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Mechanical properties of sand 3D printed rock-like samples based on different
post-processing methods

TIAN Wei, WANG Xiao-hui, YUN Wei, CHENG Xu
School of Civil Engineering, Chang’an University, Xi’an, Shaanxi 710061, China

Abstract: 3D printing, a rapid prototyping technology, has great potential for applications in laboratory rock tests, but the low
strength and stiffness of 3D printed samples have been one of the key problems that need to be addressed. In order to find a way to
enhance the strength and stiffness of 3D printed rock-like samples, GS19 sand and furan resin were selected as printing materials, and
sand 3D printed rock-like samples were used as research objects. Based on this, the samples were post-processed using three different
methods: vacuum infiltration, low-temperature treatment, and combination of infiltration and low-temperature. Uniaxial compression
tests were carried out on these post-processed sand 3D printed rock-like samples to study their mechanical properties, and the reasons
for changes in mechanical properties were analyzed at a microscopic level by scanning electron microscopy. The results indicated that
different post-processing methods can change the mechanical properties of the samples, and the combination of infiltration and low
temperature can significantly enhance the strength and stiffness of samples, which is related to change in the internal cementation
state of samples. The findings of the study can provide new research ideas for future application of 3D printing technology in rock

testing.
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1 Introduction

Multiple sets of data are required for laboratory
tests on rocks to offset experimental errors. However,
due to the long-term complex geological and tectonic
effects, the internal structure of natural rock cores
cannot guarantee a high degree of consistency, thus
compromising the accuracy of test data. Additionally,
conducting research on prefabricated flaws requires
cutting them in natural rocks. Traditional cutting
methods (such as carving machines and water jet
cutting) are not only difficult to cut out the complex
prefabricated flaws, the microcracks generated during
the cutting process will affect the reliability of the test
results.

To avoid difficulties in obtaining natural rocks and
prepare prefabricated flaws, rock-like materials have
become one of the main models for rock laboratory
tests. However, traditional methods have limitations in
making rock-like models; for example, manually
mixed materials may be inhomogeneous, complex
flaws are difficult to create, and manual operations
cannot guarantee the precision of flaws. Therefore,
how to obtain a large number of highly rock samples
with consistent complex structural has always been
one of the key issues that need to be addressed in rock
laboratory tests.

3D printing technology can effectively prepare
complex structural samples with high precision, short
production cycles and customization. This technology
has attracted widespread attention and has been
applied to the field of rock mechanics by many
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scholarst™1. Currently, liquid photosensitive resin
materials and powder materials such as gypsum and
sand are mainly used for producing rock-like samples
using 3D printing technology. Liquid photosensitive
resin materials use stereolithography technology to
rapidly solidify by irradiating with ultraviolet laser
beams. The printed sample has a high degree of
transparency which helps visualize internal stress
evolution and crack propagation in rocks -1, Powder
materials are bonded by binders. Sand 3D printing
material is close to the mineral particles inside natural
rocks and bonding components. This printing method
mainly produces samples by using furan resin and
sand powder in a certain proportion, and the obtained
samples are similar in structure to natural rocks, where
the particles are connected into a whole by bonding
material. This method of forming a three-dimensional
solid by bonding resin and sand powder layer by layer
is regarded to be a reasonable method for making
rock-like samples. Kong et al. 1 employed back-
scattered scanning electron microscopy (BS-SEM) and
energy dispersive spectroscopy (EDS) to identify the
particles, filling forms, and bonding materials of sand
3D printed rock-like samples so as to determine its
microstructure. They pointed out that in terms of pore
structures, using sand 3D printed rock-like samples to
replace natural rocks for physical tests is feasible but
still needs to improve the similarity of pore structures
and mechanical properties. Gomez et al. 1 studied
the mechanical behavior and permeability evolution of
sand 3D printed rock-like samples under different
confining pressures through triaxial unconsolidated-
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drained tests. The test results indicated that sand 3D
printing technology can produce rock-like samples
with mechanical behavior similar to natural reservoir
rocks but there are still differences. Qi et al. 'Y used
digital image correlation (DIC) method to perform
non-contact deformation measurement on sand 3D
printed rock-like samples with different joint densities
for studying the evolution law of strain field and strain
localizations as well as the growth of new cracks
during loading.

Our research team has conducted extensive studies
using combined CT scanning and 3D printing
technology to produce sand 3D printed specimens
with internal structures similar to natural rocks. In
order to apply 3D printing technology to the field of
rock mechanics, our team has investigated the
mechanical properties and crack propagation of sand
3D printed specimens under high temperature conditions,
as well as the dynamic mechanical properties and
energy dissipation laws under impact loads that are
commonly encountered in practical engineering*?-4l,

However, all of these studies face a common
problem: the low strength and stiffness of the sand 3D
printed material limit its ability to replicate natural
rocks. Currently, sand 3D printed specimens are
suitable for simulating weak rocks with low
compaction degree, poor particle bonding, and low
structural strength, but cannot be used for larger-scale
research (51, Therefore, in order to meet the demand
for replicating natural rocks, it is necessary to
significantly improve the strength and stiffness of the
sand 3D printing material.

Since the microstructure characteristics of rock
materials govern their macroscopic physical and
mechanical properties, pore structures and cementitious
materials have an important influence on their
mechanical properties [*6-*°1. Based on this, furan resin
and sand powder materials were employed to create
sand 3D printed specimens. Then these specimens
were post-processed through three methods: vacuum
infiltration, low-temperature treatment, and combined
infiltration at low temperature. Mechanical tests on
standard specimens before and after treatment were
conducted, and their microstructural changes were
analyzed using scanning electron microscopy. This
study provides solutions and ideas for addressing the
low strength and stiffness of sand 3D printed specimens.

2 Specimen preparation

2.1 Sand 3D printed rock-like samples

The experiment utilized the 3DP technology to
print the initial samples using a VX1000 3D printer
with a minimum printing thickness of 0.20-0.30 mm.
The printer powder and binder used were GS19 sand
and furan resin, respectively, which are compatible
with the printer. The main mineral component of GS19
sand is quartz, with a uniform particle size distribution
between 0.20-0.35 mm. Furan resin is a commonly
used thermosetting adhesive that exhibits good
compatibility compared with other resins and is often
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used in casting processes. The printer and materials
are shown in Fig.1.

The dimensions of the 3D printed rock-like
samples accorded with the recommendations of the
International Society of Rock Mechanics (ISRM). A
cylindrical model measuring ¢50 mmx100 mm was
created using computer-aided design software Rhino.
The model was exported in stereo lithography (STL)
format, which contains geometric information about
the sample that can be recognized by the 3D printer.
After recognizing the three-dimensional structure
digital model, sand powder was sequentially laid out
according to the design layer thickness (0.4 mm), and
then solid printing was implemented layer by layer in
a powder-binder-powder-binder form. Since printing
direction affects mechanical properties of samples,
Z-direction was defined as positive direction for
printing in this study. After forming, residual powder
on the surface of samples was cleaned up. The sample
preparation method is consistent with that used by our
research team previously and will not be further
elaborated here; and specific printing procedures are
presented in Fig. 2.

(a) VX1000 3D printer

———— |

R TTTTTemy
4| 5 4 7l

(b) GS19sand (c) Furan resin
Fig.1 Machine and material of sand 3D printed specimens

T Printing '
direction |

-

(a) Digital model

(b) Print process
Fig.2 Printing process

(c) Physical specimens

2.2 Post-processing methods
Following the post-treatment methods proposed by
Wu et al.”?! and Mostafaei et al.?tl, the polyether
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amine epoxy resin adhesive (epoxy adhesive in
following paragraphs) was selected as an infiltrant to
treat the specimens using vacuum infiltration in this
study, based on a comprehensive comparison of its
flowability, initial curing time, and storage time. The
epoxy adhesive consists of two components, A and B.
Component A is the epoxy resin matrix, which is white
and viscous, while component B is a polyether amine
curing agent that is light yellow and has good fluidity.
Components A and B are uniformly mixed in a 2:1
ratio provided by the supplier before curing begins.
The curing time is affected by temperature, with an
initial curing time of 2 h at room temperature (25°C).
Additionally, since organic resins are temperature-
dependent materials, their mechanical properties are
affected by temperature 21, To enhance the brittleness
of 3D printed rock-like samples, carbon ice was used
for low-temperature treatment based on the method of
Zhou et al %3,

Fig.3 Polyether amine epoxy resin adhesive

To investigate the effects of different post-
processing methods on the mechanical properties of
sand 3D printed rock-like samples, the printed samples
by different post-processing methods were divided
into four experimental groups: BC group, PI group, PT

group, and PIT group, with five samples in each group.

BC represents the blank control group, P represents
post-processing, | represents vacuum infiltration, and
T represents low-temperature treatment. The detailed
processing methods for each group are as follows:

(1) BC Group: After printing, the samples were
dried in a constant-temperature drying oven and stored
at room temperature without further treatment.

(2) P1 Group: This group was used to study the
effect of infiltration treatment at room temperature on
the mechanical properties of the samples. Due to the
viscosity and limited curing time of epoxy resin
adhesive, directly draining through a connecting pipe
will lead to blockage of the pipe. The method shown
in Fig. 4 was used to uniformly infiltrate the epoxy
resin adhesive into the sample. (DPlace the inner
container containing 3D printed rock-like samples and
prepared epoxy resin adhesive in a sealed bucket
connected to a vacuum pump and immerse the sample
with epoxy resin adhesive (Fig. 4(a)). @ Close other
valves, turn on the vacuum pump and corresponding
connection valve for 10 minutes to extract air from
the bucket. After the pressure gauge stabilizing,
maintain a vacuum environment inside the bucket for
10 minutes. Then, initiate the preliminary infiltration

Published by Rock and Soil Mechanics, 2023

process by utilizing the pressure differential between
the interior and exterior of the specimen, as well as
capillary action. 3 Close valves and vacuum pump,
open the valve connected to atmosphere, thus atmospheric
pressure can drive epoxy resin adhesive into deep
pores of samples (Fig. 4(c)). @ Take out inner
container, add epoxy resin adhesive again until the
sample is submerged, and then put the inner container
back into the bucket (Fig. 4(d)). Repeat steps @-®
until there is no significant change in sample mass.
Finally, wipe off excess epoxy resin adhesive on the
surface of the sample and place it in a constant-
temperature drying oven until it is completely cured.

Connecting
pipe

Epoxy resin adhesive

(a) Place specimen (b) Turn on the vacuum pump

(c) Turn off the vacuum pump

(d) Add infiltrant
Fig.4 Vacuum infiltration process

(3) PT group: Prior to conducting the uniaxial
compression test, the untreated specimens were buried
in an insulated box filled with carbon ice, as shown in
Fig. 5. Temperature measurements were taken every 2
h during the freezing period to maintain a constant
environment temperature of —70 “C for the specimen.
The specimen was dislodged from the low-temperature
environment after a minimum freezing time of 24 h
for conducting the uniaxial compression test.

Fig.5 Low-temperature treatment

(4) PIT group: To compare the effect of tem-
perature on epoxy resin adhesive, a combined
infiltration and low-temperature treatment method was
used for specimen treatment. The combined infiltration
and low-temperature methods were the same as those
used in Pl and PT groups. The specimen was first
subjected to infiltration and then buried in an insulated
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box filled with carbon ice for low-temperature treatment
after solidification.

Figure 6 depicts 3D printed rock-like samples
from various experimental groups.

PIT group

BC group
Fig.6 3D printed rock-like samples

PI group PT group

2.3 Experimental program

Uniaxial compression tests and scanning electron
microscopy tests were conducted on samples from
different experimental groups. The effects of different
post-processing methods on the mechanical properties
of sand 3D printed rock-like samples were evaluated
through mechanical tests, and microscopic structure
studies was carried out to analyze the mechanism
underlying the variations in mechanical properties.

The WAW31000 microcomputer servo universal
testing machine was used for the uniaxial compression
test with a loading rate of 0.05 mm/s. Axial deformation
was recorded by the built-in sensors of the testing
machine. Prior to loading, polytetrafluoroethylene
sheets were placed between both ends of the sample
and the pressure plate of the apparatus to reduce
friction, and a baffle was used during testing for
protection.

The Zeiss Merlin Compact electron microscope
scanner was employed to scanning microscopic structure
with magnification between 50-1000 and scanning
voltage between 1.0-2.0 kV. The experimental equipment
is depicted in Fig. 7.

z
=]
=
w
H

(b)Zeiss Merlin Compact electron microscope scanner
Fig. 7 Experimental equipment

https://rocksoilmech.researchcommons.org/journal/vol44/iss5/5
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3 Results and analysis

3.1 Variations in appearance and mass

After different post-treatments, the appearance of
sand 3D printed rock-like samples underwent various
changes, as shown in Fig. 8. It can be observed that
the apparent color of the samples in BC group is dark
brown, with slight sand particle peeling phenomenon
on the surface. After infiltration treatment, the
apparent color of Pl specimens changed to gray-black,
and the peeling phenomenon disappeared. The samples
subjected to low-temperature treatment had a white
frost layer attached to their outer layer, and the peeling
phenomenon was reduced to some extent.

(a) BC group
Fig.8 Appearance contrast

(b) PI group (c) PT group

The mass variations of sand 3D-printed rock-like
samples in each group are listed in Table 1. The
treated specimens exhibit a significant increase in
mass and density, with the incremental mass
originating from the epoxy resin infiltrated into the
specimen. The mass of the specimens subjected to
low-temperature treatment has slightly increased due
to the adhesion of moisture from the air onto the
specimen surface. Additionally, Table 1 reveals that
the mass of untreated sand printed rock-like samples is
very similar, and that the changes in mass by post-
processing are also essentially identical. This indicates
that not only do rock-like samples prepared through
3D printing technology show a similar appearance, but
also that sand printed rock-like samples using identical
digital models exhibit a high degree of internal
consistency.

Table 1 Mass changes of 3D printed rock-like samples by
different post-processing
Average mass

. Average mass Mass Average
Post-processing before ) L .
: after processing variations  density
methods processing 5
9 /9 /9 /(g-cm™)
BC Group 281.632 281.632 — 1.434
P 1 Group 281.156 373.057 91.901 1.900
PT Group 281.375 283.796 2421 1.445
PIT Group 281.782 375.297 93.515 1.911

3.2 Effects of post-processing methods on mechanical
properties and failure modes
3.2.1 Stress—strain relationships

Uniaxial compression tests were conducted on
cylindrical samples for each group, and the strength
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and elastic modulus variations were thus obtained.
Table 2 lists the uniaxial compression test results for
each group of samples and corresponding mean values.

Table 2 Results of uniaxial compression tests

Specimen Yiel_d Peak strain Yield Peak Elastic
type No. strain 110-3 strength  strength  modulus

/108 /MPa /MPa /GPa

BC-1 6.74 7.55 5.41 5.80 0.96

BC-2 4.81 8.00 4.66 6.67 1.30

BC BC-3 5.07 7.58 4.74 6.04 0.98

Group  BC-4 6.03 8.12 5.52 6.58 0.82

BC-5 4.10 7.30 452 5.76 0.89

Mean 5.35 7.71 4.97 6.17 0.99

PI-1 11.73 20.77 9.38 11.05 0.88

PI-2 13.78 23.02 9.80 12.57 0.95

PI PI-3 12.30 21.62 9.44 12.00 0.94

Group Pl-4 12.11 21.14 9.57 11.88 0.90

PI-5 12.63 22.20 9.69 12.45 0.93

Mean 1251 21.75 9.58 11.99 0.92

PT-1 6.41 6.56 13.59 13.92 3.70
PT-2 6.11 6.55 11.90 13.54 4.88
PT PT-3 6.33 6.81 11.92 13.60 4.39

Group PT-4 6.90 7.41 1211 14.19 4.56
PT-5 5.85 6.52 10.53 13.00 4.12
Mean 6.32 6.77 12.01 13.65 4.33

PIT-1 12.39 12.94 185.37 195.43 30.78

PIT-2 12.24 13.11 180.29 190.51 25.77

PIT PIT-3 11.84 13.02 180.11 192.95 25.51
Group  PIT-4 11.95 13.25 188.06 196.15 25.33
PIT-5 11.58 12.88 185.47 194.16 23.16

Mean 12.00 13.04 183.86 193.84 26.11

Table 2 reveals significant changes in the mechanical
properties of the processed samples compared to the
control group. Specifically, the average strength of the
Pl group reached 11.99 MPa, which is 94.3% higher
than that of the control group. The average elastic
modulus slightly decreased from 0.99 GPa to 0.92 GPa,
indicating that infiltration treatment can improve the
strength of 3D printed rock-like samples to some
extent, but also lead to a slight decrease in stiffness
due to the toughness exhibited by the infiltrant fluid,
making samples more prone to deformation. Meanwhile,
the PT group showed a remarkable increase in both
average strength and average elastic modulus,
reaching 13.65 MPa and 4.33 GPa, respectively, with
an increment by 121.2% and 337.4%. This suggested
that low-temperature treatment remarkably enhances
the brittleness of samples. The most significant
changes were observed in PIT group, with an increase
in average strength and average elastic modulus up to
193.84 MPa and 26.11 GPa by 3041.7% and 2537.4%,
respectively. This indicates that combined infiltration
and low-temperature treatment have a prominent effect
on the strength and stiffness of samples.

Figure 9 displays typical stress—strain curves of
different post-processed samples under uniaxial
compression, where distinct differences can be
observed in their mechanical properties after various
treatments are applied. The stress—strain curves for BC
group, PT group and PIT group showed consistent
behavior during the pre-peak stage. At the initial
loading stage, all curves exhibited an upward concave
compaction segment (corresponding to OA;, OA3z and

Published by Rock and Soil Mechanics, 2023

OAs segments respectively), as microcracks inside
specimens were closed. OA; segment was shorter than
other two segments, indicating that low-temperature
treatment increased the number of microcracks inside
samples. After the concave segment, stress—strain
curves entered a linearly elastic stage (A1B1, AsBs and
A4B4 segments) until reaching the yield point. Post-
yield curves showed a downward convex plastic stage
(B1C1, B3Cs and B4Cs segments), with BsCs segment
exhibiting a greater increase in stress but smaller
increase in strain than B1C; segment, indicating again
that low-temperature treatment enhances the brittleness
of samples. All three groups exhibited brittle failure.
However, their post-peak behaviors differed: PT group
and PIT group show a sharp drop after peak stress,
leading to an immediate loss of load-bearing capacity;
whereas the post-peak curves of group BC exhibits a
piecewise linear pattern, indicating that the sample
still possesses a certain level of load-bearing capacity
after the peak strength.

200.-. ........................................ Co — BCgroup | 20
175+ ---Plgroup 118
—— PTgroup {16

150 Cs
125+ Bs@l

— PIT group |

t

groups of samples /MPa

Stress of PIT group samples /MPa
=
o
Stress of the remaining

70 75
100 f <60 0%
i 0 7t HN
230 353 6
50 £20 23 &
S105F 1274 4
25 1 056 5108 4 2
Strain (10‘3 @
0 L L 0
0 5 10 15 20 25 30 35
Strain /1073

Fig.9 Stress-strain curves of 3D printed rock-like samples
after different post-processing methods

The stress—strain curve of the Pl group sample
treated with infiltration was distinctly different from
the other three groups. At the OA; stage, the Pl group
curve consisted of multiple segments of broken lines
without an obvious upper concave section, indicating
that the internal pores of the sample were filled with
epoxy resin adhesive. After the OA; stage, the curve
entered a linear elastic stage (A2B; segment), which
was characterized by a straight line. Subsequently, the
curve entered a plastic section (B2C, segment) with a
downward concave shape, and this stage had a
significantly larger strain range than that of the plastic
section of other three groups. There was no prominent
drop in the curve after reaching its peak point, and the
sample exhibits plastic failure, which is different from
brittle failure of natural rocks. The reason for this
phenomenon is that epoxy resin infiltration can change
the mechanical properties of samples from brittle to
plastic.

3.2.2 Failure pattern

The failure patterns of 3D printed rock-like samples
using various post-processing methods are shown in
Fig. 10. It can be observed that the failure modes of
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the samples can be divided into tensile and shear types.
Under uniaxial compression, small cracks parallel to
the loading direction were first generated at the ends
of samples in the BC group, which gradually extended
to form axial splitting failure accompanied by powder
falling off. The PI samples treated with infiltration
exhibited obvious lateral expansion deformation during
uniaxial compression, with inclined shear cracks
appearing on the surface. Meanwhile, their color
gradually changed to brown and the end surfaces
turned white due to the extrusion of epoxy resin
adhesive under compression. The failure mode of the
PT samples treated at low temperature was also axial
splitting failure, with more obvious tensile cracks
compared to the BC group. The PIT samples treated
with both infiltration and low-temperature exhibited
mainly axial splitting failure and partial shear failure
as a secondary mode. During failure, there was a loud
noise and the sample broke into pieces, showing
similar changes on their surfaces as those in PI
samples, with some fracture surfaces appearing white.

Tensile crack
Shear crack

(a) BC group (b) PI group

Tensile

Tensile crack

(c) PT group (d) PIT group
Fig.10 Failure modes of 3D printed rock-like samples by

different post-processing methods

3.2.3 Post-processing effects

Different post-processing methods have significantly
altered the mechanical and deformation properties of
3D printed rock-like samples. The main reasons for
this are the bonding mechanisms between particles,
the composition of bonding materials, and temperature.
The samples of BC group were printed using a method
commonly adopted in sand casting molds, where the
amount of furan resin used was limited to reduce gas
generation and ensure the quality of castings. This

https://rocksoilmech.researchcommons.org/journal/vol44/iss5/5
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factor led to weak interparticle bonding in conventional
samples, resulting in low macroscopic strength. By
infiltrating with epoxy resin, the pores in the sample
were filled, and the bonding material between particles
was dominated by epoxy resin, leading to increased
strength in sand 3D printed rock-like samples.
However, using polyether amine as a curing agent for
epoxy resin enhances toughness after curing, resulting
in obvious plastic features after compression. After
low-temperature treatment, the mobility of bonding
material decreased, and relative particle displacement
was restricted, requiring more external force to cause
damage. Therefore, the samples of PT group and PIT
group exhibited increased strength and obvious brittle
features.
3.2.4 Comparison of mechanical properties and failure
modes

Based on experimental results from Refs. [24-28],
stress—strain curves and failure modes between
low-temperature treated samples and weakly bonded
coarse-grained sandstone as well as between samples
treated by combination of infiltration and low tem-
perature and granite in uniaxial compression tests
were compared.

3.2.4.1 Comparison of mechanical properties

From Fig. 11(a), it can be observed that the stress—
strain curve of the PT samples treated at low
temperature is similar to that of the weakly cemented
coarse-grained sandstone under uniaxial compression
conditions. The peak stress, peak strain, and elastic
modulus are relatively close, indicating a high similarity
between the low-temperature treated samples and weakly
cemented coarse-grained sandstone. By comparing the
mechanical properties in Table 3, it can be seen that
the uniaxial compressive strength and elastic modulus
of the PIT samples treated by combination of
infiltration and low-temperature are smaller than that
of granite. Furthermore, comparing the stress—strain
curves of the PIT specimens in Fig. 11(b) with those
of granite in Refs. [26-28], it can be found that their
overall trend and stages are similar, and their peak
strains are also at a similar level with that of natural
granite. Therefore, it can be concluded that these
post-treated specimens have certain similarities with
granite in terms of mechanical properties.
3.2.4.2 Comparison of failure modes

Figure 12 compares the failure modes of the post-
processed specimens and natural rocks under uniaxial
compression conditions. By comparisons in Fig. 12(a)
and Fig. 12(b), it can be seen that the failure mode of
the PT samples treated at low temperature is similar to
that of weakly cemented coarse-grained sandstone,
where macroscopic main cracks in both samples are
tensile cracks, with secondary cracks generated during
loading. Figs. 12(c) and 12(d) show the failure modes
of the PIT samples processed by combined infiltration
and low-temperature and granite samples, respectively.
They both exhibit combined tensile-shear failure,
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presenting as blocky after failure.
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(a) Comparison of stress—strain curves between PT samples and weakly
cemented coarse-grained sandstone 241,
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(b) Comparison of stress—strain curves between PIT samples and granite
Fig.11 Comparison of stress-strain curves between 3D
printed rock-like samples by different post-processing and
natural rocks

Table 3 Comparison of mechanical properties between
samples processed by combined infiltration and
low-temperature and granite

Uniaxial compressive

Elastic modulus
ample type

strength /MPa /GPa
PIT samples treated by
combined infiltration and low- 193.84 26.11
temperature
Granitel2®! 242.81 20.20
Granitel?”] 132.15 14.79
Granitel?®] 206.58 53.28

By comparing the stress—strain curves and failure
modes, it can be found that the mechanical properties
and failure modes of post-processed sand 3D printed
rock-like samples are similar to those of natural rocks.
However, it should be noted that 3D printed rock-like
samples typically possess a layered structure along the
printing direction due to the printing process, which is
currently the main structural difference between 3D
printed samples and natural rocks. In this study, a
single printing direction was set. When the loading
direction is parallel to this printing direction, the
mechanical characteristics of unprocessed samples are
closer to those of natural rocks. Additionally, it is
found that combined infiltration and low-temperature
method can improve sample density and make
mechanical properties similar to those of granite.
However, since only one printing direction was set in
this experiment, further research needed to determine
whether the mechanical properties and failure modes
of post-processed samples are still affected by the

Published by Rock and Soil Mechanics, 2023

layered structure caused by the printing direction. Our
research team will continue to explore the feasibility
of using post-processing methods to eliminate the
effect of layered structures on the mechanical properties
of printed samples.

(a) Failure mode of PT samples (b) Failure mode of weakly cemented
coarse-grained sandstonel?s]

(c) Failure mode of PIT samples (d) Failure mode of granitel?®]

Fig.12 Comparison of failure modes between 3D printed
rock-like samples by different post-processing
and natural rocks

3.3 Microscopic mechanism analysis

Scanning electron microscopy experiments were
conducted on 3D-printed rock-like samples treated
with different post-processing methods. The magnification
was set between 50 and 500 times to observe the
overall morphology of the fracture surface, as well as
the particle shapes, cementitious morphology, and
inter-particle cementation within the fracture surface,
as shown in Fig. 13.

The SEM images of the BC samples at different
magnifications are shown in Figs. 13(a) and 13(b).
The overall morphology of the sample fracture surface
shows that particles are clearly visible with obvious
inter-particle pores. Figure 13(b) reveals that the
untreated BC samples have a layer of furan resin film
attached to the surface of sand particles. The particles
are interlocked with each other. At the protruding parts
of interlocking, there is furan resin bonding, which
belongs to a "point-to-point” contact mode. This is
consistent with the analysis of low strength at the
macro level.

The SEM images of Pl samples are shown in
Figs. 13(c) and 13(d). It can be observed from Fig. 13(c)
that particles are not easily distinguishable, and epoxy
resin fractures and separates from sand particles to
form voids inside the material. At a high magnification
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in Fig. 13(d), some branches of epoxy resin extending
outward from particle connections and partially
uncoated particles can be observed, indicating that Pl
samples treated by vacuum infiltration no longer have
furan resin cementation between particles but instead
have overall filling of epoxy resin into inter-particle
pores.

The SEM images of the PT samples after low-
temperature treatment are presented in Figs. 13(e) and
13(f). At a low magnification in Fig.13(e), the overall
morphology of the PT sample particles is similar to
that of the BC group, and particles and pores can be
clearly observed. At a higher magnification, however,
the furan resin on the surface of the particles exhibits
more wrinkles and becomes rough. Moreover, cracks

are generated in local areas on the surface of particles.

The SEM images of the PIT samples after infiltration
and low-temperature treatment are shown in Figs. 13(g)
and 13(h). The microstructure is significantly different
from those of other groups. In Fig. 13(g), compared
with Pl samples treated by infiltration at room
temperature, the particles are more tightly packed
together, making them difficult to be distinguished
from each other under epoxy resin encapsulation. The
pores formed by detachment between resin and
particles are significantly reduced. In Fig.13(h), sand
particles are completely encapsulated by epoxy resin.
Different from that at room temperature, the fracture
surfaces at particle connections are flat and shear
failure occurs.

e e
Bl \= o e

(c) Microscopic morphology of the fracture surface of Pl samples  (d) Morphology of particles in PI samples
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(e) Microscopic morphology of the fracture surface of PT samples

(f) Morphology of particles in PT samples

(9) Microscopic morphology of the fracture surface of PIT samples (h) Morphology of particles in PIT samples

Fig. 13 Electron microscopic scanning images of 3D printed rock-like samples by different post-processing

https://rocksoilmech.researchcommons.org/journal/vol44/iss5/5
DOI: 10.16285/j.rsm.2022.5886
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Figure 14 illustrates schematic diagrams of particle
connections and failure patterns for different samples
based on SEM results. As shown in Fig. 14(a), furan
resin of samples in the BC group first bears external
loads before failure. Then relative displacement occurs
between particles, and external forces gradually shift
to mechanical interlocking forces and frictional forces
between particles. With further increase in external
force, microcracks emerge inside samples and continue
to expand to result in final failure. The content of
bonding material between particles has an important
effect on the mechanical properties of samples during
compression. Weak "point-to-point™ contacts lead to a
lower strength for sand 3D printed rock-like samples
than for samples of other groups.

Figure 14(b) presents the particle connections and
failures of Pl samples. External forces are borne by
epoxy resin between particles, while the epoxy resin is
deformed when relative displacement occurs between
particles, and finally, the resin breaks under tension.
Some fractures occur at the weak bonding on the
particle surface, causing detachment between epoxy
resin and sand particles, which results in holes. Epoxy
resin has higher tensile strength than furan resin and
has certain toughness under the action of polyether
amine. Even if there is a large change in position
between particles, their connection is difficult to break,
so the uniaxial compression strength of samples is
improved, and obvious plasticity is observed as
indicated by the stress—strain curve in Fig. 9.

The mechanical property variations of PT samples
after low-temperature treatment are caused by the
increased strength of furan resin and uneven shrinkage
of furan resin on the surface of particles. As shown in
Fig. 14(c), low-temperature treatment causes internal
shrinkage and stress in furan resin. Once internal
stress exceeds the strength of furan resin, it will result
in resin failure and the appearance of cracks. However,
the strength of resin materials increases as the
temperature decreases. At low temperatures, the
mobility of polymer chains within the furan resin is
reduced, requiring more external energy to rupture the
furan resin. Additionally, when the furan resin is
broken, the rough surface of the particles increases
friction between them, further enhancing the strength
of the sample.

The particle morphology and failure of PIT samples
after combined infiltration and low-temperature treatment
are shown in Fig.14(d). From a micro perspective, low
temperature mainly enhances the overall integrity of
sand particle-epoxy resin composite system. Low
temperature causes shrinkage in epoxy resins which
strengthens bonding between particles and resins.
Polymer chains are restricted from movement at low
temperatures, resulting in shorter distances between
molecules and increased intermolecular forces. Hence,
more energy is required to break the resin, particles
and bonding interface between resin and particles. The
failure of PIT samples is mainly due to detachment
between resin and particles, shear damage to resin
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between particles, and fracture of particles themselves.
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Fig.14 Diagrams of particle connection and failure of 3D
printed rock sample by different post-processing

4 Conclusions

The sand 3D printed rock-like samples were post-
processed using vacuum infiltration, low-temperature
treatment, and combination of infiltration and low-
temperature. Subsequently, uniaxial compression tests
and scanning electron microscopy experiments were
conducted on these samples. The results indicate that:

(1) Various post-processing methods can enhance
the strength of sand 3D printed rock-like samples,
with the combined low-temperature and infiltration
method showing the most significant improvement.

(2) Post-processing can alter the stress—strain
relationship and failure mode of 3D printed rock-like
samples. The vacuum-infiltrated samples exhibits
significant plastic deformation during compression
due to the inherent deformation properties of epoxy
resin. The mechanical properties of low-temperature
treated samples are similar to those of weakly
cemented coarse-grained sandstone, while those treated
with combined infiltration and low-temperature shows
mechanical properties similar to granite.

(3) Prominent changes in microtopography of
samples are observed before and after processing.
Untreated samples has visible particles with numerous
pores between them. After infiltration, the inter-particle
pores are filled with epoxy resin, resulting in the
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increase in the bonding area between particles. After
low-temperature treatment, the mobility of resin is
reduced, friction between uninfiltrated particles is
increased, and integrality of infiltrated particles and
resin is enhanced, resulting in increased strength.

5 Outlook

Through various post-processing methods, it is
possible to overcome the limitations of low strength
and stiffness in sand 3D printed rock-like samples to a
certain extent, achieving a larger range of natural rock
replication, which is conducive to the application of
3D printing technology in rock laboratory testing.
However, current research still has some limitations:

(1) 3D printed rock-like samples typically exhibit
a layered structure along the printing direction, which
greatly affects their mechanical properties and failure
modes. Our research team will investigate whether
post-processed samples are still affected by the layered
structure by preparing post-processed samples with
different printing directions.

(2) Low-temperature treatment can improve the
brittleness of sand 3D printed rock-like samples, but
natural rocks usually cannot adapt to extremely low
ambient temperatures. The next step in research is to
develop new infiltrants that can enhance strength and
stiffness at room temperature for samples treated by
vacuum infiltration.

(3) Defects such as joints and fissures in natural
rocks, which are formed by geological processes,
increase the complexity of deformation and stress
distribution under complex stress conditions. With the
advantages of highly accurate reproduction and rapid
replication of complex structures offered by 3D
printing technology, the focus of our research team
will be on studying crack propagation and damage
evolution in flawed samples after post-processing.
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