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Abstract. In ballasted railway tracks, ballast fouling due to finer material intrusion has been identified as a
challenging issue in track maintenance works. In this research, deformation characteristics of crushed stone-sand
mixtures, simulating fresh and fouled ballasts were studied from laboratory and a 3-D discrete element method
(DEM) triaxial compression tests. The DEM simulation was performed using a recently developed DEM approach,
named, Yet Another Dynamic Engine (YADE). First, void ratio characteristics of crushed stone-sand mixtures were
studied. Then, triaxial compression tests were conducted on specimens with 80 and 50% of relative densities
simulating dense and loose states respectively. Initial DEM simulations were conducted using sphere particles. As
stress-strain behaviour of crushed stone-sand mixtures evaluated by sphere particles were different from laboratory
specimens, in next DEM simulations, the particles were modeled by a clump particle. The clump shape was selected
using shape indexes of the actual particles evaluated by an image analysis. It was observed that the packing behaviour
of laboratory crushed stone-sand mixtures were matched well with the DEM simulation with clump particles. The
results also showed that the strength properties of crushed stone deteriorate when they are mixed by 30% or more of
sand, specially under dense state. The results also showed that clump particles give closer stress-strain behaviour to
laboratory specimens than sphere particles.
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1. Introduction

In ballasted railway tracks, finer materials intrude and mix with fresh ballast, which is called
ballast fouling, mainly due to repeated heavy train loads. The finer materials come either from the
underneath layers (i.e., subballast and subgrade) and also due to particle crushing within ballast
layer itself (Selig and Waters 1994, Indraratna et al. 2004, Hossain et al. 2007, Thakur et al. 2010).
When the degree of ballast fouling is significant, a maintenance method needs to be applied to
bring the settled sleepers into the original position. Due to huge costs and interruption to regular
traffic, the ballast fouling has been identified as a main issue in track maintenance of the ballasted
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railway tracks. Although concrete railway tracks bring less settlement, still ballasted railway tracks
are preferred in the world due to their simplicity in the design and maintenance (Profillidis 2000).

The change in gradation curve of ballast, which is the immediate result from finer material
intrusion, will result in different deformation characteristics in ballasted railway tracks. It has been
reported that ballast fouling affects settlement behaviours in ballasted railway tracks (Indraratna et
al. 2006, Huang and Tutumluer 2011, Kumara and Hayano 2013). While deformation
characteristics of fresh ballast had been studied quite well in the past (Indraratna et al. 1998,
Lackenby et al. 2007, Sevil and Ge 2012), only a very few studies had been conducted to study
stress-strain behaviour of fouled ballast (Indraratna et al. 2011a, Rujikiatkamjorn et al. 2012).
Although discrete element method (DEM) has been used quite widely in other engineering
applications, it has not been fully utilised in understanding stress-strain behaviour of railway
ballast, partly due to difficulties in simulating angular shape of ballast particles. In recent times, a
few researchers adopted some DEM approaches in studying deformation characteristics of railway
ballasts (Lobo-Guerrero and Vallejo 2006, Huang and Tutumluer 2011).

It is very important to understand effects of ballast fouling on the deformation characteristics of
ballast to propose an effective maintenance plan for ballasted railway tracks. After development of
DEM (Cundall 1971, Cundall and Strack 1979), DEM simulations became the most widely used
numerical method to study deformation characteristics of granular materials. In this research, the
deformation characteristics of crushed stone-sand mixtures, simulating fouled ballast were studied
using triaxial compression tests in the YADE, a recently developed open source code (Smilauer et
al. 2010). The results from DEM simulations were compared with those of laboratory triaxial
compression tests.

1.1 YADE

YADE is an extensible open-source framework for discrete numerical models, focused on
discrete element method (Kozicki and Donze 2008). In this research, the available code (written in
C++) was modified to obtain gap-graded gradation curves in simulating crushed stone-sand
mixtures. The available original code can be used to simulate only uniform-nature gradation
curves (e.g., observed in fresh ballast) (Widulinski et al. 2009, Kumara et al. 2012b, Kumara
2013). In this research, initially, crushed stone and sand were simulated by sphere particles. In next
part of DEM simulations, the particle was changed to a clump shape to simulate angular crushed
stone accurately. It has also been reported that sphere particles give relatively smaller stress-strain
behaviour than angular materials (Rothenburg and Bathurst 1992, Lin and Ng 1997, Szarf et al.
2011). In triaxial compression test simulation, the stress-strain behaviour was modelled by elastic-
perfectly plastic constitutive model for crushed stone-sand mixtures. Recently, a few researchers
used the YADE to conduct triaxial compression tests and found consistent results with the
laboratory experiments (Scholtes et al. 2009, Widulinski et al. 2009, Dang and Meguid 2010).
More details on the YADE can be found in Smilauer et al. (2010).

2. Methodology
2.1 Laboratory experiments

In ballasted railway tracks, generally, ballast is laid over sub-ballast up to 250 mm thickness
(see Fig. 1). As ballast particles vary from 10-60 mm in the field, it is difficult to use same size
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ballasts in laboratory testing apparatus unless large-scale testing apparatus are available. Therefore,
in this research, crushed stone, approximately 1/5th size of the field ballast were used as fresh (or
clean) ballast (see Fig. 2(a)). The field ballast and the crushed stone tested in the research are
generally produced from the same source. At the crushing plants, large-sized particles (e.g., used
as field ballast) and small-sized particles (e.g., used in concrete mixtures or similar sizes used in
our experiments) are produced using different crushing rates. As reported by Marschi ef al. (1972)
and Indraratna et al. (1998), scaled-down particles may produce a slightly higher internal frictional
angle, ¢ (e.g., a reduction of 2-3° of ¢ when the particle size is increased from 7-39 mm). However,
as reported by Vallerga et al. (1957) and Indraratna and Salim (2005), the most importance factors
of the ballast are the parent rock and the particle shapes. Recently, Pen et al. (2013) tested railway
ballasts with different particle sizes varying from 9.5-62.5 mm to study the angularity of particles.
As reported by Pen et al. (2013), due to a negligible variation in angularity, scaled-down materials
are appropriate substitutes for testing purposes. Since we used crushed stone with similar
angularities as railway ballast, we assume that the crushed stone simulates field ballast reasonably
well.

Medium-size sand was used as fouling material (see Fig. 2(b)). Crushed stone-sand mixtures of
different sand percentages were used as fouled ballast specimens. The same materials were used in
a series of model tests to study settlement characteristics of fresh and fouled ballasts subjected to
the tamping maintenance application (Kumara and Hayano 2013, Kumara et al. 2015). We did not
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Fig. 2 A photograph of (a) crushed stone; and (b) sand
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include very small particles as fouling material since the particle image velocimetry (PIV) method
adopted in the study cannot track particle movements when they are very small (e.g., the size of
Toyoura sand). Also, fouling materials can be varied in nature depending on the source of them as
reported by Selig and Waters (1994) and Indraratna et al. (2011b). Therefore, the fouled ballast
tested in this study simulates the field conditions reasonably well.

The percentage of sand in the crushed stone-sand mixtures were varied. In addition to pure
specimens of crushed stone and sand, four different crushed stone-sand specimens were selected
with 15, 30, 50 and 70% of sand respectively. As fouled ballast with less than 10% of fouling
materials is not significant for deformation characteristics, we selected crushed stone-sand
specimens with 15% or more of sand (Selig 1985).

At the first step, void ratio characteristics of crushed stone-sand mixtures were studied using
laboratory density tests (JIS 2009). Egs. (1.1) and (1.2) give maximum and minimum void ratio,
emax and e, respectively. In Eqs. (1.1) and (1.2), it is assumed a 1000 kg/m® for water density and
2.65 for specific gravity for crushed stone and sand. In the next step, the stress-strain behaviours of
crushed stone-sand mixtures were evaluated by laboratory triaxial compression tests (JGS 1998).
Triaxial compression tests were conducted using 100 mm diameter and 200 mm high specimens
under both dense and loose states, prepared by 80 and 50% of relative density respectively. The
steps of the sample preparation is shown in Fig. 3 where the required relative density was achieved
by a pre-defined number of hits by a small hammer as shown in Fig. 3(b). Axial stress and axial
deformation were measured by a load cell and an external displacement transducer respectively as
shown in Fig. 4. The triaxial compression tests were conducted under 80 kPa of confining pressure,
o.. Although ballast in a general railway tracks is subjected to 40-50 kPa of g, the triaxial
compression tests were conducted under 80 kPa to minimize errors arising from a small suction
pressure (e.g., membrane force effects, etc.). Effects of confining pressure on the deformation
characteristics of railway ballast can be found in Lackenby et al. (2007) and Thakur et al. (2012).

G
€hax = P -1 (11)

d, min

Where e, is maximum void ratio, Gy is specific gravity, p, is water density and pgmmn iS
minimum dry density

— Gspw -1

d, max

(1.2)

emin

Where e, is minimum void ratio, G; is specific gravity, p,, is water density and pgm.x 1S
maximum dry density.

2.2 Image analysis

In image analysis, particle shape characteristics can be evaluated using 2D images. In this
research, we conducted an image analysis using ImageJ (Ferreira and Rasband 2011). Crushed
stone and sand particles were analysed to obtain circularity (see Eq. (2)) and ratio of minor and
major axis (i.e., axis ratio) of the particles. Manually arranged particles on a black sheet were
captured from the top using a Nikon D7000 camera. In ImageJ, once images are converted into
binary version, different shape indexes (e.g., area, major axis, minor axis, circularity, etc.) can be
obtained. In the image analysis, we applied some image processing techniques such as “Erode”,
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(b)

Fig. 3 (a) Pouring materials into the mould; (b) tamping the mould by a hammer;
and (c) a prepared specimen

Fig. 4 A photograph of the triaxial apparatus

“Dilate” and “Fill Holes” to obtain quality images after converting original images into binary
version. More details on “erode” and “dilation” processes can be found in Masad et al. (2001) and
Al-Rousan et al. (2007). In the image analysis, both crushed stone and sand particles were
assumed to be ellipse shape as that gives the closest shape to the actual shape among the shapes
available in Imagel. More details on the image analysis process can be found in Kumara et al.
(20124, ¢).

C- 47; >; A

2
Where C is circularity, 4 is area and P is perimeter of an ellipse particle.

2.3 DEM simulation

In DEM simulation of triaxial compression test, the void ratio is controlled by friction angle
during isotropic compression, ¢;,. First, the maximum and minimum void ratios, em,x and emi,
respectively were determined assigning values from 0° until void ratio does not increase with the
friction angle. Then, the void ratios related to 80 and 50% of relative densities, egy and esp
respectively, were obtained by adjusting ¢;,, as given in Table 1. The friction angle in isotropic
compression for 80 and 50% of relative densities, @, 0 and ¢@;, 50 respectively, were obtained by
“trial and error” method by adjusting ¢;,,. In the DEM simulation, ey, and ey, were obtained by
assigning 0° and 90° to ¢, (Kumara et al. 2012b). In DEM simulation, the void ratio increases
with @;s,. While the minimum value of void ratio is observed with 0° of ¢, the maximum value is
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almost reached with 90°. After 90° of ¢;,, void ratio remains constant with ¢;,. The input
parameters used in the DEM simulation are given in Tables 1 and 2. In the DEM simulation,
particle size was simulated as 100 times larger than the actual size to reduce simulation time. In
general, larger particle size is used to reduce the simulation time (Belheine ef al. 2009, Jiang ef al.
2011). Although image analyses gave slightly different values of circularity and axis ratio, C and

Table 1 The input parameters of DEM simulations

Parameter Value
Friction angle of particles in isotropic compression, ¢;, See Table 2
Density of particles, p (kg/m®) 2700
Number of clump particles, N 2500
Confining pressure, o, (kPa) 80
Friction angle of particles in shearing, ¢, See Table 2
Shear stiffness of particles, £ (MPa) See Table 2
Ratio of shear stiffness to normal stiffness 0.5
Strain rate (s™) 0.03
Maximum velocity of walls, V,, (m/s) 0.1

Note: N is 10000 for sphere particle simulation

Table 2 The details of friction angles and stiffness

Percentage of sand Friction angle ig isotropic compression Friction angle in .Shear

P, (%) ’ (clump particles), ¢;;, (degree) shearing, stiffness,
D, =50% D, =80% s (degree) E (MPa)

0 17.5 5.0 45.0 150

15 14.0 5.0 42.8 130

30 13.5 4.5 40.5 110

50 12.0 4.5 37.5 82

70 18.0 8.7 34.5 56

100 21.0 6.0 30.0 15

Note: ¢, were slightly different for sphere particles and D, is relative density

(a) (b)

Fig. 5 (a) The clump particle; and (b) cross-sectional view of it
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Fig. 6 A DEM simulation (a) at sample generation; (b) after isotropic compression; and (c) after shearing

b/a respectively (a and b are major and minor axis of an ellipse respectively) for crushed stone and
sand particles, both crushed stone and sand particles were simulated using the same clump shape
shown in Fig. 5. The clump shape is a combination of 4 equal-size spheres (McDowell ef al. 2011).
In DEM simulation, the specimen was prepared in a cubic shape box where the boundaries are
constructed by rigid walls. The loading is applied by moving the top and bottom walls by applying
a velocity to the walls as given in Table 1. A similar method in conducting triaxial compression
test in the YADE had been reported in Scholtes et al. (2009) and Widulinski et al. (2009).
However, in their simulations, only sphere particles were used. Fig. 6 shows a simulation of
triaxial compression test at different steps using a crushed stone-sand specimen. As shown in Fig.
6(a), at the beginning of particle generation, the packing is very loose. At the end of isotropic
compression (see Fig. 6(b)), the void ratio was obtained to compare with laboratory specimens.

3. Results and discussion
3.1 Image analysis results

The results of image analysis on crushed stone and sand particles are given in Table 3. It also
gives the results of circularity and axis ratio, C and b/a respectively for a sphere and the clump
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Table 3 The results of image analysis

Material Circularity, C Axis ratio, b/a
Crushed stone 0.704 0.721
Sand 0.866 0.778
Sphere 1.000 1.000
Clump 0.819 0.826

particle. As given in Table 3, sand is more rounded than crushed stone. However, due to difficulty
in simulating the exact shape, we simulated both crushed stone and sand particles by the same
clump particle which simulate the field ballast and fouling material better than sphere particles.

3.2 Void ratio characteristics

Fig. 7 shows particle size distribution of laboratory and DEM-simulated specimens. As shown
in Fig. 7(c), the crushed stone-sand specimen with 70% of sand is not smooth as laboratory
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I
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(©

Fig. 7 Particle size distribution of (a) laboratory specimens; (b) DEM simulations with sphere; and
(c) clump particles (P; is percentage of sand)
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Fig. 8 The comparisons of extreme void ratios between laboratory specimens and DEM simulations
with (a) sphere; and (b) clump particles

specimen or the DEM simulation with sphere particles, probably, due to less number of larger
particles (i.e., crushed stone). However, in other cases, the gradation curves of DEM simulations
are same as the laboratory specimens. Fig. 8 shows a comparison of the extreme void ratio (epax
and ey,;,) variations with percentage of sand among the three methods (i.e., laboratory specimens
and DEM simulations with sphere and clump particles). In Fig. 8, emaxexp and €min exp are respective
void ratios from laboratory experiments, €max pEM-sphere ANd €min DEM-sphere A€ Tespective void ratios
from DEM simulation with sphere particles, and enax pEM-clump aNd €min DEM-clump ar€ respective void
ratios from DEM simulation with clump particles. As shown in Fig. 8(a), void ratios decreased
with percentage of sand, P; up to the specimen with 50% of sand in laboratory specimens. After
making the densest packing with 50% of sand, void ratios increased with percentage of sand up to
sand (i.e., P; = 100%). In DEM simulations with sphere particles, void ratios decreased with P, up
to the specimen with 30% of sand. After making the densest packing with 30% of sand, void ratios
increased with P up to sand (i.e., P, = 100%). The difference in percentage of sand to reach
minimum values of void ratios (i.e., the densest packing) might be attributed to the difference in
particle shape as DEM simulations were conducted using sphere particles whereas laboratory
specimens consist of irregular shape particles. However, in Fig. 8(b) when clump particles were
used in DEM simulations, void ratios decreased with P, and produced the densest packing with 50%
of sand before increasing with P; up to the sand same as the laboratory specimens. A few
researchers, including Lade et al. (1998) and Cubrinovski and Ishihara (2002) also reported similar
results on void ratio characteristics of binary mixtures where variations of void ratio of binary
mixtures with percentage of finer material were discussed. The results show that angular shape
clump particles simulate the packing behaviour of crushed stone and sand better than round shape
sphere particles. However, it should be noted that e, is higher than sphere particles, perhaps, the
assigned 90° for ¢;, may give looser state compared to laboratory specimens. Since the minimum
value of ey, is obtained by assigning 0° for ¢;;, (which is the possible minimum value), the results
of ey are same as the laboratory specimens.

3.3 Triaxial test results

Fig. 9 shows stress-strain behaviour of crushed stone-sand mixtures for dense and loose states
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from laboratory experiments. The results clearly show that crushed stone has higher strength
properties than sand both under dense and loose states. As expected, the specimens with 80% of
relative density (i.e., dense specimens) show higher strength properties in both laboratory
specimens and DEM simulations. Salot et al. (2009) also reported similar findings on DEM
simulations. Crushed stone does not show clear failure plane (i.e., peak deviator stress) even after
significant post-peak straining (e.g., 15%) both under dense and loose states. In loose state, all the
specimens apart from the ones closer to the densest specimen (i.e., with 30 and 50% of sand),
show strain hardening behaviour. In dense state, all the specimens apart from the specimens of less
than 15% of sand show strain softening behavior as could be seen in fresh and moderately fouled
ballasts. The results suggest that stress-strain behaviour of crushed stone-sand mixtures are
affected by relative density in addition to percentage of sand. Figs. 10 and 11 show stress-strain
behaviour of crushed stone-sand specimens from DEM simulations with sphere and clump
particles respectively. The results clearly show that deviator stress (at same strain levels) of sphere
particles is much smaller than the laboratory specimens. However, deviator stress increased in the

Deviator stress, ¢ (kPa)
Deviator stress, ¢ (kPa)

Axial strain, ¢ (%) Axial strain, ¢ (%)
(a) (b)

Fig. 9 Stress-strain behaviours of laboratory specimens under (a) dense; and (b) loose states
(P; is percentage of sand)
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Fig. 10 Stress-strain behaviours of DEM simulations with sphere particles under (a) dense; and
(b) loose states (P, is percentage of sand)
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Fig. 11 Stress-strain behaviours of DEM simulations with clump particles under (a) dense; and
(b) loose states (Py is percentage of sand)
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Fig. 12 The comparisons of stress-strain behaviours among three methods under (a) dense; and
(b) loose states (P, is percentage of sand)

DEM simulations with clump particles and has similar values to the laboratory specimens. As
shown in Figs. 10 and 11, in DEM simulations too, the specimens closer to its parent material
show strain hardening while crushed stone-sand specimens closer to the densest packing show
strain softening behaviour. Also, the looser specimens show more strain hardening behaviour than
denser specimens same as the laboratory specimens. Fig. 12 shows comparisons of stress-strain
behaviour among the three methods (i.e., laboratory specimens, DEM simulations with sphere and
clump particles) for pure materials of crushed stone and sand, and the crushed stone-sand mixture
of 30% of sand. The results clearly suggest that sphere particle is not good to simulate stress-strain
behaviour of crushed stone or crushed stone-sand mixtures as they show relatively lower deviator
stress. It also shows that clump particles is closer to crushed stone as exhibiting similar stress-
strain behaviours as the laboratory specimens.

Mohr-Coulomb failure criteria can be written as in Eq. (3.1). Eq. (3.1) can be rewritten as Eq.
(3.2) for dry sand at the failure. Eq. (3.2) can be written in a simple way as in Eq. (3.3) using
deviator stress and mean stress. Since a clear failure point is not obtained for many specimens (i.e.,
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in strain hardening cases), the respective peak stresses were taken as the failure stresses. Therefore,
the peak frictional angle can be obtained as given in Eq. (4). Fig. 13 shows a comparison of the
peak friction angle versus dry density between laboratory specimens and DEM specimens. As
shown in Fig. 13, under both dense and loose states, the peak friction angle reduces with the
percentage of sand beyond 30% of sand. Therefore, we can say that the strength properties of
crushed stone deteriorate after mixing with 30% or more of sand under both dense and loose states.
Indraratna et al. (1998) also has reported similar peak friction angles for fresh ballast. The
variation of the peak frictional angle with relative density in the laboratory specimens are matched
better by DEM simulations with clump particles, particularly due to similar peak frictional angles
than spherical particles. Due to lesser angularity of sphere particles compared to clump particles,
they produced relatively smaller peak friction angles under both dense and loose states. We can
clearly see here that clump particles simulate crushed stone and sand particles better than sphere
particles. However, a much similar particle shape (i.e., more angular shape) in the DEM simulation
would result in exact behaviour as the laboratory specimens.

e,

c'cotg' + (o) +0'/ (3.1)

sing' =

Where o, 0. are axial and confining stress at the failure respectively, ¢ is cohesion and ¢ is

friction angle.
(U o O %

sing, =(m)/— (3.2)
2

Where 0,4, o are axial and confining stress respectively, and ¢, is frictional angle at the failure.
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sing, =—— (3.3)
Py
60 T T T T 55
> —~
o 55t ) . 8 sof
= = e = .
& - o , & P0%
T sof it T 45t ‘\ ;
S
g:- . s s / (hange of ¢, with P,
5] L L 4 i) 4
En 4 P=100% —=—Exp & or
< ’ —e— DEM-sphere 5 —=—Exp
T‘é 40 1 « —a—DEM-clump | § 351 P=100% —e—DEM-sphere | 7
S k) « —4— DEM-clump
5 35t 5 30t
o " <
i) S ) .
S 30} e S 25t ° — .
=¥ [=N] o |
25 ‘ ‘ ‘ ‘ 20 \ \ \ \ \
1500 1600 1700 1800 1900 2000 1400 1500 1600 1700 1800 1900 2000
. 3 . 3
Dry density, p, (kg/m’) Dry density, p, (kg/m})
(a) (b)

Fig. 13 The comparisons of peak frictional angle versus dry density among the three methods
for (a) dense; and (b) loose state (P, is percentage of sand)
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Where qrand pyare deviator stress and mean stress respectively at the failure.

. q
sing, =p—p 4)
p

Where g, and p, are peak deviator stress and mean stress respectively.

4. Conclusions

In this study, triaxial compression tests on crushed stone-sand specimens simulating fouled
ballast were conducted using a recently developed discrete element method (DEM), named YADE.
The triaxial compression tests were conducted for dense and loose specimens with 80 and 50% of
relative densities respectively. The initial DEM simulations were conducted using sphere particles,
the default shape available in the YADE. However, as field ballast is angular in shape, the DEM
simulations were then extended using a clump particle. The clump shape was proposed using the
results of an image analysis conducted on crushed stone and sand particles. The following
conclusions were drawn from this research.

¢ In laboratory specimens, the extreme void ratios, ey, and emin (emax and ey are maximum
and minimum void ratio respectively) decrease with percentage of sand, P up to 50% and
then increase with it. In DEM simulations with sphere particles, both ey, and ey, decrease
with P up to 30%. However, in DEM simulations with clump particles, both en.x and em;,
decrease with P; up to 50% same as the laboratory specimens, which suggests that the
clump particles simulate the packing behaviour of crushed stone-sand mixtures closely than
sphere particles.

¢ In all cases (i.e., laboratory tests and DEM simulations), effects of sand intrusions on stress-
strain behaviours of crushed stone-sand mixtures were observed. While most of the
specimens in loose state showed strain hardening behaviour, most specimens in dense state
showed strain softening behaviour.

¢ In the methods (i.e., laboratory tests and DEM simulations), denser packing (i.e., crushed
stone-sand mixture with 30-50% of sand) showed strain softening behaviour, particularly in
dense state.

e Although there was difference in stress-strain behaviours between laboratory specimens and
DEM simulations with sphere particles, the DEM simulations with clump particles give
similar stress-strain behaviours as the laboratory specimens.

® The strength properties of crushed stone deteriorate after they mix with 30% or more of
sand under both dense and loose states.
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