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Abstract: This review aims to discuss the application and development of three-dimensional printing (3DP) technology in the field of rock
mechanics and the mechanical behaviors of 3D-printed specimens on the basis of various available printing materials. This review begins with
a brief description of the concepts and principles associated with 3DP, and then systematically elaborates the five major applications of 3DP
technology in the field of rock mechanics, namely, the preparation of rock (including pre-flawed rock) specimens, preparation of joints, prepar-
ation of geophysical models, reconstruction of complex rock structures, and performance of bridging experimental testing and numerical simu-
lation. Meanwhile, the mechanical performance of 3D-printed specimens created using six different printing materials, such as polymers, resin,
gypsum, sand, ceramics, and rock-like geological materials, is reviewed in detail. Subsequently, some improvements that can make these 3D-
printed specimens close to natural rocks and some limitations of 3DP technology in the application of rock mechanics are discussed. Some pro-
spects that are required to be investigated in the future are also proposed. Finally, a brief summary is presented. This review suggests that 3DP
technology, especially when integrated with other advanced technologies, such as computed tomography scanning and 3D scanning, has great
potential in rock mechanics field.

Keywords: three-dimensional printing (3DP); rock mechanics; 3DP material; rock analogue; 3DP geotechnical model; numerical simulation

1. Introduction

Rock mechanics, related to the research on rock response
(rock mass) to an imposed disturbance aroused by natural
(e.g., tectonic movement) or engineering procedures (e.g.,
excavation), is a discipline that combines geology and mech-
anics. Rock mechanics is also a basic subject in many engin-
eering disciplines (e.g., mining, civil, hydraulic, petroleum,
underground, and geological engineering). Therefore, invest-
igating rock mechanics is of great significance in studying
and predicting the mechanical behaviors of engineering rock
masses in these fields [1-2].

The geological environment determines the complex
physical and mechanical characteristics of rock, such as non-
linearity, discontinuity, heterogeneity, and anisotropy, all of
which lead to an increase in the difficulty of using traditional
theoretical research methods to study the response of rock
under stress. Experimental (e.g., in-situ [3] and laboratory
[4-6] (most commonly used)) and numerical testing [7-8]
have become important research means, with which rock
properties are explored. However, rock specimens with the
same properties can neither be manufactured nor tested twice,
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causing the results and findings to possibly be unrepresentat-
ive of the intrinsic variability in rocks.

Three-dimensional printing (3DP) technology is recently
explored and applied to rock mechanics field; to an extent,
this approach addresses issues such as the preparation of
identical specimens or visualization of the inside of intact
rocks, thereby opening new opportunities in the study of rock
mechanics [9-12].

3DP technology was first proposed in the United States in
the 1980s and is known as rapid prototyping technology
which has been developed for over 30 years. Hull [13] first
introduced the stereo lithography apparatus (SLA) method in
1986 and received a patent grant which is a milestone in 3DP
technology development [14]. In the same year, he estab-
lished the first 3DP device in the world, and the 3D Systems
Corporation manufactured the world’s first 3D printer, the
SLA-250. Since then, 3DP technology has developed rapidly.
Recently, various 3DP technologies exist, such as fused de-
position modeling (FDM), 3DP, SLA, and selective laser sin-
tering (SLS), whose differences are manifested in two as-
pects: prototyping technology and printing material [15-18].
Different 3DP technologies have their own unique prototyp-
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ing principles and corresponding suitable printing materials.
However, these technologies have two common features, that
is, layer-by-layer superimposed prototyping of materials un-
der the control of computers [19] and general printing pro-
cedures consisting of four stages. Take 3DP technologies for
preparing rock specimens as an example to illustrate the four
stages: 1) establish a 3DP target rock model designed by
AutoCAD [15,20-21] or extracted by computed tomography
(CT) scanning (Fig. 1), and then convert the 3D rock model

Put into

CT system

(f) 3D-printed specimen

(b) NanoVoxel-3502E CT system

(e) ProJet 2500 printer
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into an STL format file that may be recognizable by most 3D
printers; ii) perform slice processing, and then set appropri-
ate print parameters (layer thickness, fill ratio, and output
path) for the 3D printer; iii) print a target rock solid model
layer-by-layer on the basis of the defined operating rules; iv)
treat the printed physical rock models via postprocessing,
such as polishing until smooth. Fig. 1 presents the general
procedures for preparing specimens by using 3DP technolo-
gies coupled with CT scanning technology.

CT
r—

scanning

(c) 2D CT images
3D reconstruction
l and calculation

(d) 3DP model

Fig. 1. General procedures for preparing specimens using 3D-printed technologies coupled with CT scanning technology.

Only few comprehensive reviews discussed the applica-
tion of 3DP technology in the field of rock mechanics. Gell
et al. [22] simply reviewed three 3DP materials, namely,
polylactic acid (PLA), a gypsum-like material, and sand,
which were used to prepare 3D-printed rock specimens, and
compared the mechanical properties of 3D-printed and natur-
al rock specimens to verify the validity of 3DP materials; this
work was covered in the present review. Bishwal [23]
presented only a general review of the potential advantages
of 3DP in rock mechanics. The review on the application of
3DP technology in the field of rock mechanics is neither
complete nor systematic. Consequently, a comprehensive re-
view is essential for research to offer a deep understanding of
and further explore the application of 3DP technology in the
field of rock mechanics.

In this review, five major applications of 3DP in rock
mechanics are systematically elaborated in detail. All studies
available to authors (110 references in total) regarding this
topic are extensively reviewed. Our review has four sections.
Section 1 provides a brief introduction of the development of
3DP technology. Section 2 systematically reviews the details
of the five aspects of 3DP application in rock mechanics,

namely, 1) the preparation of rock (or pre-flawed rock) speci-
mens, ii) preparation of natural or artificial joints, iii) recon-
struction of complex rock structures, iv) preparation of a geo-
technical physical model, and v) creation of a virtual bridge
connecting rock mechanics experiments and numerical simu-
lations. Moreover, in the first aspect of the application, a
thorough comparison of the mechanical performance of the
3D-printed specimens of different materials and those of nat-
ural rocks is presented. Section 3 comprehensively discusses
several improvements that can make a 3D-printed model fur-
ther similar to natural rock with respect to mechanical beha-
viors. Certain current limitations and future prospects of 3DP
technology in the application of rock mechanics are also dis-
cussed from three main aspects. Finally, Section 4 provides a
brief summary for each application.

2. Research situation of 3DP in rock mechanics

With the explosive development and widespread applica-
tion of 3DP technology, a technical innovation to the field of
rock mechanics and geotechnical engineering is possible. Al-
though such an application in this field is limited, such an ap-
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plication has become a reality; this development is summar-
ized in detail via the following five specific topics.

2.1. Specimen preparation in rock mechanics experiments

2.1.1. Comparison of mechanical performance between 3D-
printed and natural rocks

Various available 3DP materials have currently been ap-
plied in rock specimen fabrication [12,24-29]. Fig. 2 [30] and
Table 1 show several commonly used and available 3D-prin-
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Fig. 2.

ted-based rock specimen preparation methods and related
materials.

When 3DP technology is used in the preparation of exper-
imental rock specimens, conducting and comparing them
with natural rock specimens is important to explore the po-
tential feasibility and validity of using 3D-printed rock in
place of natural rock. The reason is that rock specimens based
on different 3D-printed materials and methods can show sig-
nificant differences in their mechanical performance.

Inkjet print head (binder delivery)

qulqr_::- :

Fabrication platform

Laser source Scanner system

Fabrication platfortﬂl—' :

Schematics for the prototyping principle of various 3DP technologies: (a) FDM technology; (b) 3DP technology; (¢) SLA

technology; (d) SLS technology. Reprinted from Composites Part B, 110, X. Wang, M. Jiang, Z.W. Zhou, J.H. Gou, and D. Hui, 3D
printing of polymer matrix composites: A review and prospective, 442, Copyright 2017, with permission from Elsevier.

Table 1. Several available rock specimen preparation methods and corresponding materials

Specimen preparation method Schematic for the method Printing materials Available 3D printer
FDM Fig. 2(a) FDM printer [15]
SLA Fig. 2(c) Vero-Clear; resin Object Connex 500 [17]
3DP Fig. 2(b) Gypsum; sand; ceramics ZPrinter 450 [16]
SLS Fig. 2(d) Sinter Station 2500 [18]

Chemical reaction —

Geological materials

Geological Material 3D printer [12]

In 2015, Jiang and Zhao [10] conducted a few uniaxial
compression tests on 3D-printed PLA specimens and dis-
covered that PLA is a highly ideal elastoplastic material, but
its failure exhibits a ductility characteristic. Song et al. [15]
and Jiang et al. [24] also observed the same phenomenon in
PLA rock that was significantly different from that in com-

mon natural rock, suggesting that PLA seems to be more ana-
logous to metal materials than rocks. Interestingly, another
investigation proposed that the mechanical characteristics of
Vero-Clear (a transparent polymer) printed rock are ex-
tremely similar to those of natural coal [9], attributing to the
fact that the overall properties, such as uniaxial compression
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strength (UCS), elastic modulus, and Poisson’s ratio, of 3D-
printed rock are comparable with those of the prototype coal
specimen. Unfortunately, a considerable discrepancy was
found in the tensile and compression strengths between these
two materials. Moreover, Vero-Clear displays the same
ductile behavior as PLA in continuous uniaxial loading
[31-32]. All these results imply that 3DP with polymer ex-
hibits the inability of this material to sufficiently reproduce
the mechanical behaviors of brittle natural rocks with high
strength. Improving the brittleness of polymer materials may
be one of the most important topics in the study of the mech-
anical performance of natural rocks using this material.

In one study [27], transparent resin material was con-
sidered to be the most appropriate material for simulating
hard brittle rock because compared with the mechanical
properties of several other materials, those of transparent res-
in material, such as brittleness, strength, and tension—com-
pression strength ratio, are more similar to real rock. In this
respect, a research team [26,33—34] continued to implement a
series of quasi-static and dynamic tests on 3D-printed resin
and natural rock specimens. They found that the static mech-
anical properties of the 3D-printed resin specimen, including
UCS, failure mode, brittleness behavior, and uniaxial
stress—strain curve, are remarkably similar to those of the nat-
ural volcanic rock. The difference, however, is that the peak
strain of the 3D-printed specimen is greater than that of the
volcanic rock, implying that the former has a higher elastic
modulus than the latter (Fig. 3 [33]). Moreover, the dynamic
test results demonstrated that to an extent, similarities exist in
the failure mode and dynamic cracking evolution of 3D-prin-
ted and natural rock specimens. Their further research again
suggested that resin material has great potential and pro-
spects in the replication of the mechanical behaviors of hard
brittle rock. In addition, its transparency is quite beneficial for
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studying the fracture evolution mechanism of rock.

In recent years, gypsum powder has been used in rock
specimen preparation to investigate its potential in replicat-
ing mechanical rock properties [16,35]. Song et al. [15] be-
lieved that a 3D-printed gypsum specimen resembles real
rock in terms of its deformation and failure characteristics,
such as a mixed failure pattern; the specimen also showed a
certain ductility (Figs. 4(a) and 4(b)). However, compared
with the PLA specimen [10], although the gypsum specimen
has a higher brittle characteristic and is closer to the failure
mode of natural shale [36], it exhibits a lower compressive
strength (less than 10 MPa) [20], as illustrated in Figs.
4(c)-4(e). Therefore, the high strength of the gypsum materi-
al should be further investigated for its improvement; in this
way, real rock can be simulated well. Simultaneously, Song
et al. [15] also investigated the tensile properties of gypsum
specimens, demonstrating that the splitting failure mode and
corresponding load history of the gypsum specimens show
good similarity to those of the natural rock specimens, ex-
cept the granite specimens. These results suggest that the
brittleness and strength of the printed material require im-
provement, and its stiffness should be maintained in future
studies.

The possibility of applying sand powder in the fabrication
of 3D-printed sandstone analogues has been studied
[24,37-38]. A few comparisons of the mechanical features of
3D-printed and natural sandstones were made [39—40]. The
UCS, tensile behavior, fracture roughness, and crack evolu-
tion of 3D-printed sandstone specimens exhibit a similarity to
those of weak and high-porosity real sandstone specimens,
particularly for the sandstone analogue that consists of quartz
sand with furan binders, revealing that the sandstone ana-
logue also shows a low strength characteristic; hence, some
further improvements must be made to simulate natural sand-

(b)

10mm
—

Comparison of the (a) stress—strain curves and (b, c) failure modes of resin-based 3D-printed and natural volcanic rocks in

static uniaxial compression tests. Reprinted from Int. J. Rock Mech. Min. Sci., 106, J.B. Zhu, T. Zhou, Z.Y. Liao, L. Sun, X.B. Li, and
R. Chen, Replication of internal defects and investigation of mechanical and fracture behaviour of rock using 3D printing and 3D nu-
merical methods in combination with X-ray computerized tomography, 198, Copyright 2018, with permission from Elsevier.
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Fig. 4. Experimental results from uniaxial compression test: (a) stress—strain behavior and (b) failure mode of 3D-printed gypsum
rock; comparison of the (c) stress—strain behaviors and (d) failure modes of gypsum and PLA specimens; (e) failure mode of Shale
specimen. (a) and (b) are reprinted by permission from Springer Nature: Rock Mech. Rock Eng., Feasibility investigation of 3D
printing technology for geotechnical physical models: Study of tunnels, L.B. Song, Q. Jiang, Y.E. Shi, X.T. Feng, Y.H. Li, F.S. Su, and
C. Liu, Copyright 2018; (c) and (d) are reprinted by permission from Springer Nature: Rock Mech. Rock Eng., Investigation of dy-
namic crack coalescence using a gypsum-like 3D printing material, C. Jiang, G.F. Zhao, J.B. Zhu, Y.X. Zhao, and L.M. Shen, Copy-
right 2016; (e) is reprinted by permission from Springer Nature: Rock Mech. Rock Eng., Experimental study on mechanical behavior
and brittleness characteristics of Longmaxi formation shale in Changning, Sichuan basin, China, S.Q. Yang, P.F. Yin, and P.G.

Ranjith, Copyright 2020.

stone with different strengths and stiffness. Similar to the
gypsum or resin-based rock mentioned above, the vertical
strain of these specimens is significantly higher than that of
natural sandstone when failure occurs, which may be due to
the high porosity of the 3D-printed sandstone. Moreover, a
similar result (3D-printed sandstone with a larger volumetric
strain than that of natural rock) can also be observed under
triaxial stress situations [41], indicating that the 3D-printed
sandstone displays a greater compressibility than real sand-
stone. However, a trend exists in which the peak deviator
stress (0—03) increases as the confining stress (o7;) increases
in the 3D-printed sandstone, which is analogous to natural
sandstone. Interestingly, the failure mode and stress—strain
behavior of the 3D-printed sandstone from the uniaxial test-
ing in the study of Tian and Han [42-43] were similar to
those of natural sandstone (some deformation curves almost
coincided). Fortunately, the result showed that the peak strain
of the 3D-printed sandstone is nearly equal to that of natural
sandstone, indicating that they have similar mesostructures,
such as porosity, which may be dominated by 3DP techno-
logy. Their research outcomes describe the fact that 3D-prin-
ted rock possesses a great potential to simulate and replicate

the mechanical properties of natural rock.

At present, almost no detailed and well-informed studies
on the mechanical performance of ceramic-based 3D-printed
rock are available [27]. Existing research asserts that 3D-
printed ceramic specimens are unsuitable for simulating nat-
ural brittle rock due to their insufficient strength (less than 3
MPa) and brittleness. Although firing is traditionally able to
increase the strength and brittleness of ceramics, the results of
these studies indicate that 3D-printed ceramic rock affected
by temperature variation is prone to generate unexpected
cracks that cause swelling and crushing during the firing pro-
cedure. This reason may explain why such a material is cur-
rently used infrequently in rock mechanics studies. Inspired
by the resin material, attempting to adopt a low-temperature
treatment of ceramic specimens in further studies may
achieve satisfactory results.

In 2019, Feng et al. [12] proposed an innovative 3DP
technology of a rock-like geological material consisting of
cementing materials (e.g., cement and gypsum) and aggreg-
ates (e.g., silica sand) in view of the fluid properties of geolo-
gical materials. Subsequently, they performed a uniaxial
compression test on a 3D-printed rock-like geological mater-
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ial specimen. The results demonstrated that the 525R Port-
land-cement-based 3D-printed specimen can be employed to
replicate certain classes of layered rock with respect to the
stress—strain curve and failure mode. Moreover, the printed
specimen showed favorable brittleness and moderate strength
in the absence of other processing techniques. This research
suggested that rock-like geological materials may be more
advantageous in natural rock simulation than the several ma-
terials mentioned above.

2.1.2. Preparation of a rock-like specimen with pre-existing
flaws

Recently, 3DP technology has been introduced in the pre-
paration of rock-like material specimens, and it has provided
new opportunities for creating pre-existing flaws with vari-
ous controllable geometries in rock-like material specimens,
resulting in an approach that is more favorable than conven-
tional methods (e.g., high-pressure water-jet cutting [44] and
handcrafting [45—46]) because it allows accurate fabrication,
various geometries, and high repeatability [47].

To date, the published literature on printing materials ap-
plied in the preparation of flawed specimens focuses on the
following four types, namely, transparent resin, gypsum,
sand powder, and polymer [24,42,48-50]. Due to the high
transparency and photoelasticity of the resin material, it dis-
played certain superiorities that directly enabled us to monit-
or and analyze the fracture mechanism in real time. With the
help of photoelastic technology, the stress field evolution
process inside 3DP pre-flawed specimens subjected to com-
pressive loads was also characterized and visualized during
crack propagation over other opaque materials, such as
gypsum [33,51-52]. An investigation on the volumetric frac-
turing properties of 3D-printed resin rock specimens with one
or two pre-existing 3D flaws under uniaxially compressive
loads was recently performed [21]. A few clear differences
were found in the crack evolution mechanism between prin-
ted resin rock with 3D flaws and those with two-dimensional
(2D) flaws, that is, wing cracks that initiated from the 3D
flaw tips had a limited range of propagation, and these sec-
ondary cracks were the cause of the failure of the 3D-printed
flawed specimen. Conversely, in the 2D situation, the wing
cracks initiated at the 2D flaw tips and propagated through
the specimen to the boundaries, causing the appearance of
failure.

In the study of Jiang ef al. [20], a sequence of continuous
photographs showed the initiation, propagation, and coales-
cence of cracks in the 3D-printed gypsum flawed specimen
during dynamic split Hopkinson pressure bar (SHPB) tests
which were recorded by high speed photography. A compar-
ison was subsequently made among the photographs of 3D-
printed flawed specimens and cemented specimens and a
corresponding numerical model of a higher order displace-
ment discontinuity method (HDDM) [53-54], suggesting a
good similarity among these results, that is, not all wing

Int. J. Miner. Metall. Mater., Vol. 28, No. 1, Jan. 2021

cracks and cracks can coalesce at the tips of pre-existing fis-
sures; they may initiate at the tips, and then coalesce in the
middle of pre-existing fissures (Fig. 5). However, the frac-
ture behaviors in the cemented specimens and numerical
model were the results of a static compressive load. There-
fore, whether the crack evolution of the 3D-printed flawed
gypsum specimen under static loading is similar to that un-
der dynamic loading still requires further research.

Similarly, Sharafisafa et al. [11], in 2018, conducted a few
quasi-static Brazilian disk tests on a 3D-printed flawed
gypsum specimen, and a digital image correlation (DIC)
method was used to capture the crack evolution process.
Their research indicated that the mechanical characteristics
and fracture behaviors of this 3DP material agree to an ex-
tent with those of real brittle flawed rocks; 3DP integrated
with DIC technology also exhibited applicability and capab-
ility in flexible specimen preparation, such as pre-existing
flaw implementation, via the real time and accurate capture
of the crack evolution. Another study [55], published in the
following year, revealed that the pre-existing flaw filling has
a great impact on the mechanical properties and crack evolu-
tion of this 3D-printed flawed specimen, that is, the speci-
men with filling displayed high peak strength and experi-
enced a large fracture area.

2.2. Preparation of natural or artificial joints

The joints across a rock mass play an extremely signific-
ant role in the mechanical properties of the rock mass [56].
Currently, mainstream approaches, including in-situ (virgin
joints), experimental (artificial joints), and numerical direct
shear tests, allow us to exhaustively investigate the shear
mechanical properties of natural joints in rock masses
[57-58]. However, the preparation of jointed specimens in a
direct shear test has always been a challenging problem (e.g.,
the vulnerability, poor consistency, and non-repeatability of
virgin rock joints in in-situ tests [59] and idealized artificial
joints with respect to a regular surface morphology for exper-
imental tests [60]). In a new method [61-62], silicone rubber
or separation film is used to duplicate the virgin rock joint
surface to form a parent joint surface mold; a parent mold is
then used to cast a batch of joint specimens to address certain
related problems, although this approach still results in a lack
of precision. Fortunately, by learning from this approach, the
novel technology of 3DP has been successfully applied in the
preparation and design of joint molds with a natural or an ar-
tificial joint surface morphology because of its high preci-
sion and flexibility [24,63—66].

One representative application for 3DP in this respect is to
manufacture a 3D-printed mold with a typical Barton’s joint
profile [67]. In view of this 3D-printed mold, a physical joint
specimen reflecting a Barton’s profile was subsequently pro-
duced by casting using a similar material, such as gypsum
plaster [68—72]. Moreover, a concrete joint specimen was
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cast on the basis of a 3D-printed PLA mold with a Barton’s
profile in the research of Jiang ef al. [24]. They declared that
a 3D-printed PLA mold can replicate a Barton’s joint profile
with great precision and efficiency. This conclusion con-
siders two aspects: 1) a morphological comparison of the joint
specimens’ roughness and primary Barton’s profile demon-
strates good consistency; ii) the shearing deformation curves
of these joint specimens, under identical testing situations,
are also highly consistent (Fig. 6). Notably, the shearing de-
formation curves in Fig. 6(c) exhibit a plastic deformation
with a certain rheological property, that is, a continuous
change in the curve slopes and no obvious stress peak or
stress drop are observed in the curves which are analogous to
those of soft joints [73].

Another important application is that with the assistance
of 3D scanning technology, 3DP allows us to reconstruct the
morphology of natural joints [24,74-75], which may be a
good solution to the problems faced by in-situ shear testing.
The general processes described in the work of Jiang et al.
[24,76] mainly include three procedures: i) 3D scanning
technology enables us to obtain the point cloud data of the
morphology of virgin rock joints, and such data can be used
to reconstruct a model of virtual natural rock joint surface; ii)
tangible molds with the morphology of natural joints may be
produced using 3DP; iii) synthetic specimens with natural

joints are created through manual casting on the basis of a
previous 3D-printed mold. To verify the accuracy of these
approaches, a geometrical comparison among the 2D pro-
files of natural joints, 3D-printed joint molds, and casted con-
crete joints was performed. The results suggested that the
three profile lines in the same position matched well, and that
maximum geometrical error did not exceed 2.4%. In addi-
tion, the results of direct shear testing on the two types of
concrete joint specimens with different joint roughness coef-
ficients (JRCs) indicated that their shearing deformation
curves were basically the same, and that the maximum shear
strength error did not surpass 6.7%, exhibiting a higher ac-
curacy than that of conventional replicated rock joints
(8%—-20%) [77-78]. The study showed that 3DP allows us to
produce joint specimens with favorable precision and uni-
form mechanical properties, which can further promote the
investigation of the mechanical behaviors of virgin rock
joints.

In this application, 3DP technology is only used to manu-
facture joint molds with high accuracy, whereas the actual
testing specimen is artificially cast from similar materials.
This process of casting may cause a testing specimen to ex-
hibit a relatively high degree of heterogeneity. Consequently,
similar to the present work of Li ez al. [79], further research
should determine how to create testing joint specimens dir-
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Plots showing the (a) 3D-printed mold and concrete joint specimen, (b) comparison of joint specimens’ roughness and

primary Barton’s profile (JRC—Joint roughness coefficient), (c) shearing deformation curves, and (d) sheared surface. Reprinted by
permission from Springer Nature: Acta Mech. Sin., Modeling rock specimens through 3D printing: Tentative experiments and pro-
spects, Q. Jiang, X.T. Feng, L.B. Song, Y.H. Gong, H. Zheng, and J. Cui, Copyright 2016.

ectly via 3DP using similar materials which may acquire ad-
ditional satisfactory and accurate results.

2.3. Reconstruction and visualization of complex intern-
al rock structure

Reservoir rock includes complex internal structures that
consist of pore and fracture networks and occupy a fairly
central role in the exploitation of unconventional resources in
terms of petroleum, natural gas, shale gas, and coalbed meth-
ane because their characteristics (e.g., connectivity, pore
throat distribution, pore size, and coordination number) are
inextricably connected to the storage energy and seepage be-
havior of reservoirs [80-81]. Accordingly, the accurate char-
acterization and visualization of the internal structure of
reservoir rock are the keys to investigating and analyzing the
petrophysical properties of reservoirs, especially their per-
meability, and to addressing various practical engineering
problems [9].

3DP can convert a virtual complex digital model obtained
from CAD design, tomography, or microscopy into a tan-
gible physical body at different scales, thus providing a nov-
el opportunity for replicating and reproducing the interior
complex and disordered structure of rock that may be invest-
igated experimentally [24,33,82-84]. The pore network
structure [85], fracture network structure [9], and aggregate

structure [32] in rock to date have been reconstructed and
characterized via 3DP coupled with X-ray CT, enabling us to
establish a precise digital structure model of prototype rock.
A series of similar studies by Ishutov and his team [85-91]
showed that the 3D pore network structure (proxy) of vari-
ous reservoir sandstones from CT information (e.g., Berea,
Idaho Gray, and Fontainebleau sandstones) was reproduced
through various 3DP materials (gypsum, plastic, and resin).
However, due to the limitations of the resolution of the 3D
printer, a reproduction at the original scale of the sandstone
failed, and the specimens had to be rescaled to the digital
model dimension to create a magnified 3D-printed pore mod-
el. Their next primary research focus was a comparison of the
petrophysical properties (e.g., porosity, permeability, and
pore throat size) of the 3D-printed pore network model, digit-
al model, and natural rock via mercury porosimetry, CT, he-
lium porosimetry, etc., indicating discrepancies in certain
petrophysical properties, such as porosity. A similar finding
was also mentioned in the study of Kong ef al. [92]. Multiple
factors determined these discrepancies, such as 3D printer
resolution, postprocessing (e.g., cleaning methods), valida-
tion means, and even 3DP methods. 3D printer resolution
may be one of the most critical reasons for this result. En-
couragingly, although discrepancies are exhibited, 3D-prin-
ted pore network models may be repeatedly used in various
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experimental tests (e.g., fluid-flow and core-flood experi-
ments) which offer new ways to quantitatively assess and
analyze the characteristics and processes of reservoir rock
(e.g., fluid transport properties [93]). In a similar way, a pore
network of carbonate rock at its original scale was replicated
by Head and Vanorio [94] who focused on an investigation
of various pore network structures that influence transport
properties at multiple scales. However, they did not discuss
the model accuracy. With the assistance of photoelasticity, Ju
et al. [95-96] not only accurately reconstructed and visual-
ized the local 3D-printed pore structure of Berea sandstone
using a transparent photopolymer material but also quantitat-
ively described the stress evolution of intricate pore struc-
tures subjected to successive loads, indicating that the integ-
ration of 3DP with other advanced technologies is more
likely to become a mainstream tool to further investigate the
properties of complex rock masses.

For the fracture network structure reconstruction inside a
rock, Ju et al. [9] first reproduced a potential coal-like rock
photopolymer specimen that contains a complex internal
fracture structure identical to a natural coal rock by using
3DP in accordance with its CT scanning data. Significantly,
to reflect and embody the heterogeneity of the coal-like spe-
cimen, they adopted an approach in which a matrix and a
fracture network are created using two different photopoly-
mer materials to assign their corresponding attributes. This
study also illustrated that the fracture network characteristics
of the 3D-printed coal-like rock specimen are identical to
those of the natural coal rock. However, a discrepancy was
found in their mechanical properties, such as compressive
strength, suggesting that the mechanical similarities between
the reconstructed model and natural rock still need to be en-
hanced.

Other investigations on the reconstruction of aggregate
structures inside rocks (e.g., glutenite rock and even rock-like
concrete material) were recently conducted [17,25,32]. Like-
wise, as previously mentioned, the matrix and gravel are re-
spectively characterized by transparent (Vero-Clear) and
opaque (RGD 525) printing materials by using multiple-
nozzle 3D printer which can visually reproduce heterogen-
eous aggregated models. Although 3DP enables us to visual-
ize and accurately reconstruct complex structures in rocks,
coupled with photoelastic and stress freezing technologies,
and can reproduce and characterize the evolution of the stress
fields surrounding complex structures, such as pores, frac-
tures, and aggregate network structures, the mechanical prop-
erties of the 3D-printed models with complex structures
identical to those of natural rock or rock-like materials (e.g.,
coal, sandstone, glutenite, and even concrete) appear to di-
verge from their prototype. Consequently, improvements in
the mechanical properties of the reconstructed models for a
good simulation of natural rocks remain necessary. If certain
improvements, such as novel 3DP materials or posttreatment

methods, can make the mechanical properties similar to those
of natural rocks, then a tremendous breakthrough may occur
in the field of rock mechanics.

2.4. Preparation of a geotechnical physical model for
rock mechanics experiments

Rock mechanics physical model testing, also known as
geomechanical model testing, is a physical simulation meth-
od that considers certain similarity principles, plays a critical
role in the stability evaluation and design of engineering rock
masses, and provides insight into certain geotechnical and
geomechanical problems [97-99]. However, certain down-
sides exist in fabricating the physical models of intricate geo-
logical structures through conventional approach (e.g., time
consuming and low target accuracy), which has become one
of the major reasons impeding the development of rock
mechanics tests.

Given the advantages of 3DP described previously, 3DP
has great potential in the preparation of intricate geotechnical
physical models. However, only few investigations have
been published in this respect. In 2018, Song et al. [15], for
the first time, took full advantage of the superiority of 3DP by
precisely fabricating several physical tunnel models, includ-
ing general, single-fault, double-fault, rock bolt, and lining-
supported tunnel models which were subjected to a sequence
of confined uniaxial compression tests. In accordance with
the verified fact in Section 2.1.1, gypsum material exhibits a
similar mechanical behavior to real rock, whereas PLA ma-
terial exhibits obvious ductility and cannot mimic natural
rock. Considering such an information, Song et al. [15] de-
cided that gypsum and PLA may be adopted to simulate tun-
nel models and support structures, respectively. They de-
clared that research on physical tunnel models is feasible and
applicable via 3DP. This conclusion is ascribed to two issues,
namely, i) the failure performance of the general, single-fault
tunnel mode is analogous to that of the artificial model and
tunnel engineering site, such as an obvious rib spalling phe-
nomenon in the left and right sidewalls, or collapse body
formation in the footwall of a fault, and ii) an increase in the
loading capacity of the tunnel model due to the support struc-
ture (rock bolt and lining), contrary to the results with a fault.

A bearing plate of long-expansion rock bolt was created
using 3DP based on a multi-functional powder material,
polyamide 12; some laboratory tests were performed on it
[100]. Unfortunately, from the results of this previous study,
the 3D-printed bearing plate is considered to be invalidated,
owing to its lower strength and stiffness than those of the
steel bearing plate. Encouragingly, the 3D-printed bearing
plate has an appreciable chemoresistance and low weight.
According to such previous findings, the development and
exploitation of 3DP materials (e.g., improvements in strength
and stiffness) can provide a considerable promising means to
solve the corrosion of rock bolt bearing plates in actual en-
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gineering cases. Moreover, an exploration about essential
technologies for manufacturing complex geomechanical
physical models using 3DP with rock-like geological materi-
als (e.g., cement and silica sand) is currently being conduc-
ted [12]. Tangible geotechnical physical models, which can-
not be produced in such ongoing research, may provide an
open and novel idea for the fabrication of geotechnical phys-
ical models through 3DP with various available materials,
particularly geological materials.

2.5. Bridge between the laboratory test and numerical
simulation of rock mechanics

As previously noted, the transformation from digital rock
model to physical rock specimen was fulfilled via 3DP. Sub-
sequently, the 3D-printed rock specimens allowed us to per-
form repeated experiments. Simultaneously, in recent studies,
digital rock models that experience certain processes, such as
3D reconstruction, mesh generation, or image processing,
were also integrated into some frequently-used commercial
software (e.g., finite element software, such as rock failure
process analysis (RFPA) [50], ANSYS [49,96], and
ABAQUS [52]) and discrete element software (e.g., PFC
[32], 3DEC [15], and DLSM [20,48]) to conduct a battery of
investigations numerically. That is, 3DP complements and
counterbalances the gap between experimental testing and
numerical simulation, and it may be regarded as a “virtual

Int. J. Miner. Metall. Mater., Vol. 28, No. 1, Jan. 2021

bridge” linking laboratory experiments and numerical simu-
lations, or as a means of mutual validation between them. In
another recent study, 3DP served as a way to verify the reli-
ability of theoretical methods [101].

In 2018, Zhu et al. [33], through CT and 3D reconstruc-
tion methods, obtained a virtual digital rock model that ex-
hibits the same internal microstructure characteristics as real
volcanic rock. To gain insight into the mechanical character-
istics and fracture mechanisms of volcanic rock, a digital
rock model was transformed via 3DP with transparent resin
material, and the resulting physical models were then subjec-
ted to a few static and dynamic experimental tests. In addi-
tion, the digital rock model was imported into RFPA soft-
ware to repeatedly conduct corresponding static numerical
tests that consider real rock microstructure, which can better
reflect rock heterogeneity than a traditional simulation, such
as that used in the research of Huang et al. [102]. The images
presented in Fig. 7 show these three models—natural rock,
numerical rock, and 3D-printed rock models—subjected to
static Brazilian disc testing. The findings revealed that the
path of crack propagation and failure mode in the rock relies
on the pre-existing defects at which crack initiation occurs,
and the experimental results are in good agreement with the
numerical results. These results suggested that the applica-
tion of 3DP in this field enriches the means of experimental
verification and improves the credibility of the test results.

Fig. 7. Schematic of three rock models under static Brazilian disc tests: (a) natural volcanic rock; (b) numerical rock model; (c) 3D-
printed rock. Reprinted from Int. J. Rock Mech. Min. Sci., 106, J.B. Zhu, T. Zhou, Z.Y. Liao, L. Sun, X.B. Li, and R. Chen, Replica-
tion of internal defects and investigation of mechanical and fracture behaviour of rock using 3D printing and 3D numerical methods
in combination with X-ray computerized tomography, 198, Copyright 2018, with permission from Elsevier.

As mentioned in Section 2.3, Ju ef al. [9,25,32,95] man-
aged to reconstruct and visualize the discontinuous structure
inside a natural rock by using a transparent printing material.
Moreover, the stress distribution and evolution characterist-
ics around this discontinuous structure were visually repro-
duced experimentally, with the aid of photoelastic and
frozen-stress techniques, under uniaxial compression loads.
The corresponding numerical simulation was based on AN-
SYS and PFC and was performed on an equivalent numeric-
al model with an intricate structure identical to that of the 3D-
printed model. The experimental and numerical results ex-

hibited favorable consistency manifested in the fact that high
stress concentration areas and stress gradients likely oc-
curred near the discontinuous structure, suggesting that such
a structure played a leading role in controlling the mechanic-
al and stress characteristics of the rock. In another study, a
3D-printed pore structure identical to natural rock was ap-
plied in an oil-water displacement test to successfully valid-
ate the reliability of the lattice Boltzmann simulation [84].
These results once again confirmed that laboratory tests and
numerical simulations can be linked via 3DP, and this linkage
may greatly improve the credibility of the results to an extent.
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3. Discussion

3.1. Improvements in the similarities between 3D-prin-
ted and natural rock specimens

In this paper, a systematic comparison made in Section
2.1.1 on the mechanical behaviors (e.g., stress—strain curve,
mechanical parameters, failure pattern, and brittleness)
between 3D-printed specimens made with different printing
materials and real rock suggests that 3D-printed specimens
exhibit lower brittleness, lower strength, higher ductility, and
lower elastic modulus (higher deformation) than those of real
rock under the same situation. The mechanical characterist-
ics of 3D-printed specimens may be artificially modified to
become further similar to those of natural rock via some
printing configurations and improvement measures [12,103].
The choice of improvement measures, such as freezing, heat-
ing, curing, and infiltration, have great reliance on the materi-
als used for 3DP; for instance, ceramic-based 3D-printed
specimens are unsuitable for heating treatment after being
printed because unexpected cracks appear during heating
[27]. Therefore, 3D-printed materials are referred to as the
main line to discuss the improvements in the similarities of
mechanical behaviors between 3D-printed and natural rock
specimens.

The printing orientation and heat treatment of one ex-
ample were adopted to determine the characteristics of Vero-
Clear polymer-based 3DP specimens [104]. Their results
suggested that 3D-printed specimens with horizontal layers
(inclination angle of 90°) exhibit high strength, including
UCS and triaxial compressive strength, and the temperature
varies from 120 to 150°C, which can significantly enhance
the UCS and direct tensile strength of 3D-printed specimens.
However, neither of these methods can increase brittleness.
That is, these 3D-printed specimens still showed polymer
ductility. Similarly, in other examples, the brittleness of
PLA-based 3D-printed specimens can be increased, but the
strength is sacrificed by changing their input structure (lat-
tice structure) [10]. Moreover, Vero-Clear and PLA are two
typical polymeric materials that exhibit significant ductile be-
havior. The above description suggests that for polymer-
based 3D-printed specimens, the lattice structure model al-
lows such specimens to be heated, which may realize 3D-
printed specimens with high strength and favorable brittle-
ness.

Transparent resin material has been proven to be suitable
for simulating natural brittle rocks, but brittleness and
strength still need further improvements [27]. Fortunately,
resin-based 3D-printed specimens treated with dry ice freez-
ing to —77°C, with embedded macrocracks [21], or added mi-
cro-defects [33] identical to those of real rock (as determined
via micro-CT) exhibited better brittleness than fresh 3D-prin-
ted specimens; in addition, the UCS of the frozen 3D-printed
resin specimens increased by 73.9% from 110.3 to 191.8

MPa, which was comparable to granite [105]. A splitting fail-
ure was observed with strip fragments. Moreover, the
stress—strain curve of a frozen 3D-printed resin specimen can
be divided into four phases, namely, early nonlinear deform-
ation (concave), elastic deformation, plastic deformation, and
post-peak failure, similar to that of natural rock [106], which
once again confirmed the feasibility and effectiveness of im-
proving the mechanical behavior of resin-based 3D-printed
rock by freezing.

The sand-based 3D-printed specimens made by powder-
ink binders are considered to be optimal to simulate weak
sandstones [43]. This idea has made researchers consider
other factors to improve the similarities in mechanical prop-
erties between sand-based 3D-printed and natural sandstone
specimens. In one study, raw silica sand was functionalized
by silane coupling agents to create a 3D-printed rock with
furfuryl alcohol as the binder; the study revealed that the
UCS of the functionalized sand-based 3D-printed rock was
significantly improved [107], but no obvious brittleness en-
hancement was observed, as shown in Fig. 8(a). Correspond-
ingly, its mesoscale fracture mechanism determined from
scanning electron microscope (SEM) and displayed in Fig.
8(b) exhibited a binder shear failure between sand particles
that is universal in real rock. However, this condition was not
observed in the 3D-printed rock without functionalization
(Fig. 8(c)). These results indicate that the pretreatment of
printed material may provide a potential and promising
means of guidance for the preparation of optimal sandstone
3DP in the future. In addition to material pretreatment, the in-
fluence of printing parameters, such as binder volume frac-
tion (which is equal to the porosity of the specimen multi-
plied by the binder saturation), on the mechanical behavior of
sand-based 3D-printed rock was investigated [29], indicating
that binder volume fraction is positively correlated with the
UCS of the 3D-printed sandstone, but the volume fraction
has a critical value, that is, it cannot exceed 8%; otherwise, a
dimensional instability can arise, which means that the in-
crease in the UCS of the 3D-printed sandstone is limited by
the varieties of binder content. The posttreatment with re-
spect to curing the sand-based 3D-printed specimens was ex-
plored in one investigation [38]. This research declared that
the optimum curing temperature for maximizing the mechan-
ical characteristics of the 3D-printed specimen is 80°C,
which can avoid the ring hydrolysis of the monomers over
the furfuryl alcohol binder. Overall, although none of the
above factors are sufficient for sand-based 3D-printed speci-
mens with high strength and favorable brittleness, they can
lay a good foundation for seeking a means to reach these
properties in future studies.

The size effect of rock is one of the research focuses in the
rock mechanics field [108]. In recent studies, this effect was
also observed in two gypsum-based 3D-printed cylindrical
rock specimens with a height-to-diameter ratio of 2.4 [28,35].
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Such research reported that the elasticity modulus of small
specimens (25 mm diameter) is approximately twice that of
large specimens (50 mm diameter), showing a negative cor-
relation similar to real rock [109]. To an extent, the proper-
ties of large 3D-printed specimens were proven to be repres-
entatives of real rock, attributing to the fact that they exhib-
ited a more realistic brittleness than small specimens.
However, the brittleness and strength were far from those of
real rock. To this end, another study examined four factors,
namely, layer orientation, layer thickness, binder saturation,
and heating treatment, and discussed their impact on the
mechanical properties of gypsum-based 3D-printed rocks
[16]. We can draw conclusions from their study that printing
direction shows an obvious effect on UCS and that printed
specimens with vertical layers (inclination angle of 0°) show
a maximum UCS, the opposite conclusion previously drawn
from polymer-based 3D-printed specimens, suggesting that
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the anisotropy of 3D-printed specimens is related to printed
materials. UCS generally increases as binder saturation in-
creases, and the effect of layer thickness on UCS is not obvi-
ous, but a thin layer appears to be advantageous for improv-
ing strength and brittleness properties. The optimum temper-
atures for the good brittleness and maximum UCS of 3D-
printed specimens are 70 and 150°C, respectively. This in-
consistency means that the heating of gypsum-based 3D-
printed specimens is not helpful for achieving high brittle-
ness and strength, and the critical temperature that can coun-
terpoise these two performance metrics is a point for further
research. Obviously, the strength of 3D-printed specimens,
such as gypsum or polymer specimens, seems to be more
sensitive to heating than brittleness. Freezing may currently
be one of the most effective ways to make 3D-printed rocks
with favorable brittleness and high strength.

Fig. 8. Comparison of (a) stress—strain curve and binder neck SEM morphology after the uniaxial compression of 3D-printed rock
(b) with and (c) without silane treatment. Reprinted from Int. J. Adhes. Adhes., 85, K.J. Hodder, J.A. Nychka, and R.J. Chalaturnyk,
Improvement of the unconfined compressive strength of 3D-printed model rock via silica sand functionalization using silane coup-

ling agents, 274, Copyright 2018, with permission from Elsevier.

In our recent research, a series of Brazilian splitting tests
on gypsum-based 3D-printed rocks is conducted to investig-
ate the effect of printing orientation on their tensile proper-
ties (Fig. 9). As seen from Fig. 9(a), as the printing angle in-
creases, the brittleness characteristics of 3D-printed speci-
mens reduce first, and then increase; as the printing angle is
equal to 45°, the specimens show ductility. From Fig. 9(b), as
the printing angle increases (from 0° to 90°), the tensile

strength and tensile strain exhibit a “V”’ shape variation trend,
that is, they decrease first, and then increase. When the print-
ing angle is equal to 45°, tensile strength and tensile strain
reach the lowest values, which are 0.63 MPa and 0.58 x 1072,
respectively. These results further demonstrate that the print-
ing direction has an obvious effect on the tensile mechanical
properties and brittleness characteristics of 3D-printed
specimens.
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3.2. Limitations and prospects of 3DP technology in the
application of rock mechanics

Although current 3DP technologies have many unique and
clear advantages, certain limitations still remain in rock
mechanics application, mainly including the following three
aspects:

(1) Limitations of printed materials.

When 3DP technologies are used to prepare rock mechan-
ics specimens, most available 3D-printed rock analogues,
such as PLA, Vero-Clear, resin, gypsum, sand, and ceramic
rock analogues, generally exhibit high ductility (low brittle-
ness), low strength, and low stiffness (low Young’s
modulus), all of which are different from the characteristics
of natural rock [10,15,32]. Therefore, future research must
develop a few novel 3DP materials that can be used alone or
together and that exhibit high strength and stiffness, favor-
able brittleness, and frictional function for preparing 3DP
rock analogues that can well stimulate and reproduce the
mechanical properties of natural rock.

(2) Limitations of printing accuracy.

When 3DP technologies are utilized to prepare natural or
artificial joints to reconstruct rock internal structure and to es-
tablish a virtual bridge for experimental testing and numeric-
al simulation, 3D printers with high accuracy are fairly im-
portant for research to obtain accurate rock models that lead
to reliable and precise research results. However, due to the
current limitations of 3D printer resolution, reproducing the
internal complex structure of natural rock at the original scale
is difficult, requiring specimens to be rescaled to the digital
model dimension for the creation of magnified 3D-printed
models with partial rock internal structure [85]. Similarly,
having a complete materialization on virtual numerical mod-
els can be difficult by using current 3D printers, considering
that some microscopic pores and cracks play essential roles
in numerical models. Therefore, the accuracy of 3D printers
should be further improved in the future to address this prob-

lem, and doing so can greatly promote the wide application
of 3DP technology in rock mechanics. Moreover, if materi-
als similar to natural rock exist and 3D printer accuracy is im-
proved in the future, then directly preparing specimens with
natural joints to perform direct shear tests is possible, instead
of using current 3D-printed molds with natural joint morpho-
logy to cast into direct shear specimens.

(3) Limitations of the printing function.

Currently, most existing 3D printers have only one or two
printing nozzles, suggesting that they can only print one or
two materials at the same time. Nevertheless, natural rock is a
heterogeneous geological body comprising various minerals.
Consequently, 3D-printed rock analogues with a single prin-
ted material cannot almost reflect the heterogeneity of natur-
al rock [16,33,110]. Thus, future studies should develop
printers with multiple nozzles, so that multiple materials can
be printed simultaneously. In addition, although 3DP techno-
logy can be applied to prepare large geotechnical physical
models (compared with standard rock specimens), the sizes
of 3D-printed physical models are far from enough com-
pared with actual large-scale physical models in rock mech-
anics. With the development of 3DP technology, the future
3DP technology should break through the model size and
move toward the production of large-sized physical models,
which can also promote the development of other fields, in-
cluding the field of rock mechanics.

4. Conclusions

This review illustrates the development and the state of the
art in the application of 3DP technology in the field of rock
mechanics. Certain major conclusions in this section are
drawn.

(1) A series of rock mechanics tests, including uniaxial
and triaxial compression tests, Brazilian disk tests, and SHPB
tests, is conducted on 3D-printed rock analogues and natural
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rocks (as a control group) to investigate the mechanical prop-
erties of 3D-printed rock. The results indicate that the mech-
anical behaviors, such as stress—strain curve, failure mode,
and crack evolution mechanism, of 3D-printed rock shows a
similarity with natural rock; however, most 3D-printed rock
analogues generally exhibit high ductility, low strength, and
low stiffness. Specifically, low stiffness, which means large
strain, can be observed in the 3D-printed rock analogues of
all material types, and nearly no 3D-printed rock analogues
with high strength, favorable brittleness, and large stiffness
are found in the published investigations. Although few im-
provement measures, such as optimization of printing para-
meters (binder saturation, printing layer thickness, and ori-
entation) and postprocessing (freezing or heating), may be
currently adopted in controlling the mechanical behaviors of
these 3D-printed analogues, such measures cannot be
achieved with either of the previous properties.

(2) Rock-like specimens, with pre-existing flaws, fabric-
ated by 3DP exhibit exceedingly perfect dominant positions,
such as simple flaw prefabrication, geometric flexibility, rap-
id prototyping, and material homogeneity, over conventional
means. Moreover, the dynamic crack evolution process ob-
served in 3D-printed flawed specimens is comparable to
those in natural rocks, concrete specimens, and numerical
models, indicating the feasibility of 3DP in the investigation
of rock-like materials undergoing deformation and progress-
ive failure.

(3) Verifying tests, including geometrical verification
among original joints (virgin or Barton’s joints), 3D-printed
joint molds, and testing joint specimens and shearing testing
verification on testing joint specimens, suggest that 3DP
(coupled with 3D scanning) enables us to perfectly replicate
natural and artificial joints with fairly good accuracy.
Moreover, testing joint specimens based on 3D-printed
molds under analogous testing conditions exhibit uniform
shearing properties, such as shearing strength (or deforma-
tion curve) and shearing failure location.

(4) 3DP, coupled with other advanced technologies (e.g.,
CT scanning, photoelastic testing, and stress freezing), al-
lows us to reproduce and visualize complex natural rock
structures and to elucidate inherent physical and mechanical
processes and microscopic mechanisms inside rock masses,
thereby providing new research opportunities regarding deep
rock mechanics. However, mechanical similarities between
3D-printed reconstruction models and their corresponding
prototypes require further improvement.

(5) A preliminary investigation on the preparation of a
geotechnical physical model adopting 3DP technology sug-
gests that 3DP exhibits feasibility and applicability in this as-
pect to an extent. Regrettably, the printing size of the 3D-
printed geophysical model has certain limitations due to cur-
rent technical conditions.
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