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ABSTRACT: In railway tracks, ballast fouling due to fine materials mixing has been identified as a challenging issue.
In this research, deformation characteristics of sand-gravel mixtures, simulating fine-ballast mixtures, were studied
using laboratory and DEM-simulated triaxial compression tests. The DEM simulations were done in Yade, an open
source developed based on DEM. Initially, void ratio characteristics of sand-gravel mixtures were studied. Then,
triaxial compression tests were conducted for the specimens of 50% and 80% of relative densities. The void ratio results
indicated that, initially, void ratios decreased with %sands. After reaching the minimum void ratios, void ratios
increased with %sands. The triaxial test results indicated that, on average, similar behaviour in stress-strain curves,
where, at initial %sands, stress-strain curves became higher and then, stress-strain curves became smaller, though it was

slightly different in laboratory tests.
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1. INTRODUCTION

In railway tracks, due to repeated heavy train loads, fine
materials mix with ballasts. The fine materials come mainly
from the underneath layers and to a lesser extent due to
particle crushing as well [1]. Changes in deformation
properties of ballasts due to sand intrusions have been
identified as a major problem in railway engineering. In
many cases, ballasts containing sands shows large
settlements, which is induced mainly by railway traffic
loading. However, degree of settlement depends not only
on traffic volume but also on physical and mechanical
properties of the ballasts. Though there had been various
researches conducted on pure materials of ballasts and fines
[2]-[3], there had not been sufficient researches conducted
on deformation characteristics of fine-ballast mixtures
simulating actual field rail-track conditions. Perhaps,
difficulties in simulating multi-size particles in numerical
simulations would have been the main issue behind less
number of researches on fine-ballast mixtures. However, it
is very important to understand effects of fine materials
mixing on deformation characteristics of ballast to
understand degradation of ballast layers and to propose
maintenance works for degraded ballast layers.

After development of DEM [4], DEM simulations
became the most widely used numerical method to study
deformation characteristics of granular materials. As
laboratory experiments are complicated and expensive for
various types of field conditions, nowadays, numerical
simulations are preferred in many research works.
However, laboratory experiments are still required to verify
the accuracy of the numerical simulations. In this research,
deformation characteristics of granular materials including
sand-gravel mixtures were studied wusing triaxial
compression tests in Yade [5] as the numerical method in
addition to laboratory triaxial compression tests.

1.1 Yade

Yade is an extensible open-source framework for discrete
numerical models, focused on Discrete Element Method
[5]. Yade is a 3-D numerical method. In Yade, particle size
distribution (PSD) curves of sand-gravel mixture were
simulated using gap-graded PSD curves. Widulinski et al.
(2009) [6] and Sayeed et al. (2011) [7] have also conducted
triaxial compression tests using sphere particles in Yade
and found good agreements with experimental results.

2. METHODOLOGY

In this research, since size of ballast (i.e., 10-60mm) is too
large to use in triaxial compression test (the specimen size
is 100mm in diameter and 200mm in height), gravel of size
of 1/5 of actual ballast, was used. Medium size sand was
used as the fine material. At the initial stage, void ratio
characteristics of sand-gravel mixtures were evaluated
using laboratory density tests and DEM triaxial
simulations. The density tests were conducted according to
JIS A 1204-2009 [8]. In the next stage, deformation
characteristics of sand-gravel mixtures were evaluated for
the specimens of 50% and 80% of relative densities, D,. The
deformation characteristics were evaluated using both
laboratory and DEM simulated triaxial compression tests.

2.1 Laboratory Triaxial Compression Tests

Laboratory triaxial compression tests were conducted using
the apparatus shown in Fig. 1 according to JGS 0527 [9].
Axial deformations were measured by an external
displacement transducer and a pair of LDTs [10]. However,
the measurements of LDTs used to determine small strain
deformation properties, are not included in this paper. The
triaxial tests were conducted under 80kPa of confining
pressure, o.. Though railway track ballast is subjected to
30-40kPa of o, the triaxial tests were conducted under
80kPa to minimize errors (e.g., membrane force effects,
etc.) arising with small suction pressure.
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Fig. 1: Triaxial apparatus

2.2 DEM Simulations

In triaxial test simulations, void ratio is determined by
friction angle, during isotropic compression, ¢. After
maximum and minimum void ratios, ey, and ey, of the
specimens were determined, void ratios related to 50% and
80% of relative densities, es, and egy, were obtained using
Eq. (1). Then, the values of ¢, related to esy and egy were
determined. In the DEM simulations, particle size was
simulated as 100 times larger than the size of laboratory
specimens to reduce simulation time. The DEM simulations
were done using sphere particles. The input parameters
used in the DEM simulations are given in Table 1. Though
Sm/s of V,, was used for gravel specimens, smaller values
of V, (1m/s used here) were required for the specimens of
small size particles to stabilize the simulations.

Table 1: Input parameters of DEM triaxial simulations

Parameter Value Remarks

Stability criterion 0.01 | Help to stabilize
system
Friction angle of spheres .
during ¢ iso%ropic Sec | . . de?termlnes
. Table 2 | void ratio

compression, ¢,
Coefﬁcwnt of C undal 0.2 | Default value
non-viscous damping
Max. time step, Az (s) 0.000658 | Default value
Density of spheres,
o, (ke/m’) 2600
Max. velocity of walls, 1.0/5.0% Help to stabilize
Vy (m/s) T the system
Number of particles, N 10000
Confining pressure, 30
o (kPa)
Friction angle of spheres
just before shearing, ¢ 30
(degree)
Ratio of shear and normal
contact  stiffness  for 0.5
spheres, KJ/K,
Stiffness of spheres, 15
E, (MPa)
Strain rate (s™) 0.1

Note: * Used for gravel specimen
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D, =—mx =€ 100(%) (1)

€max ~ €min

2.3 Sample Preparation

Twelve specimens each (six each for 50% and 80% of D)
were prepared with different %sands as given in Table 2 for
laboratory experiments and DEM simulations.

Table 2: Details of friction angle and void ratio

Sands Friction angle, Void ratio, e
) 4. (degree)
D,=50% | D,=80% | D,=50% | D,=80%
0 16.5 4.5 0.632 0.566
15 11.8 3.8 0.485 0.429
30 16.3 4.2 0.403 0.342
50 20.0 5.0 0.450 0.396
70 17.15 4.4 0.519 0.460
100 16.4 3.5 0.646 0.574

3. RESULTS AND DISCUSSIONS

Fig. 2 shows PSDs of laboratory specimens. PSDs of the
samples were evaluated using sieve analysis test according
to JIS A 1204 [11]. Fig. 3 shows PSDs of the DEM
simulations. As shown in Fig. 3, particle size of
DEM-simulated specimens is 100 times larger than those of
laboratory specimens.
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3.1 Void Ratio Characteristics

Fig. 4 shows relation of void ratio of the specimens
with %sands. In Fig. 4, emaxexp and emaxpem represent
maximum void ratios of experimental and DEM-simulated
specimens respectively. As shown in Fig. 4, void ratios
(both e« and ey,;,,) decreased with %sands at initial level,
then, after certain percentage of sands, void ratios increased
with %sands. The minimum value of void ratios (both ey
and e,;;) reached at 50% and 30% sands for laboratory and
DEM-simulated specimens respectively. The difference in
percentage of sands to reach minimum value of void ratios
should be attribute to differences in particle shape as DEM
simulations were done using sphere particles whereas
laboratory specimens consist of irregular shape particles.
Lade et al. (1998) [12] also showed similar results for
binary mixtures of sphere particles where minimum value
of void ratios were observed mainly at 20% - 40% fines
depending on diameter ratio of the two particles.

The results also showed that void ratios of the
DEM-simulated specimens are smaller than laboratory
specimens for the specimens of larger particles (e.g., gravel
specimen). However, it should be noted that void ratio of
the DEM-simulated specimens were measured at the end of
isotropic compression (under 80kPa of o.) whereas in
laboratory specimens, void ratios were measured just after
sample preparation (i.e., before test was conducted). As
shown in Fig. 4, the difference in void ratios of laboratory
and the DEM-simulated specimens become smaller for the
specimens of more sands than those of more gravel
particles. The large difference in void ratios for the
specimens of larger particles should be attribute to different
particle shapes in laboratory specimens and DEM
simulations. It should also be noted that, in general, gravel
particles are angular shape while sand particles are rounded
shape. Fig. 5 shows relation of ey, and ey, for both
laboratory and DEM simulated specimens. Fig. 5 clearly
shows that both relations are linear with roughly a same
gradient (i.e., increasing rate) though experimental data
shows higher void ratios. As explained above, smaller void
ratios in DEM simulations should be attribute to different
particle shapes in the two methods.
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3.2 Triaxial Test Results

Fig. 6 shows a DEM triaxial test simulation at different
steps. The specimens were prepared in a box as shown in
Fig. 6. As shown in Fig. 6 (a), at the beginning of particle
generation, packing is very loose. At the end of isotropic
compression, void ratios were obtained to compare with
those of laboratory specimens. Fig. 7 shows deviator stress
vs. axial strain for laboratory specimens of 50% of D,. Fig.
8 shows deviator stress vs. axial strain for DEM-simulated
specimens of 50% of D,. As shown in Fig. 7, stress-strain
curves became higher with %sands up to 30% sands. Then,
stress-strain curves became smaller with %sands. The
behaviour of stress-strain curves is similar to those of void
ratios, though not for all the cases (e.g., 50% sand case).
The difference behaviours of stress-strain curves from void
ratios with %sands, should be attribute to different shapes
of gravel and sand. As expected, the results also showed
that gravel specimen experienced higher stress-strain curve
than that of sand specimen. In the DEM simulations, as
shown in Fig. 8, stress-strain curves became higher up to
30% sands, same as void ratio decreased with
initial %sands. Then, stress-strain curves became smaller
same as void ratio increased with %sands. In DEM
simulations too, gravel specimen experienced higher
stress-strain curve than that of sand specimen. However, it
should be noted that laboratory specimens experienced
higher stress-strain curves compared to DEM-simulated
specimens. The difference in stress-strain curves between
the two methods should be attribute to different particle
shapes as the DEM simulations consist of sphere particles
while laboratory specimens consist of irregular shape
particles. Lin and Ng (1997) [13] also showed that irregular
shape particles give higher stress-strain curves than those of
sphere particles. He compared stress-strain relations for the
samples made of ellipsoid and sphere particles and found
that ellipsoid particles give higher stress-strain curve. Yan
et al. (2009) [14] also studied effects of particle shapes on
strength characteristics and found that sphere particles give
smaller stress-strain curve compared to clump particles (i.c.,
irregular shape particles).
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Fig. 6: A DEM triaxial test simulation at the (a) particle
generation and (b) end of simulation (30% sand case)
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Fig. 7: Deviator stress vs. axial strain from laboratory
specimens of 50% of D,
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Fig. 8: Deviator stress vs. axial strain from DEM
simulations of 50% of D,

Fig. 9 shows deviator stress vs. axial strain for laboratory
specimens of 80% of D,. Fig. 10 shows deviator stress vs.
axial strain for DEM-simulated specimens of 80% of D,. As
shown in Fig. 9, some specimens (i.e., the specimens of
30%, 50% and 70% sands) reached a peak value in
stress-strain curves and then stress-strain curves decreased
same as a dense specimen. Out of these three specimens,
the specimen of 30% sands experienced the highest
stress-strain curve. However, gravel specimen experienced
the highest stress-strain curve showing stress-strain
behaviour of a loose specimen where there is no clear peak
value in stress-strain curve. As shown in Fig. 10 for DEM
simulations, the specimen of 30% sands experienced the
highest stress-strain curve, harmonizing with the minimum
void ratio. In 80% of D, too, gravel specimen experienced
higher stress-strain curves than those of sand specimen. In
the DEM simulations, the triaxial test results show that
sand-gravel specimens of 30% sands experienced the
highest stress-strain curves showing the densest packing
harmonizing with void ratio results. However, the results
from laboratory tests were slightly different.
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Fig. 9: Deviator stress vs. axial strain from laboratory
specimens of 80% of D,
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Figs. 11 and 12 show comparisons of deviator stress vs.
axial strain between laboratory tests and DEM triaxial test
simulations for 50% and 80% of D, respectively. Though
Figs. 11 and 12 do not show a very clear relation of
different stress-strain curves for the two specimens (i.e.,
gravel and 30% sands specimens) for both cases, Fig. 11
showed that the specimen of 30% sands experienced higher
stress-strain curve than the gravel specimen from
laboratory tests while Fig. 12 showed that the specimen of
30% sands experienced higher stress-strain curve than that
of the gravel specimen in DEM simulations. However, it is
understood that more tests should be needed for consistent
results in both methods.
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Fig. 11: Comparison of deviator stress vs. axial strain for
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Fig. 12: Comparison of deviator stress vs. axial strain for
the specimens of 80% of D,

Fig. 13 shows failure friction angle, ¢, vs. dry density, oq,
of sand-gravel specimens from laboratory triaxial
compression tests. As shown in Fig. 13, the highest p; was
observed for the specimen of 50% sands in both 50% and
80% of D, cases. In case of 80% of D,, the gravel specimen
has the largest ¢, which gradually decreased until the sand
specimen. However, in case of 50% of D,, ¢y increases until
the specimen of 30% sands, then decreased until the sand
specimen. Fig. 14 shows ¢ vs. p; for DEM-simulated
specimens. As shown in Fig. 14, overall, both p; and ¢
increased with %sands (up to 30% sands) and reached peak
values for the specimens of 30% sands in 80% of D,. In case
of 50% of D,, ¢ remains same for the specimens of 0% -
30% sands, then, decreased for the specimen of 50% sands
and then remains same until the sand specimen same as
80% of D,. The results showed that mixing of sands in
gravel (i.e., mixing of fines in ballast) change failure
frictional angle and dry density of the mixtures.
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Fig. 13: Change of failure friction angle of sand-gravel
specimens with sands from laboratory experiments
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4. CONCLUSION

Triaxial compression tests were conducted on sand-gravel
mixtures to study effects of fine material mixings in ballast
in railway tracks. Triaxial tests were conducted in the
laboratory and in Yade, a DEM approach as the numerical
simulations. Triaxial compression tests were conducted on
the specimens of 50% and 80% of relative densities. The
following conclusions were made,
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+» Void ratios (both e, and ey;,) decreased with initial
addition of sands. After reaching a minimum value,
void ratios increase with sands. The minimum value of
void ratios in DEM simulations were observed on the
specimens of 30% sands while it was 50% sands for
laboratory specimens.

+* Void ratios observed in DEM simulations were smaller
than those of laboratory specimens. The difference in
void ratios can be attribute to difference in particle
shapes in DEM simulations and laboratory
experiments. However, relations of void ratio change
with %sands were approximately same in DEM
simulations and laboratory specimens.

«¢+ The results also showed that void ratios can be simulated
in DEM simulations same as those of laboratory
experiments for specimens of small particles (e.g.,
sands).

* As an overall finding, in both laboratory experiments
and DEM simulations, the highest stress-strain curves
were observed on the specimens of 30% sands. The
results indicated that specimens with smaller void
ratios experienced higher stress-strain curve.

+» However, there is difference in stress-strain curves
between the two methods, experimental specimens
showing higher stress-strain curves. The difference in
stress-strain curves should be attribute to difference in
particle shapes in the two methods. However, on
average, the results showed similar patterns in a
qualitative manner.

« The specimens of 30% sands experienced the highest
dry density and failure friction angle in DEM
simulations. In experimental specimens, 50% sand
samples showed the highest dry density. In laboratory
tests, the results were not consistent for failure friction
angle though.
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