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ABSTRACT: The growing need for the development of resilient track materials (including ballast) to cope
with increasing train speed, load and frequency has led to a focus on optimizing performance and minimizing
maintenance requirements. The use of fibres of random orientation has been shown to improve significantly
the mechanical properties of sand. It is reasonable to expect that such random reinforcement will have similar
effects on ballast, provided that a thorough understanding of the reinforcement mechanisms at both the micro
and macro-scale is reached. This paper presents data based on macro-observations of fibre reinforced scaled
ballast that suggest that fibres influence the micro-mechanical interactions governing the volume change of
the mixture rather than influencing shear strength mobilization which is enhanced by the tensile capacity of
the fibres in the mixture. In addition, the potential benefits of the proposed reinforcement technique in railway

ballast are illustrated and discussed.

1 INTRODUCTION

It is well established that the degree of particle
packing significantly influences the strength and de-
formation behaviour of soils and crushed rocks. In
terms of railway track stability, there is also a con-
sensus that the strength and stability of ballast is en-
hanced by increased density (e.g. Selig and Waters,
1994; Indraratna et al., 1998). Ballast is one of the
primary components of a railway track and is the fo-
cus of the majority of track maintenance and renew-
al. The growing demands placed on railways, have
given rise to a need to develop cost effective ways of
improving the performance and reducing mainte-
nance requirements of railway ballast. The addition
of random oriented fibres in ballast is one possible
way of increasing the life span of railway track.
However, the effects of the addition of fibres on the
ballast structure and performance are unknown.

Evidence of how the addition of randomly orient-
ed fibres affects the packing of a granular medium
has been reported by Diambra et al., (2010). They
showed that the addition of fibres to sand produces a
gradual reduction in the maximum dry density of the
mixture. However, the effect of fibres on the pack-
ing structure has not been examined rationally par-
ticularly with regard to the characteristics (e.g. void
ratio, dry density, fibre content) of the mixture. Al-
so, the effect of the addition of fibres in relatively
large sized granular materials (e.g. scaled ballast) is
unknown. Diambra et al. (2013) stated that the lack
of understanding of the interaction mechanism be-
tween granular materials and fibres is one of the lim-

iting factors on the use of fibre reinforcements on an
industrial scale.

The effect of randomly oriented fibres on the
packing structure of scaled ballast is investigated in
this paper. The focus of the laboratory tests was on
assessing how the maximum and minimum void ra-
tios of a fibre reinforced granular material vary with
fibre content. To provide further understanding of
the effects of fibre reinforcement on granular mate-
rials (scaled ballast), a description of the effects of
the addition of fibres to granular materials and a dis-
cussion of the physical implications for the mechan-
ical behaviour of the mixture as measured in triaxial
tests are presented.

2 LABORATORY TESTS

2.1 Materials

Test reported in this paper were carried out on a
parallel-graded material (granite) with 1/3 the size of
a typical Network Rail ballast gradation (Figure 1).
The use of scaled ballast offers an attractive and
economical means of developing an understanding
of the mechanics of full size ballast (D190 = 62 mm).
Le Pen et al. (2013) demonstrated that although
measurable variations in form and roundness occur
with particle size over a range of sieve intervals,
these differences are slight and do not militate
against the use of scaled material in investigating the
factors influencing macro-mechanical behaviour.



Tape-like polyethylene fibres were used with the
dimensions and typical mechanical properties sum-
marised in Table 1.

2.2 Specimen Preparation

The scaled ballast-fibre mixture was prepared by
hand-mixing known masses of fibre and scaled bal-
last (SB) in a plastic container. The resulting mixture
appeared to be reasonably random and homogene-
ous.

2.2.1 Dry density tests

The maximum dry density of the scaled ballast-
fibre mixture was determined by compaction in three
layers into a cylindrical mould 150 mm diameter and
246 mm in height. Preliminary tests showed that
twenty blows from a standard Proctor rammer pro-
duced a density similar to that obtained using the vi-
bration method of compaction. To prevent particle
breakage due to the impact of the rammer, a circular
shaped laminated piece of wood padded with rubber
was placed on top of each layer during compaction.

As there are no widely established methods of de-
termining the minimum density of large sized granu-
lar materials, a technique of carefully placing scaled
ballast in the cylindrical mould, such that the parti-
cles would not densify was adopted for the scaled
ballast.
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Figure 1. Particle size distribution of 1/3 scaled ballast and
Network Rail ballast gradation

Table 1. Typical values of the basic properties of polyeth-
ylene fibres

Polyethylene

Fibre length 100 mm
Fibre width 35 mm
Fibre thickness 0.5 mm
Specific gravity 0.92
Tensile strength ~12 MPa
Softening temperature 85°C
Moisture absorption <0.1%

2.3 Triaxial tests

Conventional monotonic triaxial tests on specimens
150 mm in diameter and 300 mm in height were car-
ried out on fibre reinforced and unreinforced scaled
ballast specimens. The fibre-reinforced scaled bal-
last (FRSB) mixture was prepared in the same way
as for the density tests, and the reinforced specimen
was then prepared to achieve the densest state corre-
sponding to the minimum void ratio at a given fibre
content. The triaxial tests were carried out on dry
specimens at a confining stress of 30 kPa to replicate
the typically low confining stresses within an un-
loaded ballast bed (e.g. Indraratna et al., 2010; Sevi
and Ge, 2012). The triaxial tests and the initial con-
ditions of the specimen are summarised in Table 2.

2.4 Description of parameters

There is no universally accepted definition of
void ratio for fibre reinforced granular materials.
The main area of disagreement is whether the vol-
ume of fibres is considered to be part of the volume
of solids or voids. Each approach has implications
for the calculated void ratio of the mixture.

Table 2. Triaxial tests carried out

Fibre content,

Specimen €o Vi (%)
Loose SB 0.87 -
Dense SB 0.76 -
Vi = 3.2% 0.93 3.2

Diambra et al. (2010) considered the fibres to be
part of the solids component of the sand-fibre mix-
ture and defined the void ratio as the volume of
voids divided by the volume of grains plus fibres.
This definition does not obviously account for the
fact that, in a sand-fibre mixture, grain-fibre interac-
tion may lead to an increase in the void and/or non-



sand volume compared with pure sand, under the
same compactive effort. In particular, the approach
will perhaps misleadingly give a lower void ratio for
reinforced sand than for the same sand without rein-
forcement, because the volume of solids (defined in
this case as fibres plus sand) increases. Michalowski
and Cermak (2003) adopted the same approach of
considering the volume of fibres to be part of the
solid skeleton but did not present any experimental
evidence of its effect on the packing of the mixture.
Diambra et al. (2013), in developing a constitutive
model for fibre reinforced sands, considered the total
volume of voids to be divided into two parts ‘at-
tached’ to either the sand matrix or to the fibres.

To overcome these limitations a three phase sys-
tem consisting of voids (air), fibres and grains is
adopted in this paper (Figure 2), with relations be-
tween the phases defined as:

Void ratio (e): the ratio of the volume of voids (V,)
to the volume of the grains, hereafter termed “sol-
ids” (Vs).

e Vr L)

Volumetric fibre ratio (Vy): the ratio of the volume
of fibres (V) to the volume of solids (Vs)

Vfr =\ (2)

These definitions have the advantage of consider-
ing fibres independently of the solids and the voids,
while taking Vs to be the common denominator for
both parameters.
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Figure 2. Volumes of phases in a fibre reinforced granular ma-
terial

3 RESULTS AND DISCUSSION

The maximum and minimum void ratios (i.e. emax
and enin) increases gradually with increasing Vi
(Figure 3), indicating that the addition of fibres in-
terferes with the packing of the particles. Ibraim and
Fourmont (2007) reported a loss in dry density of the
sand-fibre mixture and this was attributed to the
greater resistance to compaction provided by the fi-
bres. However, the behaviour of the constituents
(i.e. the volumes of fibres, solids and voids) in rela-
tion to the observed macro-mechanical behaviour is
not fully understood. For example, the data present-
ed in Figure 3 shows that at a given void ratio, a
specimen could be relatively loose when Vi is low
but relatively dense when Vy is high.

The addition of fibres V; to a granular material
will essentially bring about changes in the total vol-
ume Vy and the volume of voids V, for a given vol-
ume of solids Vs (Figure 4c); or changes in the vol-
ume of solids and the volume of voids (as well as the
volume of fibres) within a given constant total vol-
ume Vo (Figure 4b).
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Figure 3. Effect of increasing Vi on the void ratio of rein-
forced 1/3" scaled ballast while using a constant compactive
effort
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Figure 4. Effect of adding a volume of fibres, Vs (a) Unre-
inforced granular material i.e. Vg, Vyp and Vs; (b) Fibre rein-
forced granular material at constant Vg, (Vs + 4¥75) and (Vyo +
AVy); (c) Fibre reinforced granular material at constant Vs, (V1o
+4 VT) and (VVO + 4 Vv)



Appreciation of the implication of this phenome-
non on the mechanical behaviour of fibre reinforced
granular materials is important as it will provide the
basis for a more robust understanding of the fi-
bre/particle interaction mechanisms.

The effect of fibre reinforcement on the stress-
strain behaviour of unreinforced and reinforced
scaled ballast is shown in Figure 5. The behaviour of
the unreinforced SB samples (Loose and Dense) is
typical of granular materials. The reinforced sample
(Vir = 3.2%) exhibited a higher mobilised strength at
large strains. The addition of fibres delays dilation as
shown in the volumetric strain plots. This
corroborates the findings of Michalowski and
Cermak (2003) and Dos Santos et al. (2010).
Diambra et al. (2013) however reported an increase
in the dilation of specimens reinforced by thread-like
fibres. They argued that this is a consequence of an
apparent densification of the granular matrix due to
the presence of fibres in the voids. This fundamental
difference is considered to be a result of the
specimen preparation method employed by Diambra
et al. (2013), in which a constant volume of
specimen and mass of sand was considered while the
fibre content was increased. To make the sand-fibre
mixture fit into the specimen volume, the
compactive effort was increased with increase in
fibre content.

To emphasize the effect of fibre reinforcements
on dilation, the compression parts (i.e. when 6 < 0)
of the plots of the rate of dilation (as defined in
Equation 3) against stress ratio, g/p' have been re-
moved and a line of the form ¢/p’ = ad + M (where a
is the rate of increase of stress ratio with rate of dila-
tion, and M is the stress ratio when 6 = 0) fitted
through the data points (Figure 6). At a given rate of
dilation, the reinforced sample shows a greater in-
crease in mobilised strength as demonstrated by the
higher o values. The plot of the angle of dilation,
against shear strain shown in Figure 7 confirms the
effect of fibre reinforcements in inhibiting dilation.
It also shows that the maximum rates of dilation ex-
hibited by the reinforced and Loose SB samples
were similar owing to their higher e, than the speci-
men of dense scaled ballast.
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where deyo is the plastic volumetric strain increment
and Jeq is the plastic triaxial shear strain.
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Figure 5. Effects of fibre reinforcements on the develop-
ment of stress ratio, g/p’ and volumetric strain with axial strain
for scaled ballast
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Figure 6. Effects of fibre reinforcements on the rate of dila-
tion, 6 SB specimens when 6 > 0
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Figure 7. Effect of fibre reinforcement on the variation of
angle of dilation, w, with shear strain

The addition of fibres to a granular material pre-
vents the grains from packing and thus creates both
macro voids (due to the packing of a smaller number
of solids within a given total volume) and micro
voids (arising from the inability of fibres to form
perfect bonds with particles). During shear, it can be
argued that the voids (macro and micro) created in-
fluence the micro-mechanical interactions governing
volume change of the specimen (e.g. sliding, rolling,
coordination number and local voids), while the
shear strength mobilisation is enhanced by the ten-
sile capacity of the fibres in the mixture.

The use of fibres in granular materials thus leads
to reduced lateral spread (minor principal strain) of
the mixture, and the mobilization of higher stress ra-
tios. This is potentially beneficial to the proposed
use in railway ballast, and is similar to the improve-
ment offered by geogrids in railway ballast by the
reduction in permanent vertical settlement and lat-
eral spread (e.g. McDowell et al., 2006; Indraratna et
al., 2010; Chen et al., 2012). The latter is believed to
be due to the restriction provided by geogrids to the
lateral movement of ballast particles.

4 CONCLUSION

The relationship between the structural packing
and mechanical behaviour of a fibre reinforced
scaled ballast has been investigated through macro-
observations of modified density and triaxial com-
pression tests. Triaxial tests on a fibre reinforced
specimen revealed that the shear strength mobilized
for a given rate of dilation is greater than for unrein-
forced specimens. It is suggested that the micro-
mechanical interactions governing volume change in
a reinforced specimen are influenced by the disturb-
ance resulting from the presence of the fibre rein-
forcements, while shear strength mobilization is en-
hanced by the tensile resistance of fibres.

This work provides a basis for understanding fi-
bre/particle interaction mechanisms at a macro-scale
with the intention of up scaling to full-size ballast.
Likely benefits include a more ductile material be-
haviour and a reduction in lateral spread.
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