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Abstract

This paper aimed to investigate the potential capability of using 3D-printed particles to study the time-dependent behavior
of a typical crushable granular material, i.e., rockfill. Different 3D printing techniques were compared, and gypsum powder
and binder were chosen for printing crushable particles, which were found to have a comparable peak strength, ductility,
and failure mode to those of the natural rockfill particles in the single-particle crushing tests. Then, large oedometer creep
tests were performed on the two specimens of 3D-printed particles with and without predefined inner fissures and on a third
specimen of natural limestone rockfill. The vertical pressures were applied in stages on each specimen, with a maximum
value of 1.5 MPa. The test results showed that the patterns of creep strain development with time of the two specimens with
3D-printed particles were consistent with that observed for natural rockfill. The main modes of particle breakage for all
three specimens after the test were asperity breakage and surface abrasion, while global fracture was not substantial. The
predefined inner fissure in the 3D-printed particles only had a minor influence on the creep behavior of the specimen even
at high vertical pressures. Compared with the limestone rockfill specimen, the specimens with 3D-printed particles showed
similar creep behavior at low vertical pressures but exhibited much larger creep strain at high vertical pressures. The
underlying mechanism of the observed phenomenon was explored.

Keywords 3D printing - Creep - Crushable granular materials - Micro-mechanism - Particle breakage mode

1 Introduction

Crushable granular materials, such as rockfills and car-
bonate sands, have received increasing attention in the
recent decades in geotechnical engineering practice
[6, 24, 25]. Even strong silica sand particles will break if
the stress level is high enough [18, 28]. Crushable granular
materials exhibit many complex mechanical properties,
e.g., a nonlinear strength envelope, stress-dependent
shearing contraction and dilatancy [1, 19, 29, 30, 33, 37].
Furthermore, crushable granular materials also exhibit
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time-dependent behavior, which might lead to excessive
long-term settlement of high embankments, dams, and pile
foundations, and thus has been receiving increasing atten-
tion [13, 14, 32, 39—41]. These time-independent behavior
and time-dependent behavior are believed to be related to
particle breakage [4, 5, 15-17, 36, 38].

The macro-response of crushable granular materials
subjected to different loading conditions has been investi-
gated extensively during previous laboratory studies, and
the particle breakage was usually examined by measuring
the particle size distribution before and after the test (e.g.,
[9, 31, 35]. A deeper understanding of the micro-mecha-
nism of the observed phenomenon is desired. However, it
is difficult to quantify the fundamental behavior at the
particle level through conventional laboratory testing.
Nakata et al. [23] performed triaxial tests on Aio sand, in
which a small number (9-21) of colored quartz particles
were placed in the specimen so that the breakage modes of
those marked particles could be examined after the test. A
similar approach was adopted in their oedometer tests on
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sand [22]. Some researchers used artificial particles in
order to minimize uncertainties caused by variations in the
shapes and properties of natural granular materials. Tapias
et al. [27] carried out oedometer tests on sugar cubes to
investigate the particle breakage mode. Takei et al. [26]
performed compression creep tests on chalk bars, talc bars,
and glass beads. Clearly, the particle shape and strength of
these artificial particles were substantially different from
those of natural particles. Zhang et al. [42, 43] performed
large triaxial tests on specimens of cement ellipsoid
aggregates, which were produced with similar particle
strengths as those of natural rockfill particles. However, the
particle shape had to be highly simplified.

In recent years, the three-dimensional printing technique
has rapidly developed in mechanical engineering, which
could also become a potentially powerful tool for studying
geomaterials. Ishutov et al. [11] produced 3D-printed cubic
samples to simulate sandstone with various patterns of
porosity, in which two materials were used in printing, i.e.,
melted plastic filament and liquid photopolymer. Head and
Vanorio [10] utilized photo-reactive resin to print cylinder
samples to investigate the influence of different rock
microstructures on the permeability. Jiang et al. [12]
printed cylinder and block samples to study the mechanical
behavior of rock with joints. They also used two materials,
including polylactic acid, sand powder and blinder.
Fereshtenejad and Song [7] performed uniaxial compres-
sion tests on 3D-printed cylinder samples, which were
produced using powder and blinder technique.

However, rock samples were simulated in most reported
studies using 3D printing techniques, while granular
materials were seldom simulated. Hanaor et al. [8] printed
resin particles with a size of approximately 2 mm and then
performed triaxial tests on samples consisting of particles
with different particle shapes. Uncrushable granular parti-
cles and instant loading were considered in this study.
There was no reported research using 3D printing tech-
niques to study the time-dependent behavior of crushable
granular particles.

This paper aims to investigate the potential capability of
using 3D-printed particles to study the creep behavior of a
typical crushable granular material, i.e., rockfill. 3D
printing technique has the advantage of producing particles
with identical shape and material properties, while a certain
particle feature can be designed as variable so that its
influence can be studied without introducing variation in
other factors. In this study, suitable 3D printing techniques
and materials are identified first to produce crushable par-
ticles. Then, large oedometer creep tests are performed on
the two specimens of 3D-printed particles with and without
predefined inner fissures and on a third specimen of natural
limestone rockfill. The mode of the particle breakage of
these three specimens is examined. The influence of the
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predefined inner fissure in the 3D-printed particles on the
global creep behavior is investigated. Furthermore, the
creep behavior of the specimens with 3D-printed particles
is compared with that of the limestone rockfill specimen,
and the underlying mechanism of the observed phe-
nomenon is explored.

2 3D printing methods and materials

Since there was no reported research using 3D-printed
particles to simulate crushable granular particles, it was
deemed necessary to first identify suitable 3D printing
methods and materials. In this investigation, two 3D
printing methods and related materials were adopted to
print rockfill particles, which were then subjected to single-
particle crushing tests and the results were compared.

2.1 3D printing methods and materials

The first method was to utilize photo-reactive resin (VisiJet
M3 Crystal) by means of a ProJet 3510 SD printer. The
MultiJet (MJP) 3D printing technique was used to print the
particle in thin layers, each of which was hardened by UV
lamps. The layer thickness was 0.03 mm. According to the
production specification, the resin had a density of 1.02
g/cm3, a tensile strength of 42.4 MPa, and a tensile mod-
ulus of 0.146 GPa. The tensile strain at breakage was
6.83%.

The second method utilized a ProJet 660Pro printer
using the powder-ink binder (PIB) technique. The layer
thickness was 0.1 mm. Different materials were tested to
achieve properties that were similar to those of rockfills,
and finally, gypsum powder and a specially designed bin-
der (GYD-01) were chosen. A cylinder sample with a
diameter of 50 mm and a height of 100 mm was printed,
and the density was measured as 1.45 g/cm’. Uniaxial
compression test was performed on the cylinder sample,
which revealed an unconfined compressive strength of 5.20
MPa and a Young’s modulus of 1.39 GPa.

Since the printing technique involved a layer-by-layer
construction process, possible anisotropy in the mechanical
behavior was investigated. Two disk-shaped samples with
a diameter of 50 mm and a thickness of 20 mm were
printed using gypsum powder and binder. Brazilian test
was performed on the first sample with the layer direction
perpendicular to the loading direction and on the second
sample with the layer direction parallel to the loading
direction. The results showed a tensile strength of 1.16
MPa for the first sample and 1.08 MPa for the second
sample, which indicated that the effect of anisotropy
induced by the printing process was insignificant.
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It can be seen that the 3D-printed material using gypsum
powder and binder has mechanical properties that are
comparable to those of some weak sandstone, e.g., Sher-
wood sandstone [3].

2.2 Single-particle crushing test

Three natural limestone rockfill particles were scanned to
produce 3D-printed particles using the two methods
described above (i.e., photo-reactive resin and gypsum
powder-binder). Photographs of these three groups of
particles are shown in Figs. la—c. The prototype natural
limestone particle is placed at the center of each pho-
tograph, while the 3D-printed resin particles (in yellow
color) are placed on the right side and the 3D-printed
powder-binder particles (in white color) are placed on the
left side. It can be seen that, in each group, the 3D-printed
particles have almost identical shape as that of the corre-
sponding prototype particle.

Single-particle crushing test was performed on each
particle with a loading rate of 0.2 mm/min. Figure 2 shows
the force—displacement relationships for the three groups of
particles. In each group, the resin particles exhibited a peak
strength that was 3-5 times higher than that of the lime-
stone particle, and the resin particles were able to sustain
very large deformations, indicating that they had a very
strong ductility. In contrast, the powder-binder particles
exhibited a peak strength that was approximately 30-50%
lower than that of the limestone particles. The powder-
binder particles reached their peak strength at a displace-
ment of approximately 0.5-1.5 mm, which was also com-
parable to that for the limestone particles (approximately 1
mm).

The failure mode was examined. Both the limestone
particles and the powder-binder particles fractured into two
or more pieces. It is interesting to note that the limestone
particles always crushed suddenly, while the gypsum
powder-binder particles usually broke in a gentler manner.
This can also be interpreted from the force—displacement
relationships in Fig. 2. For the limestone particles, there
was always a sudden drop in the force after the peak
strength. For the gypsum powder-binder particles in
Fig. 2a, b, the force decreased more gently with increasing
displacement after reaching the peak strength, and the
residual force even increased further. However, the two
gypsum powder-binder particles in Fig. 2c also exhibited a
sudden drop in the force.

In contrast, the resin particles experienced large plastic
compressive deformations at the end of the test, although
several local fissures occurred.

In conclusion, compared with the natural rockfill parti-
cles, the 3D-printed resin particles were too ductile and too
difficult to break. The 3D-printed gypsum powder-binder

(b)

Fig. 1 Photographs of prototype natural particles and 3D-printed
particles: a Shape 1; b Shape 2; ¢ Shape 3. In each photograph, the
natural particle is at the center, with the 3D-printed resin particles on
the right and the 3D-printed powder-binder particles on the left

particles had a comparable peak strength, ductility, and
failure mode to those of the natural rockfill particles in the
crushing test. Thus, the gypsum powder-binder particles
were deemed more suitable to simulate natural rockfill
particles and were adopted in the following large
oedometer creep tests.
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Fig. 2 The force—displacement relationship of single-particle crush-
ing test: a Shape 1; b Shape 2; ¢ Shape 3

3 Oedometer creep test procedure
3.1 Particles

A total of three specimens were tested. Specimen 1 con-
sisted of 3D-printed gypsum powder-binder particles with
identical shapes, which were printed according to the 3D-
scanning shape of the same prototype rockfill particle. The
particle dimensions are shown in Fig. 3a.

The micro-mechanism of the observed creep behavior of
granular materials was usually attributed to the propagation
of cracks inside the particle [2, 17]. Oldecop and Alonso
[24] proposed a theoretical model, in which a disk-shaped
particle with a pre-existing central crack was loaded
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diametrically. The relationship between time to breakage
of the crack and its initial length was established, based on
which the creep strain development of a granular assembly
was derived. Therefore, Specimen 2 was designed to
investigate the influence of pre-existing inner fissures in the
particle. Each particle was printed with a predefined inner
fissure, as shown in Fig. 3b. The length of the fissure was
10 mm, i.e., half of the maximum length of the particle.
The 3D-printed particles in Specimen 2 had exactly the
same particle shape as that in Specimen 1.

Specimen 3 consisted of natural limestone rockfill par-
ticles. Since Specimens 1 and 2 had 3D-printed particles
with a maximum dimension of 20 mm, the rockfill particles
in Specimen 3 were chosen to have maximum dimensions
within the range of 1626 mm. The particle shapes were
also chosen to be as close to that of the 3D-printed particles
as possible. However, a large variation in the particle shape
was inevitable for the natural rockfill.

The 3D-printed particles were printed in two colors (i.e.,
white and gray) to facilitate observation, as shown in
Fig. 3c, d. The natural limestone rockfill particles were
covered with a thin layer of white paint.

3.2 Oedometer apparatus

A one-dimensional oedometer apparatus was designed,
which had an inner horizontal dimension of 100 mm x
100 mm and an inner height of 130 mm, as shown in
Fig. 4. The inner surfaces were lubricated to minimize
friction by a thin layer of Vaseline. To permit the obser-
vation of the movement and breakage of the particles
during loading, this oedometer apparatus was equipped
with a thick transparent Plexiglas window on the front wall.
The load was applied and maintained through a WDW-
20kN universal test machine with a load capacity of 20 kN
and an accuracy of 0.1%, which was controlled automati-
cally by a computer.

3.3 Test procedure

Each specimen was prepared in four equal layers and
compacted gently using a hand hammer to achieve a void
ratio that was as close as possible to the specified value.
Care was taken to not break the particles during prepara-
tion. The details of the three specimens are summarized in
Table 1.

The testing procedure was identical for each specimen.
The vertical pressure was applied stage by stage on each
specimen, i.e., 0.25 MPa, 0.5 MPa, 1.0 MPa, and 1.5 MPa.
At each stage, the vertical pressure was kept constant for
120 min for creep, after which the vertical pressure was
increased to a higher level. The measured settlement after
the first minute of loading was taken as the creep
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Fig. 3 The 3D-printed particles for oedometer test: a particle without predefined inner fissure; b particle with predefined inner fissure; ¢ particle

with white color; d particle with gray color

Fig. 4 The oedometer apparatus

settlement. During the test, digital photographs were fre-
quently taken at a fixed position in front of the observation
window. The maximum pressure (1.5 MPa) was approxi-
mately equal to the vertical pressure at the bottom of a 75
m high rockfill embankment.

4 Results and discussion
4.1 Creep settlement

The development of creep strain with time under different
applied vertical pressures for the three specimens is plotted
in Figs. 5, 6 and 7. Figures 5a, 6a, and 7a plot the time in
the natural coordinates. All three specimens exhibited
similar patterns of creep behavior from a qualitative point
of view. The creep strain developed at a decreasing rate
with increasing time, and a higher vertical pressure led to a
larger creep at the end of 120 min.

Figures 5b, 6b, and 7b plot the time in the logarithmic
coordinates. After the initial 10 min, an approximately
linear relationship became obvious between the creep
strain and the logarithm of the time for the three specimens.
The slope increased with increasing vertical pressure,
which was consistent with previous experimental obser-
vations for rockfill specimens [34]. Compared with the
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Table 1 Parameters of the three specimens

Specimen 1 (3D-printed uniform
particles)

Specimen 2 (3D-printed particles with
fissures)

Specimen 3 (limestone
rockfill)

Number of particles 400

Particle density (g/cm?) 1.45

Specimen height (mm) 110.1

Specimen horizontal dimensions 100 x 100
(mm?)

Specimen density (g/cm®) 0.908

Void ratio 0.597

400 349

1.45 2.7

109.9 110.1

100 x 100 100 x 100
0.910 1.670
0.593 0.617

smooth curves of Specimens 1 and 2 (3D-printed particles),
the curves of Specimen 3 (natural rockfill) were more
uneven. Loud sounds due to particle crushing were heard
during the loading of Specimen 3, the time of which were
found to be associated with the fluctuations in the curve, as
shown in Fig. 7c.

A quantitative comparison of the creep strains for the
different specimens will be made in Sects. 4.3 and 4.4.

2 - (a)
6,= 1.5 MPa
E_\c/l.6 F
.g
12t
170]
g 6,= 1.0 MPa
5] 0.8
s 6,= 0.5 MPa
o]
<04 6,=0.25 MPa
0 L L L L L L J
0 20 40 60 80 100 120 140
Time (min)
(b)
2 —
6,= 1.5 MPa
5 1.6 -
£
g2t
170]
g 6,= 1.0 MPa
5 0.8
= 6,= 0.5 MPa
"
<04 ¢ 6,= 0.25 MPa
0 L L L J
0.1 1 10 100 1000
Time (min)

Fig. 5 Axial creep strain against time at different vertical pressures
for Specimen 1 (3D-printed uniform particles): a time in natural
coordinate; b time in logarithmic coordinate
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4.2 Particle breakage mode

The transparent front window of the oedometer allowed
direct observations of the particles adjacent to the window
during the test. At pressure levels of 0.25 MPa, 0.5 MPa
and 1.0 MPa, no particle breakage was observed through
the front window during the load application and subse-
quent creep period for all three specimens. The immediate
settlement and creep settlement were found to be associ-
ated with the slippage and rotation of the particles.
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Axial creep strain (%)
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Fig. 6 Axial creep strain against time at different vertical pressures
for Specimen 2 (3D-printed particles with predefined fissures): a time
in natural coordinate; b time in logarithmic coordinate
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Fig. 7 Axial creep strain against time at different vertical pressures
for Specimen 3 (limestone rockfill particles): a time in natural
coordinate; b time in logarithmic coordinate

Figures 8, 9 and 10 show the observations for the three
specimens subjected to the vertical pressure of 1.5 MPa at
time t = 0, 3, and 120 min. High-resolution figures can be
downloaded from: https://cloud.tsinghua.edu.cn/f/
d76eb103343f46e6a98f/

For Specimen 1 (Fig. 8), the instant loading caused a
vertical crack on the particle on the top-left side of the
window (in the red circle). Then, this crack developed with
time (as shown at t = 3 min) and finally split the particle
(as shown at # = 120 min). Another crack appeared on a
particle near the center (in the red rectangle) during creep,
as shown at ¢ = 120 min.

For Specimen 2 (Fig. 9), a small corner was broken off
from a particle on the mid-left side of the window during
instant loading (in the red circle, as shown at ¢ = 0 min).
During the creep period, a splitting crack appeared on a
particle near the center at # = 3 min (in the red rectangle)
and developed, as shown at t = 120 min.

For Specimen 3 (Fig. 10), the instant loading caused a
small crack on the corner of a particle in the red circle (as
shown at ¢ =0 min). The width of this crack became
progressively larger during creep. Another small crack
appeared on the edge of a particle at the top (in the red
rectangle) during creep.

(b)

Fig. 8 Photographs of Specimen 1 (3D-printed uniform particles)
under the vertical pressure of 1.5 MPa:as=0;b¢ =3 min;ct= 120
min

After each test, the specimen was dissembled, and the
broken particles were counted and examined. Three
breakage modes were defined:

(1) Global fracture: a major fracture occurs and the
original particle breaks into two or more particles.

(2) Asperity breakage: one or more corners or major
asperities break off from the original particle.

(3) Surface abrasion: the particle remains whole, but
there is obvious abrasion on the surface with small
fines being lost.
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Fig. 9 Photographs of Specimen 2 (3D-printed particles with
predefined fissures) under the vertical pressure of 1.5 MPa: a r = 0;
b =3 min; ¢ £ = 120 min

The number of breakage modes is summarized in
Table 2 and plotted in Fig. 11. The main modes of particle
breakage for all the specimens after the test were asperity
breakage and surface abrasion (with a total percentage of
more than 70%), while the global fracture mode was not
substantial. The high percentage of surface abrasion (ap-
proximately 50%) indicates that the slippage of particles

@ Springer

Fig. 10 Photographs of Specimen 3 (limestone rockfill particles)
under the vertical pressure of 1.5 MPa:af=0;b¢ =3 min;ct= 120
min

contributed to the deformation of the assembly. It is
interesting to note that even for Specimen 2 (3D-printed
particles with pre-existing inner fissure), the percentage of
global fracture was only 7.3%, although this percentage
was almost double that of Specimen 1 (3D-printed uniform
particles), i.e., 3.8%.

In the single-particle crushing test, a particle was loaded
at two points, and the breakage mode was dominantly
global fracture. A pre-existing inner fissure was expected to
facilitate the splitting of the particle when the fissure was
oriented approximately along the loading direction. How-
ever, in the oedometer test, a particle was loaded at mul-
tiple points from the adjacent particles, as observed through
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Fig. 11 Breakage modes of three specimens

the front window. In such loading conditions, asperity
breakage was more likely to occur than global fracture,
even there was a pre-existing inner fissure inside the
particle.

Similar observation was also made by Takei et al. [26],
who performed one-dimensional compression creep test
under plain strain conditions on an assembly of chalk bars.
The chalk bars were placed in square positions, and each
bar had four contact points with the others. They also found
that the main breakage pattern was asperity breakage. In
contrast, the chalk bar exhibited splitting breakage during
the single-particle crushing test. Xu et al. [36] simulated
triaxial tests on assemblies of DEM agglomerates. Each
agglomerate was made from a regular assembly of 13
spheres in hexagonal close packing. The results showed
that the average coordination number of an agglomerate
was approximately 10, and the dominant breakage mode
was asperity breakage (i.e., 12 + 1) over a wide range of
confining pressures.

4.3 Influence of pre-existing inner fissures

3D printing technology makes it possible to study the
behavior of two assemblies of particles with exactly the
same outer particle shape but different inner structures.
Thus, the influence of inner fissures could be examined
without introducing other factors, which would not have
been possible if natural granular particles had been used.
Figure 12 compares the development of the creep strain
with the logarithm of the elapsed time for Specimen 1
(uniform particles) and Specimen 2 (particles with pre-
existing inner fissures) at different vertical pressures.

At the low vertical pressures of 0.25 MPa, the two
specimens exhibited almost identical creep behavior,
indicating that the influence of the inner fissure was neg-
ligible. When the vertical pressure increased, Specimen 2
exhibited increasingly larger creep strain than Specimen 1.
However, even at the high vertical pressures of 1.5 MPa,
the difference was still small, i.e., the final creep strain was
2.2% and 1.9% for Specimen 2 and Specimen 1, respec-
tively. Therefore, the particle inner fissure had a minor
influence on the creep behavior of the assembly over the
vertical pressure range investigated in this study (i.e., with
a maximum value of 1.5 MPa). However, its influence is
expected to increase at a higher vertical pressure.

The mechanism of the observed phenomenon can be
attributed to the particle breakage mode, as discussed in
Sect. 4.2. Although the number of global fractures of
Specimen 2 almost doubled compared with that of

24
— = =Specimen 1 (3D printed uniform
particles) 6v: 1.5 MPa
e 27
3\/ —— Specimen 2 (3D printed particles /,
216 L with fissures) II
g
@
al2
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b .
= 0.8
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<
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0 1 J
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Time (min)

Fig. 12 The development of creep strain with time at different
vertical pressures for Specimen 1 and Specimen 2
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Table 2 Particle breakage modes of the three specimens

Breakage mode

Global fracture

Asperity breakage Surface abrasion No visible change

Specimen 1

Specimen 2

Specimen 3

Number
Percentage (%)
Number
Percentage (%)
Number

Percentage (%)

15
3.75
29
7.25

0.57

83 204 98
20.75 51.00 24.50
94 188 89
23.50 47.00 22.25
68 204 75
19.48 58.45 21.49

Specimen 1, the percentage was still low, ie., 7.3%
(Fig. 11). The major breakage modes of the particles in
Specimen 2 were still asperity breakage and surface abra-
sion, and the pre-existing inner fissure did not lead to a
large increase in the number of global breakages. As a
result, the predefined inner fissures in the particles had an
insignificant effect on the creep behavior of the assembly
on the macro-scale.

The observations on the breakage modes have potential
implications for the simulation of crushable granular par-
ticles using the discrete element method (DEM). Two
techniques are usually adopted. The first is to form large
agglomerates by bonding a number of elementary spheres,
and the size of the latter determines the smallest fragments
resulted from particle breakage (e.g., [15, 38]. Another
technique is to substitute large spherical particles with a
predefined number of smaller spheres (e.g., [5, 20], which
inherently assumes that global fracture occurs. Although
each technique has its advantages and can achieve satis-
factory agreement with laboratory test results on the
macro-scale, further improvement is desired.
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particles)
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~ . . ’
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[}
=
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0.1 1000
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Fig. 13 The development of creep strain with time at different
vertical pressures for the three specimens
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4.4 Natural rockfill particle vs 3D-printed
particles

Figure 13 plots the development of the creep strain with the
logarithm of the elapsed time at the low vertical pressure
(0.25 MPa) and at the high vertical pressure (1.5 MPa) for
all three specimens. Figure 14 compares the final creep
strains at the end of the creep periods at different vertical
pressures.

At the low vertical pressure (0.25 MPa), all three
specimens exhibited similar creep behavior, although the
creep strain of the limestone rockfill specimen was slightly
smaller than that of the other specimens. As the limestone
had a higher material strength than the 3D-printed material,
this also suggested that particle breakage was not the
dominant mechanism of the creep deformation at low
pressure levels. The observation from the front window
also confirmed that the deformation was associated with
particle movement (i.e., slippage and rotation) and that
there was no obvious particle breakage at low pressure
levels.

An increasing vertical pressure led to a larger difference
between the creep strains of the specimens with 3D-printed
particles and that of the rockfill specimen. At the high
vertical pressure (1.5 MPa), the creep strains of Specimen 1

25T B Specimen 1 (3D printed uniform particles)

2.13
OSpecimen 2 (3D printed particles with fissures) ey

@ Specimen 3 (limestone rockfill)

Axial creep strain (%)

0.5 F 035 035

0.5 1

Vertical pressure (MPa)

Fig. 14 Final axial creep strain at different vertical pressures for the
three specimens
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and Specimen 2 (3D-printed particles) were almost 3 times
higher than that of Specimen 3 (limestone rockfill). Thus,
at a high pressure level, the material strength had a sub-
stantial influence on the creep behavior, and the weaker
particles were expected to experience more breakage. As
demonstrated by Table 2 and Fig. 11, the percentage of
global fracture was only 0.6% in the rockfill specimen,
compared with 3.8% in Specimen 1 and 7.3% in Specimen
2.

The above observations indicate that the mechanism of
the creep behavior of crushable granular materials depends
on the pressure level, which can also be highlighted by
comparing the findings by Michalowski et al. [21] and
Lade and Karimpour [17]. Michalowski et al. [21] designed
a device in which two silica sand particles were loaded
with a constant force of 2.5 N. The force was applied by a
spring and was small compared with the sand particle
strength. Time-dependent relative movement of the two
sand particles was observed, which was attributed to
delayed fracturing of textural features at inter-granular
contacts. In contrast, high effective confining pressure (8
MPa) was adopted by Lade and Karimpour [17] in their
creep triaxial test on specimens of Virginia Beach sand.
The observed creep deformation was found to be associ-
ated with significant particle crushing. However, informa-
tion about particle breakage mode was not available as
sieve analyses were performed.

5 Conclusion

This paper aimed to investigate the potential capability of
using 3D-printed particles to study the time-dependent
behavior of a typical crushable granular material, i.e.,
rockfill. Different 3D printing techniques were compared,
and gypsum powder and binder were chosen as materials
for printing crushable particles, which were found to have a
comparable peak strength, ductility, and failure mode to
those of the natural rockfill particles in the single-particle
crushing tests. Then, large oedometer creep tests were
performed on the two specimens of 3D-printed particles
with and without predefined inner fissures and on a third
specimen of natural limestone rockfill. The vertical pres-
sures were applied in stages on each specimen, with a
maximum value of 1.5 MPa. The test results show:

(1) The patterns of creep strain development with time
of the two specimens with 3D-printed particles were
consistent with that observed for natural rockfill.

(2) The main modes of particle breakage for all three
specimens after the test were asperity breakage and
surface abrasion, while global fracture was not
substantial. This phenomenon was believed to be a

result of the loading condition of the particle inside
an assembly, which was more likely to be loaded at
multiple points rather than two points.

(3) The predefined inner fissure in the 3D-printed
particles had a minor influence on the creep behavior
of the specimen over the vertical pressure range
investigated in this study. However, there was a trend
that its influence increased when the vertical pressure
became higher.

(4) Compared with the limestone rockfill specimen, the
specimens with 3D-printed particles showed similar
creep behavior at low vertical pressures but exhibited
much larger creep strain at high vertical pressures,
which indicates that the mechanism of the observed
creep behavior depends on the pressure level. At low
pressure levels, the creep deformation was mainly
due to particle movement (i.e., slippage and rota-
tion). At high pressure levels, particle breakage
became the dominant mechanism of the creep
behavior and the material strength had a substantial
influence.

This investigation highlights the advantage of using 3D-
printed particles in studying the micro-mechanism,
including the particle breakage mode and the influence of a
specified feature (i.e., the inner fissure). In further study,
more materials will be investigated so that a wide range of
material strength can be achieved and different granular
materials can be simulated.
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