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In the engineering of underground construction, the discontinuous structures in rock mass have important influences on the
mechanical behaviors of the subsurface of rock mass. The acquisition of mechanical parameters is the basis of rock mass
engineering design, construction, safety, and stability evaluation. However, the mechanical parameters and failure
characteristics of the same rock mass under different mechanical conditions cannot be obtained due to the limitations of
specimen preparation techniques. In recent years, with the continuous development of 3D printing (3DP) technology, it has
been successfully applied to the repetitive preparation of rock mass samples. The combinations of 3DP and other techniques,
such as 3D scanning and CT scanning, provided a new approach to study the mechanical behavior of complex structural rock
masses. In this study, through a comprehensive review of the technical progress, equipment situation, application fields, and
challenges of the use of 3DP technology, the following conclusions were obtained: (1) 3DP technology has advantages over
traditional rock mass specimen preparation techniques, and the verification of test results using 3D printed samples shows that
the 3DP has broad application prospects in geotechnical engineering. (2) The combination of 3DP and other advanced
techniques can be used to achieve the accurate reconstruction of complex structural rock masses and to obtain the mechanical
and failure characteristics of the same rock mass structure under different mechanical boundary conditions. (3) The
development of 3DP materials with high strength, high brittleness, and low ductility has become the major bottleneck in the
application of 3DP in geotechnical engineering. (4) 3D printers need to meet the high precision and large size requirements
while also having high strength and long-term printing ability. The development of 3D printers that can print different types
of materials is also an important aspect of the application of 3DP in geotechnical engineering.

1. Introduction

Rock mass is characterized by discontinuity, inhomogeneity,
and anisotropy. It is composed of various weak structural
joints within certain engineering scales [1–4]. The internal
structures of rock mass are generally complex and contain
defects such as pores, joints, and fissures that directly affect
the strength, deformation, and seepage characteristics of
the rock mass, which are closely related to the stability of
rock engineering [5–8]. Therefore, the mechanical behavior

and failure characteristics of complex structural rock masses
have become the key factors of rock mass engineering
design, construction, safety, and stability evaluation [9–11].

Currently, the acquisition of mechanical parameters of
rock mass is carried out using three main methods: in situ
field tests [12–14], laboratory tests [15, 16], and numerical
simulation [17, 18]. Specifically, in situ testing is the most
effective method of obtaining the mechanical parameters of
rock mass on an engineering scale. However, the large size
of rock mass specimens used in in situ testing causes many
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problems, such as a long test period, high costs, and influ-
ences on construction, leading to less data being obtained
through in situ testing. Laboratory tests have been the most
important means of obtaining the mechanical parameters of
rocks because they can visualize the mechanical characteris-
tics, such as the strength, deformation, and failure character-
istics, of rock mass specimens under different mechanical
boundary conditions. However, due to the limitations of
the testing equipment in terms of the size of rock samples
and the difficulty in preparing samples of complex struc-
tures, it is hard to obtain the mechanical parameters via lab-
oratory tests. Moreover, since the experimental testing of
rocks is generally destructive, it is impossible to accurately
obtain the change rule of mechanical properties of the same
rock mass. Numerical simulation has the advantages of low
cost and repeatability, so it has become an effective supple-
ment to in situ tests and laboratory tests on rock masses.
However, the complex structures of rock mass are often
simplified in the simulation process due to the limitations
of calculation conditions, making the numerical model
differ from the real structures of rock mass. In addition,
the selection of material parameters and determination of
constitutive relation in the simulation process would affect
the calculation results [19–21].

As was discussed above, when laboratory tests are used
to study the mechanical and failure properties of rock mass,
the specimens need to be representative of their structural
characteristics. Due to the complexity of natural rock mass
structures, it is difficult to obtain rock mass specimens with
identical structures and properties. So, it is impossible to
obtain the mechanical properties of the same rock mass
structure under different mechanical boundary conditions.
Such problems can be solved by using similar material
model tests. However, it is difficult to make specimens with
natural joint surfaces, special internal structures, and cham-
ber excavation models, although these structural characteris-
tics have important influences on the strength, deformation,
and failure characteristics of rock masses [22–25]. Therefore,
the repetitive preparation of complex structural specimens is
the key to carrying out laboratory tests.

As an additive manufacturing technology, the 3DP
differs from traditional manufacturing techniques such as
cutting and grinding because it uses a layer-by-layer accu-
mulation method to achieve the precise reconfiguration of
complex structures. In recent years, the 3DP has been widely
used in many fields such as biomedicine, aerospace, automo-
bile manufacturing, and electronic components [26–29].
With the development of 3DP technology, some studies have
begun to explore the applications of 3DP in the field of rock
mechanics. For example, the combination of technologies of
3DP, stress freezing technique, CT scanning, and X-ray
scanning has enabled the quantitative characterization and
visualization of complex structures inside deep rock masses
[30–34]. Based on this technology, transparent natural sand
conglomerate specimens have been produced to investigate
the effects of complex structures on the stress field and plas-
tic zone [35, 36]. Furthermore, some materials such as poly-
lactic acid (PLA), gypsum, and photosensitive resin have
also been used in the preparation of rock-like specimens.

The feasibility of 3DP in rock mechanics tests was initially
verified by comparing the mechanical and failure properties
of rock specimens [37, 38]. After that, several regular rock
masses were assessed using 3DP, and the influences of the
structural characteristics on the overall mechanical proper-
ties were studied [39–41]. Recently, the 3DP technique has
been applied to the structural reconstruction of irregular
columnar jointed rock masses, and the feasibility and supe-
riority of this method in the reconstruction of complex
structural rock masses have been demonstrated by compar-
ing the results of mechanical and laboratory tests [42–44].

Thus, it is clear that the 3DP has advantages over other
techniques used in rock mechanics testing, such as the accu-
rate and rapid specimen preparation of complex structural
rock masses [45]. However, compared with the mechanical
and failure characteristics of high strength and high brittle-
ness in rock mechanics tests, the specimens prepared using
3DP usually have low strength and high plasticity, which
limit the applications of 3DP in rock engineering. Therefore,
on the basis of 3DP technology in complex structural rock
mass reconstruction and mechanical testing, the applications
and progress of the use of 3DP technology in the rock mass
are reviewed from the aspects of materials, equipment, and
test methods. In addition, the deficiencies of current 3DP
technology in rock mass engineering are discussed to pro-
vide guidance for its engineering application.

2. The Technologies, Materials, and
Equipment of 3DP

2.1. The Technologies of 3DP. The difference between 3DP
technologies and traditional methods lies in the printing
materials and accumulation methods. Table 1 describes the
common 3DP technologies and their corresponding mate-
rials, which are mainly divided into three categories: (1)
Extrusion 3DP technology includes fused deposition
manufacturing (FDM), fused filament fabrication (FFF),
directed ink writing (DIW), and continuous fibre fabrication
(CFF) [46–49]. The principle of this method is that the
material is melted at a high temperature and ejected from
the nozzle; then, the material solidifies quickly after being
ejected. (2) 3DP using photography includes stereolithogra-
phy (SLA), digital light processing (DLP), and continuous
liquid interface production (CLIP) [50, 51]. The principle
of this method is that the liquid photosensitive resin is
sprayed from the nozzle, and the liquid in the target area is
irradiated with ultraviolet light, so that the liquid can be rap-
idly solidified. (3) The 3DP via layer powder bonding
includes powder-based 3DP, electron beam melting (EBM),
selective laser melting (SLM), selective heat sintering
(SHS), selective laser sintering (SLS), and direct metal laser
sintering (DMLS) [52–57]. The principle of SLS consists in
spreading the first layer of powder, and then, the infrared
laser is used to sinter the powder into the desired solid
object. The powder bed is preheated a few degrees below
the melting temperature of the polymer, and the laser locally
provides only the thermal energy necessary to melt the poly-
mer. In addition, the commonly used 3DP techniques also
include laminated object manufacturing (LOM) [58],
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directed energy deposition (DED) [58, 59], and electron
beam freeform fabrication (EBF3) [58].

The general processes of 3DP technologies are mostly
similar and can be divided into four steps: (1) 3DP model
building, which usually uses computer-aided design (CAD)
software to build a 3D solid model. In this process, the solid
3D model can be built independently or can be acquired
using other means such as CT scanning. (2) Model format
conversion and slicing. In this process, it is necessary to
convert the established 3D model into a format that can be
recognized by the 3D printer. Then, the model is sliced
according to the accuracy of the 3D printer. (3) The 3DP
path and parameter setting to printing. (4) Postprocessing
of printed models. For some 3D printed models, redundant
materials (such as the supporting materials) may need to
be removed after printing.

2.2. The Materials of 3DP. Different 3DP techniques require
different materials (Wang and Qi [54]). Table 2 describes the
3DP materials used in different 3DP techniques. Currently,
the 3DP materials such as polylactic acid (PLA), gypsum-
like materials, photosensitive resins, and acrylonitrile buta-
diene styrene (ABS) have been used in the production of
rock mass specimens [60–64]. The failure of rock materials
generally shows high strength and high brittleness. However,
from the test data of these materials, the specimens made
from these materials exhibit low strength and high ductility
which are different from the mechanical and failure charac-
teristics of real rocks. To address this issue, Fereshtenejad
and Song [65] investigated the material properties of powder

layer printing technique and found that by using appropriate
posttreatment techniques and changing printing parameters,
the strength of 3DP specimens could be improved. However,
the test results still differed from the mechanical and failure
properties of natural rocks. Perras and Vogler [66] made
specimens with two different particle sizes using the powder
layer and inkjet head technology to carry out Brazilian split-
ting tests. Through comparative testing of three types of
natural sandstone specimens, it was found that the speci-
mens made using 3DP were close to the sandstone speci-
mens with the weakest roughness, tensile strength, and
fracture processes. Zhou and Zhu [67] compared specimens
made of five 3DP materials and conducted mechanical anal-
yses, which found that the photosensitive resin is the most
ideal material for building hard and brittle rocks. According
to the test results shown in Figure 1, the photosensitive resin
specimens printed using stereolithography (SLA) have better
strength, but their brittleness characteristics are still less than
those of natural rocks. Therefore, the brittleness of the spec-
imens should be improved by freezing at low temperatures
and adding internal macro- or microcracks.

2.3. 3D Printers. In addition to the printing materials, the
printing equipment is another factor limiting the applica-
tions of 3DP in the related fields. In 1986, the first 3DP
device (SLA-250) was produced by 3D Systems Corporation.
Since then, the 3DP technology has developed rapidly in
industrial applications, and the corresponding 3D printers
have been developed on the basis of different printing tech-
nologies. In 1989, Deckard invented selective laser sintering

Table 1: Classifications of 3DP technology [43].

Technical types Technical names Materials
Printer

manufacturer
Sources

Melt extrusion

Fused deposition manufacturing
(FDM)

Thermoplast, eutectic alloy, rubber

Stratasys
3D Systems

[46]

Fused filament fabrication (FFF) Thermoplast, eutectic alloy, rubber, etc. [47]

Directed ink writing (DIW) Ceramics, alloy, metal ceramic, etc. [48]

Continuous fibre fabrication (CFF) Nylon, straps, glassfibre, etc. [49]

Photopolymerization

Stereolithography (SLA) Photosensitive resin

3D Systems [51]
Digital light processing (DLP) Photosensitive resin

Continuous liquid interface
production (CLIP)

Photosensitive resin

Layer powder
bonding

Powder-based 3DP Almost any alloy, powdered polymer, gypsum

Z Corporation
3D Systems
Stratasys

[52]

Electron beam melting (EBM) Almost any alloy (including titanium alloys) [53]

Selective laser melting (SLM)
Titanium alloy, cobalt chromium alloy, stainless

steel, aluminum
[54]

Selective heat sintering (SHS) Thermoplastic powder [55]

Selective laser sintering (SLS) Hot plastic, metal powder, ceramic powder [56]

Direct metal laser sintering (DMLS) Almost any alloy [57]

Lamination
Laminated object manufacturing

(LOM)
Paper, sheet metal, plastic film Helisys [58]

Powder feeding Directed energy deposition (DED) Almost any alloy Fraunhofer [59]

Metal wire
Electron beam freeform fabrication

(EBF3)
Almost any alloy LARC [58]
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(SLS), which enabled the application of laser sintering tech-
nology in the field of 3DP [68]. In 1995, Z Corporation
obtained a license from MIT and produced this type of
3DP device. In 2005, the company also invented the first
high-precision colour 3D printer. Subsequently, several
printers have been developed and widely used. In 2009,

Organovo, USA, used 3DP to manufacture artificial blood
vessels. In 2011, Southampton University, UK, printed the
first unmanned aircraft using 3DP. In 2011, Kor Ecological
Company launched the first car whose surface and parts
were manufactured using 3DP. In 2013, British researchers
printed embryonic stem cells and similar biological tissues

Table 2: 3D printed rock specimens.

Materials Specimen Description of mechanical properties
Failure properties of

specimen
Sources

Sand-based materials

Unconfined compressive strength (UCS) at
about 20MPa

[35]

[36]

Young’s modulus at about 1.8GPa

[71]

[72]

Resin

Unconfined compressive strength (UCS) at
about 80MPa

[30, 31]

Young’s modulus at about 1.5GPa [67]

Gypsum powder

Unconfined compressive strength (UCS) at
about 55MPa

[73–76]
Young’s modulus at about 7GPa

Ceramics power

Unconfined compressive strength (UCS) at
about 3MPa

[67]

Young’s modulus at about 0.15GPa [77]

Mixed materials

Unconfined compressive strength (UCS) at
about 55MPa

[78]

[79]

Young’s modulus at about 5GPa

[80]

[81]

Polylactic acid (PLA) Young’s modulus at about 1.391GPa [37]

Acrylonitrile butadiene
styrene (ABS)

K IC ≈ 0:789 ± 0:131MPa-m1/2

[64]
J IC ≈ 256 ± 84 J/m2
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for the first time with a 3D printer. Since 2014, the 3DP
applications in shipbuilding, aerospace science and technol-
ogy, medicine, construction, automobiles, and other fields
have appeared [69, 70].

The current 3D printer manufacturers are mainly
located in the United States, Israel, Germany, Japan, Sweden,
and other countries. Among them, 3D Systems and Stratasys
account for almost 90% of the production of 3D printers. In
2011, 3D Systems acquired Z Corporation, and in 2012,
Stratasys acquired Israel’s Objet Company and completed
resource integration. The current equipment manufacturers
corresponding to different 3DP technologies are also listed
in Table 1. From Table 1, it can be seen that for 3DP tech-
nologies such as FEM, FFF, DIW, and CFF, the related man-
ufacturers of 3D printers are mainly Stratasys and 3D
Systems. For 3DP technologies such as SLA, DLP, and CLIP,
the main equipment manufacturer is 3D Systems. For 3DP
technologies such as powder-based 3DP, EBM, SLM, SHS,
SLS, and DMLS, the manufacturers mainly include Z Corpo-
ration, 3D Systems, and Stratasys. For LOM, DED, and EBF3

technologies, the major equipment manufacturers are
Helisys, Fraunhofer, and LARC, respectively.

Although there are many kinds of 3DP techniques and
printers, the applications of 3DP technology and its mate-
rials in rock mass engineering reconstruction are limited
because of the following requirements. (1) The natural rocks
are generally characterized by high strength; the applications
of 3DP in rock mass engineering should meet the high
strength conditions. (2) The failure of rock materials is gen-
erally brittle. When the rock structure is reconstructed via
3DP, the reconstructed specimens should meet the charac-
teristic of high brittleness. (3) The structure of rock contains
joints and cracks, so the corresponding 3DP materials and
printers need to meet the characteristics of high precision.

(4) It is necessary to obtain the mechanical parameters of
rock mass on the engineering scale. Therefore, in order to
reconstruct the large size of rock mass specimens, the 3D
printer that meets the requirement of printing large-size
rock mass is also needed.

3. Applications of 3DP in Rock Mass
Experimental Tests

With the development of 3DP technology, it has been pre-
liminarily applied in the field of rock mass engineering. In
this section, the use of 3DP in rock mass experimental tests
was summarized.

3.1. Preparation of Specimens in Laboratory Tests

3.1.1. Experimental Tests on 3D Printed Specimens. The
mechanical and failure properties of 3D printed specimens
are the basis for the applications of 3DP technology in rock
mass experimental tests. In the process of making rock spec-
imens, some materials are selected to reconstruct the 3DP
rock mass. Table 2 describes the 3DP materials used for
reconstructing rock specimens and the mechanical and
failure properties (such as UCS and Young’s modulus) of
corresponding materials. As is shown in Table 2, the
sandstone-based materials were used to prepare standard
size specimens using 3DP [66, 71, 72]. It was found that
the uniaxial compressive strength of the specimens was
about 20MPa, and Young’s modulus reached about
1.8GPa. The failure mode exhibits brittle failure characteris-
tics, which is consistent with natural sandstone specimens.

Zhou and Zhu [67] reported that the resin is the most
ideal material for simulating rock materials based on the
comparison of mechanical and failure properties of five
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Figure 1: Standard specimens prepared using different 3DP materials and their failure modes: (a) standard specimens, (b) failure modes,
and (c) stress-strain curves related to the specimens [67].
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standard 3DP materials. Therefore, the resin has been used
in several studies due to its mechanical and failure character-
istics [30–32]. However, the ductility of resin is large, exhi-
biting plastic characteristics under uniaxial compression,
which is different from the brittle failure of rocks. To solve
this problem, the brittle failure can be increased by freezing
it at low temperatures and adding macro- or microcracks
within the specimen [67]. In addition to the sandstone-
based materials and photosensitive resin, gypsum has been
used in several studies to reconstruct rock specimens using
3DP [73–76]. The 3D printed specimens reconstructed by
gypsum generally have low strength, which is suitable for
simulating soft rock structures. Wu et al. [73] used glue
immersion with evacuation to enhance the rock specimens
and achieved better results. The failure characteristics of
3D printed gypsum specimens under uniaxial compression
are also presented in Table 2. As can be seen from Table 2,
the 3D printed gypsum specimens exhibit brittle failure, which
is consistent with the failure of natural rocks. However, the
specimens prepared from gypsum have anisotropic character-
istics [73]. In addition, since the gypsum specimens need to be
soaked with glue to improve their strength, the glue cannot
penetrate into the interior of specimens uniformly, leading to
the uneven strength of specimens.

Several studies have mixed the cement with printing
materials when preparing the 3D printed specimens. For
example, as is shown in Table 2, Feng et al. [78] printed
the specimens using 525R ordinary Portland cement and
obtained the mechanical and failure characteristics of the
specimens under uniaxial compression. The uniaxial com-
pressive strength of specimens reached 60MPa, and the
elastic moduli reached about 5GPa. For the failure charac-
teristics of 3D printed specimens prepared from this mate-
rial, the brittle failure was predominant. Like the 3D
printed specimens prepared using gypsum, the specimens
are anisotropic which can be used to simulate the mechani-
cal and failure characteristics of shale.

3.1.2. Repetitive Preparation of Rock Mass with Complex
Structures. Since the 3DP has the characteristics of high pre-
cision and repeatability, it has been used in the preparation
of specimens containing different structures. The mechani-
cal and failure characteristics of the same structural speci-
mens under different mechanical conditions were tested on
this basis. Compared with the traditional laboratory speci-
mens containing joints and fissures, the 3DP method allows
for the repetitive preparation of rock specimens with the
same structures. For example, several studies have used
3DP methods to prepare specimens with single and multiple
fractures and studied the mechanical and failure properties
of rock specimens under different loading conditions
(Table 3) [82–85].

The reconstruction of rock masses requires higher preci-
sion because of the influence of mechanics and structure on
the failure process. Compared with traditional rock mass
reconstruction methods, the 3DP has the advantages of
higher precision and efficiency. Therefore, the repeatability
of 3D printed specimens is better than that of specimens
prepared by traditional methods, which makes it easier to

analyze the effects of different external factors (e.g., rock
structure, surrounding pressure state, and loading condi-
tions) on the failure characteristics. For example, the
mechanical properties of structural planes in rock masses
are related to geological disasters such as landslides and rock
bursts, which play an important role in the safety and stabil-
ity control of rock mass engineering. Therefore, the determi-
nation of the mechanical properties of rock mass structural
planes is the basis of rock mass engineering design, con-
struction, and stability evaluation. The repetitive prepara-
tion of identical specimens containing structural planes is
the factor for studying the mechanical and failure charac-
teristics of rock masses [88]. Compared with the regularity
of joints and fissures prepared in the laboratory, the natural
joint planes have irregular characteristics, so it is difficult to
prepare the representative specimens in experiments. More-
over, it is hard to obtain the failure and mechanical charac-
teristics of the same structural planes under different
mechanical conditions.

Due to the advantages of 3DP technology, such as the
high precision and reproducibility, several studies have
attempted to use 3DP to prepare identical rock mass speci-
mens containing structural surfaces. Table 4 presents the
typical cases of rocks containing structural planes produced
by 3DP technology. Ban et al. [89] printed the scanned data
of structural planes using 3DP and then achieved the repet-
itive production of natural structural planes. The advantage
of this method is that they used 3DP as the bridge of obtain-
ing structural plane information and repetition reconstruc-
tion. However, the mechanical similarity between natural
rocks and casting materials should be considered. Ishibashi
et al. [90] used acrylic resin to produce the 3D printed shear
specimens with specific roughness coefficients. The tests
results showed that the 3DP is an effective method for pro-
ducing structural planes with specific roughness coefficients.
Specifically, it allows for the repeated tests on the shear
seepage characteristics of identical rock mass specimens.

The main advantage of 3DP is the precise reconstruction
of complex structures. Taking advantage of this, several
studies have used 3DP to reconstruct the rock masses with
complex structures. Suzuki et al. [92, 93] produced the rock
mass specimen containing complex fracture networks using
3DP (Figure 2). The analysis of CT scanning results revealed
that the rock mass specimens reconstructed using 3DP
reduced the uncertainty of laboratory tests and numerical
calculations, which are important for the acquisition of
mechanical and failure characteristics of complex fractured
rock masses.

In rock mass engineering, understanding the mechanical
and failure characteristics of complex structural rock masses
is the basis of engineering safety design, analysis, and stabil-
ity evaluation. The structure of rock mass is the controlling
factor that determines the mechanical and failure character-
istics. However, it was difficult to reconstruct structural rock
masses for either experimental testing or numerical calcula-
tions. Xia et al. [43, 44] used 3DP to reconstruct the colum-
nar jointed rock mass at Baihetan hydropower station
(Figure 3). By comparing the mechanical properties, failure
characteristics, and acoustic emission characteristics of the
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Table 3: 3DP fractured rock specimens.

No. Specimen
Specimen

materials and
test conditions

Test results Relevant mechanical parameters Comments Sources

1

Photosensitive
resin

Dynamic compressive stress and
strain, longitudinal wave velocity,

elastic modulus, etc.

Symmetrical wing cracks initiated

[86]
Dynamic
loading

The specimen cannot completely reflect the
mechanical behavior of brittle rocks

2

Photosensitive
resin

Compressive strength and axial
strain at the peak stress influenced
by the flaw number and angles.

Wing and antiwing cracks wrapped around
the flaw edge

[87]The maximum crack propagation velocity
in single flawed specimens is higher than

that in double flawed specimens

Static uniaxial
compression

3

Gypsum-like
material

Dynamic compressive stress and
strain, longitudinal wave velocity,

elastic modulus, etc.

The 3DP technique could prepare
specimens with preset cracks

[40]The failure patterns of gypsum-like
specimens are close to the rock mechanical

tests

Dynamic
loading

4

Gypsum-like
material Young’s modulus, Poisson’s ratio,

uniaxial compressive strength,
tensile strength.

3D printed rock-like Brazilian discs with
preexisting flaws were investigated

[82–84]
Brazilian tests

The 3DP technology combined with DIC
method shows the superiority in the

laboratory test

Table 4: 3D printed natural structural planes.

No. Specimen
Specimen

material and
target test

Test type Specimen preparation Sources

1

Polylactic
acid

Scanning of natural rock mass structural plane using
3D scanning technology

[89]
Shear tests

The information on the structural plane of the natural
rock mass was printed and used as a mold, and the
repetitive pouring of the structural plane was achieved

on this basis

2

Acrylic resin

Acrylic resin was used to prepare the structural plane,
and shear tests were carried out

[90]
Shear tests

3

Polylactic
acid

3DP method was used to make the shear sample mold,
and then, the sample was poured

[91]
Shear test

7Geofluids



3DP reconstructed columnar jointed rock mass with the
results of in situ and laboratory tests, the mechanical proper-
ties of the 3DP reconstructed columnar jointed rock mass
were verified, which demonstrates the effectiveness of 3DP
in the structural reconstruction of complex rock masses.

The accurate description and visualization of complex
internal structures and stress distribution of rock mass are
important for solving the various underground engineering

problems [30]. By comparing stress and failure characteris-
tics of the 3DP reconstructed model with natural coal spec-
imens, the discontinuity and stress freezing technique can be
intuitively quantified by the combined application of 3DP
and CT scanning (Figure 4). The method of combining
3DP with the stress freezing technique is a promising
method for quantifying and visualizing the complex fracture
structures of underground rock masses and their influences

4 cm

(a) (b)

Figure 2: Precise reconstruction of complex rock mass structures using 3DP [92, 93]: (a) 3DP preparation of complex rock mass structures;
(b) CT scanning results of the 3D printed rock specimens.

Columnar joint
designing

3D model of
columnar jointing

3D printer and
model printing

50 mm 4.5 mm

The columnar joint
with net-point

structure
3D skeleton of
columnar joint

Cross sectional
area analysis of

columnar jointing

Vertical sectional
area analysis of

columnar jointing

Sketches of vertical
and sectional areas of

columnar jointing

Analysis of
mechanical properties

and failure modes

True triaxial
testing system

Pillar with
macrocracks

Figure 3: Accurate reconstruction of columnar jointed rock mass using 3DP [44].
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Figure 4: Accurate reconstruction of fractured rock mass using 3DP [30].
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on the 3D stress distribution. In addition, this method can
also be used to verify the numerical simulation results.

3.2. Tunnel Failure Simulation. Geomechanical model tests
can accurately reflect the spatial relationship between engi-
neering geology and the structure of rock mass. The test
results can provide an intuitive interpretation of mechanical
properties, deformation trends, and stability characteristics
of rock masses. Therefore, the experimental tests have
become an important method for studying the stability of
rock structures and verifying numerical simulations [74,

94–96]. In deep underground projects, there are widely adja-
cent tunnels and caverns, such as the twin railroad tunnels
for urban and mountain highways [97–100], large caverns
in hydroelectric power plants [101, 102], and the deep mine
tunnels [103, 104]. The quantitative stability evaluation of
multitunnel structures is an important issue related to the
safety evaluation and stable construction of underground
tunnels. Jiang et al. [105] simulated the overall failure pro-
cess of the twin-tunnel structure based on a 3D printed
sandstone reconstruction model (Figure 5). In addition, they
proposed the safety factor method for evaluating the overall

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j) (k)

(l)

Figure 5: Failure processes of the 3D printed twin-hole tunnel [105].
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safety of multitunnel structures. The experimental results
and corresponding numerical analysis showed that the
reconstruction of the twin-tunnel structure using 3DP is an
effective method for studying tunnel failure and stability
analysis. It was determined that for the double tunnel struc-
tures, the plastic strain connectivity between tunnels can be
used as a conservative instability criterion, and the tunnel
displacement inflection point can be used as the overall
instability criterion, respectively.

The repetitive preparation of tunnel models and
mechanical testing are some of the most commonly used
research methods for studying tunnel stability [106–108].
However, the preparation of rock specimens using traditional
methods has disadvantages, including time-consuming and
unavoidable human errors [30]. The reconstruction method
of 3DP may overcome the disadvantages of traditional geo-
technical modelling methods. Song et al. [74] prepared four
tunnel models via 3DP with gypsum powder and PLA (poly-
lactic acid) materials. The uniaxial compression test results
showed that the failure characteristics of the conventional
tunnel and single fault tunnel models are similar to the failure
process of the 3D printed model (Figure 6). The results of the
experimental tests are in general agreement with the artificial
model tests, tunnel engineering examples, and numerical
simulations, indicating that the 3DP technology can be
applied to the experimental study of tunnels.

3.3. Integration of the 3DP with Other Techniques. As the
new technique, the 3DP can be combined with other
advanced techniques in the failure analysis of rock masses,

thus making up for the disadvantages of traditional testing
methods. This section focuses on the applications of 3DP
in the combination with other related techniques.

3.3.1. Integration of 3DP with 3D Scanning and CT Scanning.
The mechanical properties of structural planes are the
important factors affecting the stability of rock mass. There-
fore, the typical strength of structural planes has been con-
cerned in the field of rock mechanics [109–113]. However,
the structural planes of the natural rock masses are complex,
and the morphology is characterized by anisotropy and size
effects. So, it is difficult to accurately evaluate the shear
strength of natural structural planes.

In the traditional experimental tests, since it is difficult
to make irregular rock mass structures in the preparation
processes, the specimen needs to be simplified. The influ-
ences of irregular rock mass structures on the mechanical
and failure characteristics are ignored, which makes the
mechanical characteristics of rock mass differ from the test
results. With the development of measurement technology,
several studies have applied digital photogrammetry
methods to rock mass structure measurements [115–119].
In particular, 3D laser scanners can achieve real replication
and are now gradually being used in the field of engineering
measurements and detection. The 3D laser scanner can
obtain 3D information for complex, irregular, and nonstan-
dard objects. So, it has become an important method for
obtaining information on the irregular structures of rock
masses [114]. As is shown in Figure 7 [114], the surface
information for irregular rock structures was acquired via
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Figure 6: Failure processes of the 3D printed tunnel model [74].
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3D scanning, and the 3D data for rock masses was regener-
ated by postprocessing point cloud data. Then, the data can
be output by the 3DP printer, which solved the problem of
an irregular rock mass structure that cannot be reproduced
by general methods of laboratory tests.

In addition to the surface irregularities, defects such as
joints and fissures also exist within rock masses [120–122].
Nondestructive CT identification can be used to obtain
images of internal structures of rock mass under different
environments without disturbance. The CT images are
expressed as the colour of CT number, which finally reflects
the distribution of each medium inside rocks. The CT tech-
nique can be used to obtain the information of joints and fis-
sures inside rock masses (Figure 8) [30]. Therefore, through
the combination of CT scanning and 3DP, the irregular
joints and fissures can be replicated, and the mechanical
properties of the same rock masses under different stress
conditions can be obtained.

3.3.2. Integration of 3DP and Numerical Simulations. The
3DP can transform digital models of rock masses into exper-
imental models, thus providing the possibility of repeated
failure tests on the complex structure of rock mass. Similarly,

the 3D digital models can also be imported into the numer-
ical software for numerical calculations, such as the finite
element [123–125] and discrete element [126] analysis.
Therefore, the 3DP is compatible with the laboratory tests
and numerical simulations and can be regarded as a virtual
bridge connecting laboratory tests and numerical simula-
tions. For example, the 3DP was used to verify the reliability
of numerical methods [76]. In addition, the 3DP in combi-
nation with numerical simulation has focused on the verifi-
cation of mechanical and failure modes of rock mass
specimens (Figure 9) [85].

By comparing the results of uniaxial compression and
Brazilian splitting tests of 3D printed specimens with
numerical results, it was concluded that the failure mode of
specimens produced using 3DP is consistent with the classi-
cal numerical simulations. Furthermore, several studies have
used a combination of 3DP and numerical simulation to
verify the results of laboratory tests, thus demonstrating
the effectiveness of 3DP in studying failure modes of rock
masses [76, 85].

Since the 3DP can transform digital models of rock
masses into laboratory specimens, its main advantage lies
in the accurate reconstruction of complex rock mass

(a) (b)

Figure 8: Acquisition of CT scanning data for rock masses [30].

(a) (b)

Figure 7: Acquisition of 3D scanning data for rock masses [114]: (a) photographs of natural rock mass structures and (b) the 3D
information of rock masses regenerated by postprocessing point cloud data.
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structures. Based on this, Song et al. [74] and Jiang et al.
[105] produced tunnel models using 3DP and carried out
numerical simulations for comparison. The numerical
results are shown in Figure 10. As can be seen in this figure,
the combination of 3DP and numerical analysis enabled the
thorough analysis of strength, deformation, and failure
mode of the rock mass’ structure.

3.3.3. Integration of 3DP and the Stress Freezing Technique.
The stress freezing technique is an effective method for
quantitatively analyzing the three-dimensional stress field

within a complex solid structure. The property of isotropic
stress or isotropic stripes caused by external loads in a
warmed environment can be “frozen” and recorded when
the specimen returns to room temperature [30, 126–128].
With the development of optical mechanics experimental
technologies, the solid 3D stress freezing method has been
used to make progress in the photoelastic material proper-
ties, model preparation, 3D optical measurement theory,
fringe picking and resolution analysis, and free-surface stress
measurements [129–133]. It is a convenient, economical,
and effective way to intuitively and quantitatively analyze
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Figure 9: Mutual verification of test results for 3D printed specimen and numerical test [85].
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the complex stress field in the solid structure. However, the
traditional method of model preparation in 3D photoelastic
analysis is mainly making the mold and then casting and
molding. This method not only requires the solving of cast-
ing process challenges but also leads to high costs and long
preparation cycles. For the complex solid structures, when
using traditional methods to make 3D photoelastic models,
the complex local features have to be omitted. In particular,

the complex structures within a solid are difficult to set up
using conventional methods. For example, it is difficult to
prepare photoelastic models of subsurface rock mass media
with internal pores or fractures. Therefore, it prevents the
3D stress freezing method from being used to visually dis-
play the internal stress field of complex solid structures.

The 3DP technology has enabled the rapid production of
complex 3D solid models. Based on the digital model of files,
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the 3DP technology uses powdery (or liquid) photosensitive
resin, ceramic, or metal materials to build a 3D solid via
rapid laser curing and layer-by-layer spraying [134–138].
Compared with the traditional photoelastic material of
epoxy resin, the photosensitive resin has similar composi-
tion, photoelasticity, and stress freezing characteristics,
which ensures the feasibility of making photoelastic models
of complex structures with 3DP technology. Therefore, the
applications of 3DP and 3D stress freezing methods provide
a promising path for realizing the quantitative characteriza-
tion and visualization of complex analyses. The typical test
results obtained using 3DP and stress freezing technique
are shown in Figure 11 [31].

3.3.4. Integration of 3DP and Other Electronic Technologies.
The numerical and laboratory tests have been used to inves-
tigate the factors influencing the mechanical properties of
anchored rock joints [139, 140]. Feng et al. [29] used 3DP
rock bolts and anchoring glue to reinforce the specimens
with joints. The surface morphology of the 3DP rock bolt
is consistent with the actual rock bolt with better strength.
In addition, the digital image correlation (DIC) method
was used to capture the changes of strain/displacement fields
of the specimen, and the effects of joint planes and joint
angles on the crack process, DIC variation pattern, and
stress-strain evolution were discussed in conjunction with
the test results.

The scanning electron microscope (SEM) is a high-
resolution electrooptical instrument used for observing the
microscopic fields of objects [141–143]. The micromorphol-
ogy of the sample surface can be observed, and this method
has been used in the experimental fields because of its high
scanning resolution [144–148]. By combining the technolo-
gies of 3DP and SEM, the mesostructural features of the
3DP reconstructed rock mass specimens can be obtained.
Then, the mesostructural features of the 3DP reconstructed
rock mass specimens can be compared with those of natural
rock mass structures. It ensures the consistency between the
macrostructural features and natural rock mass structures
and also describes the structural features of 3D printed spec-
imens on the mesoscale, thus measuring the structural
features of rock mass from macroscale to microscale.

4. Discussions

4.1. Improvement of Rock Mass Experimental Methods Using
3DP. As was previously mentioned, the main methods of
testing the mechanical properties of jointed rock masses
are in situ testing, laboratory tests, and numerical simula-
tions. There are mutual influences and verifications among
the three methods [149–153]. In situ testing is the most
effective method of obtaining the mechanical parameters of
rock masses in engineering. But it takes a long time and is
expensive. In addition, in situ testing is mainly used for ver-
ification, while laboratory tests are used to obtain the
mechanical characteristics of rock masses. Moreover, there
are problems such as size effects and anisotropy between in
situ and laboratory tests. Due to the limitations of experi-
mental testing equipment such as the size of the rock speci-

men and the difficult preparation of complex rock mass
structures, it is impossible to accurately obtain the change
rule of the mechanical properties of the same rock masses
under different mechanical conditions. Thus, the recon-
struction of complex rock masses has become the bottle-
neck of obtaining the mechanical parameters of complex
rocks. Numerical simulation analysis has the advantages
of low cost and repeatability, which are generally used to
supplement the in situ and laboratory tests. However, the
numerical processes are always limited by the computa-
tional model, selection of material parameters, constitutive
relationship, etc.

Based on the discussions above, it is clear that the in situ
testing, laboratory tests, and numerical simulations mutually
validate and support each other. However, due to the limita-
tions of laboratory tests and numerical simulations, there are
problems of producing physical and numerical models,
which make the obtained physical and numerical model
structures differ from the actual rock masses. With the
development of 3DP, the methods of obtaining physical
and numerical models have been changed (Figure 12). As
can be seen from Figure 12, due to the emergence of the
3DP and other techniques, a bridge has been created
between in situ tests, laboratory tests, and numerical simula-
tion. Based on the geological surveys and in situ testing of
rock masses, the information on the surface and internal
structures can be obtained via 3D scanning and CT scan-
ning. Through the digital reconstruction of model structure,
the 3DP can be used to output the reconstructed digital
model. Thus, a physical model of rock mass with completely
consistent structures can be made. Based on this, the
mechanical and failure tests can be conducted on identical
specimens. Similarly, the reconstructed digital model of rock
mass can be imported into the numerical software for calcu-
lations. Thus, more accurate mechanical parameters for the
engineering design can be obtained by comparing the results
of in situ tests, laboratory tests, and numerical simulations.
After the comparison, the obtained mechanical parameters
can be corrected through the feedback analysis of designing
and construction.

4.2. Problems and Challenges regarding the 3DP Technology.
Although the 3DP technology has obvious advantages in the
reconstruction of rock mass structures, there are still several
challenges in the applications of engineering. In this section,
we describe the problems that need to be solved.

4.2.1. The 3DP Materials. Rock mass failure has the typical
characteristics of high strength, high brittleness, and low
ductility. But there is no 3DP material that can satisfy all
of these characteristics. Currently, the materials that can be
used for 3DP of rock mass structures mainly include photo-
sensitive resin, gypsum, and sandstone-based self-made
materials [43, 44]. The rock specimens prepared from these
materials often possess one or two of the mechanical and
failure characteristics of the real rocks. For example, photo-
sensitive resin is a liquid material before printing. The rock
specimens prepared from these materials can meet the char-
acteristics of high strength and precision. However, the
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problems of ductility and low brittleness lead to the need for
additional treatment [67]. For example, the 3D printed spec-
imen made of gypsum has high brittleness during the failure
process, but the strength does not meet the requirements of
general rocks [73]. The sandstone-based material specimen

is brittle, but the strength differs from those of natural
rocks [35].

In terms of the limitations of 3DP materials regarding
the mechanical and failure characteristics of rocks, the solu-
tion is to modify one material that meets the requirements of
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Figure 11: Applications of 3D printed structures combined with stress freezing technique: (a) monochromatic illumination of the
isochromatic fringe pattern of M-III at different loading stages and (b) illustration of the residual stress distribution of the specimens
after the removal of the compressive stress [31].
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the natural rock masses. For example, photosensitive resin
can be modified by adding materials with high brittleness
characteristics in order to obtain the characteristics of high
brittleness, low ductility, and high strength. But it requires
the intersection of geotechnical engineering, chemical engi-
neering, and other related subjects.

4.2.2. The 3D Printers. The 3D printers and printing mate-
rials are closely related. Due to the different 3DP processes,
most 3D printers can print using one or two types of mate-
rials. Therefore, it is necessary to develop 3D printers that
can utilize a wide range of 3DP materials. In addition, the
3D printers are relatively expensive, and most researchers
cannot afford them, which is one of the main factors that
limit the application of 3DP to the accurate reconstruction
of rock mass structures.

Since the material of 3DP is accumulated layer by layer
in an incremental manner, the preparation of complex struc-
tures can be achieved. Thus, making the reconstructed struc-
ture anisotropic is one main characteristic but unavoidable.
In addition, the defects such as joints and fissures in the rock
mass are generally small in size. In order to achieve the accu-
rate reconstruction of these structures, the 3D printers need
to have high precision. Therefore, in the aspects of reducing
anisotropy of 3D printed specimens and meeting the
requirements of preparing small joints and fissures, the 3D
printers need to have the property of high precision.

The size effect is a basic feature for the jointed rock
masses. To obtain more accurate mechanical parameters of
jointed rock masses and to meet the relevant requirements
for engineering design, it is necessary to reconstruct the 3D
printed models to be a large size in the model tests. This
imposes the requirements on the printing size and capability
of the 3D printers. First, since the 3D printed specimens
need to meet the requirements of large size, it needs to have
the capability of printing large specimens. Second, due to the
contradiction between the overall size of the modelled rock
mass structure and its small structures such as joints and fis-
sures, the 3D printer also needs to be able to produce large
specimens containing small structures. Third, due to the
large size and high precision requirements of the 3DP, it
requires the 3D printer to have long-term printing capabil-
ity. Overall, these are the main bottlenecks that limit the
applications of 3DP technology in rock engineering. With
the development of the 3DP technology, those problems
can be solved, and the 3DP technology will be widely used
in rock mass engineering.

5. Conclusions

In this paper, the technical development, equipment situa-
tion, application fields, and challenges involved in using
3DP technology in rock mass mechanics were
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comprehensively reviewed, and the following conclusions
were obtained.

(1) As an emerging technology, the 3DP has obvious
advantages in terms of the production of experimen-
tal rock models compared to previous sample prepa-
ration techniques. This technology has been used in
the precise reconstruction of rock mass structures.
The results of the 3D printed specimens used in uni-
axial compression show that the 3DP has broad
application prospects in the geotechnical engineering

(2) The 3DP technology has been successfully applied in
the specimen preparation for laboratory tests and
repetitive preparation of natural rock masses
containing structural planes. By combining the tech-
nology of 3DP with 3D scanning, CT scanning,
numerical calculations, stress freezing technique,
and other advanced techniques, the complex struc-
tural rock masses can be accurately reconstructed.
Based on this, the mechanical and failure character-
istics of the identical rock masses under different
mechanical boundary conditions can be obtained

(3) The mechanics and failure modes of the general rock
specimens have the characteristics of high strength,
high brittleness, and low ductility. However, the
3DP materials containing all of those above charac-
teristics have not yet been developed, which has
become the main constraint in the use of 3DP in
the geotechnical engineering

(4) Due to the size effect of rock masses and anisotropic
characteristics of the 3D printed specimens, it is nec-
essary for the 3D printers to have high precision, be
able to print large specimens, be suitable for long-
term printing, and have the capability to print using
different types of materials
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