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Abstract: Due to the complexity of the sedimentary and diagenetic processes, natural rocks generally
exhibit strong heterogeneity in mineral composition, physicochemical properties, and pore structure.
Currently, 3D printed (3DP) rock analogs fabricated from sandy materials (silica sand) are widely
applied to study the petrophysical and geomechanical characteristics of reservoir rocks, which
provides an alternative and novel approach for laboratory tests to calibrate the environmental
uncertainties, resolve up-scaling issues, and manufacture customized rock specimens with consistent
structure and controllable petrophysical properties in a repeatable fashion. In this paper, silica sand
with various grain sizes (GS) and Furan resin were used to fabricate rock analogs with different layer
thicknesses (LTs) using the binder-jetting 3DP technique. A comprehensive experimental study was
conducted on 3DP rock analogs, including helium porosity measurement, micro-CT scanning, SEM,
and uniaxial compression. The results indicate that the LT and GS have a great influence on the
physical properties, compression strength, and failure behavior of 3DP rock analogs. The porosity
decreases (the difference is 7.09%) with the decrease in the LT, while the density and peak strength
increase (showing a difference of 0.12 g/cm3 and 5.67 MPa). The specimens printed at the 200 and
300 µm LT mainly experience tensile shear destruction with brittle failure characteristics. The ductility
of the 3DP rocks increases with the printing LT. The higher the content of the coarse grain (CG), the
larger the density and the lower the porosity of the specimens (showing a difference of 0.16 g/cm3

and 8.8%). The largest peak compression strength with a mean value of 8.53 MPa was recorded in
the specimens printed with CG (i.e., 100% CG), and the peak strength experiences a decrease with
the increment in the content percentage of the fine grain (FG) (showing a difference of 2.01 MPa).
The presented work helps to clarify the controlling factors of the printing process and materials
characteristics on the physical and mechanical properties of the 3DP rock analogs, and allows for
providing customizable rock analogs with more controllable properties and printing schemes for
laboratory tests.

Keywords: 3D printing; sandstone; porosity; compression strength; failure behavior

1. Introduction

The physical tests based on natural rock specimens are essential to many rock mechanics-
related engineering applications including oil/gas exploitation, geothermal extraction, and
geotechnical engineering [1,2]. Due to the complexity and strong heterogeneity in mineral
composition and pore/fracture system of the rock mass in the natural scenario, quantitative
characterization and accurate prediction of the mechanical response and failure behavior
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of rock mass are still challenging [3]. With certain assumptions, researchers have estab-
lished various types of analytical models to help predict the stress–strain relationship of
rock mass under load, although those models are limited to quantifying the stress–strain
distribution and structural evolution of inner rock mass [4,5]. Numerical approaches allow
us to visualize the stress and strain fields of inner rock mass, as well as capture structure
evolution locally and globally [6]. However, the limitation of the numerical simulation
lies in that the accuracy is highly dependent on the selection of constitutive models, as
well as the calibration of the material parameters [7]. Moreover, it is necessary to make
appropriate simplifications on the numerical model of the complex rock mass to balance
the computation cost and accuracy. In view of this, the laboratory tests performed on rock
specimens are still regarded as the most valuable and effective way in rock mechanics and
geoscience studies to capture the physical and mechanical properties of rock mass, as well
as to calibrate and validate the analytical models and numerical simulations.

The heterogeneity of natural rock specimens and the destructive laboratory tests not
only limit the parallel experiments of the multi-factor response of the same sample, but also
increase the uncertainty of test results from sample to sample. Therefore, researchers have
attempted to fabricate artificial cores by casting and sand-filling methods to resolve the
aforementioned limitations in laboratory tests [8–10]. However, the artificial cores made by
those traditional methods failed to mimic the sedimentation process of the natural rocks,
and they cannot yet guarantee a consistent inner structure from sample to sample. What is
more, since those methods were very manually intensive and environmentally sensitive,
the physical and mechanical properties can be varied from sample to sample, which may
cause a large deviation in the test results [11,12]. Recent developments in 3D printing, also
known as additive manufacturing (AM), in rock mechanics, and geosciences provide an
alternative scheme for fabricating rock analogs with consistent structure and controllable
properties in a more cost-effective and time-saving way [13–16]. Compared to traditional
artificial cores, 3DP rock analogs fabricated from digital rock models can mimic rock
texture accurately from the perspective of pore morphology and topological property [17].
Moreover, thousands of materials have been used for 3D printing to fabricate rock analogs to
date. For that reason, 3D printing has been widely adopted to explore potential applications
in the rock mechanics and geoscience engineering fields. Researchers have attempted to
3D print rock analogs with various types of polymer materials including photosensitive
resin, plastic, and nylon [18–21]. However, those resin-based 3DP rock analogs were
proved to be too ductile to simulate the brittleness of the natural rocks [22,23]. On the
plus side, resin-based 3D printing techniques, such as the PolyJet and stereolithography
(SLA), generally achieved a high printing resolution. Thus, those types of 3D printing
techniques were very suitable to capture and characterize the pore morphology and pore-
throat connectivity of natural rocks. Various studies have reported on the 3D printing
of rock pore structure from 2D to 3D at microscale [24,25]. Among the resin-based 3DP
rock analogs, transparent resin was the most widely used material for mimicking rock
structure. Due to its transparent property, the internal stress field and fluids flow process
could be visualized and dynamically monitored with the help of visualization techniques
such as the photoelastic stress freeze method, digital image correlation (DIC), particle image
velocimetry (PIV), and in situ CT scanning [26–28]. Several research teams have attempted
to resolve the pore features of natural rocks at original dimensions without upscaling, which
is essential for understanding the effect of pore morphology on fluids flow process [22,25].
In addition, complex fracture networks can be easily fabricated via 3D printing with
controlled parameters including aperture, surface roughness, and orientation. On the
basis of the 3DP fractured rock mass, the hydraulic characteristics are comprehensively
investigated to validate those classical empirical equations and analytical model [29,30].
Although the super high resolution (~2 µm in theory) of the resin-based 3D printing
allowed the printing of the pore/fracture structure at its original dimensions, the inherent
physicochemical properties of the resin materials failed to mimic the surface roughness and
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fluid–solid interaction of the natural rocks. In view of this, those natural powder materials,
such as silica sand, gypsum, and ceramic, were used to 3D-print rock analogs.

The powder-based 3D printing, such as binder jetting, utilizes a print head to jet
“cement” onto the printing bed to bond the discrete grains [31]. Natural sandstones are
mainly composed of mineral grains (quartz) and corresponding cementing agents, which
makes the aforementioned powder-based 3D printing technique very suitable for fabricat-
ing sandstone analogs [32]. Compared to resin materials, 3DP rock analogs printed with
natural powder materials have shown remarkable advantages in mimicking the surface
physicochemical properties of natural rock, as well as the mechanical and deformation
behaviors [33]. Researchers have attempted to 3D print rock analogs with ceramic and
gypsum powders, and the ceramic powder-based specimens showed an abnormal brittle-
ness property compared to the natural rocks, while the gypsum powder-based specimens
showed good ductile strength. Various types of post-processing techniques have been
utilized to improve the physical and mechanical properties of the 3DP rock analogs, which
made the 3DP rock analogs suitable for mimicking many types of natural rocks, includ-
ing brittle rocks and highly-stressed soft rocks [34–36]. With the powder-based 3DP rock
analogs, researchers have explored the similarity of mechanical, transport, acoustic, and
electrical properties in comparison to the natural rocks for potential applications in labo-
ratory tests [37–40]. Flaws, i.e., single fracture or fracture networks, were embedded into
the 3DP specimens to simulate the effect of the fracture system on the mechanical and
transport properties of rock mass, as well as the fracture propagation evolution property
by using acoustic emission (AE) and DIC measurements [41,42]. With the help of 3D
printing, the defective rock specimens could be fabricated in a more customized fashion
with various types of fracture length, aperture, number, orientation, spacing, and even
the intersection angle of fracture networks [43,44]. Limited by the inherent properties of
gypsum and ceramic powder, the pore geometry and morphology differed from the natural
sandstone, which has a great influence on modeling transport properties in laboratory
tests. Thus, silica sand (~98% quartz) was used to 3D print the rock analogs. Compared to
ceramic and gypsum powder, the “sandstone” 3D printed with silica sand exhibits superior
properties to mimic natural rocks both in macroscopic physical–mechanical properties and
microstructural characteristics (e.g., mineral composition, grain cementing mode, and pore
structure) [45,46]. Although the matrix material has a great influence on the properties of
the 3DP specimens, the influence of the printing process (including printing orientation, LT,
binder saturation, and drying time) on the specimens cannot be ignored. Previous studies
have investigated the effect of different matrix materials and printing processes on the
macroscopic properties of 3DP rock analogs individually. However, they failed to explore
the effect of the GS on the 3DP rock analogs, which is a great influence factor on natural
sandstone properties according to the corresponding studies on grain sorting during the
sedimentary process [47,48]. In addition, corresponding studies related to the synergetic
influence mechanism on the 3DP rock analogs between the GS of the matrix material and
printing LT are still rare.

The main motivation of this study was to reveal the influencing mechanism of the
sand GS and printing LT on the physical and mechanical properties of silica sand-based
3DP rock analogs. To this end, five types of matrix material combinations with different GS
and three types of printing LT were designed to fabricate 3DP sandstones. The physical
and mechanical properties of the 3DP sandstones were comprehensively investigated and
the effect of the GS and printing LT on the 3DP sandstones was discussed in an integrated
way. The present work might aid in clarifying the main controlling factors affecting the
macroscopic properties of the 3DP rock analogs, and provides a recommended printing
scheme for 3DP rock fabrication for various application scenarios and purposes in the rock
mechanics and geoscience engineering fields.
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2. Materials and Methods
2.1. 3D Printing of Rock Analogs

Prior to 3D printing, the corresponding digital model should be designed and pro-
cessed first to meet the requirements of the 3D printer. Generally, the printing procedures
differ from other 3D printing techniques, and the main printing process can be divided into
four parts: digital data acquisition, model discretization, printing layer by layer, and post-
processing [49]. The VX-2000 3D printer (VoxelJet, Suzhou Branch, China) was adopted to
fabricate the silica sand-based 3DP rock analogs used in this study, which uses the binder
jetting (BJ) technique for bonding silica sand with an organic binder, as shown in Figure 1a.
According to the manufacturer’s datasheets, the printer used in this study has a large
printing volume of 2000 L with a high printing resolution (plane) of up to 300 dpi and a
low printing LT of ~200 µm.
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The main manufacturing process of the 3D printer is as follows: Prior to printing, the
silica sand is pre-mixed with acid activator (p-toluene sulfonic acid) with a certain ratio
and loaded into the recoater. Then, the recoater moves from left to right above the printing
bed in the job box to deposit the sands, followed by the rotating roller behind the recoater
to spread the sands. After that, the print head passes over the printing bed to jet binder on
the sand layer to form the bonding neck at the designed location controlled by the digital
model. Afterwards, the heater travels over the printing bed to accelerate the curing process
between layers. The printing bed is then lowered by one layer with a designed LT, and
the aforementioned procedures are repeated until the objective is complete, as shown in
Figure 1b. After the printing process, the job box is removed from the printer. No waiting
times are required since an adequate level of unpacking strength of the printing objective
already forms during the printing process. To facilitate the curing of the binder, as well
as to remove the extra moisture to achieve designed strength, the job box is placed into a
furnace to dry the specimens at 80 ◦C [16]. After the drying process, the rock analogs are
removed from the job box, and rough cleaning is conducted manually using brushes to
remove the unbound sands. More intensive cleaning can be carried out by compressed air.

2.2. Matrix Material and Printing Parameters

The silica sands with different GS were utilized as printing matrix material in this
study (Figure 2). The CS (GS 19 type) and FS (GS 12 type) purchased from the VoxelJet,
Suzhou Branch, China, have a medium grain size of 190 and 120 µm, respectively, and
according to vendor datasheets, both silica sands are composed of ~98% quartz. Five types
of blends of sand mixture were designed with coarse and fine sands, i.e., 100% CS (Type I),
70% CS and 30% FS (Type II), 50% CS and 50% FS (Type III), 30% CS and 70% FS (Type IV),
and 100% FS (Type V), and the ratios of the different sands were determined by weight. The
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furan resin (the active ingredients consist of 70–90% α-furfuryl alcohol, 5–15% bisphenol A,
1–10% resorcinol, and 0.1–0.2% 3-aminopropyltriethoxysilane) purchased from the ASK
(Zhejiang) New Materials Technology Co., Ltd. was chosen as the binder. The default
setting of binder saturation was 10% for all the 3DP rock analogs in this study.
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The printing resolution was set to 300 dpi on the plane, and the printing direction
was along the z direction. For different types of sand mixtures, 200 µm LT was set to print
rock analogs to investigate the effect of the GS on 3DP rocks. Type I sand mixture was
used to print rock analogs with various LTs of 200 µm, 300 µm, and 400 µm to investigate
the effect of LT on 3DP rocks. The designed schemes of the sand mixtures and printing
parameters for 3DP rock fabricating used in this study are shown in Table 1. In this study,
the 3DP rock specimens were fabricated in cylindrical shape with two types of dimensions,
i.e., 50 mm × 100 mm for UCS testing, and 25 mm × 50 mm for microscopic structure
characterization followed by the ASTM D4543-19 [50], as shown in Figure 3.
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two groups.
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2.3. Uniaxial Compression Testing

The unconfined compressive strength (UCS) of the 3DP rock analogs was tested fol-
lowing ASTM D7012-14e1 [51] on an ETM105D universal material testing system (Figure 4)
located in the Experimental Center for Structure and Mechanics, at Southwest University
of Science and Technology. Two copies of each type of 3DP rock were used for UCS testing
to reduce the testing deviation. The testing system has a maximum operating load of up
to 100 KN, and the measurement accuracy of the force and deformation control rate can
achieve 0.005~5% and 0.02~5% FS/s, respectively. During the compression, the sample
was pre-loaded at a rate of 0.5 kN/s to establish contact between the rock sample and
the loading plate. Afterward, the force control mode was utilized to initiate the loading
procedure with a rate of 0.05 KN/s until failure.
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2.4. Physical Properties Measurements

The physical dimensions and weight of the 3DP rocks were measured by vernier
caliper and electronic balance manually prior to other tests to calculate the bulk density.
The porosity was determined by measuring the grain phase volume of the 3DP rocks by
using helium pycnometry under laboratory conditions. A QYK-II helium porosimeter
was utilized to measure the grain phase volume located at the Material Testing Center at
Southwest University of Science and Technology. The details of the test processes can be
referred to in our previous study [49]. Prior to measuring the porosity of the 3DP rocks,
five intact steel blocks with standard dimensions were used to calibrate the testing system
and establish the fitting curve between the equilibrium pressure and the bulk volume
of the sample chamber for porosity calculation, as shown in Figure 5. The grain phase
volume of the 3DP rocks could be calculated by introducing the corresponding equilibrium
pressure value from the test into the aforementioned fitting equation [52]. Afterward, pore
phase volume can be acquired by subtracting the grain phase volume from the apparent
volume [53].
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2.5. Microscopic Structure Characterization

SEM scanning was carried out to capture the grain distribution and pore geometry of
the 3DP rocks using the Phenom ProX scanner located at the Fundamental Science on Nu-
clear Waste and Environmental Safety Laboratory at Southwest University of Science and
Technology. The SEM scanner is equipped with a highsensitivity quadrate backscattered
electron detector which can provide 20,000× magnification and better than 1 µm resolution.
In addition, the grain cementing mode and binder distribution can be determined with the
help of the Energy Dispersive Spectrum (EDS) analysis on the same area captured in the
backscattering mode simultaneously with the SEM scanning. Prior to scanning, small discs
measuring 5 mm in length were cut off from the 3DP rock core plugs, as shown in Figure 6.
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CT scanning was conducted using the nano Voxel 2000 micro-CT scanner (Tianjin Sanying
Precision Instrument Co., Ltd., Tianjin, China) to investigate the spatial topology of the pore
structure of the 3DP rocks. The CT scanner is equipped with various lenses to achieve multiple
magnification (4×, 10×, and 20×). The high-resolution CCD camera can achieve an image
resolution larger than 4096 × 4096/pixels with a high pixel spatial resolution of 1 µm. To
achieve ideal imaging quality, a mini core plug was drilled from the whole specimen with a
dimension of 5mm in diameter and 5–7 mm in length, as shown in Figure 6.

3. Results and Discussion
3.1. Porosity and Density

The porosity and density of the 3DP rock analogs were calculated with the physical
measurements, as listed in Table 2. The 3DP rock analogs in group I printed with various
sand mixtures with a 200 µm LT show a rapid increase and decrease in porosity and density
with the increase in the content percentages of the CG respectively. The results indicate
that the porosity and density show a difference of 8.8% and 0.16, respectively. The unit
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mass of the 3DP rocks printed with coarser sands is heavier than the rock analogs printed
with finer sands with the same dimension. Hence the density is larger. What is more,
according to random packing theory (RPT) [54], the size distribution of the sand mixtures
has a great influence on the sand packing mode, which directly determines the porosity
and density of the 3DP rock analogs. The RPT suggests the grain size ratio of the sand
mixtures has a great influence on the porosity and density of the granular medium. It
means that the density increases with the grain size ratio, while the porosity decreases
since the pore space between the coarse sands can be filled by extra-fine sands. According
to the vendor datasheets, the coarse sands and the fine sands used in this study exhibit the
bi-modal and mono-modal GS distribution, respectively. Therefore, the 3DP rock analogs
with a higher percentage of the coarse sands can achieve denser packing since the grain size
ratio between the smallest and the largest grains is higher. However, with the increment in
fine sand percentage, the grain size ratio decreases rapidly, and the GS distribution tends
to the mono-modal. The effect of the grain size ratio on the porosity and density of 3DP
rocks printed with different blends of sand mixtures is shown in Figure 7. An empirical
relation between the porosity and density of the 3DP rocks printed with different blends
of sand mixtures was fitted and the correlation coefficient of the linear trend shows an
R2 value of 0.993. It can help to estimate and validate the physical properties of the 3DP
rocks with controllable dimensions and matrix materials prior to printing. According to
previous studies [55,56], increasing the size ratio between the largest and smallest grains
in the sand mixtures can effectively improve the packing ability, which means the size of
the CG should be seven times larger than the FG. However, the size of the FG cannot be
deduced without limit; on the one hand, the manufacturing of FG is a challenge, on the
other hand, the extremely small size of the FG can strongly affect the flowability during the
sand deposition and recoating process during 3D printing.

Table 2. Porosity and density of the 3DP rocks.

Rock Type Sand
Mixture

LT
/µm

Weight
/g

Porosity
/%

Density
/g/cm3

Group I

Type I

200

281.5 40.56 1.43
Type II 272.5 43.24 1.38
Type III 261.5 46.31 1.33
Type IV 258.0 47.2 1.30
Type V 252.5 49.36 1.27

Group II Type I
200 279.5 41.23 1.42
300 268.4 44.56 1.36
400 258.5 48.32 1.30

Note that the default settings of binder saturation, printing resolution, and orientation are the same for the
two groups.
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As shown in Figure 8, the 3DP rocks in group II printed with different LTs with Type I
sand mixture show an increase and decrease in porosity and density with the increment
in LT, respectively. There is a difference of 7.09% and 0.12 g/cm3 in porosity and density,
respectively. Since the default setting of binder saturation is invariable for all specimens
printed with different printing parameters, the dosage of the binder jetted onto the sand at
each layer is the same. However, with the increment in the LT, the amount of the total sand
at each layer increases rapidly, which means a reduction in the binder-to-sand ratio. On the
one hand, with the reduction in the binder-to-sand ratio, the amount of unbonded sand
at each layer increases, which means the sand packing is not efficient, with more voids
between the sands. On the other hand, the interface effect of printing layer amplified with
the increase in printing LT, which has a great influence on the physical and mechanical
properties of the 3DP rocks.
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3.2. Unconfined Compressive Strength and Failure Behavior

The UCS and failure behavior of the 3DP rock analogs were investigated by unconfined
compression testing. To avoid the test error, three specimens of each type of 3DP rock
analogs were tested and used to calculate the mean value of the peak strength of the UCS.
The test results are listed in Table 3. The axial stress–strain curves of the 3DP rock analogs
printed with different blends of sand mixtures are recorded and shown in Figure 9. For
the 3DP rocks printed with different blends of sand mixtures (group I), the largest peak
strength of the UCS was recorded in type I (100% CG) with a mean value of 8.53 MPa.
Moreover, the UCS decreases with the increment in the percentage of the FG in the sand
mixtures. As mentioned above, the higher the percentage of the FG in the sand mixtures,
the looser the structure of the 3DP rocks, with higher porosity and lower density. Hence,
the stage of the pore space compaction is more obvious. The GS tends to the mono-modal
distribution with the increment in the FG. Since the pore space between the large grains
cannot be filled by the small grains, it limits the efficient compaction of the sand layer
during printing. According to our previous study [15], the strength of the 3DP rocks is
mainly provided by the “binder neck” bonding between the sand grains. In addition, the
engaging force between the sand grains during the post-compression stage also contributes
to the full strength of the 3DP rocks. In view of these points, the strength of the 3DP
rocks printed with a higher percentage of the FG decreases rapidly since the “binder neck”
bonding between the sand grains is relatively sparse and can provide limited strength.
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Table 3. Results of the UCS test on the 3DP rock analogs.

Rock Type Sand Mixture LT
/µm

Peak Strength
/MPa

Group I

Type I

200

8.53
Type II 8.22
Type III 7.92
Type IV 7.45
Type V 6.52

Group II Type I
200 8.49
300 6.12
400 2.82
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The failure patterns of the 3DP rocks printed with different blends of sand mixtures
are plotted and re-drawn in Figure 10. For the specimens with a higher percentage of
CG, the tensile failures with shear cracks at the end of the cores are the main failure
mode (Type I~III). These phenomena are also named as the “end cap” cone, which has
been reported in a previous study, i.e., a failure zone with a cone shape at the end of the
core [39]. There are multiple crack planes and many sand grains fall down from the crack
planes during compression. Finally, the specimen breaks into several fragments. With the
increment in the FG, the specimens mainly experience compression shear damage with a
main shear crack plane through the core, which exists at a certain inclination angle with
the loading direction (Type IV~V).

The various types of macroscopic failure behaviors of the 3DP sandstones are mainly
caused by the different microscopic failure modes of the binder neck and the grain-to-grain
interaction. The failure modes observed in the different types of the 3DP rocks agree well
with some weak-cemented sandstones in a natural scenario, which proves the suitability of
using the 3DP rocks printed with different blends of sand mixtures to simulate different
types of natural sandstones.
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Figure 10. Pictures and re-drawn schematic of the failure pattern of the 3DP rock analogs printed
with different blends of sand mixtures.

The axial stress–strain curves of the 3DP rocks printed with different LTs are shown
in Figure 11. The figure shows that the specimens printed with the same LT are very
similar, whereas the specimens printed with different LTs show a large difference with
various mechanical and deformation properties. The calculated mean values of the peak
strength of the UCS are 8.49 MPa, 6.12 MPa, and 2.82 MPa for the 3DP rocks printed with
200 µm, 300 µm, and 400 µm LT, respectively. The peak strength decreases rapidly with the
increment in LT. In addition, the reduction trend is much larger than the specimens printed
with different blends of sand mixtures. To distinguish the difference between mechanical
and failure behaviors, the typical stress–strain curves and destructive specimens of the
3DP rocks printed with different LTs are selected for comparison, as shown in Figure 12.
The specimens printed with 200 µm and 300 µm LT exhibit similar deformation behavior
after the pore compaction stage. Since the gaps are larger between the layers, the specimen
(LT = 300 µm) has a longer pore compaction period than the one (LT = 200 µm). After that,
both specimens experience the elastic deformation stage, the plastic deformation stage,
and the crack stage. Finally, the specimen (LT = 200µm) experiences tensile shear failure
with a “Y-shape” crack through the core (highlighted by a black line), while the specimen
(LT = 300 µm) undergoes compressive shear damage with a single shear plane (highlighted
by a red line). Compared to the aforementioned specimens, the specimen (LT = 400 µm)
exhibits strong ductility with a lower USC of 2.82 MPa. The pore compaction stage is much
longer than for the other two types of specimens, and the stress increases slowly with
large deformation in the loading direction. The specimen reaches the peak stress under
a small axial loading force, but the peak strain is relatively larger than for the other two
types of specimens, with a value approaching 2%. Finally, the failure mainly occurred in
the middle region of the specimen with multiple irregular cracks. As mentioned above,
the binder saturation was the default for all types of 3DP sandstones, which means the
binder-to-sand ratio will reduce with the increment in the LT both at each layer level and the
entire specimen level. The reduction in the binder-to-sand ratio can significantly influence
the effective packing, which is the main cause of abnormal mechanical responses and
failure behaviors. The test results indicate that the printing LT has a great influence on the
mechanical and deformation behaviors of the 3DP rocks. A small printing LT contributes
to a higher UCS value, and the deformation process and failure mode are more similar to
the natural rocks.
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Figure 12. Comparison of stress–strain curves and failure patterns of the 3DP rocks printed with
different LTs.

3.3. Sand Grain Packing and Pore Morphology

To reveal the mechanism behind the variations of the physical and mechanical prop-
erties of the 3DP rocks fabricated with different blends of sand mixtures and printing
LTs, visualization equipment was utilized to extract the microstructure for quantitative
characterization of the sand grain packing and pore morphology. SEM and EDS were used
to investigate the sand grain packing, pore morphology, and the binder bonding mode in
an integrated way.

As shown in Figure 13, the compositions of the 3DP rocks were determined using an
integrated SEM–EDS test. Two test points were selected, and the silica sand (point 1) and
binder (point 2) were identified and highlighted in blue and yellow circles, respectively.
Since the main active ingredients of the silica sand and binder are quartz (SiO2) and organic
matter, the element distribution of the test points are main silicon (oxygen) and carbon
for point 1 and point 2, respectively. The test results indicated that the binder was mainly
distributed in the gap between the sand grains and formed the bond in a “binder neck”
shape with a point (or line) contact. Based on the results of the binder distribution, the
binder bonding mode of the sand grain and the pore type of the 3DP rocks were investigated
in the selected region of a part of the SEM image, as shown in Figure 14.
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Part of the SEM image is selected to identify the grain bonding shape and perform
the pore space extraction, as shown in Figure 14a. The cementation between the grains is
observed in a “binder neck” shape, which is marked by the red dashed lines (Figure 14c).
The “binder neck” bonding form has a great influence not only on the mechanical properties
of the 3DP rocks, but also on the microstructure. It can be noted from the extracted pore
space, as shown in Figure 14b highlighted in red, the pore type of the 3DP rocks is mainly
intergranular pore. The phenomenon of pore filling by the binder is not occurring. The
SEM images of the 3DP rocks printed with different blends of sand mixtures are shown in
Figure 15. It can be noted from the SEM images that the porosity of the 3DP rocks increases
with the increment in the percentage of the FG in the sand mixtures. The sand grain size
distribution of the coarse sand exhibits is bi-modal, and the pore space between the coarse
sands is filled by the fine sand. The phenomenon is similar to some natural sandstone with
poor grain sorting, which can lead to low porosity [57,58]. What is more, the larger the size
ratio between the largest and the smallest grains, the worse the grain sorting of the sand
mixtures (i.e., the better the gradation of the sand grains), and this can result in a denser
structure with more effective compaction. Further, the effective compaction of the 3DP
rocks means more “binder necks” (i.e., bonding points) between the coarse and fine grains,
which can provide an extra cohesive force to the full strength of the 3DP rocks.

Furthermore, the micro-CT is performed on the 3DP rocks to capture the spatial
morphology and topological characteristics of the pore structure, as shown in Figure 16.
The 3DP specimen printed with Type I sand mixtures at 200 µm LT is used as an example
for micro-CT imaging. At first, the large view mode is utilized to capture the sand grain
distribution of the whole 3DP rock with a resolution of 31.65 µm, as shown in Figure 16a.
The dimensions of the scanned region are 800 × 800 × 960. From the image, it can be noted
that the sand grain shows a relatively homogeneous distribution and effective compaction.
The 3D view of the grain phase exhibits excellent morphology in the cylindrical shape
(Figure 16c). Tiny deficiencies occur in the edge area in both diametric directions, which
may be caused by the shifting of the sand grains during recoating and binder jetting at
every individual layer. For a more intensive visualization of the internal structure of
the 3DP rocks, a mini core plug (shown in Figure 6 and highlighted by the red circle in
Figure 16a) is drilled from the original core sample for micro-CT imaging with a higher
resolution of 3.61 µm. The dimensions of the scanned region are 1430 × 1430 × 1130, as
shown in Figure 16b. The sand grain and pore phase are shown in light gray and blue,
respectively. It can be noted from the image that the pore structure shows a relatively
homogeneous distribution, and the intergranular pore is the main type as mentioned
above. The compaction of the sand grains is also denser than in the specimens fabricated
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in our previous study [15]. What is more, it can be noted from the image that the sand
grains experience more effective compaction near the edge area than the center area. This
phenomenon is believed to be caused by the uneven distribution of the packing pressure
provided by the roller pressure during the recoating process at every individual layer.
A sub-domain with a dimension of 600 × 600 × 600 voxels is extracted to visualize the
morphology of the pore structure, as shown in Figure 16d. Based on the extracted pore
phase, the image porosity is calculated by counting the pore phase volume. The calculated
image porosity (41.32%) agrees well with the corresponding helium-measured porosity
(40.56%). Compared to our previous study, there are no significant morphological variations
in the topology and connectivity properties of the pore structure. Investigations of the
binder bonding mode and the microstructural properties of the 3DP rocks can strengthen
the understanding of the influencing mechanism on the variations of the macroscopic
characteristics of the 3DP rocks, and help design the fabrication scheme of the 3DP rocks
(models) with more controllable properties.
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3.4. Current Challenges and Prospects of the 3DP Sandstones

Considering the physical and mechanical properties of the 3DP sandstones fabricated
with different blends of sand mixtures and printing LTs, the 3DP sandstones are very
suitable to mimic weak-cemented natural sandstones. Despite the low strength of the con-
ventional 3DP sandstones, they can contribute to meeting the load requirements between
the physical model and the engineering prototype when a similar theory is considered.
Besides, the physical strength of the 3DP sandstones can be improved rapidly with certain
post-processing operations, such as the epoxy resin penetration in a vacuum condition,
which makes it suitable to model those highly stressed rocks. However, the microstructure
of the 3DP sandstone could be changed significantly since the pore space will be clogged,
which has a great influence on the hydraulic property. The deformation and failure behav-
iors of the 3DP sandstones also vary based on the used sand grains and printing settings,
as well as the post-processing operations.
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Nowadays, despite the research on the 3DP sandstones, especially in combination with
digital rock physics, the state-of-the-art approaches in rock mechanics and geosciences, the
applications of the 3DP sandstones are still at an early stage. There are several challenging
issues in completely replacing natural rocks with 3DP sandstones in rock mechanics re-
search, in view of the inherent limitations of the 3DP sandstones involving material issues,
fabrication, and post-processing operations. One of the biggest challenges lies in the limited
printing LT of the 3DP sandstones. Limited by the smallest size of the sand grains and the
mechanical capacity of the 3D printers, the sedimentary property (bedding thickness) of
the natural sandstones cannot be mimicked well by the current 3D printer. Once the GS
of the sand grains is determined, the printing LT cannot be lower than the GS of the sand
grain. On the other hand, with the decrease in the sand grain size, the flowability decreases
rapidly, which has a great influence on the deposition and spreading of the sand grains
on the printing bed. To resolve the aforementioned limitations, an effective way is to rely
on the further development of the 3D printer and the design and control techniques of the
printing materials. The surface physicochemical properties of the 3DP sandstones can be
adjusted via the appropriate post-processing operations, such as coating technology, to
better simulate the interface characteristics, such as non-uniform wettability, so as to better
mimic the fluid flow process in natural scenarios.

4. Conclusions

The aim of this paper was to reveal the effect of the different printing parameters and
blends of sand mixtures on the physical and mechanical properties of the 3DP sandstones.
To this end, 3DP sandstones were fabricated with various types of sand mixtures and
printing LTs in this study. Then, a comprehensive experimental investigation was conducted
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to investigate the bulk properties (i.e., porosity and density), microstructural characteristics
(i.e., sand grain packing and bonding mode, pore morphology), and mechanical and failure
behaviors of the 3DP sandstones. The results confirm that both the sand mixtures and
printing LT contribute to the variation in the physical and mechanical properties of the 3DP
sandstones, and the following conclusions can be reached:

(1) The porosity of the 3DP sandstones increases with the increment in the percentage of
the FG in the sand mixtures, while the density decreases. With the increment in the
printing LT, the same trend is also observed in the evolution of porosity and density
of the 3DP sandstones. Based on that, an empirical relation between the porosity
and density of the 3DP sandstones is fitted, which can help estimate and validate the
physical properties of the 3DP sandstones with designed dimensions and controllable
matrix materials prior to printing.

(2) The UCS of the 3DP sandstones decreases with the increment in the percentage of the
FG in the sand mixtures, as well as the printing LT. Various failure patterns occurred
in the 3DP sandstones printed with different blends of sand mixtures and printing
LTs, which agree well with some weak-cemented sandstones in a natural scenario and
prove the suitability of using the 3DP sandstones to simulate different types of natural
sandstones. What is more, the 3DP sandstones printed with a smaller LT and a higher
percentage of CG contribute to a higher UCS value, and the deformation process and
failure mode are also more similar to the natural rocks.

(3) The 3DP sandstones have a much more homogeneous pore structure and looser
compaction of sand grain compared to the natural sandstones. The cementation
between the sand grains of the 3DP sandstones is observed in a “binder neck” shape,
which has a great influence not only on the mechanical properties, but also on the
microstructure. Benefiting from the sand grain bonding form, the pore type of the
3DP rocks is mainly an intergranular pore.

Based on the findings in this paper, we attempt to establish a customized workflow
for fabricating 3DP rock analogs with designed properties and structures in a more con-
trollable way for various applications and purposes in the rock mechanics and geoscience
engineering fields. Finally, there are still challenges to overcome in future work on 3DP
rock analogs, including multitype components printing with various types of minerals, the
non-uniform wettability design, and the accurate control of the brittle–ductile conversion.
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