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Abstract Current developments in 3D printing (3DP)
technology provide the opportunity to produce rock-like
specimens and geotechnical models through additive man-
ufacturing, that is, from a file viewed with a computer to
a real object. This study investigated the serviceability of
3DP products as substitutes for rock specimens and rock-type
materials in experimental analysis of deformation and failure
in the laboratory. These experiments were performed on two
types of materials as follows: (1) compressive experiments
on printed sand-powder specimens in different shapes and
structures, including intact cylinders, cylinders with small
holes, and cuboids with pre-existing cracks, and (2) com-
pressive and shearing experiments on printed polylactic acid
cylinders and molded shearing blocks. These tentative tests
for 3DP technology have exposed its advantages in produc-
ing complicated specimens with special external forms and
internal structures, the mechanical similarity of its product to
rock-type material in terms of deformation and failure, and
its precision in mapping shapes from the original body to the
trial sample (such as a natural rock joint). These experiments
and analyses also successfully demonstrate the potential and
prospects of 3DP technology to assist in the deformation and
failure analysis of rock-type materials, as well as in the sim-
ulation of similar material modeling experiments.
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1 Introduction

Three-dimensional printing (3DP) is also known as addi-
tive manufacturing or additive layer manufacturing. The
3DP facilitates the automated generation of freeform solids
directly from a computer-visional file to a real object [1-3].
Currently, 3DP has been used widely in biological medi-
cine, such as in the building of artificial bone, the migration
of cancer cells, and the construction of engineering tissues
[4-6]; and in subtle electron components, including multi-
functional electronic elements, flipped and embedded chips
[7,8], as well as in lightweight airfoil and satellite parts
[9,10]. Moreover, 3DP has also been utilized in mathematical
visualization, tactile maps, and child education [11-13].

3DP may have wider and explicit application in many dif-
ferent fields. A recent New York Times blog entry referred to
3DP technology as “Industrial Revolution 2.0” [14]. Eisen-
berg compares the invention of 3DP in this century with the
invention of the personal computer in the previous century:
“There are eerie historical echoes here, in the rapid rise of
public interest, between 3D printing in the early 2010’s and
home computing in the layer 1970°s” [13].

The rapid development of 3DP in terms of manufacturing
and research drives our urgent question: Can 3DP simplify
the experimental study of rock mechanics and rock engineer-
ing? Currently, the laboratory study of rocks, rock mass, and
rock engineering is limited [15—19]. For example, rock sam-
ples obtained from the field are inhomogeneous; thus, making
rock specimens with given artificial cracks or cavities is dif-
ficult, as is producing complicated testing specimens. These
difficulties have hindered the experimental and theoretical
development of rock mechanics. As the traditional study on
geomechanics approaches its limitation, there is a sense of
urgency to find a new pathway to overcome this “bottleneck.”
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3DP provides us with an alternative because this technol-
ogy can print specimens with uniform properties and free
form. Furthermore, the corresponding computer aided design
(CAD) can help produce testing samples with any shape and
any flaw.

Therefore, we introduced 3DP into the production of rock
specimens and conducted tentative experiments to investi-
gate the serviceability of printed specimens as substitutes
for natural rock specimens in experimental deformation and
failure studies. These tentative experiments include directly
printed specimens with complicated flawed structures and
printed molds to indirectly model joined specimens by way
of laboratory compressive and shearing tests. The enhanced
application prospect of 3DP in the study of rock mechanics
and rock engineering is also discussed.

2 Material and methods
2.1 3DP equipment

Many types of general 3DP equipment and corresponding
printing media have been developed based on different for-
mation methods [20]. Among these types of equipment, 3D
printers with fused deposition modeling (FDM) and powder-
ink binders(PIB) are commonly used.

FDM printers use a print head that actsasan X —Y — Z
plotter. During printing, the raw material, which is typically
acrylonitrile butadiene styrene (ABS) or biodegradable poly-
lactic acid (PLA), is melted in this print head and deposited
layer by layer on the build table to create a 3D object [21-23].
A typical machine and PLA material are shown in Fig. 1. In
our experiments, a desktop printer, named Creator, has been
applied to the printing PLA model.

PIB printers are based on powder and liquid binders, which
are different from the working function of the FDM printers.
During each printing cycle, a small thick layer of plaster
powder is applied to the model from a supply reservoir. The
print head moves across this newly applied layer of powder
and spreads the binding agent. The piston in the construc-
tion chamber then moves down by the thickness of the layer.
The coater applies a new layer of powder, and the process is

Print head

‘_. :

Prir%ed object

PLA#HE Y

Fig. 1 General FDM 3D printer and PLA material. a FDM printer. b
PLA material
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Fig. 2 General PIB 3D printer and sand-powder material. a PIB
printer. b Sand-powder material

repeated [24,25]. A representative PIB printer and sand pow-
der material are depicted in Fig. 2. Since the raw material for
the PIB printer is the sand powder, its printed products may
be more similar intuitively to the rock material. Here, the
ProJet X60 printer, a product of the U.S. 3D Systems Corpo-
ration, was used for printing the sand-powder specimens in
our test.

2.2 Printing methodology

Regardless of printer type or material, the general printing
process for a model includes the following basic steps:

(1) Model construction. A desired virtual model should first
be constructed by a designer using 3D computer-aided
software. The CAD model should be identical to the
printed model, including its size and shape.

(2) File format conversion. The virtual model file produced
based on 3D CAD software must be converted into a
format that can be read by the printing software. The
standard template library or stereo lithography (STL)
format, which describes only the surface geometry of a
three-dimensional object without any representation of
color, texture or other common CAD model attributes, is
the current industry standard for printing models [26,27].
The STL file represents the model using information
about the coordinates and outward surface normal of tri-
angles. At this stage, the technology, which integrates the
CAD and computer-aided manufacturing (CAM), has
simplified the elaborate process of planning and machine
setup.

(3) Model printing. Basic printing parameters, such as filled
ratio, printing precision, and layer thickness, should be
set after the operating software of the printer has read
the virtual model. With sufficient raw printing material,
the printing process to directly transform a digital model
into a physical object can begin. In our experiment, the
filled ratio was set as 100 % for printing the solid model;
the printing precision and layer thickness for the FDM
printer with PLA material was set as 0.15 and 0.2 mm,
respectively; the printing precision and layer thickness
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for the PIB printer with sand-powder material was set as
0.1 and 0.2 mm, respectively.

(4) Post-processing. The surface of the printed physical
model is not smooth given the precision limitation in
3DP. Thus, the model must often undergo smoothing or
strengthening by post-processing. For instance, the final
surface of printed cylinder specimens must be rubbed
smooth for compressive tests.

2.3 Material and specimens for mechanical testing

To test the serviceability of printed specimens as substi-
tutes for natural rock material in the experimental study
of geotechnical mechanics and engineering, two types of
samples were printed using two materials, respectively; the
materials were sand-powder material and PLA material. The
specimens constructed with sand powder can be directly used
in compressive tests, whereas those generated with the PLA
mold can be used as a parent mold for producing physical
specimens by filling with other types of similar materials,
such as concrete and plaster. Specimens with different flaw
structures were also printed to assess their deformational
and failure similarities between 3DP material and natural
rocks. The sizes of all of the specimens are consistent with
the general suggestions of the International Society of Rock
Mechanics [28], Fairhurst and Hudson [29]. The virtual 3D
models for printing specimens were built by CAD software.
The features of the printed specimens are displayed in Fig. 3,
and the detailed information of their dimensions is listed in
Table 1.

a

b ~ Barton’s joint

Fig. 3 3DP specimens for experiment. a Sample produced by sand-
powder material. b Sample produced by PLA material

3 Mechanical compression test on sand-powder
specimens

The geotechnical mechanics-based approach to solving prob-
lems with rock mechanics requires prior knowledge of rock
stress—strain behavior. Important aspects of this behavior
generally include the constants related to stresses and strains
in the elastic range; the stress levels at which yield, fracturing,
or slip occurs within the rock; and the post-peak stress—strain
behavior of fractured or failed rocks [29]. Thus, mechanical
compression tests for the 3DP specimens are necessary for
the purpose of applying the 3DP technology in the further
study of geotechnical mechanics and engineering.

To investigate the identical and dissimilar traits between
the sand-powder 3DP model and natural rock in deformation
and failure mode, basic compressive tests were conducted
on 3DP specimens in several shapes. These experiments
included the uniaxial and triaxial compression for the intact
3DP cylinder specimens; the uniaxial compressions for the
3DP cylinder specimens with small holes, and the cuboid
specimens with single or double cracks.

3.1 Compressive test of the intact cylinder 3DP
specimen

These trial works were performed with the electro-hydraulic
servo-controlled rock mechanics testing system (MTS-815).
During testing, the loading mode was initiated through dis-
placement control with a ratio of 0.002 mm/s, and the axial
strain was measured using a linear variable differential trans-
former (LVDT). During the stable uniaxial loading process,
the axial stress of the sand-powder specimens first increased
approximately linearly with the axial strain before peaking
(Fig. 4). The axial stress subsequently decreased after peak-
ing, although the axial strain continued to increase and exhibit
strain-softening behavior. Finally, the axial stress reached a
low and stable stress level under continued load from MTS. In
sum, the integrated axial strain—stress curve of the 3DP spec-
imen included the elastic, strain-softening, and residual parts
that displayed characteristic peaks and residual stresses. The
axial strain—stress characteristics of the sand-powder 3DP
model under uniaxial compression was similar to those of
generic rock material [30-32].

In addition, the lateral strain and volumetric strain curves
of the printed sand-powder specimen in Fig. 4 are also sim-
ilar to the compressive deformation properties of natural
rock. In particular, the lateral strain of the 3DP specimen
increased linearly with axial loading stress before the stress
peaked. However, this strain then increased rapidly and non-
linearly (i.e., dilatation) when the loading stress was near and
exceeded peak strength. Moreover, the volumetric strain dis-
played as bulk shrinkage before the stress peak and rapid bulk
expansion after stress peak. This dilatation effect exerted by
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Table 1 Basic characteristics of simulated rock specimens manufactured by 3D printer

Raw material Specimen type Dimension parameters Printing Density
resolution (mm) (Kg/m3)
Sand powder Cylinder 50 mm in diameter and 100 mm in 0.1 1.26 x10°
height
Cylinder with holes Cylinder with 50 mm in diameter
and 100 mm in height; holes with
2 mm in diameter and 5 mm in
space
Cuboid with cracks Cuboid with edges in 50, 50, 100
mm; Crack with 5 mm in length
and 10 mm in space
PLA Cylinder 35 mm in diameter and 70 mm in 0.15 0.758 x10°
height
Joint mould Edges in 10 cm, contain Barton’s
standard joint, JRC = 6-8 [43]
Axial stress (MPa)
9
Peak stress
—Axial strain “

——Lateral strain
——Volumetric strain

Residualsstress

O B, N W s~ 01O

Axial Strain (%)

Fig. 4 Typical full stress—strain curves of the 3DP sand-powder spec-
imen under uniaxial compression

the printed sand-powder specimen also mimicked the lateral
and volumetric deformation features of rocks.

Further investigation into the failure plane of the failed
3DP specimens indicated the presence of several vertical
tensile cracks on the cylinder under uniaxial compression
(Fig. 5a), but only one main shearing plane under relative
high confining stress (1.0 MPa). The break features of printed
specimens were also similar to the failure behavior of generic
rocks, such as the tensile splitting breakage of marble under
uniaxial compression and shearing breakage under triaxial
compression with high confining stress (Fig. 5b).

3.2 Uniaxial compression of the printed specimen with
holes

Although defects within the rock, including pores, flaws, and
cracks, considerably affect its macro mechanical properties,
rock specimens with given holes or flaws, such as amyg-
daloidal basalt, remain difficult to obtain in laboratory tests.

@ Springer

Fig. 5 Comparison of the break planes of the failed 3DP specimens
and of actual rock samples. a Tensile break under uniaxial compression.
b Shearing break under confining stress

The new 3DP technology can easily overcome this challenge
by printing virtual CAD models as realistic specimens. In this
study, we manufactured a 3DP cylinder sample with regular
holes that were 2 mm in diameter and positioned 5 mm apart
(see Fig. 3) to illustrate the advantages of this technology.
The stress—strain curves of this type of printed specimens,
which were also under uniaxial compression, were presented
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Fig. 6 Stress—strain curves of printed specimens with holes

as linear elastic deformations before yield and displayed a
clear peak strength phase and strain-softening behavior after
peak stress (Fig. 6). Moreover, the compressive stress—strain
curves of the three specimens were similar to one another
before the peak stress. These findings showed that the spec-
imens produced by the 3D printer were uniform in terms of
deformation properties. The deviation of specimens’ axial
stress, strain curves after peak stress, also indicated that the
small holes inside the specimens might have had an effect on
the uncertainty of the crack extensions.

The uniaxial compressive strength of specimens with
holes was lower than that of intact specimens, i.e., lower
than approximately 23.6% of the intact specimens. This
fact also confirmed the general knowledge that the defects
in rock-type material would decrease its loading capability.
Furthermore, this simple experiment on the printed sample
with holes and its typical results demonstrated the ease of
constructing defected samples using CAD and 3DP tech-
nologies.

3.3 Observation of fractures in printed cuboid
specimens with pre-existing cracks

Joints and micro fractures are commonly found in natural
rocks, and their failure mechanism depends strongly on the
pattern of extension and coalescence in cracks between pre-
existing flaws and the rock-bridge area. Numerous studies
have examined physical model blocks through artificially
pre-existing fractures [33-36]. During their work, there was
still difficulty in creating one or several pre-existing cracks
before experimental study. Yet, this generation process can
be simplified by conceptualizing a virtual specimen with spe-
cial cracks on a computer using the CAD method. The 3D
printer can then easily manufacture a given sample with 2D or
3D cracks, which can differ in terms of individual shape and
combinational relationship. To test the efficiency and effec-
tiveness of the 3DP method in modeling rock specimens with
pre-existing cracks, several cuboid specimens containing one
or two 2D through-going cracks were first built, and the cor-

Axial stress (MPa)

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Axial strain (%)

Fig. 7 Fracture extension in the 3DP specimen with pre-existed cracks
under uniaxial compression

responding compressive tests whose loading condition is the
same with the cylinder specimens were conducted.

During the uniaxial compression experiment, new cracks
first appeared at the tip of the existing cracks and subse-
quently extended gradually when the loading stress approa-
ched the specimen’s peak strength (Fig. 7). The subsequent
load on the specimen drove the continued extension of cur-
rent cracks in a wing-like manner and initiated new cracks.
This time-dependent cracking process of this specimen also
can be drawn according to the axial loading ratio and the axial
strainin Fig. 7. This phenomenon embodied the macro strain-
softening behavior and eventual structural disintegration of
the specimen. The crack extension corresponded with the
experimental findings of Wong [37] and Zhang [38] regard-
ing the fracturing behaviors of real rocks with pre-existing
cracks.

Furthermore, the final failure form of the 3DP cuboid spec-
imens containing one or two pre-existing cracks were similar
to that of the rock material in the failure model, especially
with respect to the fracture extension at pre-existing crack tips
and the coalescence among cracks. A parallel comparison of
the fracturing phenomena in printed sand-powder specimens
and in real rock-type samples is displayed as in Fig. 8 by
referencing experimental results [19,34]. For example, both
the extending direction of the wing crack at the tip of the pre-
existing crack and the shearing failure of the “rock bridge”
between two pre-existing cracks were similar to each other
between the printed sand-powder specimens and real rock
samples.

The compressive tests on the intact and defective sam-
ples displayed mechanical performance that was similar to
the general behavior of rock-type materials. The results from
these tentative experiments also suggest that 3DP technology
can manufacture experimental samples with various struc-
tures and shapes. That means this technology can provide
many opportunities for applying it in geotechnical study on
mechanical mechanisms and actual engineering.
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Fig. 8 Comparison of fracturing phenomena in 3DP sand-powder specimens and in actual rock-type samples. a Fractured sandstone specimen
with a single pre-existed crack. b Fractured specimen with double pre-existed cracks

4 Mechanical test on the PLA material

A number of PLA cylinders were also tested through uniaxial
compression to investigate their basic compressive property.
The working parameters of the MTS-815 testing system were
set as the same as that for the sand-powder specimens. For
checking the usefulness of the printed PLA mold in produc-
ing a joint sample with the same joint surface, direct shearing
tests were conducted, which were performed by injecting a
similar concrete on the PLA mold.

4.1 Uniaxial compression for the PLA cylinder

During the uniaxial compressive test on the PLA specimens,
the axial stress increased with the axial strain linearly before
the loading stress was lower than its yield strength. However,
when the successive loading stress reached yield stress, the
axial stress of the compressed PLA specimen reached a stable
level. This behavior indicated that the PLA approximated an
elasto-plastic material (Fig. 9). The compressive test results
also implied that the yield PLA specimen did not display a
local shearing band, but exhibited plastic drum expansion.
The mechanical performance of the PLA differed signifi-

35 -
30 F T -
25
20
15 +

10 +

Axial stress (MPa)

1 1 1 J

0 1 2 3 4
Axial strain (%)

Fig. 9 Stress—strain curve of the PLA specimen under uniaxial com-
pression test and its failed form

@ Springer

cantly from that of the rock material, but it was similar to
that of metal material. Therefore, we can use the PLA mold
manufactured by the 3D printer to model either the rock bolt
or the supporting shell for tunneling experiments conducted
with physical modeling in the laboratory.

4.2 Direct shearing test on the modeling joint

Obtaining a sufficient number of joint specimens with iden-
tical joint shapes is a traditional challenge in shearing and
compressive experiments [39-42]. However, 3DP technol-
ogy can be used to conveniently generate a visual 3DP joint
mold through CAD, based on the obtained joint data. This
visual mold can then be printed into an actual PLA mold with
the desired joint shape. Finally, physical joint specimens can
be generated by injecting special concrete or other similar
material into this PLA mold. Given that these physical spec-
imens are produced using the same PLA mold, their joint
shape must be highly similar.

To demonstrate the practicality of the aforementioned
method, a PLA mold that contains a standard Barton’s joint
[43] was first printed. The JRC value of this joint was approx-
imately 6-8. Some specimens can then be molded based
on the PLA body by pouring matched concrete with the
10.7GPa mold onto the joint surface of the PLA mold, as
shown in Fig. 10a. By way of 3D scanning for the physi-
cal concrete model and corresponding interpolation deal for
the gained digital surface data, the 2D profile lines at given
positions can be obtained. Analysis of the 2D profile lines
of the physical model indicated that its joint roughness coin-
cided significantly with the original Barton’s joint (Fig. 10b).
These concrete specimens had been sheared under the special
experiment machine for testing their shearing performance.
The results of an additional direct shearing test on these spec-
imens suggest that their shearing stress-displacement curves
fit one another perfectly under uniform experimental con-
ditions (Fig. 11). Therefore, shape analysis and mechanical
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b Barton’s joint curve

Roughness curve of physical model

Fig. 10 Modeling a physical specimen with Barton’s joint surface
using a PLA mold. a Modeling process starting from the PLA mold
to the generation of a concrete specimen. b Comparison of the original
Barton’s joint curve and the actual joint shape on the concrete specimen

shearing tests on the generated specimens indicated that the
printed PLA mold can copy the joint shape with high accu-
racy.

Furthermore, the shearing specimens containing a natural
rock joint can also be constructed by integrating the 3D scan-
ning technology with the 3DP technology (Fig. 12). First, we
obtained the point cloud data of a natural joint surface using
a 3D scanning machine. We then constructed a virtual joint
model based on the scanning data and printed a real PLA
model that included precisely shaped natural joints. Before
printing, the virtual joint model constructed using computer
aided design needs to be converted to a standard STL format,
which is readable by the 3D printing software. Basic print-
ing parameters, such as the filled ratio, printing precision,
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Fig. 11 Shearing test for the concrete specimen containing Barton’s
joint. a Shearing stress-displacement curves under different normal
stress. b Sheared surfaces of the specimen

layer thickness, etc., should be set before the printer’s oper-
ating software reads the virtual model. Thus, some artificial
physical models for experiments can be built with this PLA
mold according to the aforementioned method. Typically,
experimental curves between the shearing force and shear-
ing displacement had been gained also based on the shear test
for these specimens containing natural rock joints (Fig. 13).

S Prospective discussion of 3DP in geotechnical
mechanics and engineering

The results of the experiments above had shown that the
strain—stress behavior of the printed sand-powder speci-
mens was similar to the common behavior of natural rock
under compressive testing. Its cracking propagation was also
similar to that of rock-type materials. The findings of shear-
ing tests on concrete joint specimens constructed using the
printed PLA mold also indicated that the roughness of these
specimens was highly similar. Corresponding experimental
data suggested that the joint specimens modeled with the
printed PLA mold were completely identical to one another.
Moreover, the results of the uniaxial compressive test for
the PLA cylinder implied that its elasto-plastic mechanical
property resembled that of metal. Further development of
3DP technology will certainly provide increased opportu-
nity for us to extend its application in rock mechanics and
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Fig. 13 Typical experimental curves of the specimens containing a
natural rock joint based on the shear test

engineering with the aid of an affinity theory for model test-
ing, although its application in geotechnical mechanics and
engineering is only in tentative ways.

5.1 Potential application of 3DP
The 3DP can directly and simply convert conceptualized

models into physical models. Thus, we can produce rock-
like specimens in given shapes and strengths for special

@ Springer
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g. 12 Technical process of the generation of an artificial specimen with natural joints based on the 3D scanning and 3DP

experimental study purposes regardless of the difficulty of
processing testing samples. The foreseeable applications and
effects of 3DP may include the following (Fig. 14).

(1) Printing rock-like specimens. Rock-like specimens can
be printed in different shapes, such as cylinders, cuboids,
and hollow cylinders. They can also be printed with spe-
cial local structures, such as holes, cracks, interlayers,
and seepage piping. The printed specimens can be used
in different experimental tests, such as compressive test-
ing, tensile testing, and three-point bending. Moreover,
these specimens can be generated with set values for
elasticity modulus, Poisson ratio, cohesion strength, and
fractional angle by adjusting the mixed ingredients with
the development of printing material and 3DP technol-
ogy progress.

(2) Printing models with similar materials. 3DP can be used
to overcome the difficulty of generating complicated
physical models by direct manufacturing during ana-
log simulation experiments. Such models include analog
physical models with tunnels or crossed caverns [44,45],
slopes or landslides with natural surfaces [46,47], and
foundation trench models with support structures, etc.

(3) Printing support units. Actual supporting tools for
geotechnical engineering, such as rock bolts, anchor
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Apply 3DP in rock mechanics and geotechnical engineering
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Fig. 14 3DP application in rock mechanics and geotechnical engineering

cables, linings, and piles, can be printed directly in
any given size and shape without material waste or re-
treatment. Moreover, small supporting elements can also
be produced using a 3DP machine for similar physical
tests.

(4) Printing 3D land forms for pre-engineering designs.
Printed 3D landforms can be used to optimize the analy-
sis of overall arrangement designs prior to construction,
to realize engineering designs, or to manage geo-disaster
relief efforts.

(5) Printing geo-molds. Certain geo-modules, such as nat-
ural rock joints, can be printed according to captured
digital models. Geo-bodies, such as barrier lakes, can
also be printed to simulate flood discharge risk.

5.2 Current limitations of the 3DP technique

Current 3DP techniques remain limited in terms of experi-
mental rock mechanics despite their clear advantages. Thus,
they should be improved and developed further in the follow-
ing ways to enhance their role in geotechnical and mechanical
engineering:

(1) The printing material must be improved to resemble
natural rock. Current printing materials, such as sand
powder, PLA, ABS, silicon rubber, glass-filled nylon,
and metal powder, limit the capability of 3DP technology
to simulate rock-like materials with uniform strength.
For example, current rock-like specimens printed from
sand-powder material only have a compressive strength
of less than 10 MPa. That of the elastic modules is
approximately 2 GPa, although some ceramic samples
are strong and display large module values. However,
most rocks have a compressive strength of more than

«Slide-resistant pile

s

*barrier lake mould

S
l?ﬂj

A~

Lining Dam and reservoir Natural joint

30 MPa, and even more than 100 MPa. Thus, a new rock-
like material with high compressive strength, low tensile
strength, brittle failure property and frictional function
must be explored for the printing of artificial rock-like
specimens.

(2) The function of 3D printers must be developed further.
The current product by 3DP is generally less than 1 m in
size. This size cannot satisfy the need to produce intact
physical models that are often tens of meters in size
for rock engineering, although it can provide general
specimens for laboratory experiments. Moreover, most
existing printers have only one or two printing nozzles;
thus they can print only one or two materials. How-
ever, actual rock masses are heterogeneous in terms of
mechanical properties. Therefore, a printer that produces
several materials must be developed so that specimens
can be printed with the expected strength, module, and
Poisson ratio.

Nonetheless, these temporary shortcomings do not nullify
the application potential of 3DP in the geotechnical field.
Thus, we remain confident in its capability. At present, the
theory of similar simulation can help partially address the
limitations of printed samples in terms of mechanical strength
and shape size [48—50]. Furthermore, we also believe that the
advancement of 3DP technology can overcome its shortcom-
ings to promote the study of rock mechanics and engineering
in the coming years.

6 Conclusions

The development and popularization of 3DP technology have
provided the opportunities for us to apply it in geotech-
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nical mechanics and engineering. This study successfully
demonstrated the potential of 3DP technology to assist in the
deformation and failure analysis of rock-type materials and
in the simulation of similar material modeling experiments.

The tentative printing tests with the sand-powder mate-
rial verified that 3DP technology can produce specimens
with any external shape and pre-existing defect. The results
of subsequent mechanical experiments of these specimens
indicated that not only were their compressive stress—strain
curves similar to those of generic rock, but that their fracture
characteristics and crack extensions were also similar to the
failure of rock-type materials. Moreover, the direct shearing
test on the concrete joint constructed with a printed PLA mold
confirmed the advantages of 3DP technology in producing
experimental specimens with natural and artificial joints.

The 3DP offers an unconventional method for produc-
ing patterns of experimental specimens and similar material
models. Furthermore, the results of the tentative exper-
iments of the 3DP samples demonstrated that this new
technology can be applied to study the mechanical mech-
anisms of rock-type materials. We optimistically believe that
the development of 3DP technology will extend its func-
tion in geotechnical mechanics and engineering, including
producing experimental specimens, printing geotechnical
engineering, manufacturing supporting units, and exhibiting
landform and engineering layout models. The extension of
the 3DP method would promote the development of geo-
mechanics and may initiate a new branch in traditional rock
mechanics.
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