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Abstract
The existence of joints or other kinds of discontinuities has a dramatic effect on the stability of rock excavations and engi-
neering. As a result, a great challenge in rock mass mechanics testing is to prepare rock or rock-like samples with defects. 
In recent years, 3D printing technology has become a promising tool in the field of rock mass mechanics and engineering. 
This study first reviews and discusses the research status of traditional test methods in rock mass mechanics tests of making 
rock samples with defects. Then, based on the comprehensive analysis of previous research, the application of 3D printing 
technology in rock mass mechanics is expounded from the following three aspects. The first is the printing material. Although 
there are many materials for 3D printing, it has been found that 3D printing materials that can be used for rock mass mechan-
ics research are very limited. After research, we summarize and evaluate printing material that can be used for rock mass 
mechanics studies. The second is the printing methodology, which mainly introduces the current application forms of 3D 
printing technology in rock mass mechanics. This includes printed precise casting molds and one-time printed samples. The 
last one is the printing model, which includes small-scale samples for mechanical tests and large-scale physical models. Then, 
the benefits and drawbacks of using 3D printing samples in mechanical tests and the validity of their simulation of real rock 
are discussed. Compared with traditional rock samples collected in nature or synthetic rock-like samples, the samples made 
by 3D printing technology have unique advantages, such as higher test repeatability, visualization of rock internal structure 
and stress distribution. There is thus great potential for the use of 3D printing in the field of rock mass mechanics. However, 
3D printing materials also have shortcomings, such as insufficient material strength and accuracy at this stage. Finally, the 
application prospect of 3D printing technology in rock mass mechanics research is proposed.

Keywords  3D printing · Rock mass mechanics · Prefabricated cracks · Rock-like material · Fractured rock mass

1  Introduction

For rock mass mechanics and engineering, one of the great-
est challenges lies in the existence of joints or other kinds 
of discontinuities (faults, fractures, cracks, bedding planes, 
etc.). Due to the presence of discontinuities, the mechanical 
properties of the rock mass will greatly degrade, and the 
propagation and development of discontinuities will even-
tually lead to rock failure (Bai et al. 2022; Cao et al. 2016; 
Fan et al. 2021; Sainoki et al. 2019). It is well concluded 
that discontinuities in rocks have a significant effect on the 
macroscopic failure pattern and strength of rock masses and 
thereby fundamentally influence the stability of rock excava-
tions and the control of rock engineering (Yang et al. 2017; 
He et al. 2017; Zhao et al. 2020).
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The major methodologies in rock mass mechanics and 
engineering are analytical analysis, numerical modeling and 
laboratory testing. As a fundamental tool, the laboratory 
test can comprehensively investigate the mechanical behav-
iors and properties. It has become an important method 
for studying the stability of rock structures and verifying 
numerical simulations (Xia et al. 2021; Song et al. 2018; 
Bachmann et al. 2004; He et al. 2010; Zhang et al. 2017). 
Generally, there are two main ways to obtain laboratory test 
samples: real-rock samples and samples cast from similar 
materials. Specifically, the acquisition method of real-rock 
samples usually involves first determining a certain area 
where the mechanical parameters of the rock mass need to 
be obtained at the engineering site and then collecting large-
size rock samples. After reinforcement and protection, they 
are transported back to the laboratory for secondary sam-
pling, cutting and grinding. The methods for obtaining real-
rock samples mainly include the use of wire saws and water 
jets. With the deepening of rock mass mechanics research, 
the shortcomings of real-rock samples are exposed, which 
brings difficulties to the test of rock mass mechanics. In the 
process of coring, transportation and preparation, rock sam-
ples are greatly affected by on-site engineering conditions 
and equipment, which are easily worn out, and some weak 
rock samples are difficult to prepare. Due to the heterogene-
ity and anisotropy of natural rock, even the rock samples 
obtained on the same rock mass also have large differences 
in mechanical properties. It is impossible to produce two 
identical samples. In addition, rock mass mechanics labora-
tory tests (compression tests, shear tests, impact tests, etc.) 
are mostly destructive tests, which makes it impossible to 
carry out rock mass mechanics tests at the same or different 
categories and loading conditions at the same time, resulting 
in the dispersion and unrepeatability of test results.

Due to the limitations of real rock samples above, the 
physical test method commonly used by researchers is a sim-
ilar material simulation test. The traditional similar material 
simulation test usually uses the method of mold-casting to 
make rock-like samples instead of natural rock materials for 
research. PMMA, gypsum, ceramics, resin and other materi-
als have been widely used. The main advantage of similar 
material simulation tests is that they can artificially control 
and change the experimental conditions to determine the 
influence law of a single factor or multifactor comparative 
study. The test effect is intuitive and clear, the test period is 
short, the effect is fast, and the cost is low. Moreover, com-
pared with the real-rock samples, there is a high similarity 
between identical rock-like samples. Although many schol-
ars have made many research achievements through simi-
lar material simulation tests, at this stage, similar material 
simulation tests seem to encounter bottlenecks: (1) When 

casting the mold, some precipitation and bubbles will be 
unavoidable, which will further affect the mechanical prop-
erties of the model samples. (2) The influence of uneven 
mixing of various materials on the properties of samples 
and test results. (3) The fractures prepared by the traditional 
similar material simulation test are mostly simple, uniform 
and regular, and it is difficult to prepare a rock mass with 
complex structural characteristics and internal fractures. 
With the continuous development of rock mass mechanics 
research, simulating the natural rock mass more realistically 
in the preparation of a sample model is a problem that all 
researchers have to solve.

As discussed above, one of the common limitations in 
laboratory tests is the repeated preparation of rock samples 
with certain defects (fractures, crack holes, etc.) when lab-
oratory tests are used to study the mechanical and failure 
properties of a rock mass. Consequently, it is quite diffi-
cult and challenging to investigate the complex mechanical 
behaviors of jointed rock masses with laboratory tests.

A quick expansion of additive manufacturing technology, 
also known as 3D printing (3DP), has resulted in the contin-
uous growth of this technique as a powerful alternative solu-
tion to various research inquiries in different scientific fields 
(Lee et al. 2007; Tymrak et al. 2014; Rankin et al. 2014). 3D 
printing (3DP) is capable of replicating the internal defect 
structure of rock masses (Bourke et al. 2008; Suzuki et al. 
2017; Wu et al. 2022), something that is not possible using 
any previous technique for making artificial rock samples. 
This technology can create multiple identical samples so that 
tests can be repeated and hence more reliable conclusions 
can be drawn (Squelch 2018; Sharafisafa et al. 2018; Gell 
et al. 2019), which makes it an inspiring method for rock 
mass mechanics testing (Wang and Qi 2018; Xia et al. 2021).

In this study, the research status of rock mass mechan-
ics tests on jointed samples is first reviewed and discussed. 
Then, 3DP technology and its application status in rock mass 
mechanics and engineering are comprehensively analyzed 
from the three aspects of printing methodology, printing 
model and printing material. This study will contribute to 
the future development of using 3DP, a powerful tool, in the 
unresolved challenges of rock mass mechanics.

2 � 3D printing technology

2.1 � Introduction of 3D printing

The rapidly developed 3DP technology in recent years can 
batch produce various 3D entities with complex structures 
and unique shapes and has high consistency in accuracy, 
details, size, performance and other characteristics for the 
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same batch of repeated printing samples. Different from 
the previous material removal processing technology, 3DP 
technology is based on the principle of accumulation and 
dispersion through a thin layer from bottom to top continu-
ous superposition to form a three-dimensional entity. This 
technology can accurately characterize and control the inter-
nal structure of the test model and avoid the difference in the 
internal structure of different samples of natural rock. This 
undoubtedly opens up a new way for the physical simulation 
of rock test methods.

As a rapidly developing technology, 3DP has the follow-
ing five advantages compared with traditional manufacturing 
technology.

(1)	 Short production cycle. Traditional processes often 
require the design and production of molds and usually 
require secondary processing on machine tools, result-
ing in a long manufacturing cycle. The 3DP technology 
can generate a 3D solid model directly from the com-
puter software without the molding process, which dif-
fers from the traditional mold processing. 3DP greatly 
reduces the production time of the model, simplifies the 
manufacturing process and saves molding costs.

(2)	 The printed model is of high precision. After years of 
development, the accuracy of 3DP has been greatly 
improved. At present, the accuracy of the mainstream 
3D printers on the market can be basically controlled 
below 0.2 mm, which is sufficient for general product 
requirements.

(3)	 Diversity of printing materials. Usually, a 3D printer 
can print using different materials, such as plastics, 
metals, resins, gypsum, and ceramics. The diversity of 
printing materials can meet the needs of different fields.

(4)	 Implementing personalized printing of the model. 
Using computer modeling can obtain some models that 
cannot be obtained by traditional processing methods, 
in theory, as long as the shape created by the com-
puter can be printed by the 3D printer. On one hand, 
the model established by computers is different from 
entity production. It is easy to modify the size, shape 
and proportion of the model, and it is easy to control 
some details, which greatly facilitates the production 
of personalized products. On the other hand, the model 
established by computer can obtain some curves that 
cannot be obtained by traditional processes, which will 
make 3DP products have a more personalized appear-
ance.

(5)	 Manufacture of complex one-piece parts. Some parts 
with special shapes are difficult to manufacture by tra-
ditional processing technology, while 3DP technology 
easily manufactures. 3DP printing difficulty does not 
increase much compared with printing simple items.

2.2 � 3D printing technology and material for rock 
simulation

3DP technology can be divided into fused deposition mod-
eling (FDM), stereo lithography appearance (SLA), selective 
laser sintering (SLS) and binder jetting technology (BJT) 
according to the printing molding process. Printing materials 
used in various processes are also different (Wang and Qi 
2018), and the mechanical properties of samples prepared 
by different materials and printing processes are the key to 
whether this technology can be scientifically and reason-
ably used as rock-like materials in the field of rock mass 
mechanics.

In recent years, many scholars have also carried out 
preliminary explorations of 3DP technology in the field of 
rock mass mechanics. At present, printing materials such 
as PLA (polylactic acid), resin, gypsum-like powder and 
sand powder have been used for the fabrication of rock sam-
ples (Ju et al. 2017a, 2019, 2020a, 2020b; Hart and Wetzel 
2017). Usually, the mechanical properties of rock materi-
als are generally characterized by high strength and high 
brittleness. However, from the perspective of the printing 
materials currently used, the experimental results show low 
strength and high ductility, different from those of real rock 
materials. Therefore, to apply 3DP to rock mass mechanics 
research, it is necessary to overcome these problems. To 
solve this problem, Xu et al. (2021) investigated the effect 
of printing layer thickness on the physical and mechanical 
properties of rock-like samples with sand powder 3DP. The 
study found that increasing the layer thickness from 0.2 to 
0.4 mm resulted in a decrease in the weight, density, uniaxial 
compression strength, and elastic modulus of the samples. 
It is proposed that rock-like samples with small layer thick-
nesses should be prepared in future research. Fereshtenejad 
and Song (2016) studied the material properties of powder 
layer printing technology. It was found that the uniaxial com-
pressive strength and stress‒strain behavior of the printed 
samples can be affected by testing the printing direction, 
the thickness of the printing layer, the concentration of the 
binder and the heating process. By adjusting the printing 
parameters and using some postprocessing techniques, the 
strength of the sample can be improved, the ductility of the 
sample can be reduced, and its brittleness can be increased. 
Although some research results have been achieved, more 
improvements are needed to enhance the application effect 
of 3DP in rock mass mechanics in the future. Jiang and Zhao 
(2015) studied the effect of structural changes (granular 
structure and flake structure) on the mechanical properties 
of the samples, and the results showed that polylactic acid 
used as the FDM printing material is not suitable for directly 
modeling rocks. Vogler et al. (2017) used 3DP technology 
to fabricate two samples of different particle sizes and com-
pared them with three types of natural sandstone samples. 
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The 3D-printed samples were found to be very similar to 
the weakest sandstone samples in terms of roughness, ten-
sile strength, and fracture process. Zhou and Zhu (2017) 
compared and analyzed samples printed by contrast FDM 
and SLA through uniaxial compression tests and Brazilian 
splitting tests. It was found that the samples printed by SLA 
technology were more brittle and most suitable for simulat-
ing hard rock. Combined with CT scanning technology, the 
internal structure of igneous rock was reconstructed. The 
results show that the resin material samples printed by SLA 
have good brittleness and are most suitable for the physical 
test of simulating hard rock. However, its strength and brit-
tleness are still less than those of natural rocks. Therefore, 
the focus of further research should be on improving the 
strength and brittleness of the sample through postprocess-
ing and other means or finding a hard and brittle material as 
a substrate for 3DP to simulate rock materials.

3 � Application of 3D‑printed molds in rock 
mass mechanics and engineering

With the rise and progress of 3DP technology, solid mod-
eling of complex structures has gradually become possible. 
In view of the various bottlenecks faced by traditional test 
methods in rock mass mechanics research, compared with 
the unique advantages of 3DP, this technology has received 
increasing attention and application by rock mass mechan-
ics workers in recent years. Ju et al. (2014) pointed out that 
mechanical behaviors and processes such as stress change, 
fracture evolution and instability under excavation distur-
bance of fractured rock mass can be realized based on 3DP 
technology, which plays an important role in promoting the 
progress of research methods of deep rock mass mechanics. 
Thus, 3DP technology has broad application prospects in the 
field of rock mass mechanics.

3.1 � 3D‑printed mold for rock mass structures

Rock samples with natural structure planes can be prepared 
either with natural rock or artificial rock-like materials. The 
main problems faced by the former method in the prepara-
tion are the difficulty in preparing natural rock samples, high 
cost, poor repeatability of the test, and easy destruction of 
the integrity of the natural structure plane. Although the 
artificially prepared samples containing natural structure 
planes can reflect the mechanical properties of natural rock 
masses to a certain extent, they still have large differences 
from the irregular undulation and rough nature structure 
plane. Therefore, there are many limitations in analyzing 
the failure mechanism of the nature structure plane.

The emergence of 3DP technology provides a way to 
solve these problems. Kim et al. (2016) transformed Barton’s 

typical joint profile into a three-dimensional model, printed 
it into a mold by 3DP technology with PMMA as printing 
material, and then used the mold to manufacture a batch of 
plaster samples with Barton’s typical joint profile (Fig. 1). 
In addition, 3DP technology can be used to reconstruct the 
structure plane of a natural rock mass. Jiang et al. (2016a) 
used a three-dimensional laser scanner to obtain the shape 
of the natural structural plane. Next, a 3D virtual model 
with a natural structural plane was obtained (Fig. 2a). Then, 
the scanned data were imported into a 3D printer, PLA was 
used as the material to print a 3D structural surface mold 
(Fig. 2b), and mass production was carried out by 3DP tech-
nology. This not only solves the repeatability problem of 
the structural plane test but also ensures the manufacturing 
accuracy of the structural plane. Compared with the natural 
structure plane, the deviation is less than 2.4%. In the direct 
shear test, due to the deviation of the traditional manufactur-
ing method, the shear strength data of the sample obtained 
by the traditional method are relatively discrete, and the 
deviation is approximately 20%, while the shear strength 
deviation of the sample manufactured by the mold printed 
by the 3D printer is less than 6.7%. Xiong et al. (2015) and 
Ban et al. (2020) also conducted similar experiments and 
obtained similar results.

The studies above indicated that the reverse structural 
plane samples created using 3D scanning and 3DP tech-
nologies have small modeling errors and uniform material 
strength, and they produce the same mechanical results, 
which can obviously improve the quality of replications of 
natural planes and facilitate the further study of the mecha-
nism of the formation of natural planes.

3.2 � 3D‑printed mold for jointed rock mass

In the prefabrication of samples containing joints, the com-
monly used research methods in laboratory tests are the tra-
ditional preembedded thin slice method, join-cutting method 
and heart-inducted method. On one hand, these methods 
often make it difficult to accurately control the position, size, 
and angle of joints, and it is difficult to obtain ideal specific 
samples, which increases the difficulty of analyzing the test 
results; On the other hand, these methods are mostly appli-
cable to joints with regular morphology and cannot prepare 
joints buried in rock masses, so it is difficult to simulate the 
real geological defect morphology. Therefore, it is neces-
sary to continuously explore new joint model preparation 
methods.

3DP technology provides an effective method for the 
study of the mechanical properties of jointed rock masses. 
To overcome the above bottlenecks, the researchers intro-
duced 3DP technology into the sample preparation for 
the dynamic expansion test of fractures in rock bodies. 
Zhao et al. (2017) made casting mold and parallel, merge, 
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Fig. 1   3D printed plaster model with Barton’s joint profile (Kim et al. 2016)

(a) 3D virtual model containing natural structural plane (b) The model of natural structural plane produced by 

the 3D printer

Fig. 2   Process of making a model with a natural structural plane (Jiang et al. 2016a)
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T-shaped, orthogonal, and oblique joint models by 3DP 
technology with resin as the material and made joint sam-
ples with different spatial distributions by mold-casting 
(Fig. 3). Jin et al. (2020) studied the influence of cross 
joints on the fracture mechanism of rock masses. With 
PLA as the material, the joint model that can simulate the 
cross structural plane of the rock mass is made by FDM 
3DP equipment, and the samples with prefabricated cross 
joints are formed by casting similar materials. It is found 

that the closed joint model made by 3DP technology can 
effectively replace the open joint cracks formed by tra-
ditional cutting and slotting methods. At present, schol-
ars have used 3D printed molds to conduct research on 
complex fracture networks. Wang et al. (2018) proposed a 
method for preparing joint network models with different 
geometric shapes based on 3DP technology and carried out 
uniaxial compression experiments for the RDFN (rough 
discrete fracture network) model, linear DFN (discrete 
fracture network) model and solid model with different 
sample sizes. The size effect was analyzed. This method 
builds a 3D fracture network model by a 2D fracture net-
work (Figs. 4a, b). The joint model was prepared by a 3D 
printer with PLA (polylactic acid) polymer plastic as the 
material, and a similar model of the jointed rock mass 

(a) 3D printed insert

(b) Insert inserts into 3D printed molds filled with 

material

(c) Orthogonal jointed sample

(d) Parallel jointed sample

Fig. 3   Casted sample with 3D printed joint mold (Zhao et al. 2017)

(a) 2D digital fracture network

(b) 3D printed DFN model

(c) DFN model sample

Fig. 4   Prefabrication process of the DFN model sample (Wang et al. 
2018)
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was prepared by the sulfoaluminate fast-hardening cement 
casting model (Fig. 4c).

It is true that with 3DP, mold preparation becomes much 
easier, especially for those with complex geometries. How-
ever, the joints in samples prepared by mold-casting are still 
exposed or connected to the surface. Samples with internal 
joints or fracture networks are extremely difficult to prepare 
with mold-casting; however, they are simple to prepare with 
3DP, which is the most revolutionary feature of 3DP besides 
high accuracy, homogeneity and efficiency.

The studies above show that 3D printed molds have been 
widely used in rock mass mechanics tests. On one hand, it 
confirms the feasibility of 3DP technology, and on the other 
hand, it also confirms that PLA as a printing material has 
good application effect and huge development potential in 
making molds.

However, the preparation of samples in the above study is 
still limited to the category of traditional methods. Although 
the accuracy of the mold made by 3DP technology is high, 
there are still unstable factors, such as bubble precipitations, 
when manually allocating materials. Therefore, the inter-
nal heterogeneity of the samples is high. If the samples are 
directly prefabricated by 3DP technology, not only should 
the error be further reduced but also the sample containing 
a complex fracture network and internal fracture should be 
easier to prepare.

4 � Application of 3D‑printed samples 
and models in rock mass mechanics 
and engineering

With the development and progress of 3DP technology, an 
increasing number of researchers have begun to use 3DP 
technology to directly prepare samples. Through continuous 
exploratory research in the field of rock mass mechanics, a 
series of research results have been achieved.

4.1 � 3D‑printed jointed samples

3DP technology has many kinds of printing materials and 
printing processes. Generally, different printing materials 
correspond to different printing processes. However, the 
mechanical properties of samples prepared by different 
printing materials and printing processes vary greatly. Due 
to the wide variety of natural rocks at engineering sites, the 
mechanical properties of different rocks are very different. 
For example, the uniaxial compressive strength of some 
soft rocks in coal mines is generally between 5 and 25 MPa, 
while the uniaxial compressive strength of hard rocks such 
as granite in metal mines can reach more than 200 MPa. 
Therefore, it is difficult to prepare various rock-like sam-
ples with different mechanical properties by a single printing 

material and printing process. It is of great research signifi-
cance to obtain rock-like samples with different mechanical 
properties by changing the printing material, printing pro-
cess, or printing parameters. On this basis, many scholars 
domestically and abroad have carried out various mechanical 
experimental studies on samples prepared by different print-
ing materials.

4.1.1 � Polylactic acid (PLA)

Jiang and Zhao (2015) used polylactic acid (PLA) as a 
printing material to prepare samples by the FDM printing 
process and carried out uniaxial compression tests and Bra-
zilian splitting tests. PLA was found to be a very desirable 
elastic‒plastic material. However, its failure pattern shows 
very strong ductility characteristics, which are quite different 
from real rock samples (Figs. 5a–c). Furthermore, as seen 
from the stress‒strain curves (Figs. 5d, e), the 3D-printed 
PLA samples exhibit low strength and high ductility com-
pared to real rock samples. Song et al. (2018) and Jiang et al. 
(2016b) also found that the failure characteristics of PLA 
samples are different from those of real rock samples, and 
their mechanical properties are more similar to metal than 
rock. As mentioned above, PLA materials currently used 
for 3DP are not suitable for directly simulating rocks. Nev-
ertheless, the ability for 3DP on manufactured rock remains 
appealing for researchers of rock mass mechanics. Future 
research should focus on appropriate printing materials, 
especially in terms of brittleness and stiffness.

4.1.2 � Gypsum powder

In recent years, gypsum powder has been used in several 
studies to reconstruct rock samples using 3DP (Song et al. 
2018; Wu et al. 2020; Kong et al. 2019a, 2019b; Sharafisafa 
et al. 2019, 2021; Sharafisafa and Shen 2020). Song et al. 
(2018) prepared rock-like samples and carried out related 
mechanical experiments using plaster-based 3DP (PP) print-
ers with gypsum powder as the printing material. It was 
found that the stress‒strain curve characteristics of 3DP 
gypsum samples are similar to the compression deformation 
characteristics of natural rocks (Fig. 6a). At the same time, 
the failure characteristics of the 3DP gypsum samples are 
consistent with those of natural rock materials (Fig. 6b). In 
the study of Jiang et al. (2016c), it was found that although 
compared with PLA (Jiang and Zhao 2015), the 3DP gyp-
sum sample had higher brittleness and its failure pattern 
was closer to that of natural rock, its uniaxial compressive 
strength was lower (less than 10 MPa) (Fig. 7). Therefore, 
it is necessary to continuously optimize the printing pro-
cess to improve the strength of 3DP gypsum samples so that 
they can better simulate natural rocks (Liu et al. 2019; Wu 
et al. 2020). Jiang et al. (2016d) directly used gypsum-like 
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materials to prepare jointed samples by 3DP and carried 
out dynamic loading tests. The failure pattern of the 3DP 
gypsum samples was close to that of the Portland pozzola 
cement (PPC) samples (Fig. 8). Although the failure pattern 
is very similar, since the 3DP gypsum sample is a homoge-
neous material and the real rock material is heterogeneous, it 
cannot be confirmed whether the 3DP gypsum material and 
heterogeneous natural rock material have the same fracture 
pattern. Therefore, further research is still needed.

4.1.3 � Resin

A research team used different printing materials to simulate 
brittle and hard rocks (Zhou and Zhu 2016, 2017, 2018; Zhu 
et al. 2018). It was found that the mechanical properties and 
failure patterns of the samples prepared by SLA technology 
with resin as the printing material were very similar to those 
of natural volcanic rocks, and they were most suitable for 
simulating brittle and hard rock materials. However, the dif-
ference is that the elastic modulus of the 3DP resin sample is 
quite different from that of natural rock (Fig. 9). In addition, 
the dynamic mechanical test results show that the failure pat-
tern and dynamic cracking evolution of 3DP resin samples 
are similar to those of natural rock. In addition, it is well 
known that the accurate description and visualization of the 
complex internal structure and stress distribution of a rock 
mass is of great significance to solve various underground 
engineering problems, and the transparency of some resin 
materials provides the possibility for the aforementioned 
research. Ju et al. (2014) used CT technology to scan the 
internal structure of natural coal and rock samples (Fig. 10) 
as well as concrete samples (Ju et al. 2017b). The above 
samples were reconstructed with one resin material as the 
main body and another nontransparent material as the sup-
port, and then the fracture structure hidden in the internal 
was successfully visualized. In addition, the visualization 
of internal stress distribution was realized by cooperating 
with 3D frozen stress and photoelastic technologies. The 
studies above show that resin materials have great poten-
tial and prospects in simulating the mechanical behavior of 
hard brittle rock materials and studying the fracture failure 
mechanism of rocks.

4.1.4 � Sand powder

In addition to PLA, gypsum and resin materials, sand pow-
der has been used in many studies to reconstruct rock sam-
ples (Osinga et al. 2015; Primkulov et al. 2017; Vogler et al. 
2017; Perras and Vogler 2019; Gomez et al. 2019; Qi et al. 
2021). The mechanical behaviors of 3DP samples with sand 
powder as printing materials and natural sandstone samples 
have been compared (Tian and Han 2017a), and it is found 
that the failure patterns of 3DP samples are mainly divided 

(a) 3D printed samples before UCS test

(b) 3D printed samples after UCS test

(c) Real rock samples after the UCS test

(d) 3D printed samples

(e) Real rock samples (Alber et al. 2009)

Fig. 5   Failure pattern and stress‒strain curve of 3D-printed samples 
and real rock samples in the UCS test (Jiang and Zhao 2015)
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into two categories: shear failure (Fig. 11a) and tensile fail-
ure (Fig. 11b). It can be seen from the test results that the 
3DP samples with sand powder as material have similar 
failure patterns with natural sandstone samples. In another 
study (Tian and Han 2017b), the stress‒strain response of 
3DP samples with sand powder as printing material was very 
similar to that of natural sandstone (Fig. 11c), and the peak 
strain of 3DP samples was almost equivalent to that of natu-
ral sandstone, indicating that they had similar microstruc-
tures, such as porosity. However, similar to gypsum samples, 
3DP samples with sand powder as the material showed low 
strength characteristics. Jiang et al. (2022) explored the fail-
ure law of sand-power 3DP samples under dynamic mechan-
ical testing and found that the dynamic mechanical response 
of sand-power 3DP samples was similar to that of natural 
coal and rock. Subsequently, the fragmentation distribution 
of the 3DP sample and the granular structure of the sample 
section under the dynamic mechanical test were analyzed 
(Figs. 12, 13), and it was found that the crushing law was 
similar to that of the complete coal and rock sample. The 
above research shows that sand-power 3DP samples may 
be more suitable for simulating soft rock, providing a new 
method and idea for coal and rock dynamics research.

4.1.5 � Ceramic

At present, ceramic materials have been proven to be 
suitable for 3DP (Goulas et al. 2016; Costa et al. 2017; 

Fig. 6   Experimental results of 3DP gypsum samples (Song et  al. 
2018)

Fig. 7   A comparison of the stress–strain curve of the 3DP PLA sam-
ple with the 3DP gypsum sample (Jiang and Zhao 2015)

Fig. 8   A comparison between the failure patterns on 3DP samples 
(left) and the cement samples (right) (Jiang et al. 2016d)
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Goodman 2017; Singh et al. 2017; Ferrage et al. 2018; Owen 
et al. 2018; Shen et al. 2021). However, there is almost no 
research on the application of ceramic-based 3DP in the 
mechanical properties of rock masses. It has been claimed 
that 3DP ceramic samples are not similar to natural brit-
tle rocks owing to their inadequate strength and brittleness 
(Zhou and Zhu 2018). One possible reason is that the tem-
perature change of ceramic samples produced by the SLS 
printing process usually produces unexpected cracks, which 
makes them prone to breakage and makes it difficult to pre-
pare samples. 3DP ceramic samples are worth further study 
in simulating natural rocks due to their various mechanical 
properties being closer to those of natural rocks than those 
of polymers.

By summarizing the previous studies, we find that the 
problem faced by using PLA as a printing material is that 

Fig. 9   a Comparison of a stress‒strain curves and failure patterns 
in static uniaxial compression tests of b Volcanic rock and c Resin-
based 3DP rock samples (Zhu et al. 2018)

Fig. 10   3DP models with actual fracture network and visualization of 
stress distributions (Ju et al. 2014)
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the prepared samples have obvious elastic‒plastic character-
istics, which are significantly different from the mechanical 
properties of rock materials. The samples have high tensile 
strength and compressive strength, which are not suitable for 
direct use to simulate rocks. However, this technology can be 
used to prepare the mold, and then similar materials closer to 
the rock are used for batch production of the same structural 
plane (Jiang et al. 2016a; Xiong et al. 2015; Ban et al. 2020). 
It can also be combined with the conventional laboratory test 
method to prepare rock samples containing complex fracture 
networks for related research (Wang et al. 2018; Zhao et al. 
2017; Jin et al. 2020) or can also simulate engineering bolts, 
linings and other supporting structures to a certain extent 
(Jiang and Song 2018; Song et al. 2018). The printing mate-
rial used in SLA technology is photosensitive resin, which 
can generate hundreds of kinds of composite digital mate-
rials by a certain proportion of various basic photopolymer 
materials. Some printing materials are transparent, which 
can directly reflect the internal structural characteristics of 
printing samples and provide a new direction for the study of 
crack propagation and failure mode in rock. The resin material 
samples used by SLA technology have good brittleness and 
are most suitable for physical tests simulating hard rock, but 
their strength and brittleness are still less than those of natural 
rocks. The mechanical characteristics of gypsum powder and 
sand powder are close to those of natural soft rock samples, 
and the application of 3DP ceramic samples in rock mechan-
ics is still rare. However, it is still worthy of further research, 
and more researchers are needed to explore this topic. The 
main problem is that the strength of the sample is not high, 
even lower than that of the weakest rock. Therefore, further 
research should focus on the strength and brittleness of the 
material. On one hand, the strength and brittleness of the 
sample can be improved by postprocessing and other means; 
On the other hand, efforts should be made to find a hard and 
brittle material as a base material for 3DP to simulate rocks.

The 3DP has become a powerful tool in creating jointed 
samples. However, the 3DP sample shows the characteristics 
of low brittleness and strength or strong ductility, there is 
still a certain gap with the mechanical properties of natural 
rocks. Therefore, it is necessary to select the corresponding 
printing materials and printing process for the specific rock 
samples studied, and further research on the material is also 
needed to make the 3DP material closer to the mechanical 
properties of rock.

The above research examples show that 3DP technology 
provides a new way to study rock mass mechanics at the 
sample scale. Solid samples with complex internal struc-
tures and external morphologies can be rapidly prepared in 
batches, which provides a new and effective method for the 
study of the mechanical properties and mechanisms of rock 
masses.Fig. 11   Comparison of failure and stress‒strain curves of rock and 

3DP samples (Tian and Han 2017a, b)
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4.2 � 3D‑printed physical models for rock 
engineering

Physical model tests can truly reflect the geological structure 
and engineering structure and intuitively observe the test 
results and the mechanical properties of the research object, 
which makes it easier for scholars to take a global view of 
the mechanical characteristics, deformation trend and sta-
bility characteristics of rock mass engineering. Therefore, 
a physical model test has been an important means to study 
the stability of rock engineering structures, the optimization 
design of support systems and the verification of numerical 
simulation results.

Song et al. (2018) studied the feasibility of 3DP tech-
nology in tunnel physical model tests. Four kinds of tun-
nel models are prepared by 3D printers, including a gen-
eral tunnel model, single-fault tunnel model, double-fault 
tunnel model and tunnel model with rockbolt holes, with 
gypsum powder and PLA (polylactic acid) material used 
as the printing materials. The tunnel models were prepared 
with a PP printer using powder gypsum as the print mate-
rial, and the rockbolt model and lining support model were 
constructed using an FDM printer with PLA material used 
as the printing material. Uniaxial compression tests of the 
3DP tunnel samples show that the deformation curves and 
failure characteristics of similar 3D printed tunnel models 
are consistent, indicating that 3DP technology can reliably 
produce physical models of a tunnel with complex struc-
tures; the deformation and failure characteristics (Fig. 14) 
of the general tunnel model and single-fault tunnel model 
are similar to those of the artificial model. A comparative 
study also shows that the printed rockbolt and lining support 
structures significantly improve the bearing capacity of the 

tunnel, while faults significantly reduce the stability of the 
tunnel. These experimental results are similar to those of 
the artificial models, tunnel engineering case studies and 
numerical simulation results, demonstrating that 3DP tech-
nology can be applied to the experimental study of physical 
models of tunnels.

Multiple adjacent tunnels or caverns widely exist in 
underground engineering, such as the twin railroad tun-
nels for urban and mountain highways (Suwansawat and 
Einstein 2007; Merlini et al. 2018; Afifipour et al. 2011; 
Sharifzadeh et al. 2013), large caverns in hydropower sta-
tions (Tezuka and Seoka 2003; Plasencia et al. 2015), twin 
tunnels of freeways and railways in both urban and moun-
tainous areas and roadway groups in deep mines (Islam 
and Shinjo 2009; Huang et al. 2018). The stability analy-
sis of multitunnel structures (including caverns) is one of 
the key issues for avoiding engineering disasters during the 
design and construction of underground engineering. Jiang 
et al. (2021) exhibited the overall failure process of twin 
tunnels by a physical simulation based on the 3DP sand-
stone analog model. The dimensions of each model were 
200 mm × 200 mm × 20 mm, and the cross-sectional shape 
of the tunnel was circular. Then, overloading tests for the 
twin-tunnel model were carried out and exposed the critical 
position of the overall failure of the twin-tunnel structure 
through visual observation and automatic measurement 
(Fig. 15), and a safety factor method was also presented 

Fig. 12   Fragmentation distribution of 3DP samples under dynamic 
mechanical testing (Jiang et al. 2022)

Fig. 13   Granular structure of the sample section under dynamic 
mechanical testing (Jiang et al. 2022)
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for evaluating the general safety of the multitunnel struc-
ture. The testing results and corresponding numerical back 
analysis indicated that the connectivity of the plastic strain 
between tunnels can be deemed the conservative instability 
criterion and that the inflection point of the tunnel displace-
ment can be deemed the overall failure criterion for the twin-
tunnel structure. This study proves that the reconstruction 
of twin tunnels by 3DP technology is an effective method to 
study the failure and stability of tunnels and indicates that 
this method can provide a reference for the quantitative and 
reasonable evaluation of the general safety of multitunnels 
or caverns and the local instability zone of surrounding rock.

Although 3DP technology has achieved some results in the 
physical model test, it is still only a preliminary exploration 
stage. 3DP can directly print out physical models with com-
plex shapes and structures according to a given scale, such as 
tunnels, slopes, landslides, and roadway models with fracture 
structures. To give full play to the technical advantages of 
3DP, more scholars need to continue to study and explore it.

5 � Prospects

3DP technology has great advantages and development pros-
pects in the field of rock mass mechanics, but there are still 
some limitations in the research of 3DP rock mass technol-
ogy. To apply 3DP technology to the study of rock mass 
mechanics in a truly mature and wide range, the following 
problems need to be focused on and solved.

(1)	 Printing materials are rich in variety, but their use in 
rock mass mechanics test research is relatively limited. 
The commonly used materials are sand powder, gyp-
sum powder, organic resin, etc. Their material proper-
ties for simulating complex and diverse rocks in nature 
have great limitations. At present, among the printing 
materials that can be used for 3DP mechanical samples 
in rock mass mechanics research, the strength of 3DP 
samples with them can approach those of some natu-
ral rock masses with weak strength, but there is still a 

Fig. 14   Typical test curve and macroscopic failure evolution process of the single-fault tunnel model (Song et al. 2018)
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certain distance from the natural rock masses with high 
strength. To make 3DP rock masses more widely analo-
gous to various types of natural rock masses, improv-
ing the strength of 3DP rock masses is the key, and 

material innovation is the key to solving the strength of 
3DP rock masses. In the future, it is still necessary to 
develop more materials and further study the relation-
ship between the processing, structure and properties 
of materials as well as clarify the advantages and limi-
tations of materials and provide normative standards.

(2)	 The accuracy of printing remains to be improved, 
although the printing of a 0.05 mm layer thickness can 
be realized. Due to the existence of deviations during 
printing as well as the jitter and instability of the print-
ing equipment itself, the actual accuracy that can be 
achieved is very limited, and it is unable to accurately 
reconstruct the internal microstructure of the rock 
mass. For example, when printing small pores, pores 
will be deformed greatly and even cause pore blockage. 
In addition, there is a serious conflict between printing 
accuracy and printing speed, so it is urgent to improve 
the printing accuracy without reducing the printing 
speed.

(3)	 The printing layer thickness will have a great influence 
on the mechanical properties of the printed sample, 
so whether some other printing parameters and post-
processing operations, such as the particle size of the 
printing material, binder saturation level, hardener sat-
uration level, the curing time of the sample, the curing 
temperature of the sample, printing angle, will affect 
the mechanical properties of the 3DP sample and what 
kind of influence law there is on the sample needs to be 
further explored.

(4)	 At present, the prepared samples with prefabricated 
cracks are mostly simple, regular and uniform cracks, 
and the advantages of 3DP technology in the prepara-
tion of complex cracks and the reduction of the real 
structure of natural rock masses have not been fully 
utilized. Next, research on complex natural rock masses 
can be strengthened.

6 � Conclusions

This paper makes a systematic review for 3D printing tech-
nology with printing materials, printing methodologies and 
printing models as three research clues. The following con-
clusions were obtained:

(1)	 Although there are many materials for 3D printing tech-
nology, it has been found that 3D printing materials 
that can be used for the study of rock mass mechanics 
are very limited, such as PLA, resin, gypsum-like pow-
der and sand powder. However, the samples prepared 
by these materials often show characteristics of low 
brittleness and strength or strong ductility, and there 
is still a certain gap with the mechanical properties of 

Fig. 15   Crack evolution of 3DP twin tunnels with the same elevation 
model under the loading process (Jiang et al. 2021)
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natural rocks. It is necessary to make a profound study 
of the influence of printing molding process, base mate-
rial, binding material, parameters and other factors on 
the mechanical properties of samples, in order to select 
the appropriate printing process, materials and param-
eters according to the mechanical properties of rock to 
be simulated in specific research.

(2)	 There are two methodologies to apply 3D printing tech-
nology in the field of rock mass mechanics: printed 
precise casting molds and one-time printed samples. 
Compared with the traditional casting mold, the mold 
prepared by 3D printing has higher accuracy, but the 
method still needs to prepare samples by casting, which 
is difficult to avoid some limitations, such as the dif-
ficulty of preparing samples with complex fracture 
structure, long curing time. The problems above can 
be solved by preparing samples using direct one-time 
printing.

(3)	 The samples prepared by 3D printing technology are 
mainly divided into two categories according to differ-
ent research objectives and molding scales: small-scale 
samples for mechanical tests and large-scale physical 
models. The small-scale mechanical samples have been 
widely used in rock mass mechanics research, while 
there are relatively few studies on large-scale physical 
models prepared by 3D printing for rock mass mechan-
ics testing, and it is still in the preliminary exploration 
stage. 3D printing technology can not only directly pre-
pare large-scale physical models with complex shapes 
and structures, but also overcome some limitations in 
the process of traditional physical model testing, such 
as the consumption of huge manpower and material 
resources, long curing time, complex operation proce-
dures.

The presented research shows that 3D printing technol-
ogy has broad application prospects in the field of rock 
mass mechanics. The samples or physical models with 
complex internal defects prepared by 3D printing can 
be used for testing of different types and loading paths, 
which provides a key technology for the testing study of 
fractured rock mass. Some existing application limitations 
will be solved with the continuous breakthrough of tech-
nology, and the application of 3D printing technology in 
the field of rock mass mechanics will be more extensive 
and in-depth.
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