber at effective confining pressure,
o'; = 60kPa) which may cause relatively large initial settlements in the ballast layer. A closer inspection of
Fig. 3a-c shows that some abruptly fluctuating undulations in the otherwise relatively smooth stress-strain curves
represent ballast breakage or attrition of rough and angular surfaces of coarse particles during shearing (slipping).
It is noted that these erratic undulations become insignificant as the percentage of rubber increases, which
indicates reduced ballast breakage within the granular assembly. This may be attributed to an increase in contact
surface area between ballast and rubber (i.e. better interlock) which resist slipping and alleviate to some extent

the high stress concentrations at particle contacts.
3.2 Modulus degradation

The stress-strain plots in Fig. 3a-c follow the typical stress-strain behaviour for loose sand. To obtain the initial
tangent modulus, this typical stress-strain behaviour was approximated by the hyperbolic stress-strain curve [3]

as shown in Fig. 4a and given by the following equation.

S 1)
a + be,

q

where a and b are model parameters determined by curve fitting the experimental data (R?>0.98).
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Fig. 4 (a) Initial tangent modulus of RIBS; (b) secant modulus degradation of RIBS at 7, Note an insert

shows the variation of secant modulus degradation with axial strains at confining pressure of 60 kPa

In Fig. 4a, based on the hyperbolic fit, 1/a is the initial tangent modulus E; and 1/b is the ultimate principal stress

difference. The secant modulus of soil (E), is defined as the ratio between the difference in deviator stress to the

corresponding axial strain, where E=Aq/Ae,. Modulus degradation at a point is determined by the ratio, E /E;.

The initial tangent modulus E;, represents the short-term static modulus of elasticity which is required to

10
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calculate the initial elastic track settlements. It is also a good indicator of the ductility of the materials because a
lower E; means higher ductility. In Fig. 4a there is a clear trend of decreasing E; with the introduction of rubber
into the mixture, thus indicating reduced stiffness and increased ductility. Under the same confining pressure
when R;, = 5%, the reduction of E; is around 60% comparing to pure ballast. Any further increase in the amount
of rubber in the RIBS tends to have a lesser influence on further reducing the value of E;. It is also clear that for
the specimens with the same rubber content, an increase in the effective confining pressure increases the value
of E;. The modulus degradation at 7,,¢4 is shown in Fig. 4(b), where 1,4 is the peak stress ratio obtained by
determining the maximum stress ratio (n) based on the n-g, plot. The modulus degradation (E/E;) rapidly
decreases and attains stability in pure ballast, but an increase in the amount of rubber in the RIBS mixtures slows
down the rate of modulus degradation (Fig. 4b). Therefore, for the RIBS samples with increased rubber
(R,>10%), the modulus degradation is notable, even at the large axial strains (,>0.15). The reason for this
gradual decrease in the rate of modulus degradation (shape of modulus degradation curve) can be attributed to
the increased particle interlocking due to the deformation of rubber granules. RIBS materials with increased
rubber can undergo significant axial deformation before failure compared to pure ballast. In other words, the
reduced rate of modulus degradation increases the failure strain, i.e. increased ductility. For instance, at ¢'; =
60kPa the axial strain at peak stress ratio (where E/E; starts stabilizing) increases from 0.09 to 0.2 when R,
increases from 0 to 15%. Therefore, due to the increased ductility, the value of E/E; at peak stress ratioincreases
with the increased rubber content (Fig. 4b). However, when R, increases to 15% a sharp increase in E/E; is
observed. Note also, when R;,>10%, the influence of confining pressure on the E/E; becomes pronounced, and

E /E; reduces as ¢’ increases.
3.3 Friction angle and dilation angle

The internal friction of ballast material governs the stability of the track. Previous studies [14, 26] reveal that
the effective friction angle (¢.) of fresh ballast varies from 46" to 69°as the effective confining pressure
increases from 10kPa to 300kPa. However, it can be a challenging task to obtain a RIBS mixture without
reducing its shear strength attributed to the lower strength of rubber compared to intact rock aggregates, hence
the importance of ensuring the ideal or optimum rubber content in the mix. For instance, Song et al. [28] showed
that a mixture of ballast and rubber with the same gradation (R,=10%) significantly reduces the internal friction
angle of ballast (by 24%). The effective friction angle of RIBS mixtures in this study was calculated using the

peak deviator stresses, and tabulated in Table 1. Note that increasing R;, from 0 to 15% led to a minor change in

11
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the effective friction angle for RIBS mixtures from 48.8°to 46.0°. This indicates that replacing the typical size
range of ballast between 9.5 to 19.5mm with up to 15% of rubber granules may have only marginally

compromised a reduction in the overall shear strength.
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Fig. 5 Effect of the rubber on effective friction angle ¢, friction angle at peak stress ratio ®, and the dilation

angle (¥)

The mobilised friction angle of all the specimens at the peak stress ratio (¢,) was also determined and plotted
against the percentage of rubber (Fig. 5). The mobilised friction angle at the peak stress ratio incorporates the
effect of breakage and dilatancy of the sample thus corresponding to the stresses at peak stress ratio, whereas
the effective friction angle (¢.s) does not [12]. It can be seen that the difference between the ¢,, and the ¢,

decreases as the amount of rubber increases; this represents reduced dilation and breakage. The dilation angle

dey/dey

(¥) is calculated using the equation siny = — —deyden

where de, is the increment of volumetric strain and de,

is the increment of axial strain. As also shown in Fig. 5, the dilation angle decreases as the amount of rubber
increases and when R;, >5%, ¥ of RIBS is less than that of conventional ballast;i decreases as the confining
pressure increases and the effect of confining pressure is suppressed by the increased rubber content. This is
clearly reflected by the plots for dilatancy d = de,, /de, versus stress ratio shown in Fig. 6 and further explained

below.

12
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Fig. 6(a-c) Dilation-stress ratio responses of RIBS under different effective confining pressures: (a) 10 kPa, (b)

30 kPa and (c) 60 kPa; (d) Maximum dilatancy with rubber content

Fig. 6(a-c) shows that the peak stress ratio decreases as the confining pressure increases for conventional ballast
and RIBS with R,=5%. However, when R,>5%, the change in the confining pressure shows an insignificant
effect on the peak stress ratio and dilatancy of RIBS. The reason for this can be attributed to the induced rubber
contracting during the initial shearing stage (up to de, /de,=0 for the first time) which then influences the stress-
dilatancy behaviour more than the change in effective confining pressures (10kPa to 60kPa). Having a broadly
similar stress-dilation behaviour with changing effective confining pressures is an advantage for RIBS mixtures
(Rp,>5%) in terms of controlling the lateral misalignments along the track in a practical perspective. However,

while an increase in the amount of rubber decreases the peak stress ratio, this difference is not as significant
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under higher effective confining pressures (e.g. 60kPa). It is observed that the maximum dilatancy generally
decreases with the increased rubber content, and the effect of confining pressure on dilatancy is insignificant

when R,>10% (Fig. 6(d)).

3.4 Ballast breakage

Ballast breakage is one of the key factors that cause track degradation. The particle breakage of RIBS mixtures
has been quantified using the ballast breakage index (BBI) [13] and the classical particle breakage index (Bg)
[21]. The definition of BBI is shown in Fig. 7a where the initial and final grading curves are needed during the
calculations. By is the difference in the percentage of the weight of particles retained on the sieve before and
after the test, i.e. By =4 W = Wi —Wis, where Wi represents the percentage retained on sieve size k before the
test and Wi is the percentage retained on the same sieve size after the test. Byis expressed as a percentage. BBI
is a parameter that can be conveniently used to examine the overall particle breakage of the RIBS, while Marsal’s
breakage index By can demonstrate the sizes of ballast particles that are more prone to breakage and how the
addition of rubber can control breakage for each particle size range. It has been found that if the BBI<0.1, then

the breakage can be considered negligible [11].
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Fig. 7a shows the BBI of RIBS mixtures varying with R;. A considerable amount of breakage (BB1=0.15-0.23)
is found for pure ballast specimens under ¢'; = 10,30 and 60kPa; this agrees with previous studies by

Indraratna and Salim [13] and Indraratna et al. [15]. The investigations of BBI in RIBS mixtures demonstrate
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negligible ballast breakage (BB1<0.1) after adding 5% or more of rubber. The change in By with the percentage
of rubber in each RIBS mixture under an effective confining pressure of 30kPa is shown in Fig. 7b. There is
more than 70% reduction in breakage in the larger ballast particles (>38mm) in all the specimens with rubber
(irrespective of R,) compared with pure ballast. A small increase in the amount of rubber enhances the internal
stress distribution with an increased damping effect, and this significantly reduces the degradation of the larger
particles. In this study, it is observed visually and after the sieve analysis for pure ballast, that corner breakage
of highly angular particles contributed more to ballast degradation than splitting (i.e. across the body of the
particles). The other possible reason for reduced ballast breakage in RIBS is the reduced angular corner breakage
due to the increased contact areas between the ballast and rubber within the blended matrix (Fig. 7b). These
observations seem to support the idea of replacing ballast with rubber granules in the size range of 9.5mm-19mm
rather than larger sizes (>19mm), not only to preserve the strength of the material but also to reduce ballast

breakage.
3.5 Energy absorption

To evaluate the energy absorption capacity of the RIBS mixture, the strain energy density (E,;) is used herein:
vf 2
Eq = f Tdy @

0

where y; is the shear strain up to the peak shear stress and 7 is the shear stress; here 7=q/2 and the shear strain

is ¥ = 3¢&4/2. Here g, is the deviator strain where e, = &, — €, /3.
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specimens and shown in Fig. 8b. Note that the inclusion of rubber increases £, indicating the energy absorption
capacity of RIBS increases, which is because more energy is consumed during the contraction of highly
compressible mixtures. The increase is more pronounced under low confining pressures (e.g. o'; =10kPa to
30kPa). This is more favorable as the ballast layer in the field is normally subjected to only a very low confining
pressure in the range 10kPa to 30kPa [14]. This is a justifiable reason for adding rubber to ballast materials
meaning that the increased energy absorbing capacity of the ballast layer not only decreases ballast breakage
internally, it also reduces the amount of energy transferring to other substructure layers (e.g. subballast and

subgrade), hence reducing damage to overall track elements [25].
4. Proposed acceptance criteria for RIBS

In this paper, a design criterion is introduced to assess the optimum amount of rubber in a RIBS mixture
considering the effective friction angle, dilatancy angle, ballast breakage, as well as energy absorption and
modulus degradation at peak deviator stress ratio. Five levels of acceptance are proposed herein to determine
the optimum amount of rubber in the RIBS, while aiming towards a reasonably steady condition over the long

term.
Step 1: Frictional shear strength and dilation angle,

The effective friction angle (¢.) is one of the governing factors used to determine the bearing capacity of the
ballast layer and the dilation angle (i) represent the dilation of the ballast. It is expected the RIBS with the
optimal rubber content should have ¢, not less than pure ballast 46° ~55° [14, 26], while i of RIBS is to be

less than that of ballast to ensure controlled dilation.
Step 2: Axial strain at peak stress ratio

From the laboratory test data it is identified that the axial strain of pure ballast at peak stress ratio is around 0.1
under typical track confining pressures; ¢'; =10kPa to 30kPa [16]. To avoid the consequences of excessive
settlements of RIBS compared to the conventional ballast material, an axial strain of 0.1 at peak stress ratio is

considered as the tolerable limit for RIBS design criteria under the same confining pressures of 10kPa to 30kPa.
Step 3: Ballast breakage

The proposed RIBS with rubber should present superior performance in terms of ballast breakage, so the BBI
values of RIBS should not exceed the BBI values of pure ballast under the same confining pressures (0.2-0.22;

Fig. 7a). Furthermore, it is highly possible that the addition of rubber can reduce the BBI significantly and the
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RIBS can achieve negligible particle breakage (BB1=0.1) under possible track confining pressures up to 60kPa.

Therefore, here a stricter criterion is adopted as BBI<O0.

Step 4: Modulus degradation

1 for the selected RIBS.

In traditional ballast, the rate of modulus degradation rapidly decreases with axial strain and then stabilise at a

low value (0.1-0.12). However, an increase in the amount of rubber in the RIBS mixtures slows down the rate

of modulus degradation, indicating higher ductility and the potential of RIBS to withstand failure at larger axial

strains. In fact, it is important to ensure that the RIBS should have improved ductility than the pure ballast, hence

the E/E; at npqy is expected to be over 0.12 and that is satisfied by all the RIBS samples.

Step 5: Energy density

It is suggested that the proposed RIBS should satisfy normalised strain energy density E; > 1 to ensure the

energy absorbing capacity of RIBS material is larger than that of pure ballast to help minimize ballast

degradation and ensure less energy being transmitted to the adjoining substructure layers.

5. Optimising the amount of rubber
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Using the proposed design criteria, the optimum amount of rubber in the RIBS mixture can be assessed as shown
in Fig. 9, which shows how the optimum mixture is justified according to the ballast breakage index and the
associated axial strain. When R, = 7.5% all RIBS will present a negligible ballast breakage, i.e. BBl <0.1.
Moreover, when R;, >10%, the axial strain at 7,4, 0f RIBS will exceed the acceptable limit of 0.1 under the
effective confining pressure 10kPa to 30kPa. Therefore, combining the test results of BBI and &, at 7,4, the

acceptable range of rubber should be 7.5% < R, < 10%.

Moreover, all the RIBS samples show greater energy absorption capacities, reduced dilation angle and greater
E /E; at npeq cOMpared to the traditional ballast material. Also, the effective friction angle of RIBS with up to
15% of rubber is within the general range of pure ballast. Therefore, combining the selection result from Fig. 9,
under possible real-life confining pressures (10kPa< g3 <30kPa) the optimum percentage of rubber in the RIBS

can be prescribed confidently as 10% by weight, based on the findings of this study.
6. Conclusions

This paper has reported a study of the geotechnical properties of mixtures of ballast and rubber granules, i.e.
Rubber Intermixed Ballast System (RIBS). A series of large scale static triaxial tests was carried out on RIBS
with different amounts of rubber content (0-15%) and at effective confining pressures of 10, 30 and 60kPa. To
ensure that the specimens of RIBS experienced less ballast breakage and dilation while preventing fouling,
rubber shreds from 9.5mm to 19mm were used in lieu of the same size fraction of the natural ballast aggregates.

The following salient findings could be drawn from this research:

e  Overall, the current test results revealed that the inclusion of rubber increased the axial strain, the
compressive volumetric strain, and the energy-absorbing capacity, while decreasing the dilation and ballast
breakage. To optimise these mechanical properties and deformation characteristics without making the
blended mix overly compressive, an optimum amount of 10% of rubber by weight could be recommended
in the RIBS. The inclusion of rubber offered a significant reduction in ballast breakage, with more than

70% reduction in breakage of the coarser ballast particles (>38mm) in all the RIBS mixtures.

e Under the same effective confining pressure, the peak deviator stress, (peax Of RIBS decreased with an
increasing amount of rubber >5%, however, this reduction in strength (i.e. drop in gpeax= 27% and 34% for
RIBS with R, =10% and 15% at o5 =30kPa) was certainly tolerable in relation to the obvious benefits of

having less particle breakage.
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e  RIBS with an increased amount of rubber at larger effective confining pressures initially demonstrated
larger volumetric contraction, however, the increased amount of rubber reduced dilation significantly

compared to that of pure ballast, thereby improving track stability in a real-life perspective.

e  The modulus degradation declined gradually as the amount of rubber was increased up to the optimum of
10% by weight, and the mix was stable at larger axial strains. This implies that the rubber contributes to
increased ductility of the mix, hence in reality the track is expected to be more resilient while attaining a

stable settlement.

e There was only a minor reduction of the effective friction angle (<6%) of the RIBS mixtures when the
amount of rubber increased from 0 to 15%. This was mainly because the rubber fraction (9.5-19 mm) was
of the same size and similar angularity of the replaced natural rockfill fraction. The decreased angle of
shearing resistance could be attributed to the reduced particle hardness and surface roughness of the rubber

particles compared to quarried natural rock aggregates.

e  When R, = 10%, RIBS showed a similar stress-dilation behaviour with the increasing effective confining
pressure, while indicating at least a 50% reduction in the dilation angle compared to pure ballast at

confining pressures, a; =30kPa.

e  Anincrease in the amount of rubber by 10% increases the strain energy density of RIBS by around 15% in
contrast to pure ballast, with the benefit of absorbing the energy transferred to the substructure, thus
reducing track deterioration. At larger confining pressures (o5 =60kPa) the strain energy density is likely

to remain steady with the increase of rubber more than 5%.

In summary, the findings of this study provide a perception of enhancing track longevity by reducing track
degradation hence reducing the maintenance cycles over the period of track operation. At the same time, RIBS
provides a solution for non-biodegradable waste material from the tyre industry at a low cost by reusing as an

aggregate in railways while preserving the natural landscapes.
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