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Three-dimensional (3D) printing technology has been widely used to create artificial rock samples in
rock mechanics. While 3D printing can create complex fractures, the material still lacks sufficient sim-
ilarity to natural rock. Extrusion free forming (EFF) is a 3D printing technique that uses clay as the
printing material and cures the specimens through high-temperature sintering. In this study, we
attempted to use the EFF technology to fabricate artificial rock specimens. The results show the physico-
mechanical properties of the specimens are significantly affected by the sintering temperature, while the
nozzle diameter and layer thickness also have a certain impact. The specimens are primarily composed of
SiO2, with mineral compositions similar to that of natural rocks. The density, uniaxial compressive
strength (UCS), elastic modulus, and tensile strength of the printed specimens fall in the range of 1.65
e2.54 g/cm3, 16.46e50.49 MPa, 2.17e13.35 GPa, and 0.82e17.18 MPa, respectively. It is capable of
simulating different types of rocks, especially mudstone, sandstone, limestone, and gneiss. However, the
simulation of hard rocks with UCS exceeding 50 MPa still requires validation.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Rock, as a geological material with a diverse range of mineral
compositions and structural characteristics, presents challenges in
duplicating the mechanical properties obtained through natural
sampling (Pollard and Aydin, 1988; Hudson and Harrison, 1997). To
overcome this challenge, researchers have attempted to fabricate
artificial rocks to ensure consistent structural and mechanical
characteristics within the same group of specimens. Conventional
methods frequently fabricate artificial rocks by cementing rock-like
materials, e.g. cement, gypsum, and quartz sand, using specific
molds with different sizes and structures (Noferesti and Rao, 2010;
Cao et al., 2016; Shi et al., 2018). However, due to the limitation of
molds, these methods can only produce specimens with simple
geometries (Zhao et al., 2016). The advancement of three-
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dimensional (3D) printing technologies offers a new way to fabri-
cate artificial rock-like specimens. 3D printing allows complicated
geometries or structures of the specimens with high accuracy in
forming and a short production cycle (Moon et al., 2014). 3D
printing has been widely utilized to fabricate standard specimens,
structured surfaces, and even fractured rocks in rock mechanics, as
shown in Fig. 1.

Different 3D printing materials and techniques have been
applied to the fabrication of rock specimens (see Table 1). In gen-
eral, the materials used for 3D printing require processability
(including melting, extrusion, and jetting), adhesion, formability,
physical strength, and safety. At the early stages of 3D printing rock-
like samples, gypsum is used tomake standard specimens as shown
in Fig. 1a (Lowmunkong et al., 2009; Bobby and Singamneni, 2014).
To create specimens with complicated internal structures,
computerized tomography scanning technology is introduced to 3D
printing to replicate micro- (pores and microcracks) and macro-
structures (voids, cracks, or fillings) in rocks or rock masses as
shown in Fig. 1b (Ishutov et al., 2015; Xiong et al., 2015). In recent
years, the widespread use of fused deposition modeling (FDM),
stereolithography appearance (SLA), and selective laser sintering
(SLS) has made it easy to simulate the characteristics of joints and
ecimens based on extrusion free forming (EFF) 3D printing, Journal of
rmge.2023.05.011
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Fig. 1. 3D printing specimens in rock mechanics: (a) Standard specimen (Jiang et al., 2016b); (b) Complex structural plane (Jiang et al., 2016a); and (c) Complex internal damage (Ju
et al., 2014).

Table 1
Published cases of 3D printing in geotechnical studies.

Printed material 3D printing method Source

Plastic FDM Ishutov
et al. (2015)

Polylactic acid (PLA) SLA Xiong et al.
(2015)

PLA FDM Jiang and
Zhao (2015)

PLA and gypsum powder 3D powder-based
printing (3DP) and FDM

Jiang et al.
(2016a)

Gypsum powder 3DP Jiang et al.
(2016b)

Ceramics, gypsum, poly (methyl
methacrylate), acrylic copolymer,
resin

3DP, FDM, SLA Zhou and
Zhu (2018)

Gypsum 3DP Song et al.
(2018)

Polyamide SLS Zhou et al.
(2020)

Gypsum 3DP Jaber et al.
(2020)

Gypsum and PLA 3DP and FDM Jiang et al.
(2021)
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fractures in rock mass, as shown in Fig. 1c (Jiang and Zhao, 2015;
Jiang et al., 2016a; Liu et al., 2017; Song et al., 2018; Zhou et al.,
2020). Researchers have also expanded their application in rock
dynamics by investigating the effect of strain rate on brittleness and
failure mode, as well as the size effect (Zou et al., 2022). 3D printing
is also used to create underground structures for tunnel model
tests, which can be used to evaluate displacement field evolution
and crack growth of surrounding rocks during tunnel construction
(Song et al., 2018; Jiang et al., 2021).

However, the differences in mechanical properties and failure
modes between 3D printing specimens and natural rocks limit
further application of this technique. Fig. 2 illustrates the uniaxial
compressive strength (UCS) and elastic modulus of typical 3D
printing samples and natural rocks. The UCS value of most 3D
printing specimens is less than 32 MPa. Specimens printed with
silica sand and gypsum powder have a UCS value of only 4e16MPa,
approximately one-third to one-tenth that of natural sandstone
(Song et al., 2020). The compressive strength of 3D printing spec-
imens produced using the FDMmethod with acrylic copolymer can
reach 105.6 MPa, while their corresponding elastic modulus is only
one-tenth that of natural rocks (Zhou and Zhu, 2018). Concerning
Please cite this article as: Shi X et al., Method of fabricating artificial rock sp
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failure modes, the uniaxial compression failure mode of natural
rocks typically involves brittle tensile failure. While the specimens
made from materials, e.g. PLA, plastic, and resin (Jiang and Zhao,
2015), frequently experience plastic failure due to excessive
deformation, as shown in Fig. 2c (Jiang and Zhao, 2015). In sum-
mary, while specimens produced by 3D printing currently offer
significant advantages in terms of structural accuracy and repeat-
ability, there are still notable differences in the mechanical prop-
erties and failure characteristics when compared to natural rocks.

Extrusion free forming (EFF) is a fused deposition molding
technique that uses clay as raw material, prints layered structures
in a specific order through a discontinuous extrusion, and cures the
material through high-temperature sintering. The sintering process
transforms the clay into hard ceramic, making EFF 3D printing
technology suitable for producing ceramic crafts (Grida and Evans,
2003). This method has a significant potential for fabricating arti-
ficial rocks because it utilizes rock and soil materials with similar
composition to natural rocks to create high-strength specimens.
This study proposes a method for fabricating artificial samples for
rock experiments based on EFF 3D printing technology. Numerous
artificial specimens are produced using EFF 3D printing, and the
physico-mechanical properties of these specimens are systemati-
cally tested. The similarities between the printed specimens and
natural rocks, includingmineral composition, density, strength, and
stiffness, are then analyzed based on extensive data analysis.
2. Materials and method

2.1. Equipment and materials

The equipment and work procedure for EFF 3D printing are
shown in Fig. 3. The 3D printer (SYNO-SOURCE-1418) consists of a
3Dmotion system, a motion control system, and amaterial delivery
and extrusion molding system. The rawmaterial used in the EFF 3D
printing test is white clay soil, which is a loose or colloidal dense
soil with high silicate content (e.g. porphyry and feldspar) that has
undergone long-term weathering and alteration mixed with other
impurities and fine minerals. The material mainly contains SiO2,
Al2O3, K2O, Na2O, Fe2O3, MgO, CaO, TiO2, and a few alkali metal
oxides, with SiO2 and Al2O3 accounting for more than 70%.
Pettijohn (1975) summarized the chemical compositions of com-
mon sedimentary rocks (see Fig. 4). The printing material has
similar chemical compositions to sedimentary rocks, both of which
are mainly composed of SiO2 and Al2O3.
ecimens based on extrusion free forming (EFF) 3D printing, Journal of
jrmge.2023.05.011



Fig. 2. Comparison between existing 3D printing rock-like materials and natural rocks. (a) UCS; (b) Elastic modulus; and (c) Failure mode of PLA specimen. (Data of 3D printing rock
materials from Zhou and Zhu, 2018; Jaber et al., 2020; Song et al., 2020; Jiang et al., 2021. Data of natural rocks from Chen and Pan, 1998; Kahraman et al., 2000; Altindag, 2003;
Hatheway, 2009; Agliardi et al., 2014; Tatone, 2014; Walton et al., 2015; Li et al., 2016; Rao and Singh, 2017; Wang et al., 2017; Geranmayeh Vaneghi et al., 2018; Zhang et al., 2019a,
b; Aladejare, 2020; Cui and Gratchev, 2020; Du et al., 2020; Wang et al., 2020; Zhai et al., 2020; Cui et al., 2021; Liu et al., 2021; Han et al., 2022; Zhou et al., 2022). PMMA is short for
polymethyl methacrylate.
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Fig. 3. EFF 3D printing (a) principle (EFD Inc., 2003) and (b) equipment (SYNO-
SOURCE-1418).

Table 2
Uniform test design of the EFF 3D printing parameters.

Test No. Parameter

D (mm) H (mm) T (�C)

1 1 0.7 1100
2 1.2 0.9 1000
3 1.4 0.6 900
4 1.6 0.8 800
5 1.8 1 1200
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2.2. Experimental design

For EFF 3D printing, the nozzle diameter D, layer thickness h,
and sintering temperature T are three major parameters controlling
the properties of specimens. Fang et al. (2002) proposed a uniform
experimental design method to obtain sufficient data from a
limited number of samples using an approach similar to orthogonal
design, which utilizes the uniformity of the distribution to reduce
the number of required specimens with various parameters and
their values. The current study utilized three parameters with five
levels to design the tests, as shown in Table 2. The ranges of nozzle
diameter D, layer thickness H, and sintering temperature T are 1e
1.8 mm, 0.6e1 mm, and 800 �C-1200 �C, respectively.

2.3. Specimen forming process

The fabricating process for EFF 3D printing specimens involves
four steps, as shown in Fig. 5a:

(1) Creating the specimen model using the open-source soft-
ware FreeCAD;

(2) Slicing the model at the horizontal plane according to the
designed layer thickness using the open-source software
CURA;

(3) Importing the sliced model into the 3D printer and starting
the printing process after setting the printing parameters;
and

(4) Sintering the printed specimen at a specific temperature.

The printed specimens must be dried in an oven at 105 �C for
24 h prior to high-temperature sintering in a muffle furnace. At the
initial sintering stage (up to 300 �C), the heating rate is controlled at
3 �C/min to discharge free water and bond water from the speci-
mens and prevent the specimen surface from cracking. After the
Fig. 4. Comparison of chemical composition between EFF 3D printing material and sedime
sedimentary rocks (Pettijohn, 1975).
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temperature reaches 300 �C, the heating rate is increased to 5 �C/
min until the maximum temperature is reached, and the temper-
ature is thenmaintained for 2 h. At the final stage, the oven reduces
the sintering temperature at a rate of 5 �C/min and ceases heating
at 300 �C. At this point, the muffle furnace is turned off until the
temperature returns to room temperature. Fig. 6 illustrates the
variation in heating temperature during the sintering process.

Based on the above fabrication process and the design of
printing parameters listed in Table 2, f50 mm � 100 mm and f50
mm � 25 mm standard specimens are produced for physico-
mechanical property tests, as shown in Fig. 5b.
2.4. Testing of mechanical properties

To evaluate the similarity of mechanical properties between the
EFF specimens and natural rocks, tests are conducted to obtain
critical physico-mechanical parameters including dry density r,
UCS st, elastic modulus E, and tensile strength sc. The values of st
and E are obtained using f50 mm � 100 mm standard cylinders
through uniaxial compression tests according to the methods
suggested by Hatheway (2009). The Brazilian splitting test (BST) is
used to obtain the tensile strength of f50 mm � 25 mm standard
disc specimens, also according to the methods suggested by
Hatheway (2009), as shown in Fig. 7.
3. Experimental results

3.1. Shrinkage in the sintering process

Thewhite clay soil used as the printmaterial has awater content
of 27%. The water improves the fluidity of the material, which is
necessary for extrusion 3D printing. However, the water discharge
in the drying and sintering process will induce unfavorable
shrinkage in the specimen dimensions. The dimensions of each
specimen are measured before and after sintering to analyze the
shrinkage. The dimensional shrinkage rate h is defined by
ntary rocks. Chemical compositions of (a) EFF 3D printing materials and (b) common

ecimens based on extrusion free forming (EFF) 3D printing, Journal of
jrmge.2023.05.011



Fig. 5. (a) Forming process of EFF 3D printing; and (b) EFF 3D printing disc and cylindrical specimens.

Fig. 6. Sintering temperature process.

Fig. 7. Equipment for the testing of mechanical properties: (a) Uniaxial compression
test, and (b) Brazilian disc test.
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h ¼ L0 � L1
L0

100% (1)

where L0 is the size of a certain dimension before sintering and L1 is
the size after sintering. Table 3 lists the dimensions of these spec-
imens before and after sintering for each test.
Please cite this article as: Shi X et al., Method of fabricating artificial rock sp
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The results indicate that there is a certain difference between
the axial and radial shrinkage rates of the specimens. Nevertheless,
a minor difference is noticed. The average shrinkage rate can be
used to represent the overall shrinkage situation of the specimens.
The average shrinkage rate increases linearly with the sintering
temperature, ranging from 9% to 18.75%. The multiple linear
regression method is used to analyze the influence of multiple
factors on the shrinkage rate. Based on the data in Table 3, the
regression of the shrinkage rate can be obtained using

h ¼ � 17:375� 0:375Dþ 0:5H þ 0:03025T (2)

The multiple linear regression model fits well with the experi-
mental data. The correlation coefficient R of the polynomial
regression equation is 0.992, and the coefficient of determination
R2 is 0.983, indicating a strong linear correlation between the
dependent and independent variables. According to Eq. (2), the size
change of the specimens before and after sintering can be esti-
mated. For example, if a standard cylindrical specimen with di-
mensions of f50 mm � 100 mm is desired under the conditions of
D ¼ 1.8 mm, H ¼ 1 mm, and T ¼ 1000 �C, the input print size before
sintering should be f57.3 mm � 114.5 mm.
3.2. Chemical component

X-ray diffraction (XRD) analysis is used to examine the mineral
composition of the raw material and the specimens after heating
treatment, as high-temperature treatment may alter chemical
components. The XRD tests confirm the mineral composition
changes with different sintering temperatures. SiO2 is a funda-
mental component of rocks with a percentage of around 40%, and
its stable structure results in minimal changes in content before
and after sintering. Illite is the clay mineral with low strength.
Feldspars are a group of rock-forming aluminum tectosilicate
minerals. The compositions of illite and feldspar decrease signifi-
cantly with increasing temperature. Illite disappears completely at
1000 �C, and feldspar disappears at 1100 �C. Instead, amorphous
and mullite appear at 800 �C and 1000 �C, respectively, indicating
the transition of mineral types after heating treatment. Amorphous
or poorly crystalline materials, which may include major constit-
uents, accessoryminerals, and discrete particles dispersed in a rock,
generally exhibit high strength (Rimsaite, 1979). The content of
amorphous increases continuously to 44.3% at 1200 �C. Mullite is a
rare silicate mineral formed during contact metamorphism of clay
minerals. It appears at 900 �C and increases to 20.1% at 1200 �C. The
ecimens based on extrusion free forming (EFF) 3D printing, Journal of
rmge.2023.05.011
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changes in these composition percentages are shown in Fig. 8. The
variation of mineral composition with temperature is consistent
with the study of Ersoy et al. (2021). During the sintering process,
the clay minerals undergo a transformation into amorphous and
mullite with increasing temperature, resulting in increased
specimen density and hardness.
3.3. Physico-mechanical properties

Table 4 shows the results of the physico-mechanical tests. The
software of IBM SPSS Statistics is used to analyze the influence of
the forming parameters (D, H, T, h, r, sc, st, and E) on the physico-
mechanical properties using the multiple linear regression
method, taking into account the coupling effects of different pa-
rameters through the use of the uniform experimental design
method.

Regression analysis of the experimental data in Table 4 was
conducted to determine the influence of the printing parameters
(i.e. nozzle diameter D, printing layer thickness H, and sintering
temperature T) on the physico-mechanical properties:

r ¼ � 0:252þ 0:06D� 0:1H þ 0:00232T (3)

sc ¼ � 57:7345þ 0:5025D� 0:89H þ 0:090175T (4)

st ¼ � 44:3655þ 7:2275D� 5:35H þ 0:044905T (5)

E ¼ � 21:39þ 0:32D� 1:86H þ 0:03002T (6)

The t-test can be used to analyze the significance of regression
coefficients. The specific procedure entails conducting a hypoth-
esis test, by setting the null hypothesis H0 as bi ¼ 0, where bi
represents the regression coefficient. The t-value is calculated
using the estimation value of the regression coefficient divided by
its standard deviation. The absolute value of the calculated t-value
indicates the degree of significance of the corresponding inde-
pendent variable’s impact on the dependent variable. As shown in
Table 5, the results of the t-test indicate that the sintering tem-
perature T has the most significant impact on the physico-
mechanical properties of the printed specimens, with all of
these properties showing an increasing trend with temperature.
The density and strength of the specimens can be increased by
ig. 8. Variation of the mineral compositions of the EFF specimens sintered under
ifferent temperatures.

cimens based on extrusion free forming (EFF) 3D printing, Journal of
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Table 4
The physico-mechanical properties of EFF specimens.

Test No. D (mm) H (mm) T (�C) h (%) r (g/cm3) sc (MPa) st (MPa) E (GPa)

1 1 0.7 1100 16.5 2.32 43.3 10.49 11.17
2 1.2 0.9 1000 12.25 2.02 30.28 2.42 6.82
3 1.4 0.6 900 9 1.83 21.63 0.98 4.44
4 1.6 0.8 800 7.25 1.65 16.46 0.82 2.17
5 1.8 1 1200 18.75 2.54 50.49 17.18 13.35

Table 5
The t-test of multiple linear regression.

Item t-value

D (nozzle diameter) H (print layer thickness) T (sintering temperature)

r 0.516 �0.373 9.984
sc 0.066 �0.051 5.932
st 0.944 �0.302 2.932
E 0.159 �0.4 7.453

Note: The t-values are calculated by the t-test.
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decreasing the print layer thickness H or increasing the nozzle
diameter D. Nevertheless, the sintering temperature is the primary
factor influencing the material properties, while layer thickness
and nozzle diameter are secondary factors. Therefore, controlling
the sintering temperature is the most important method for con-
trolling the mechanical properties of EFF specimens. However, it
should be noted that the nozzle diameter and printing layer
thickness are also important factors, especially in terms of the
tensile strength of the specimens. In conclusion, once the required
mechanical parameters of the natural rock to be simulated are
determined, adjusting the sintering temperature can be used as the
main method for producing EFF specimens, while changing the
nozzle diameter and printing layer thickness can be utilized as fine-
tuning methods.
4. Similarity analysis between EFF specimens and natural
rocks

The mechanical properties of the EFF 3D printing specimens,
including failure mode, density, strength, brittleness, and stiffness,
were compared with those of natural rocks using data collected
from published papers. Tatone (2014) proposed that if the specific
mechanical parameters of a rock material, especially the indicators
of deformation and brittleness, fall within the statistical range of
the corresponding indicators of natural rocks, the material can be
considered similar to natural rocks. The results of the similarity
analysis demonstrated the potential for using EFF 3D printing
technology to create artificial rocks.
Fig. 9. Comparison of failure modes between EFF specimens and natural rocks

Please cite this article as: Shi X et al., Method of fabricating artificial rock sp
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4.1. Similarity of failure mode

Fig. 9 shows the failure mode of EFF specimens and crack
propagation in nature rocks observed in all EFF specimens, exhib-
iting characteristics of tension. This is similar to the failure mode of
rocks under uniaxial compression. At sintering temperatures
ranging from 800 �C to 900 �C, the crack propagation of the EFF
specimen was insignificant, and both axial and radial deformations
were relatively large, exhibiting significant plastic deformation
similar to the failure mode of mudstone. As the temperature
increased to 900 �C-1100 �C, cracks became more prominent, and
the allowable axial and radial deformations of the specimens
decreased. The failure mode changed from significant deformation
to tension failure caused by cracks, and the failure mode became
more brittle, which is similar to the failure mode of sandstone. At
temperatures of 1100 �C-1200 �C, the specimens exhibited typical
tensile failure with multiple cracks running through the entire
specimen, similar to the failure mode of sandstone. However, for
granite with high strength and brittleness, the failure mode is
fragmentation due to the propagation of tensile cracks. The EFF
specimen does not exhibit similar failure modes.

4.2. Similarity of density

The density of solid materials is a fundamental physical prop-
erty. It was found that the density of 3D printing specimens using
the EFF technique increases as the sintering temperature increases,
ranging from 1.65 g/cm3 to 2.54 g/cm3, as shown in Fig. 10. Natural
rock density can vary significantly, with values ranging from 0.75 g/
cm3 to 3.5 g/cm3, and most common rocks, e.g. sandstone, lime-
stone, and mudstone, have densities that are similar to those of 3D
printing specimens. The range of density variation in 3D printing
specimens can potentially be expanded through variations in sin-
tering temperature. Overall, the density of EFF 3D printing speci-
mens is comparable to that of natural rocks.

4.3. Similarity of strength

The compressive strength of EFF 3D printing specimens ranged
from 16.46 MPa to 50.49 MPa, while the tensile strength ranged
from 0.98 MPa to 17.18 MPa, as show in Fig. 11. The tensile and
compressive strengths of EFF specimens are compared with natural
rocks to assess their similarity as shown in Figs. 11 and 12. These
values were found to be comparable to those of common sand-
stone, mudstone, marble, and limestone. However, the strength of
EFF printed specimens was not sufficient to accurately simulate the
properties of hard rocks.

It is easy to determine visually if a single indicator of rock-like
materials falls within the statistical range of natural rocks.
. (a) failure mode of EFF specimens, and (b) failure mode of natural rocks.

ecimens based on extrusion free forming (EFF) 3D printing, Journal of
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Fig. 10. Comparison of the density between EFF specimens and natural rocks (Data from Chen and Pan, 1998; Kahraman et al., 2000; Altindag, 2003; Hatheway, 2009; Agliardi et al.,
2014; Tatone, 2014; Walton et al., 2015; Li et al., 2016; Rao and Singh, 2017; Wang et al., 2017; Geranmayeh Vaneghi et al., 2018; Zhang et al., 2019a, b; Aladejare, 2020; Cui and
Gratchev, 2020; Du et al., 2020; Wang et al., 2020; Zhai et al., 2020; Cui et al., 2021; Liu et al., 2021; Han et al., 2022; Zhou et al., 2022).

Fig. 11. Comparison of strength between EFF specimens and natural rocks. (a) compressive strength; and (b) tensile strength. (Data from Chen and Pan, 1998; Kahraman et al., 2000;
Altindag, 2003; Hatheway, 2009; Agliardi et al., 2014; Tatone, 2014; Walton et al., 2015; Li et al., 2016; Rao and Singh, 2017; Wang et al., 2017; Geranmayeh Vaneghi et al., 2018;
Zhang et al., 2019a, b; Aladejare, 2020; Cui and Gratchev, 2020; Du et al., 2020; Wang et al., 2020; Zhai et al., 2020; Cui et al., 2021; Liu et al., 2021; Han et al., 2022; Zhou et al.,
2022).
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Fig. 12. Comparison of sc-st between EFF specimens and natural rocks (Data from
Chen and Pan, 1998; Kahraman et al., 2000; Altindag, 2003; Hatheway, 2009; Agliardi
et al., 2014; Tatone, 2014; Walton et al., 2015; Li et al., 2016; Rao and Singh, 2017; Wang
et al., 2017; Geranmayeh Vaneghi et al., 2018; Zhang et al., 2019a, b; Aladejare, 2020;
Cui and Gratchev, 2020; Du et al., 2020; Wang et al., 2020; Zhai et al., 2020; Cui et al.,
2021; Liu et al., 2021; Han et al., 2022; Zhou et al., 2022).
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However, it is difficult to compare two indicators. This study uses
colorful boxes to compare data involving two indicators. Never-
theless, this method only provides an approximate judgment and
has some randomness. The density of rock is known to have a
strong correlation with its strength. As shown in Fig. 13, the rela-
tionship between density and compressive strength (r-sc) and
density and tensile strength (r-st) for EFF specimens is similar to
that of a variety of natural rocks, including sandstone, mudstone,
limestone, and gneiss. At sintering temperatures of 800 �C-1000 �C,
EFF specimens can effectively simulate low-strength mudstone. At
higher sintering temperature of 1100 �C-1200 �C, EFF specimens
Fig. 13. Comparison of r-sc and r-st between EFF specimens and natural rocks (a) Compress
2000; Altindag, 2003; Hatheway, 2009; Agliardi et al., 2014; Tatone, 2014; Walton et al., 20
2018; Zhang et al., 2019a, b; Aladejare, 2020; Cui and Gratchev, 2020; Du et al., 2020; Wang e
2022).
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exhibit characteristics similar to those of medium-hard sandstone,
limestone, and gneiss.
4.4. Similarity of brittleness

The brittleness of a rock also plays a significant role in deter-
mining its failure mode (Zou et al., 2022), as well as its suitability
for various applications, e.g. rockburst, cutting, drilling, and blast-
ing (Dursun and Gokay, 2016; Tan et al., 2018; Yagiz et al., 2020). In
order to assess the brittleness of the EFF specimens, the brittle
index (B) proposed by Altindag (2010) was used in this study, which
is based on the compressive and tensile strengths and is expressed
by

B ¼ ffiffiffiffiffiffiffiffiffi

scst
p

(7)

The brittleness of natural rocks can vary significantly, ranging
from 2MPa to 128MPa. The EFF specimens, on the other hand, have
a brittleness of 3.67 MPae29.45 MPa, which is similar to sandstone,
mudstone, and limestone. This suggests that EFF specimens are
suitable for simulating rocks with low brittleness, but are not
suitable for rocks with high brittleness, as shown in Fig. 14.
4.5. Similarity of stiffness

The stiffness of solid materials can be analyzed through the
stress-strain curve, which reflects the material’s resistance to
deformation under forces. The present study compared the stress-
strain curves of EFF 3D printing specimens with those of natural
rocks, as shown in Fig. 15. It was observed that the stiffness of EFF
specimens increased with increasing sintering temperature. When
sintering at temperatures ranging from 800 �C to 900 �C, the stress-
strain curves of EFF specimens were relatively flat, indicating low
stiffness similar to that of mudstone. At a sintering temperature of
1000 �C, the stiffness of EFF specimens was similar to that of
sandstone and limestone. When the sintering temperature
increased to 1100 �Ce1200 �C, the stress-strain curves of EFF
specimens became steeper, indicating higher stiffness similar to
that of medium-hard gneiss and limestone.
ive strength; and (b) Tensile strength. (Data from Chen and Pan, 1998; Kahraman et al.,
15; Li et al., 2016; Rao and Singh, 2017; Wang et al., 2017; Geranmayeh Vaneghi et al.,
t al., 2020; Zhai et al., 2020; Cui et al., 2021; Liu et al., 2021; Han et al., 2022; Zhou et al.,
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Fig. 14. Comparison of the brittleness between EFF specimens and natural rock (Data from Chen and Pan, 1998; Kahraman et al., 2000; Altindag, 2003; Hatheway, 2009; Agliardi
et al., 2014; Tatone, 2014; Walton et al., 2015; Li et al., 2016; Rao and Singh, 2017; Wang et al., 2017; Geranmayeh Vaneghi et al., 2018; Zhang et al., 2019a, b; Aladejare, 2020; Cui and
Gratchev, 2020; Du et al., 2020; Wang et al., 2020; Zhai et al., 2020; Cui et al., 2021; Liu et al., 2021; Han et al., 2022; Zhou et al., 2022).

Fig. 15. Comparison of stress-strain curves between EFF specimens and natural rocks, i.e. Sandstone 1 (Du et al., 2020), Sandstone 2 (Mardalizad et al., 2018), Gneiss 1 (Zhou et al.,
2022), Gneiss 2 (Agliardi et al., 2014), Limestone 1 (Walton et al., 2015), Limestone 2 (Zhang et al., 2019a), Mudstone 1 (Huang et al., 2014), Mudstone 2 (Huang et al., 2018), and
Mudstone 3 (Ren et al., 2022). ε is the axial strain of the specimen.
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The deformation stiffness index, defined as the ratio of the
elastic modulus E to the compressive strength sc, is frequently used
to compare the stiffness of different types of rocks (Stimpson, 1970;
Shi et al., 2018). Fig. 16 compares the deformation stiffness index of
EFF specimens to that of natural rocks. It can be seen that the
stiffness of EFF specimens is generally similar to that of natural
rocks. Nevertheless, the maximum modulus of elasticity of EFF
specimens is only 13.35 GPa, which is lower than that of hard rocks.
4.6. Applicability of EFF specimens in simulating rocks

The rock type simulation undergoes a transformation from
mudstone to limestone, sandstone, and finally gneiss as the tem-
perature increases. Concurrently, a rise in sintering temperature
leads to a growth in material strength, elastic modulus, brittleness,
and a decrease in allowable deformation. It is noteworthy that
although the strength and stress-strain curves of specimens sin-
tered at 1200 �C closely resemble those of gneiss, the compressive
Please cite this article as: Shi X et al., Method of fabricating artificial rock sp
Rock Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.
strength of the specimens produced using the EFF method remains
low, making them suitable for simulating soft rocks, e.g. mudstone,
sandstone, and medium-hard rocks, e.g. limestone and gneiss.
Through calculations using Eqs. (4)e(6), the mechanical parameter
range of EFF-produced specimens can be obtained. Table 6 presents
the mechanical parameters of the specimens at specific sintering
temperatures and the corresponding natural rock types that they
resemble.
5. Conclusion

The present study used the EFF 3D printing technique to fabri-
cate artificial rock-like specimens and discussed the similarities to
various natural rocks. The experimental result verified the feasi-
bility of the EFF 3D printing method in fabricating artificial rocks.
Based on the positive results in simulating the mechanical prop-
erties of rocks by this 3DPmethod, the application of this technique
ecimens based on extrusion free forming (EFF) 3D printing, Journal of
jrmge.2023.05.011



Fig. 16. Comparison of deformation stiffness between the EFF specimens and natural
rocks (Data from Chen and Pan, 1998; Kahraman et al., 2000; Altindag, 2003;
Hatheway, 2009; Agliardi et al., 2014; Tatone, 2014; Walton et al., 2015; Li et al., 2016;
Rao and Singh, 2017; Wang et al., 2017; Geranmayeh Vaneghi et al., 2018; Zhang et al.,
2019a, b; Aladejare, 2020; Cui and Gratchev, 2020; Du et al., 2020; Wang et al., 2020;
Zhai et al., 2020; Cui et al., 2021; Liu et al., 2021; Han et al., 2022; Zhou et al., 2022).

Table 6
Proposed EFF specimens to simulate different natural rocks.

T (�C) UCS (MPa) BTS (MPa) E (GPa) Similar rock type

800e900 14.02e23.7 0e5.31 1.09e4.9 Mudstone
900e1000 23.04

e32.72
0e9.8 4.09e7.9 Sandstone, mudstone,

limestone
1000

e1100
32.05
e41.74

2.42
e14.29

7.1e10.91 Sandstone, mudstone,
limestone

1100
e1200

41.07
e50.76

6.91
e18.79

10.9
e13.91

Sandstone, limestone, gneiss

Note: BTS is short for Brazilian tensile strength.
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in simulating the fractures or defects in rocks will be themainwork
in future studies. The main conclusions are listed below.

(1) The shrinkage of the EFF specimen is inevitable in the sin-
tering process, ranging from 6% to 21%. However, the degree
of contraction of the specimens in axial and radial directions
is similar, and the standard specimens can be obtained by
increasing the size of the specimens before sintering.

(2) The printing parameters, i.e. nozzle diameter D, printing
layer thickness H, and sintering temperature T, all have im-
pacts on the properties of EFF specimens and will change
their physico-mechanical properties within a wide range.
The effect of sintering temperature is dominant.

(3) The EFF printing material has similar mineral compositions
to sedimentary rocks, both of which are mainly composed of
SiO2 and Al2O3, while the composition of EFF specimens can
vary with the sintering temperature. The wet clay is trans-
formed into amorphous and mullite during the sintering
process, which leads to a growth in material density,
strength, brittleness, and a decrease in allowable
deformation.

(4) Based on the similarity analysis of failure mode, density,
strength, brittleness, and stiffness between the specimens
produced by EFF and natural rocks, it is recommended that
specimens sintered at 800 �C-900 �C be utilized to simulate
mudstone. Specimens sintered at 900 �C-1100 �C could be
Please cite this article as: Shi X et al., Method of fabricating artificial rock sp
Rock Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.j
used to simulate sandstone, mudstone, and limestone; and
specimens sintered at 1100 �C-1200 �C be employed to
simulate sandstone, limestone, and gneiss.

(5) This paper conducts a preliminary study on using the EFF
technology to fabricate specimens to simulate natural rocks.
EFF is expected to provide a wider range of rock simulations
by updating experimental instruments and changing mate-
rial composition and proportions. Comprehensive investi-
gation on more thermal-hydraulic-dynamic-mechanical
properties are needed in future studies, e.g. the porosity,
permeability and cracking behavior.
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