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Abstract: 3D printing has emerged as a valuable tool for studying the mechanical behavior of rock replicas under various stress—strain states. This
technique enables the creation of an unlimited number of replicas with predetermined properties and a homogeneous structure. Among various 3D
printing methods, liquid crystal display (LCD)-based printing offers a cost-effective and high-quality approach for rapid prototyping of rock samples.
This study investigates the feasibility of using 3D LCD printing to create rock analogs for geomechanical investigations. We evaluate the
microstructure of LCD-printed samples and its influence on their elastic and mechanical properties. To assess these properties, we subjected
cylindrical samples to elastic wave propagation and uniaxial compression tests. Our results demonstrate that LCD-printed samples exhibit high
homogeneity of elastic properties. The velocities of elastic wave propagation across and along the layers are essentially identical, differing only by the
error value. Moreover, Young's moduli obtained under uniaxial loading are in good agreement with non-destructive test results, indicating a high
degree of homogeneity in elastic properties up to 20 MPa. These findings suggest that 3D LCD-printed rock analogs are well-suited for investigating
processes in rocks under purely elastic loading. Additionally, the technology's versatility allows for the creation of rock replicas with various features,
providing researchers with the ability to study the mechanical behavior of rocks with specific characteristics. We demonstrate the potential of 3D
LCD-printed rock analogs through a case study investigating the impact of cyclic deformations on the conductivity of thin capillaries in a porous
medium. Our results provide a strong foundation for utilizing 3D LCD printing to advance our understanding of geomechanical processes in rocks.

Keywords: 3D printing; uniaxial compression; anisotropy; Young's modulus; Poisson's ratio; permeability

material, which is bonded using a special hardener—
furanic acid, cyanoacrylate glue, furfuryl alcohol and
phenolic resins, or a mixture of cement, silica and water.
The production of rocks using mineral components can
bring the mechanical and strength properties of replicas
closer to real rocks, but these methods are characterized
by low printing resolution and are not able to reproduce
the internal structure of a unique sample based on
computed tomography (CT)[!.

Stereolithography (SLA) technology currently boasts
the highest print quality and finds utility beyond practical
applications, extending to research purposes. This is

1 Introduction

Rapid prototyping finds widespread application
across diverse fields, including in the creation of
rock replicas!!l. The creation of rock replicas is
increasingly employed in the mining and oil
industries for the study of rock properties, including
their permeability based on internal structure® and
their response to mechanical loading!®!. Using 3D
printing it is possible to make unlimited number of
copies and enabling the implementation of a wide

range of destructive research methods.

Today, there are various technologies for creating 3D
models of rocks. The choice of printing technology
depends on the intended purpose and the material required.
Samples can be manufactured using fused deposition
modeling (FDM)* or fused filament fabrication (FFF)P
technologies, which are based on layer-by-layer fusion of
material, mainly plastic. Plastic samples produced using
these technologies are rarely applicable as rock-like
analogues, due to the low printing resolution and the
structure and properties of the material, which are very far
from natural rocks. To create the closest analogues of
rocks, gypsum or quartz sand is used as the source
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because SLA allows for the precise replication of
micro-heterogeneities present in original objects. The SLA
method can be classified, depending on the photopolymer
resin curing approach, into laser-based (e.g., laser SLA)
81 digital light processing (DLP)®! and liquid crystal
display-based (LCD)!'?. These methods are based on
layer-by-layer photopolymer resin curing. The resolution
of SLA printing is the highest of all rapid prototyping
methods. SLA printing is widely used in geosciences,
especially in the production of porous and fractured rock
replicas'' "2, However, the production of porous media
similar to natural rocks is complicated by the insufficient
resolution of digital models and printing, which is often
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larger than the size of pores and heterogeneities. Also,
after printing, it is very difficult to clean the porous
medium from resin residues, which leads to distortion of
the pore space and difficulties with flooding. To avoid
these difficulties, some studies suggest replacing porous
media with solid models with a conductive channel, such
as a spiral shapel™ or in the form of cracks!'"*. With a
single channel, it is easier to achieve its high quality and
purity of experimental conditions.

Thus, among all rapid prototyping methods, SLA
printing is the most promising for the production of rock
samples for geoscience research, as it allows achieving a
high degree of replication. However, the deformation
behavior of 3D SLA printed samples under loading,
especially under compression, remains poorly understood.
There are also no assessments of the suitability of 3D SLA
printed samples for cyclic compression, despite the fact
that many works have been devoted to the study of the
mechanical properties of 3D SLA printing.

Mechanical properties of 3D SLA printed samples are
most influenced by the printing and curing conditions.
However, all else being equal, a defining characteristic of
stereolithography  printing is the layer-by-layer
heterogeneity of the resulting parts. The layered structure
leads to wvariations in the strength characteristics
depending on the angle and orientation of the layers. This
variability arises from the heterogeneity inherent in each
layer and the presence of inter-layer contacts.

Numerous studies have investigated the impact of
SLA printing angle on the mechanical properties of
fabricated parts. Rigorous review showed that the results
of experimental studies of the influence of angle and
orientation of layers can be opposite. Independent groups
of authors'> ' have experimentally investigated the effect
of the printing angle on the strength of 3D printed parts
under compression and tension. The authors come to the
general conclusion that samples in which the tensile force
under pure tension is parallel to the layers have the highest
Young's modulus and strength. Specimens with inclined
layers have the highest compressive properties!!”’. Li and
Teng!"™! attributed this phenomenon to weaker bonding
between the layers, suggesting that the angle of the layers
influences the cohesive strength of the material. Also
authors point out that the strength is affected by the
presence of defects in the parts, which are formed due to
printing features — uneven edges, air bubbles, foreign
inclusions.

While the above-mentioned works state that the
samples have greater strength when stretched along the
printing layers, other studies®?¥ have experimentally
established that the strength of samples with layers
oriented parallel to the tensile load is lower than that of
samples with a perpendicular direction. Puebla et al?®"!
indicate that the reason for the different strength of the
samples is the different direction of laser movement
during curing. Cosmi and Maso™! experimentally
established that the Young's modulus is the highest in SLA
printed samples with a tensile load directed perpendicular

to the layers, but the strength and deformation are higher
in samples with an angular direction. Pandzic??"
investigated the effect of the thickness and orientation of
SLA samples layers relative to the load on the tensile
strength and established that the smaller the layer
thickness, the higher the strength and elastic
characteristics. In samples with layers perpendicular to the
load, the Young's modulus is slightly higher, but the
strength is noticeably lower at any layer thickness.
Reducing the layer thickness in the direction
perpendicular to the load increases the brittleness of the
material, which is reflected in an increase in rigidity and a
decrease in strength.

Despite extensive research on the influence of layer
orientation on the strength properties of 3D printed parts, a
significant gap exists in the literature. Most studies focus
primarily on tensile strength, with limited investigation
into compressive strength. Furthermore, experimental
results regarding the impact of layer orientation on
strength are inconsistent. This lack of consistency hinders
a definitive understanding of the underlying failure
mechanism and the factors contributing to strength
variations with respect to printing layer direction. In this
regard, to assess the applicability of 3D LCD replicas of
rocks for research in geosciences, an additional
assessment of the mechanical characteristics of the
samples is necessary depending on the printing conditions,
post-processing and layer orientation. In this paper, the
feasibility of 3D LCD replicas of rocks for research in
geosciences is assessed based on the analysis of the
microstructure of the printed replicas and non-destructive
and destructive tests. Comparative results of uniaxial
compression strength (UCS) and cyclic flooding of a real
rocks and a 3D LCD printed replica are also presented.

2 Methodology

2.1 Sample printing and post-processing

The samples were manufactured in several stages

(1) Digital modelling in Computer-Aided Design
(CAD) software;

(2) Printing;

(3) Washing;

(4) Samples turning on lathe for shapes in accordance
with the ASTM D7012-23 standard®”};

(5) Curing and P/S wave testing.

The digital model was sized according to ASTM
D7012-231 with a length to diameter ratio of 2:1 and
was 70 mm long and 35 mm in diameter. The digital
model was exported to stl format for subsequent prepress.
In the slicer software, the samples were placed on the
work table with different layer angles (Fig.1), 3 samples
for each printing angle. Angles 90°, 60°, 30° and 0° are the
angles between the layer plane and the sample axis. To
maintain geometry, the samples were printed with
supports. All samples are oriented along the Y axis of the
printer.

Samples were printed on an Anycubic Photon Mono
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X (Anycubic) printer by the LCD method (see Fig.2(a)),
which is the cheapest and most accessible type of SLA
printing, and has a fairly high print quality. The printing
parameters are given in Table 1. The exposure time was
2 s and was determined during preliminary tests for
ensuring high printing quality and speed. The layer
thickness was set by default and is 50 pum for the
Anycubic Photon Mono X printer. Commercial resin
Anycubic Basic Resin Black™ was used for printing. The
black resin was chosen to minimize the effect of
unwanted light scattering on print quality.

After printing, the samples were washed in an
ultrasonic bath with isopropyl alcohol. Cylindrical
samples with an approximate diameter of 35 mm and a

length of 70 mm were obtained (see Fig.2(b)). The
specimens printed with parallel and inclined layers have
an irregular cylindrical shape due to the layer sagging
during printing (see Fig.2(b)). The ends of these cylinders
have non-parallel surfaces, protrusions, irregularities and
pimples. There were defects on the ends associated with
underprinting.

Table 1 Sample printing parameters

Pl?tform Platform lifting Platformretract ~ Layer ~ UV power Normal

lifting - v exposure
distance /mmspeed/(mm s Dspeed /(mm *sthickness/um /% timels
5 3 3 50 100 2

Ultraviolet (UV) light source

90°

1
60° 30° 0°

Note: The angle value is the angle between the layers and the load vector (P,) under uniaxial compression.

Fig.1 Schematic representation of printing samples with different layer printing angles

(c) Samples turning
Fig.2 Samples manufacturing steps

The specimens were initially designed of slightly
larger size for post-processing with a lathe (see Fig.2(c)).
The specimens ready for testing have a regular cylindrical
shape with parallel edges with a diameter of 29 mm and a
length of 58 mm, which meets the ASTM D7012-23

x /
AE sensor & '

Rubber bands Layers

(b) Printed samples

Top view

= Strain gauges

(d) Finished sample with acoustic emission (AE) sensor and strain gauges

standard®!. The finished specimens were cured in a UV
chamber. Before testing, the specimens were stored in a
dark place to minimize exposure to natural light. Storage
temperature and humidity correspond to normal room
conditions. All specimens were kept in the same
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conditions, and storage conditions should not affect the

results!?» 2426,

2.2 P-S waves velocities

Non-destructive  testing  of  mechanical
parameters of rocks involves measuring the velocity
of ultrasonic elastic pressure and shear waves. The
wave velocity was measured on a device using a
point source and receiver tightly pressed to the
printed sample from opposite sides. The operating

/

(a) Sample in UV curing chamber

of elastic wave
velocity measurement in axial direction

(b) Schematic diagram

frequency of ultrasound is 140—500 kHz, which
corresponds to wavelengths from 3 to 10 mm, which
is much greater than the thickness of the layers from
which the samples are made. The velocity of elastic
waves was measured every minute of curing in a UV
chamber (see Fig. 3(a)). Wave velocities were
measured in the axial and radial directions (see Fig.
3(b), 3(c)) parallel and perpendicular to the printed
layers.

(c) Schematic diagram of elastic wave
velocity measurement in radial direction

Fig.3 Non-destructive testing of rocks

2.3 Rocks

Since the printed samples were considered to be
homogeneous, rocks with a homogeneous fine-crystalline
structure were selected for comparison — silicites, which
are microgranular quartz (groups 1 and 2), silicified
dolomites (group 3) and opoka (group 4). To evaluate a
wide range of strength, as well as anisotropy, samples of
different strengths were selected and made perpendicular
(groups 1 and 3) and parallel to bedding (groups 2 and 4).
Cylindrical samples were made in sizes 30 mm>60 mm
for mechanical tests (see Fig. 4) and 30 mmx30 mm for
filtration studies (see Fig. 20).

Note: land 2 are silicites, 3 is silicified dolomites, and 4 is opoka.
Fig.4 Cylindrical samples of silicites, silicified dolomites
and opoka for uniaxial compression

2.4 Uniaxial compression test

Uniaxial compression was performed using a
rock mechanics test system 816. Strain gauges glued
to the side surface of the specimens (see Fig. 2(d))
and a data acquisition system of the loading rig were
used to measure transverse and longitudinal strains.
Two pairs of strain gauges were positioned relative

to the printer axes as shown in Fig. 2(d). An acoustic
emission(AE) sensor was attached to the middle of
the side surface of the specimens using a rubber belt.

During loading, data from the load cell, strain gauges,
and AE signal acquisition system were recorded on a
computer. Uniaxial compression was performed until the
specimen failed. The loading rate for all specimens was
0.1 MPa/s in accordance with ASTM D7012-231%,
Poisson's ratio was calculated based on strain gauge data
and only for the quasi-elastic deformation zone. The total
axial strain is taken from the load cell’s displacement data.

3 Results

3.1 Assessment with non-destructive research methods
The non-destructive technique involves measuring the
velocity of elastic pressure and shear waves. The velocity
of the waves shows changes in mechanical properties over
time, and can also estimate the anisotropy of materials and
rocks. The study of the mechanical parameters of
photopolymer resins using non-destructive methods is
vital, since the material changes its properties during
post-processing during ultraviolet irradiation and storage,
and also has a layered structure that affects the mechanical
parameters (24.27]
3.1.1 Changes in mechanical properties during processing
The sufficiency of the post-curing exposure time to
ultraviolet light was judged by the unchanged elastic
wave velocity. Wave velocities from the duration of UV
curing are presented in the graphs (see Fig. 5). After 1
minute of exposure, the velocity of elastic waves
increases sharply compared to the untreated sample, and
then changes slightly, which indicates that 1 minute of
exposure is sufficient for external strengthening of the
sample. 4 minutes of exposure to ultraviolet light is
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enough to achieve complete polymerization of the
sample material, after which further exposure does not
change the mechanical properties. With further exposure,
ultraviolet light does not penetrate into the sample, and
longer exposure to ultraviolet light is not necessary, this
is confirmed by the constant velocity of elastic waves
after 8 minutes of exposure to UV. It was also found
that storage time does not affect the internal
polymerization of the sample material stored in room
conditions in a dark place. The velocity of pressure and
shear waves remained at the same level after 14 days of
storage (see Fig. 5).

3.1.2 Anisotropy

1900 N ’, 7 1600
71800 |
« -1 1500
£ 1700 —'_’d
2 14 days 4 1 400
§ 1600 ~*"P-wave | storage
& —e—P-wave || No UV

1500 —*—S-wave L 41300
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UV exposure/min

(a) Elastic wave velocities
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The anisotropy of the samples was estimated by the
P-S wave velocities along the axis and across the samples
(parallel (I1) and perpendicular (1) to the printed layers)
(see Figs. 3(b), 3(c)). Parallel and transverse directions of
measurements are sufficient, since in these two directions
the layered materials show the greatest difference in
mechanical properties®™. The results of the studies
showed that the wave velocities across and along the
layers are the same and differ only by the error value. The
same value of Young's moduli and shear (see Fig.J5)
indicates a high degree of isotropy of 3D LCD printed
samples, when measuring elastic properties using a
non-destructive method.
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(b) Young’s and shear moduli

Fig.5 Changes in elastic wave velocities and Young’s and shear moduli depending on the duration of post-curing and

storage time

Anisotropy of rock properties is related to the
formation conditions and is usually a consequence of the
bedding angle of the layers or the direction of stress in the
bedding conditions. Using a non-destructive test, the
values of Young's modulus were obtained for rock
samples (see Fig. 6). According to the non-destructive
method, the most elastic rocks are silicified dolomites, and
the less elastic ones are opoka.

1,2-Silicites, 3—Silicified dolomites, 4—Opoka
31

NN =) 0
oo o O

S
[

1953

Young’s modulus/GPa
88
S

—_
oo

Fig.6 Average values of Young's modulus for rocks

It was found that in the samples (groups 1 and 3)
drilled across the bedding, the elastic wave velocity and
the calculated modulus along the sample axis are lower
than in the radial direction. In the samples (groups 2 and 4)
drilled parallel to the bedding, on the contrary, the Young's
modulus along the axis is higher than in the radial
direction. The observed anisotropy of the rock properties
is caused by the direction of maximum stress, which
coincides with the direction of sedimentation
(perpendicular to the bedding plane). The anisotropy of
the properties must be taken into account when
conducting laboratory studies and engineering surveys,
since it can significantly interfere with understanding the

deformation sensitivity of rocks if it is not taken into
account or if it is very complex.

The use of non-destructive testing is extremely useful
for assessing the stability and influence of atmospheric
curing on the properties of replicas over time during
storage and in long-term testing  programs.
Non-destructive testing methods are a useful auxiliary tool
to indirectly assess the elastic properties of materials, but
not to determine the true stress—strain behavior. A
limitation of non-destructive methods is also that the
velocity of elastic waves depends on the density and
elastic properties of the material, the presence of
inhomogeneities and voids, including prefabricated cracks
and porosity. Non-destructive techniques are only suitable
for intact specimens with ideal shape. Also, when
compared with rocks, it was found that 3D LCD printed
samples do not show initial anisotropy, which gives them
an advantage in the purity of results and reproducibility of
experimental studies, as well as the possibility of
fine-tuning experimental parameters.

3.2 Assessment with destructive research methods

In geomechanics, destructive methods of measuring
the mechanical properties of rocks are often used, which
allow estimating the actual mechanical strength and can
be used in geoengineering calculations. According to the
results of uniaxial compression, it was found that samples
with layers at 60° to the load vector showed the highest
strength - an average of 158 MPa (with a max of 162 MPa
and a min of 156 MPa), while samples with layers at 30°
showed the lowest strength, an average of 138 MPa (with
a max of 140 MPa and a min of 120 MPa) (Fig. 7).
Samples with layers parallel and perpendicular to the load
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vector have almost the same strength - an average of 146
MPa and 147 MPa, respectively. In addition to strength,
the elastic properties of the materials of 3D printed
samples are also of interest, a detailed description of
which is given below.
3.2.1 Young’s modulus

The uniaxial compression tests yielded the
stress—strain curves and the total AE signal (see Fig. 7).
The stress—strain curve of the samples demonstrates
elastic-viscoplastic ~ properties. ~ When loaded to
approximately 20 MPa, all samples exhibit a quasi-elastic
zone (highlighted in blue in Fig. 7), with stress being
linear with strain. All samples exhibit no AE signals
exceeding the 40 dB acoustic filter threshold, indicating
the absence or low intensity of internal failure. The
quasi-elastic deformation zone is of greatest engineering
interest, since the parts retain their mechanical properties
under elastic stress. In the elastic zone, Young's modulus
was determined as a tangent to the stress—strain curve.
The tangents to the curves in the elastic zone are described
by the equations:

Gy =4272.2 & +0.548 9 (D
030 =4 060.8 & + 0.458 8 (2)
o =3 892.7 & + 0.589 2 (3)
Oy =4 006.8 &+ 0.491 2 (4)

where ois the stress, &, is the axial deformation, the index
corresponds to the angle between the printed layers and
the load vector.

The coefficients in the equation are the Young's
moduli of the specimens. The Young's moduli values
range from 3 893 MPa for the specimen with a 60° layer
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angle to 4 272 MPa for the specimen with layers parallel
to the load. The calculated values of the Young's moduli
are in good agreement with the non-destructive test results
and also show that the specimens have fairly high
homogeneity of elastic properties under stresses up to
20 MPa. The analysis showed that the specimens with
parallel layers showed the highest values of the Young's
modulus, while the specimens with 60° layers showed the
lowest. There is a general tendency for the Young's
modulus to decrease with increasing layer angle relative to
the specimen axis (formulas (1) — (4) ). The Young's
modulus of the specimens with perpendicular layers is
comparable to the Young's modulus of the specimens with
30° layers. The specimens with layers at 0° and 30° to the
load vector showed the lowest strength, but showed a high
Young's modulus under quasi-elastic loading, indicating
high rigidity and low strength. In contrast, the 60° layers
specimens have the highest strength but the lowest
Young's modulus and, accordingly, lower stiffhess under
quasi-elastic loading. The discrepancy between the
maximum uniaxial compressive stress and Young's
modulus suggests different failure mechanisms for
specimens with different layer angles.
3.2.2 Poisson’s ratio

Based on the axial and radial strains obtained from
strain gauges attached to the side surfaces of the samples,
Poisson's ratios were calculated under quasi-elastic
loading. The values of Poisson's ratios from the layer
angle and orientation to the printing axes are shown in
Fig. 8. Under quasi-elastic loading, samples with layers
parallel to the load vector demonstrate the lowest
Poisson's ratio, while samples with 30° layers demonstrate
the highest Poisson's ratio.
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Note: light blue line — stress, dark blue line — total number of AE signals for the corresponding samples series, and the quasi-elastic deformation zone is

highlighted in blue

Fig.7 Stress—strain and total AE signal curves for samples with layers angle

A positive correlation is observed between the
increase in the layer angle from 30° to 90° and the
decrease in the Poisson's ratio, samples with 0° layers

have the lowest Poisson's ratio. The observed correlation
is likely due to interlayer slip. Along the Y-axis, all
samples demonstrate a 40%—60% higher calculated
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Poisson's ratio compared to the X-axis. The most
significant difference in radial deformations along the X—Y
axes (60%) is observed in the samples with layers at 90°
to the cylinder axis, indicating high in-plane heterogeneity
within the printing layers.

Under uniaxial compression, a complex stress—strain
state develops in the sample, characterized by maximum
tensile stresses in the center of the sample. In some cases,
Poisson's ratios exceed 0.5, indicating a change in the
volume of the samples due to internal microcracking. The
discrepancy in Poisson's ratios depending on the
orientation relative to the printing axes suggests that the
expansion of the sample is most likely due to the
formation of cracks, predominantly oriented along the
X-axis of the printer.

10r = X direction
| == Y direction

8 08 0.695 - Y-X difference
5]
2 06 052 0.589 0.582
2
‘s 04
~

02

0.0

0 30 60 90
Layer angle/(°)

Note: The color corresponds to the print axis along which the deformation
is measured (see Fig. 2(d))
Fig.8 Poisson’s ratios for samples with different layer
orientation

3.2.3 Plastic deformation and acoustic emission
Acoustic emission data are presented in Fig. 7.
Comparative analysis showed that for each group of
samples the AE curves have the same appearance, which
confirms the high convergence and reliability of the
experimental results. AE data allowed us to reveal the
mechanism of plastic deformation and fracture of samples
under high stress®. Different modes of sample
deformation under loading were established, the
stress—strain curve was divided into zones, which are
shown in Fig. 9 using the example of a sample with 60°
layers. In the initial period of loading, up to approximately
20-30 MPa, a quasi-elastic deformation zone is observed,
in which there are no AE signals, and the stress is linear to
the deformation. Young's modulus and Poisson's ratio,
which were discussed earlier, were calculated in this zone.
Above the quasi-elastic strain limit, plastic
deformations begin in the material (elastic-viscoplastic
zone), which are accompanied by an increase in the
number of AE signals (see Fig9). Internal
microdestruction of the material and the appearance of AE
signals begin at approximately the same strain value
(~0.025) for all samples (see Fig.7). The duration of this
zone varies depending on the orientation of the load
vector with respect to the printing layers. The
elastic-viscoplastic zone continues up to a stress of about
70 MPa and ends earliest in samples with 30° layers (see
Fig.7(b)). Samples with layers parallel to the load vector

demonstrate the smallest total number of AE signals in the
elastic-viscoplastic ~ zone  (see  Fig.7(a)).  The
elastic-viscoplastic zone persists longest in samples with
perpendicular layers (see Fig.7(d)). Microcracks that
provide further deformation of the sample are initiated in
this zone.

Quiet flow zone

1
1
:
1
(crecp) |
1
T
1
1

0 0
000 005 0.0 015 020 025 030 035 040
Axial deformation

Fig.9 Deformation zones of samples according to
acoustic emission data using a sample with 60° layers as
an example

When the critical density of microcracks is reached,
the material enters a viscous quiet flow regime,
characterized by a creep period and a weak increase in the
total number of acoustic emission signals®”. Such
deformation is observed in all samples at stresses of
approximately 70 to 90 MPa. The greatest deformations
occur in the quiet flow zone — from 0.05 to 0.25 with
minimal stress growth. The duration of the flow zone in
the samples varies significantly depending on the layer
angle. Samples with 30° layers demonstrate the longest
flow zone. (see Fig.7(b)). Specimens with layers parallel
to the load vector exhibit the shortest flow zone (see
Fig.7(a)). Samples with 60° and 90° layers show
comparable flow zone durations (see Figs.7(c), 7(d)). The
quiet flow zone characterizes the ductile properties of the
printed material, which is caused by the sliding of the
printing layers relative to each other. In samples with a
large layer angle (60°), the potential for ductile flow is
higher, since more layers pass through the sample axis.
These samples have low initial stiffness and a later and
smoother ductile to brittle transition, as evidenced by the
pattern of changes in the values of the number of AE
signals (see Figs.7(c), 7(d)).

At stress above 90 MPa, the flow zone ends in all
specimens and the material begins to harden. Hardening is
accompanied by a noticeable increase in stress increment
and an exponential increase in the number of acoustic
emission signals at a constant loading rate. The hardening
zone is characterized by internal restructuring and
significant compaction of the material. In the hardening
zone, the specimens with 60° and 90° layers showed the
greatest increase in the number of AE signals — 4 and 7
times more AE signals than in the flow zone, respectively.
Specimens with layers parallel to the load vector also
showed hardening, as evidenced by the increase in AE
signals (see Fig.7(a)). Specimens with 30° layers
demonstrated minimal acoustic activity during hardening.
After the completion of hardening, a sharp surge in AE
signals is observed in all specimens due to failure.
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Comparative analysis of AE and uniaxial compression
data showed that, despite the similar shape of the
stress—strain curves, the failure mechanisms of samples
with different layer angles relative to the load vector are
different. Due to the different failure mechanisms of
samples from the layer angle, when using 3D LCD
printed samples in geomechanical studies, these features
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(c) Silicified dolomites perpendicular to bedding

must be taken into account. It should also be noted that
due to the structure of the material, 3D printed material
exhibits significant flow properties, which is extremely
uncharacteristic of real rocks.
3.2.4 Uniaxial compression of rocks

The results of uniaxial compression tests on rocks are
shown in the form of stress—strain curves (see Fig.10).
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(d) Opoka parallel to bedding

Note: light blue line—stress, dark blue line—total number of AE signals, and red line—elastic deformation zone, tangent to it—for calculating Young’s modulus.

Fig.10 Stress—strain and total AE signal curves for rock samples

It was found that in all rock samples in the initial
period of uniaxial compression there is a compaction zone,
in which the stress nonlinearly increases with deformation
(see Fig.10). The compaction zone is caused by the
presence of relaxation microcracks in rock samples that
arose during excavation. The direction of the microcracks
is perpendicular to the main bedding stress and parallel to
the bedding, the closure of these cracks under loading
occurs without destruction, and therefore, at the very
beginning there are no AE signals. When microcracks
close, the material hardens, the tangent angle to the
stress—strain curve increases. Due to the uneven
distribution of stress in the sample, not all microcracks
close smoothly during compaction, new microcracks are
formed. After a deformation of 0.001, the redistribution of
stress in the samples leads to a sharp surge in the intensity
of AE signals. The subsequent increase in stress leads to
the closure of newly formed microcracks and relaxation
cracks, as a result of which the matrix of the samples is
almost completely compacted, the elastic zone begins.
The zone of elastic deformations in all samples is
accompanied by a linear increase in stress from
deformation and the absence or weak intensity of AE. The
lowest AE intensity is noted in silicite samples with a
perpendicular bedding plane (see Fig.10(a)). In silicite
samples with bedding planes parallel to the load vector,
dolomites and opoka, quasi-elastic deformations occur
despite the linearity of the strain-stress curve section,
while the AE intensity remains quite high (see Figs.10(b),
10(d)). The tangents to the curves in the elastic zone are

described by the equations:

01 =6775.7 & —5.64 (5
0,=6144.5 &—-0.85 (6)
o3=14 609 & —34.70 D
0,=2480.3 &—0.95 8

The index corresponds to the sample group. The
coefficients in the equation are the Young's moduli of the
specimens.

After elastic deformation, the intensity of internal
micro cracking of the samples increases, which is evident
from a significant increase in the total number of AE
signals. Simultaneously with micro cracking, there is a
strengthening of the samples (hardening zone) of silicites
perpendicular to the bedding, silicified dolomites and
opoka. An increase in the slope of the stress—strain curve
is noted (Figs. 10(a), 10(c), 10(d)). In silicite samples
drilled parallel to the bedding plane, micro cracking leads
to degradation of elastic properties (curve drop) (see
Fig.10(b)). Finally, after exceeding the ultimate strength,
all samples are destroyed.

The highest uniaxial compressive strength was
demonstrated by samples with perpendicular bedding
planes—silicites and silicified dolomites— 117 MPa and
186 MPa, respectively. The lowest strength was
demonstrated by samples with parallel bedding
planes—silicites and opokas—86 MPa and 51 MPa,
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respectively. Samples with perpendicular bedding planes
also demonstrated the highest total deformations (see
Figs.10(a), 10(c)), due to the fact that relaxation cracks in
them are oriented perpendicular to the load vector.

4 Discussion

4.1 LCD 3D Printing features

The LCD printing process is shown schematically in
Fig.11. UV curing of the resin occurs by irradiating a thin
layer of resin between the LCD and a previously printed
layer mounted on a movable plate. The layer-by-layer
manufacturing method determines the laminate structure
of the models, which causes anisotropy of the properties
of the printed samples from the printing angle. The
anisotropy of 3D LCD printed samples is caused by the
following features:

(1) Uneven degree of polymerization across the layer
thickness (%) due to the decrease in UV irradiation

intensity with distance from the screen (see Figs.11, 10(b)).

As a result of uneven exposure, each layer has a stronger
and more brittle structure at the bottom and a weaker,
more ductile upper part>!l,

(2) Display pixel structure. Transparent pixels of the
LCD panel transmit UV light, and opaque pixels
determine the shape of the curing layer (see Fig.12). The
pixels are separated by partitions, due to which, uneven
passage of UV light through the LCD panel leads to a
pixelation effect, which is clearly visible on the surface of
the printed layer (see Fig.12).

(3) Uneven transmission of UV light along the X-Y
axes of the printer (see Fig.12). Along the X axis, the rows
of light are solid, and their boundaries have a rounded
shape. Along the Y axis, there are gaps in the illumination
between the rows of pixels, leading to uneven illumination
and the appearance of a wavy structure inside the layer.

b

: ]
Softening zone
el

Hardening
_>
zone

| Cured resin |

Non-stick m
membrane Tight
LCD panel— intensity

Contraction voids
Pixel boundarie
Lense

Incident light
Note: The intensity of UV light changes with distance from the LCD display.

Fig.11 Schematic representation of the UV light curing
process of resin in 3D LCD printing

Due to uneven irradiation, a wave-like structure with
different degrees of resin polymerization is formed inside
the layer (see Fig.11). Using micrographs of chipped
samples along the X and Y printing axes (see Figs.13(a),
13(b)), the internal structure of the layer is reconstructed,
which is shown in Fig.13(c). The layer structure is similar
to corrugated chips with pronounced waviness along the Y

axis, the lower part of the layer is a resin with a high
degree of polymerization with greater strength and
brittleness. The thicker upper part of the layer is a resin
with a lower degree of polymerization, lower strength, but
greater ductility. The difference in the degree of
polymerization is visually evident from the smoothness of
the chip surface (see Fig.13(a)). Research by Quagliato et
al”® found that samples with a low degree of
polymerization demonstrate smoother surfaces on chips,
while long-term polymerization leads to the appearance of
uneven cracks.

(a) LCD display exposed to UV light and
its enlarged image of exposure defects

Fig.12 LCD display exposed to UV light and lower
surface of the layer

(b) Lower surface of the layer

(b) Along X
Softening zone Hardening zone

(c) Model of the printed layer

Fig.13 Model of the printed layer and microphotographs
of chipped samples along the Y and X axes

The wavy structure of the resin layer with different
degrees of polymerization contributes to its uneven
shrinkage and enhances the pixelation effect™. It is
obvious that the listed features of 3D LCD printing, which
determine the layered structure of the printed samples,
cause anisotropy of mechanical and elastic properties.

4.2 Effect of 3D LCD printing features, layer angle

and orientation on anisotropy

The above-mentioned features of 3D LCD printing do
not significantly affect the homogeneity of elastic
properties measured using non-destructive testing, as well



1138 Evgenii Kozhevnikov et al./ Rock and Soil Mechanics, 2026, 47(4): 1129-1146

as under uniaxial compression at a stress of up to 20 MPa.
At stress above 20 MPa, anisotropy from the angle and
orientation of layers appears. Justification of the
dependence of sample properties on the angle and
orientation of layers is given below.

In the samples with 0° layers, the load vector
coincides with the plane of the printing layer (see Fig.1).
Compression is perceived by the strong part of the layers
lengthwise, which determines the higher rigidity of the
samples and a higher Young's modulus. Due to the
longitudinal arrangement of the layers, the material
demonstrates the lowest creep tendency among all the
tested samples and exhibits more brittle properties. Under
loads corresponding to the compaction zone, failure
occurs by splitting the layers along the softening part. This
failure mode is characterized by a weak, linearly
increasing intensity of acoustic emission signals. Visually,
the samples demonstrate uniform failure around the
circumference, with the formation of longitudinal uniform
fragments (see Fig.14(a)). Rupture cracks propagating
along the layers are clearly visible at the ends of the
destroyed sample and have a preferential direction along
the X axis (see Fig.14(a)).

In the 30° layer specimens, under uniaxial
compression, the shear stresses are parallel to the layer
plane. The layer inhomogeneity causes the layers to slide
between each other under the shear stress. Throughout the
test, the acoustic emission signal intensity is low (see
Fig. 7(b)). These specimens also exhibit the lowest

General

compressive strength and the highest Poisson's ratios in
both print axes, indicating early and severe microcracking
under quasi-elastic loading. The coincidence of the layer
angle with the shear stress causes the specimen to crack
into large pieces (see Fig.14(b)). The specimen ends show
uneven cracking. The diagonal end zones show wear
caused by friction against the press plates (see Fig.14(b)).
This is typical for the layers in contact with both the upper
and lower plates of the load cell. The rest of the ends show
less pronounced frictional wear. The specimen ends show
different crack patterns (see Fig.14(b)), suggesting that
there is no connection between these cracks, as they
cannot penetrate the specimen axially due to the blocking
effect of the inclined layers.

In the 60° layer specimens, under uniaxial
compression, the vertical load acts on the weaker,
shear-prone components of the layers. The large layer
angle results in a large number of layers along the cylinder
axis, causing the slip between the layers to result in the
largest longitudinal strain (see Fig.7(c)) and the lowest
Young's modulus. Acoustic emission analysis showed that
these specimens exhibit the longest compaction period
under load, which ultimately contributes to increased
material strength. Due to the layer inclination, vertical
crack growth is limited; the ends of the 60° layer
inclination specimens have fewer cracks compared to the
other specimens. In addition, the sliding of the printed
layers results in uneven failure of the specimen along the
Y-axis (see Fig.14(c)).

Top view

Bottom view

(2)0° (b) 30°

(c) 60° (d) 90°

Fig.14 3D printed samples after uniaxial compression test

In the specimens with 90° layers, the vertical load
results in compression and transverse extrusion of the
softened part of the layers. The hardened part of the layers
is weakly compressed, but effectively absorbs the tensile
forces arising in the specimen due to compression of the

soft part of the layer, preventing its excessive elongation.
A distinctive feature of these specimens is the significant
anisotropy of the Poisson's ratios observed relative to the
printer axes (see Fig.8). This anisotropy is due to the
corrugated chip structure of the layers, where the thinned
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part of the hardened layer acts as stress concentrators (see
Fig.13(c)). Under pure tensile loading, the layer rupture
occurs predominantly in thin regions along the Y-axis (see
Figs.13(a), 13(c)). The maximum acoustic emission
intensity in the hardening deformation zone among all
specimens is caused by rupture of the stronger layers. The
perpendicular arrangement of the layers prevents the
propagation of vertical cracks at the ends of the destroyed
specimens (see Fig.14(d)).
4.3 Comparison of rocks and replicas

The mechanical response of 3D LCD-printed samples
differs significantly from the behavior of real rocks under
uniaxial compression.
Firstly, the 3D LCD-printed samples do not have the
compaction stage in the stress—strain curves, which is
typical for rocks in the initial period of loading. However,
the 3D LCD-printed samples have a linear stress—strain
curve in the initial period of loading and are weakly
dependent on the angle of the printing layers, which
makes this an advantage in physical modeling, since it
allows avoiding states that are not typical for real rocks.
Compared to real rocks, despite the different layer angles
and orientations, the 3D LCD printed samples are fairly
homogeneous, as can be seen using the non-destructive
method. Their relative homogeneity is also indicated by
the identical shape of the strain-stress curves. In rocks,
anisotropy is caused by the bedding conditions of the
strata and cannot be ignored when assessing the
mechanical behavior under loading. Strong rocks (silicites
and silicified dolomites) and weak rocks (opoka) were
selected for comparison. Our test results showed that even
rocks with a high degree of homogeneity have noticeable
anisotropy. Comparative analysis of the strain-stress
curves (see Fig.15) showed that the 3D LCD printed
samples have Young's moduli smaller than those of
dolomites and silicites, but larger than those of opoka.
Fig.15 also shows that the elastic deformation zone of the
replicas coincides with the elastic deformations of the
rocks. Thus, replicas can be analogs of rocks, but only
under stresses within the limits of elastic deformations.

120 [Elastic zone /dolomite
100 [ for rocks

—Rocks
—Replicas

Stress/MPa

o8&828

0.00 0.01 0.02 0.03 0.04
Axial deformation

Fig.15 Stress—strain curves for rocks (blue line) and
replicas (red line)

Secondly, 3D LCD-printed samples do not exhibit
clear peak stress or post-peak behavior, which is
characteristic of real rocks. This feature significantly
distinguishes replicas from rocks and should be taken into
account in physical modeling. At stresses above elastic
deformations, microdestruction of 3D LCD printed
samples occurs, and due to the peculiarities of the

structure of 3D LCD printed materials, a divergence in the
stress—strain curves is observed after a stress of 40 MPa.
Due to the presence of a weak part of the layer, the
replicas are very prone to viscous flow under high loads.
Large deformations in replicas compared to rocks are due
to the prevalence of cohesive bonds and extremely weak
internal friction. Due to the lack of proper friction in
replicas, layers slide between each other. The layers slide
without much resistance, which is due to the structure of
the polymer resin. Despite the sliding of the layers and
significant deformation and weak internal friction, the
replicas ultimately have significant uniaxial compression
strength, comparable to, and in some cases superior to,
rocks. The strength of UCS replicas is on average
138 MPa and 162 MPa depending on the angle of the
layers, for rocks and 51 MPa to 186 MPa. However,
before destruction, significant deformations accumulate in
the replicas - up to 0.37, the replicas take a barrel-shaped
form before destruction (see Fig.16(b)). The deformation
in rocks is barely noticeable (see Fig.16(d), 16(e)) even
after destruction and does not exceed 0.015.

The micrographs (see Fig.17) show that the 3D
printed sample has a smooth chip surface, nothing
prevents the layers from sliding and microcracks from
growing. The fine-grained structure in rocks has high
cohesion, as well as significant fiiction, the crack is
uneven, torn (see Fig.17(b)), the granular structure
prevents smooth sliding of microcracks.

The destroyed rock samples have no visible features
from the bedding angle, unlike the replicas. The silicite
samples, perpendicular and parallel to the bedding, have
almost the same type of destruction with large
fragmentation and longitudinal main cracks extending to
the ends of the samples (see Fig.18(a)). The dolomite and
opokas samples, although they have different strength and
bedding angle (see Fig.18(b)), but equally exhibit high
brittleness, which is expressed in significant fragmentation
of the samples. In the dolomites and opokas, there are
many cracks at the ends, this indicates the predominance
of the brittle destruction mechanism over the ductile one.
In the replicas with 0° layers, there are also many cracks
at the ends, but unlike the rocks, these cracks are formed
as a result of delamination and are characteristic only of
these samples. In the replicas with 60° and 90° layers, in
which long-term strengthening zones were observed,
there are no longitudinal brittle cracks on the ends, which
also confirms that the material of the replicas is more
ductile than brittle.

Thus, as a result of the studies of the mechanical
properties of rock replicas, it was established that the 3D
LCD printing method is suitable for studying the
properties of rock-like samples under minor loads that
do not lead to internal destruction. Samples printed using
the 3D LCD method are not complete analogues of
rocks and cannot completely replace the study of real
rocks especially in studies involving destruction. In order
to use the 3D LCD printing method to create replicas of
rocks for destructive testing, it is first necessary to solve
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the issue of internal friction of the material, which is
absent. However, using this method to create rock
replicas to study processes in rocks under purely elastic
loading will allow us to evaluate the mechanical

(a) Replica before loading

behavior of rocks with various features that can be
adjusted in a wide range. An example of using 3D LCD
printing in geomechanics to study the transport
properties of rocks under cyclic loading is shown further.

(c) Failed replica

(d) Rock before loading

(e) Failed rock

Fig.16 Photos of specimens under loading
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)

i
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(a) 3D printed sample

(b) Silicite

Fig.17 Microphotograph of the chip surface

4.4 Example of using 3D LCD printed samples in
flooding with cyclic loading

The study of flow in porous media is traditionally
carried out on bulk models consisting of sand or glass
beads, as well as on rock samples. The advantage of using
bulk models is the ability to control the effect of grain size
on transport properties. However, under cyclic loading,
the use of bulk models is of little use due to the collapse of
grains. The advantage of using rocks is the real flow
conditions in natural environments with reference to
specific rocks. However, the results of experiments with
real rocks can be affected by extraneous factors, such as

changes in the physicochemical state during reactive flow,
blocking of pores due to detachment and migration of
colloids, plastic deformations due to microdestruction.
Therefore, the description of the exact law of permeability
change under cyclic loading of rocks is difficult. To
minimize the influence of all the above factors on the
reliability of experimental studies under cyclic loading, we
proposed to use 3D LCD printed replicas of core plugs as
samples. The methodology involved flooding tests with
cyclic loading of 3D printed replicas with grooves of
varying sizes in the middle of the sample. Model creation,
printing process, and finished replicas are shown in Fig.
19. Peonr is confining pressure. First, a digital 3D model of
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a half of the sample with a groove in the middle (see
Fig.19(a)) and the second adjacent half without a groove
(blank) was created. In order to minimize scattering

effects during printing, the groove has a rectangular shape
(see Fig.19(b)). Samples were printed on supports with
the groove facing the display (see Fig.19(c)).

(a) Samples perpendicular to bedding

(b) Samples parallel to bedding

Fig.18 Rock samples after uniaxial compression test

After printing, the replicas were visually inspected for
surface smoothness (see Fig.19(d)) and the cleanliness of
the groove (see Fig.19(e)). Next, the assembled model
(see Fig.19(f)) was placed in the core holder of the
UltraPoroPerm-500 setup (see Fig.19(g)). Flooding was
carried out with a constant nitrogen flow rate under cyclic
confining pressure. More details on the research
methodology can be found in literature [33]. Since the
replica is not porous, and nitrogen flows through the
channel, conductivity was measured instead of
permeability. Instantaneous conductivity C of the
samples for nitrogen was determined as the ratio of
nitrogen flow rate taking into account compressibility to
the pressure gradient in the sample using the formula:

c=0/[(R-P)/(RL)] 9

where Q is nitrogen flow rate (cm’s); Py is nitrogen
injection pressure (Pa); P, is pressure at the outlet of the
sample(Pa); and L is the length of the sample (mm).

To conduct comparative filtration tests, samples of
intact porous sandstone and impermeable silicified
dolomite, artificially split in half, were selected. (see
Fig. 20).

Comparative results of conductivity tests of a replica
with width (w) 350 um and depth (#) 150 um groove
(hereinafter referred to as 350-150) and rock samples are

shown in the graphs (see Figs.21-23). Upon visual
comparison, the conductivity dynamics of the replica are
identical to those of a real porous and artificially split
sample. Upon closer examination (see Figs.21(b), 22(b),
23(b)), it can be seen that with increasing confining
pressure, the replica and rocks conductivity decreases in
the same pattern, first a sharp decrease, and then a smooth
creeping decrease in conductivity A smoother
conductivity dynamics line is in samples with an artificial
crack, but the same sample has the largest conductivity
amplitude under cyclic loading (see Figs.22(b), 22(c)).
Porous samples have a greater scatter in conductivity
dynamics, this is due to a large number of pores and
microcracks, changing geometry during creep. Replicas
combine a fairly high smoothness of conductivity
dynamics inherent in artificial cracks and a scatter in
conductivity dynamics as in porous samples.

The instantaneous decrease in conductivity occurs
due to a sharp increase in confining pressure, and creep
is caused by sliding of the two halves relative to each
other in the replica and in a sample with an artificial
crack and sliding of microcracks in the porous sandstone
sample. Such behavior confirms the presence of
relaxation microcracks in the sandstone caused by its
excavation from a depth of 1 800 m during drilling of an
oil well.
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| 30 mm

(a) Shape and size of the model half

s

(b) Shape of the groove

o T

(c) Printing of the model

(g) Scheme of the flooding setup

Note: 1 —hand pump for confining pressure, 2 — core holder, 3 — core plug model, 4 — nitrogen flow regulator, 5 — PC, 6 — nitrogen cylinder, 7 — measuring system.

Fig.19 Methodology for manufacturing and testing a core plug model with a groove in the middle

Fig.20 Assembled specimen with artificial crack

When the confining pressure decreases (see
Figs.21(c), 22(c), 23(c)), the conductivity is restored in
samples first instantly, and then in a creeping mode due
to the accumulated internal energy. The same in the
replica and in the porous sandstone sample, under
loading, the conductivity curve has a smooth
appearance, without significant jumps, whereas under

unloading, the conductivity curve has a jagged
appearance. In the artificially split sample, the
conductivity recovery curve is smooth (see Fig.23(c)).
The difference is that in the porous sandstone and the
replica, the conductivity recovery is due to the
stick-slip sliding of the surfaces of the halves and
microcracks during shape restoration®*>!,
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Fig.23 Conductivity dynamic of the printed sample (350-150) during cyclic loading

The comparative analysis also showed that in the
replica, unlike the rock samples, the deformation does not
accumulate under cyclic loading. In the replica, after
unloading in the first cycle and in subsequent cycles, the
conductivity at the maximum and minimum confining
pressures remains at the same values (the blue and green
dotted lines in Fig.22(a) show the conductivity trend). In
the sandstone sample, compaction is observed under
cyclic loading, which is expressed in a gradual decrease in
conductivity from cycle to cycle (the inclined blue and
green dotted lines in Fig.21(a) show a trend toward a
decrease in conductivity). In the artificial split sample
Fig.22(a), the decrease in conductivity occurs as in the
replica Fig.23(a).

The conductivity of the replicas and the rock samples
are equally well described (R*=0.99) by classical power
equations from the confining pressure (Fig.24)*37), It was
also found that the replicas have a smaller permeability
hysteresis under loading in each cycle. For the replicas,
the confining pressure-conductivity curves are almost

parallel under loading and unloading. The exponents of
the power equations describing the change in conductivity
of replicas under loading and unloading differ
insignificantly and are —0.282 and —0.266, respectively
(see Fig.24(c)). In the sample with an artificial crack, a
significant decrease in conductivity is observed during the
first loading, but in the following cycles the conductivity
curves during loading and unloading are parallel. The
exponents of the power equations describing the change
in conductivity of artificial cracked sample under loading
and unloading differ insignificantly and are —1.3 and
—1.31, respectively (see Fig.24(b)). In the sandstone
samples, the permeability hysteresis is clearly expressed,
the exponents of the power equations under loading and
unloading are —0.133 and —0.085, respectively.

An analysis of the influence of the groove area on their
conductivity was also performed, the results are shown in
Fig.25. The area-conductivity curve has the classical form
of the dependence of permeability on porosity and is very
well described by a power equation (R*=0.97).
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Thus, based on the comparative analysis, it has been
established that the use of 3D LCD printing technology
can be used in geosciences, and in particular in studies of
the effect of cyclic deformations on the conductivity of
thin capillaries, which can serve as analogs of porous
medium channels. The use of printed replicas in the study
of flow modes allows avoiding the influence of
extraneous factors, such as permeability hysteresis,
migration of colloids, etc. Also, with the help of 3D LCD
printing, it is possible to create channels with different
configurations, which will allow more accurately
establishing flow laws in porous and fractured media.

5 Conclusion

The aim of this study was to experimentally evaluate
the possibility of using the 3D LCD printing method to
create replicas of rocks suitable for geomechanical studies.
As a result of the experimental studies, it was established:
UV curing for 4 minutes stabilizes 3D-printed rock
replicas (29 mm diameter), with properties remaining
stable for at least 14 days under dark storage.

The replicas exhibit uniform elastic properties and
homogeneity, with consistent wave velocities across
layers and Young’s moduli ranging from 3 893 MPa
(60° layers) to 4 272 MPa (parallel layers) under <20
MPa stress.

Layer orientation affects mechanical behavior: 60°
layers showed the highest compressive strength (158
MPa), while 30° layers were weakest (138 MPa). Failure
mechanisms vary by angle, necessitating consideration in
geomechanical applications.

While suitable for elastic-loading studies (e.g., cyclic
deformation effects on porous media), printed replicas
cannot fully replace real rocks in destructive tests due to
lacking internal friction and distinct failure behaviors.
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