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Abstract:
The analysis of mechanical response and deformation-cracking behavior contributes to the
high-efficiency extraction of geo-energy and long-term safety of underground engineering
structures. Compared to natural cores, the mechanical properties of 3D-printed samples
made from quartz sand as raw material are relatively homogeneous, and can be used for
quantitative studies on the influence of natural defects on the mechanical properties of
rocks. In this work, 3D-printed samples with single fractures of different crack angles,
lengths and widths were fabricated and used for uniaxial compression tests. Adopting the
digital image correlation method, the stress-strain distribution during uniaxial compression
tests were visualized, and the influence of prefabricated fracture characteristics (dip angle,
length, and width) on the deformation-failure process were studied. An extended finite
element method subroutine for ABAQUS® software was modeled and used for the uniaxial
compression simulation, which was validated by experiments. Then, the influence of
mechanical parameters (Young’s modulus, Poisson’s ratio, cohesion, and internal friction
angle) on the deformation-cracking mechanics were simulated and studied. The results
indicate that, compared to the intact sample, fractures reduce the sample strength. With
the extension of fracture length and width, or the decline of fracture angle, both the peak
strain and strength of the 3D-printed samples decrease. The splitting tensile failure, or
shear failure, or both were determined for the 3D-printed samples with different fracture
angles. For the same axial strain, the extension length of the new crack increases linearly
with rising Young’s modulus and decreases linearly with increasing Poisson’s ratio. The
initial strain of new cracks decreases linearly with increasing Young’s modulus, while
little variations are found in samples with different Poisson’s ratio. For the same axial
displacement load, the peak stress increases linearly with growing internal friction angle
and cohesion.

1. Introduction
Natural rock mass is a kind of strongly heterogeneous

porous medium with multi-scale complex structure and dis-
ordered initial defects (Yang and Liu, 2021; Ishola et al.,
2022). A deep understanding of the mechanical response
and deformation-cracking behavior contributes to the high-
efficiency extraction of geo-energy and long-term safety of
underground engineering projects (Pardoen et al., 2020; He et
al., 2021; Song et al., 2022). Many scholars have performed
hydraulic cutting and wire cutting to fabricate initial defects

in natural rocks (e.g., sandstone, marble etc.) for laboratory
mechanical tests. They studied the effects of the number of
prefabricated fractures (e.g., single fracture, double fractures,
multiple fractures) and the fracture morphology (e.g., angle,
length, spacing, and filling materials of the fractures) on the
mechanical properties and the deformation-cracking response
of the rock samples using uniaxial compression test, con-
ventional triaxial compression test, Brazilian disk test, cyclic
loading test, etc. (Haeri et al., 2014; Yang, 2015; Zhuang and
Zhou, 2020; Jacobsson et al., 2021; Liang et al., 2021; Rashid
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et al., 2023). The results confirmed that the initial detects
reduced the strength of rock samples, and the weakening
degree was affected by the geometrical parameters of the
fractures. Kallesten et al. (2020) studied the compactness of
fractured cores by injecting chemically reactive brine into
fractured cores (such as MgCl2 brine) and found that the
cracking of the core had a significant impact on the evolution
of its porosity and permeability. However, the disordered and
heterogeneous pore structure of natural rock adopted in these
studies were not controllable, which means it was difficult to
avoid the differences in the mechanical properties even if the
intact rock samples were assumed to be homogeneous (Lan et
al., 2010; Sousa, 2013; Ghasemi et al., 2020; Xu et al., 2020;
Abdelaziz et al., 2023).

Three-dimensional printing technology provides a new tool
for manufacturing rock-like samples with controllable internal
structure, which possess mechanical similarity to natural rock
in the intact 3D-printed state and can be regarded as relatively
homogeneous (Ju et al., 2014; Jiang et al., 2016; Zhou and
Zhu, 2017; Gao et al., 2021; Song et al., 2021). Wang et
al. (2018) manufactured 3D-printed fracture network models
with different geometric shapes and adopted them for uniaxial
compression tests. Sharafisafa et al. (2018) tested the me-
chanical response of 3D-printed samples with fractures filled
by different materials, and used the digital image correlation
method to monitor the stress-strain distribution on the sample
surface. The results showed that the strength of samples
was increased by the filling materials, whose mechanical
properties had a great influence on the deformation and failure
behavior of samples (Sharafisafa et al., 2021). Song et al.
(2020) investigated the mechanical behavior, microstructure
and transport characteristics of 3D-printed samples made by
silica sand, gypsum powder and coated silica beads under
uniaxial and triaxial compression conditions. They found that
the coated silica beads and silica sand samples were suitable
for simulating highly permeable sedimentary rocks, while the
gypsum powder samples were suitable for simulating high
stress in soft rocks. However, the properties related to mineral
composition were not considered. Since the strength of 3D-
printed samples used in these studies was weak, many scholars
have attempted to optimize the 3D printing process to enhance
the mechanical properties of fabricated samples. Fereshtenejad
and Song (2016) explored the effects of printing direction,
printing layer thickness, binder saturation and heating process
on the strength and mechanical behavior of 3D-printed sam-
ples, and put forward the optimal printing scheme of powder
3D printer. Hodder et al. (2018) studied the uniaxial compres-
sion strength of 3D-printed samples fabricated by different
kinds of binder, and found that increasing the binder usage
could enhance the sample strength. Gell et al. (2019) found
that curing treatment can effectively improve the strength
and brittleness of 3D-printed samples fabricated by artificial
gypsum materials, polylactic acid and sandstone materials.

The strength of 3D-printed samples is still much lower than
that of natural rocks, which are usually compacted under long-
term geological evolutionary processes, achieving high density
and cementation between internal mineral particles and leading
to strong bonding strength and high mechanical strength. In

contrast, 3D-printed rocks are formed by cementing matrix
materials using a binding agent, resulting in lower density and
weaker bonding strength between material particles, yielding
lower mechanical strength. Nonetheless, experimental results
based on 3D-printed samples can provide a new validating
tool to numerically modeling on the mechanical behavior of
natural rocks. Currently, the numerical simulation methods
commonly used in rock mass mechanical response include
the discrete element method (Ju and Xing, 2022), boundary
element method (Ke et al., 2009), conventional finite ele-
ment method (Wu et al., 2020b), joint finite-discrete element
method (Wu et al., 2020a), and extended finite element method
(XFEM) (Riazi et al., 2023). The discrete element method
is suitable for irregular geometries of cracks and nonlinear
behavior but is computationally complex and time-consuming
(Haeri et al., 2018). The boundary element method is suitable
for smooth cracks and features high computational efficiency,
but can neither handle complex deformation behaviors such as
crack opening or sliding, nor nonlinear and irregular problems
(Ke et al., 2009). The conventional finite element method
uses the Lagrange continuous function as a shape function to
deal with the fracture propagation problem, which requires the
material properties in the element to be continuous, making it
suitable for various complex crack shapes. On the other hand,
it requires high-precision meshing, has low in computational
efficiency and is not suitable for large-scale computation (Wu
et al., 2020b). The joint finite-discrete element method is
applicable for cracking scenarios considering rock fissures, and
homogeneous and heterogeneous rock masses; however, it is
computationally complex and time-consuming, and is difficult
to apply for the modeling and simulation of crack intersections
and complex crack structures (Wu et al., 2020a). Meanwhile,
the XFEM was emphasized by many scholars owing to
its advantages of handling the fracture propagation without
remeshing and the ability of high-efficiency calculation. The
XFEM has been applied for the behavior simulation of rock
with randomly distributed strength and stiffness (Pakzad et al.,
2020), as well as the interaction between hydraulic fractures
and natural fractures in multi-scale reservoir formations under
confining pressure (Shi et al., 2015; Wang, 2015; Cruz et
al., 2018). However, most mechanical parameters used in
previous studies, such as Young’s modulus, Poisson’s ratio,
porosity, permeability, and friction coefficient between the
crack surfaces, were based on hypothetical or indoor test
results, which makes it difficult to overcome the uncertainty
of mechanical properties caused by heterogeneity.

In this paper, we conducted experiments and numerical
modeling of deformation-cracking mechanics of 3D-printed
rock samples with single fracture. The 3D-printed samples
with single fractures of different shapes were fabricated and
used for uniaxial compression tests. The stress-strain distri-
bution during the uniaxial compression tests were visualized
by adopting the digital image correlation method, and the
influence of prefabricated fracture geometrical characteristics
(fracture dip angle, fracture length and fracture width) on
the deformation-failure process and the propagation of new
fractures were studied. The XFEM subroutine for ABAQUS®

software was modeled and used for the uniaxial compression
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Fig. 1. Schematic diagram of 3D printing process.

0 2 4 6 8 1 0 1 2 1 4 1 60

2

4

6

8

1 0

1 2

Ax
ial

 str
ess

 (M
Pa)

A x i a l  s t r a i n  ( × 1 0 - 3 )

 W Z - 1
 W Z - 2

 I n t a c t  s a m p e l  1  ( W Z - 1 )
D i a m e t e r  =  2 5  m m
H e i g h t  =  5 0  m m

 I n t a c t  s a m p e l  2  ( W Z - 2 )
D i a m e t e r  =  2 5  m m
H e i g h t  =  5 0  m m

Fig. 2. Stress-strain curve of the two intact samples in the
uniaxial compression test.

simulation, and validated by experiments. Then, the influence
of physical and mechanical parameters (Young’s modulus,
Poisson’s ratio, cohesion and internal friction angle) on the
deformation-cracking mechanics of rock samples were simu-
lated and studied.

2. Materials and Methods

2.1 Sample preparation
Coated quartz sands of spherical shape were selected as

the raw material of 3D printing in this study, which mainly
contained 95%∼99% quartz sand and 1%∼5% resin. The ink-
jet printing 3D printer of VX2000 was adopted. The maximum
printing accuracy could achieve 0.5 mm, and the maximum
size of the 3D-printed samples was 2000mm × 1000mm ×
1000mm. Fig. 1 shows the 3D printing workflow, which
included (1) the establishment of CAD model of the sample
with different fractures (the fracture angle of this model is
45◦); (2) transferring the model into STL format file and to
the 3D printer; (3) the printer adds the granular materials layer
by layer from bottom to top. The 3D-printed samples were
designed as a standard cylinder of 50 mm in diameter and 100
mm in height. To mark and monitor the deformation of the 3D-
printed samples using the digital image correlation method, the
sample surface was coated with spray paint. A layer of white
paint on the surface of the sample was firstly applied, and
after the white paint dried, the sample was sprayed with fine
mist-like black paint particles.

Table 1. Mechanical parameters of the intact sample.

Diameter
(mm)

Height
(mm)

Young’s
modulus
(MPa)

Compressive
strength
(MPa)

Peak axial
strain
(×10−3)

24.86 50.06 1,186 10.3 12.791

2.2 Experimental setup and procedure
The uniaxial compression tests on the 3D-printed samples

were conducted using a microcomputer-controlled electro-
hydraulic servo system with the digital image correlation
method setup of ARAMIS, which was equipped with a maxi-
mum loading of 1,000 kN and a maximum resolution of 0.01%
of the measurement accuracy in strain monitoring. The high-
resolution images of the strain distribution and the fracture
propagation on the surface of the 3D-printed samples were
monitored by a high-speed camera. The displacement and
strain of the sample surface were calculated by generating the
coordinate values of lattice sheets at each stage.

Three groups of 3D-printed samples were manufactured:
(1) The fracture length and width of samples in group #1
were 20 and 2 mm, respectively, and the angle varied from 0◦

to 75◦. (2) The fracture angle and width of samples in group
#2 were 45° and 2 mm, and the length varied from 5 to 20
mm. (3) The fracture angle and length of samples in group #3
were 45° and 20 mm, and the width varied from 0.5 to 2.5
mm. Loading at the uniform speed of 100 N/s was adopted in
the uniaxial compression test, while the fracture propagation
was imaged at the frequency of 1 piece/s.

3. Experimental results
In order to study the deformation process of 3D-printed

samples, unconfined uniaxial compression tests were carried
out on intact samples and samples with different prefabricated
fractures. Uniaxial compression tests on intact samples made
from the same batch under the same conditions were con-
ducted to test the replicability of the results. The two sets of
results show good consistency in terms of the curve growth
trend, peak stress and peak strain, as presented in Fig. 2.
The average values of mechanical parameters in the laboratory
test results of two intact samples are listed in Table 1. Figs.
3(a)-3(c) show that the stress drops rapidly after reaching the
peak value, which may be caused by the brittleness of rock.
Meanwhile, we observed that the sample was accompanied by
surface peeling during the failure process, and a strong failure
sound was emitted. When the sample is damaged, it shows
typical axial failure characteristics. The above phenomena
are similar to the common failure phenomena of natural
rock, which indicates the reliability of the 3D-printed samples
fabricated in this paper.

It can be seen that the ultimate compressive strength σc and
axial peak strain ε are lower than those of the intact sample
shown in Fig. 3, which is caused by prefabricated fractures.
When the angle is 0◦, the minimum compressive strength is 2.8
MPa, and the minimum peak strain is 5.925×10−3. Compared
with the intact sample, the strength and peak strain are reduced
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Fig. 3. Stress-strain curves of 3D-printed samples with different (a) angels, (b) lengths and (c) widths.
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Fig. 4. Horizontal displacement fields of 3D-printed samples
with different fracture angles at the failure stage.
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Fig. 5. Strain field evolution of 3D-printed samples (2b=2.5
mm).

by 72.8% and 53.7%, respectively; when the angle is 75◦, the
maximum compressive strength is 8.4 MPa, and the minimum
peak strain is 9.452×10−3. Compared with the intact sample,
the strength and peak strain are reduced by 18.4% and 26.1%,
respectively. In addition, when the fracture angle increases,
the ultimate compressive strength σc and axial peak strain ε

increase. The above phenomenon indicates that the dip angle
of natural fractures has a significant impact on the mechanical
properties.

The uniaxial compressive strength σc and axial peak strain
ε of 3D-printed samples are lower than those of the intact
sample, as displayed in Fig. 4. Meanwhile, with the increase
in the fracture length 2a (extension length of the crack),
the uniaxial compressive strength σc and axial peak strain
ε decrease. When the length of 2a is 5 mm, the maximum
compressive strength is 9.9 MPa, and the maximum peak

strain is 10.589×10−3. Compared with the intact sample, the
strength is reduced by 3.9%, and the peak strain is reduced
by 17.2%; when the length of 2a is 20 mm, the minimum
compressive strength is 5.6 MPa and the minimum peak strain
is 9.113×10−3. Compared with the intact sample, the strength
and peak strain are reduced by 45.6% and 28.8%, respectively.

Fig. 5 shows the phenomenon that, with the increase in
the fracture width 2b (distance between the two surfaces of
the crack), the uniaxial compressive strength σc and axial peak
strain ε decrease. This result indicates that the longer the frac-
ture width in the rock, the more easily the rock will be subject
to large deformation and failure. In quantitative terms, when
the width 2b is 0.5 mm, the maximum compressive strength
is 6.2 MPa and the maximum peak strain is 8.863× 10−3.
Compared with the intact sample, the strength is reduced by
39.8% and the peak strain is reduced by 30.7%; when the
width 2b is 2.5 mm, the minimum compressive strength is 4.7
MPa and the minimum peak strain is 7.185×10−3. Compared
with the intact sample, the strength is reduced by 54.4% and
the peak strain is reduced by 43.8%.

The strength of 3D-printed samples with prefabricated
fractures is significantly lower than that of the intact sample,
as displayed in Figs. 3(a)-3(c). Meanwhile, similar to the
intact sample, the axial stress-strain curves of 3D-printed
samples with prefabricated fractures are characterized by four
stages: pore compaction, elastic deformation, yield, and strain
softening. In the stage of pore compaction, the stress is low
and the slope is flat. This phenomenon may be due to the
good material homogeneity of 3D-printed samples and the
basically consistent initial stiffness. Meanwhile, the nonlinear
behavior of concave curve is obvious due to the compression
of the internal pores and layer gaps of 3D-printed samples. In
the elastic deformation stage, the curves are close to linearity
and rise, which may be caused by the volume compression
of the structural materials of the sample. In the yield stage,
the curve deviates from the linear growth again and becomes
less steep. Due to the stress concentration produced by the
compression near the prefabricated crack tip of the sample,
new cracks begin to initiate and expand along the axial stress
direction. In the strain softening stage, the curve declines
rapidly after reaching the peak value, because new cracks have
propagated and basically penetrated the sample, the sample
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is destroyed, and the bearing capacity decreases. The area
near the prefabricated fracture tip of each sample presents
a large horizontal displacement in the uniaxial compression
experiments on the 3D-printed samples, which is shown in Fig.
4. Meanwhile, the horizontal displacement near the left and
right tip of the fracture moves in the opposite direction. For the
samples with small prefabricated fracture angles (15◦, 30◦), the
horizontal displacement field is symmetrically distributed at
the left and right ends of the fracture, showing a tensile failure
mode. When the fracture angle is large (60◦), the horizontal
displacement field is anti-symmetrically distributed near the
two tip regions of the fracture, showing shear failure mode.
When the fracture angle is 45◦, the horizontal displacement
field contains both the above two cases. Meanwhile, the failure
mode includes both tensile failure and shear failure.

The strain field evolution of 3D-printed samples (2b = 2.5
mm) are shown in Fig. 5. The maximum strain is concentrated
at the tip of the prefabricated fracture when the fracture
initiates, and an approximately anti-symmetric distribution is
formed in the upper and lower regions of the prefabricated
fracture. Subsequently, as the load continues to increase, the
strain localization band gradually expands along the axial
direction of the sample (the upper and lower interfaces of
the sample) until it penetrates, which is also the propagation
path of the macroscopic fracture. It is worth noting that there
are many large strain concentration zones at the tip of the
lower left corner of the prefabricated fracture in the samples.
This is because the increase in the external load of the sample
triggers the deformation of the prefabricated fracture tip area,
causing the stress concentration of the surrounding elements.
Eventually, damage is caused to the surrounding elements.

4. Numerical modeling and validation
Previous experimental results show that the stress-strain

curve of a single-fracture sample obeys the elastoplastic con-
stitutive model and involves the propagation of central cracks.
To study the influence of matrix mechanical characteristic
parameters of the single-crack sample on its axial strain, crack
initiation strain and peak stress, numerical simulation based
on XFEM is further carried out in this paper. The detailed
simulation theory is described in Section 4.1, and the specific
model setup and its validation are included in Section 4.2.

4.1 XFEM theory for numerical simulation
According to the experimental results, the mechanical

properties of a single-crack matrix can be described by the
Mohr-Coulomb plastic model (Nguyen, 2018), and the fracture
propagation behavior is simulated by the XFEM method. The
crack propagation process is realized by the traction-separation
failure criterion (Lee and Pietruszczak, 2015), which assumes
that the constitutive relation of the element is linear elasticity
(Zakavi et al., 2022) before the crack appears. Therefore, the
relationship between stress and deformation at the interface
can be expressed as:

t =


tn

ts

tt

= Kδ =


Kmn 0 0

0 Kss 0

0 0 Ktt




δn

δs

δt

 (1)

where t represents nominal stress (MPa); tn means normal
stress (MPa); ts and tt are shear stresses (MPa) in different
directions; δ represents the nominal strain; δn represents the
normal strain; δs and δt are shear strains in different directions;
K represents the strength matrix (Kss, Ktt denote shear strength
and Knn is normal strength, which are independent of each
other, so shear displacement does not cause normal stress
change).

When the stress reaches the strength limit, the stress-strain
relationship becomes inversely proportional. As the relative
displacement of cracks continues to increase, the rock strength
begins to degenerate, whereas the stress begins to decrease.
When the stress is zero, the rock material is completely
damaged. The damage degree of the element is defined by
the tension-separation criterion, as follows (Mehraban et al.,
2023): {

tn = (1−D)Tn, Tn ≥ 0
tn = Tn, Tn < 0

(2)

ts = (1−D)Ts (3)
tt = (1−D)Tt (4)

where Ts, Tt represent the normal stress component (MPa) be-
fore damage (linear elastic stage); Tt represents the tangential
stress component (MPa) before damage (linear elastic stage);
tn and ts denote the normal stress component (MPa) after
damage occurs; tt represents the tangential stress component
(MPa) after damage occurs; D is the damage variable, which
equals 0 when the material is not damaged and equals 1 when
the material is completely damaged.

The linear softening model (Yao, 2012) is used to simulate
the damage softening behavior in the crack tip region of
the sample, and the damage variable D and the separation
displacement δ satisfy a certain relationship:

D =
δ

f
m (δm −δ o

m)

δm

(
δ

f
m −δ o

m

) (5)

where δ
f

m represents the separation displacement (m) when the
element is completely damaged; δ o

m represents the separation
displacement (m) when the element begins to be damaged;
δm denotes the maximum separation displacement (m) in the
element failure process.

Considering the combined effect of normal and tangential
displacements in the damage process of the element, the
separated displacement in the above equation is equivalent to
effective displacement:

δm =
√

δ 2
n +δ 2

s +δ 2
t (6)

In addition, the interface movement is tracked by the level
set method (Edke and Chang, 2010):



Song, R., et al. Advances in Geo-Energy Research, 2023, 8(2): 126-135 131

0 2 4 6 8 1 00

1

2

3

4

5

6
Ax

ial 
stre

ss (
MP

a)

A x i a l  s t r a i n  ( × 1 0 - 3 )

 � � � � � �  � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
 N u m e r i c a l  t e s t  ( �  � � � � � � � � � � � � � � � � � � � � � � � � � � � � )
 � � � � � �  � � � � � � � � �  � � � � � � � � � � � � � � � � � 
 � � � � � � � � � 	 
 � �
 N u m e r i c a l  t e s t � � �  � � � � � � � � � � � � � � � � � 
 � � � � � � � � � 	 
 � �

S a m p l e  A

S a m p l e  B

P h y s i c a l N u m e r i c a l

P h y s i c a lN u m e r i c a l

 B  B 1
A A 1

Fig. 6. Comparison results of stress-strain curves in the
experiments and simulations.

2b = 1 mm 2b = 2 mm 2b = 2.5 mm2b = 1.5 mm

(mm)
time=1

+5.829e-01
+3.869e-01
+1.909e-01
-5.149e-03
-2.012e-01
-3.972e-01
-5.932e-01

U, U1

Fig. 7. Horizontal displacement field of 3D-printed samples
with different crack widths in the simulation.

ϕ(x, t) =±min
xc∈Γ

||x− xc|| (7)

Eq. (7) is the level set function of the crack surface, which
is used to describe the crack surface, and xc is any point on
the crack surface. The values of Eq. (7) are determined by the
relative position of x with respect to the crack defined by Γ ,
which is positive above the crack and negative below it.

φi(x,0) = (x− xi) · t
′

(8)
Eq. (8) is the level set function of wavefront (Cruz et al.,

2019), which is used to describe the position of the crack tip
and is orthogonal to Eq. (7) ; t

′
represents the unit tangential

vector at the crack tip, and xi represents the crack tip.

ϕ(x) = ∑
i

Ni(x)ϕi (9)

Eq. (9) can be used to calculate ϕ at any point x in the
region near the crack, and the static geometric interface of the
crack can be described as ϕ(x,0) = 0, where Ni(x) represents
the conventional finite element shape function and ϕi is the
node value of the level set function. Both the constitutive
model of the sample matrix and the XFEM method of crack
propagation simulation can be realized in ABAQUS® soft-
ware. Therefore, in this paper, the corresponding simulation
model is constructed directly by ABAQUS® software.

4.2 Model validation
Standard cylinder samples with a diameter of 50 mm

and a height of 100 mm were established. Referring to the
constraint situation of previous experiments, the bottom of
the model was set as a fixed-end constraint, the site was free
and unlimited, and the total displacement load of 1 mm was
applied at the top. The initial analysis step was 0.01, and
the maximum increment step was 10,000. In addition, three
constant parameters were used in the numerical experiments,
namely, a failure displacement of 0.001 m, viscosity coefficient
of 1×10−5, and friction coefficient of 0.2.

The comparison results of stress-strain curves in the simu-
lation and the experiment are shown in Fig. 6. Obviously, the
stress-strain curves obtained by simulation and experiment are
in good agreement. In quantitative terms, the axial peak stress
and strain of sample A (2a = 20mm, 2b = 2mm, α = 30◦)
are 4.45 MPa and 7.82× 10−3 in the previous experiment,
and they are 4.31 MPa and 9.27 × 10−3 in the simulation,
respectively. Meanwhile, the axial peak stress and strain of
sample B (2a = 20mm, 2b = 2.5mm, α = 45◦) are 4.71 MPa
and 7.19 × 10−3 in the previous experiment, and they are
4.68 MPa and 9.21×10−3 in the simulation, respectively. The
above specific quantitative parameters are also close, which
confirms the reliability of our simulation models.

It must be noted that the peak strength error between the
above experimental and simulation results is less than 5%, but
there is a difference in the axial peak strain. The reason is
that 3D-printed samples are regarded as ideal homogeneous
materials in the simulation. However, real 3D-printed samples
may have certain heterogeneity. Taking sample B as an exam-
ple, in the simulation, when the core sample is compressed by
force, the stress increases linearly and stably with the strain.
In addition, the sample is regarded as an ideal elastic-plastic
body, thus the curve tends to be horizontal after reaching the
peak strength point B1. In the experiment, at the initial stage of
loading, the pore in the sample and the gap between the layers
are compressed and closed, and the elastic modulus is small.
Subsequently, the pore compression in the sample gradually
reaches the maximum, the layers are in close contact, and
the elastic modulus gradually increases and tends to stabilize.
When it gets to point B, the curve drops rapidly, showing typi-
cal axial splitting failure characteristics. The simulated results
for four samples with different crack widths are consistent
with the experimental results, which are displayed in Fig. 7.
In the laboratory test, the maximum horizontal displacement
are +0.3067 and -0.3090 mm (displacement is positive to the
right and negative to the left, and the same applies below). In
numerical simulations, the maximum horizontal displacement
are +0.5829 and -0.5932 mm. However, the field distribution
of horizontal displacement in the simulated results is highly
symmetrical, and no distortion phenomenon of the horizontal
displacement field at the crack tip area can be observed
in the experimental results. This is because the specimens
in the numerical experiments are considered as completely
homogeneous materials, and no collapse or detachment of
materials occurred during the compression process.
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Fig. 8. Relationship between the crack initiation strain and
Young’s modulus (and Poisson’s ratio).

5. Discussion

5.1 Influence of elasticity parameters
The propagation length of new cracks increases linearly

with the enlargement of Young’s modulus under the same
axial strain. The relationship between axial strain (crack initi-
ation strain) and Young’s modulus and Poisson’s ratio during
crack initiation in numerical simulations are shown in Fig.
8. Apparently, the initiation strain of new cracks in different
samples decreases linearly with rising Young’s modulus E
(R2 = 0.936). In fact, Young’s modulus reflects the ability of a
material to resist axial deformation and failure. As it gradually
increases, the axial stress in the sample increases from small to
large under the same axial strain condition. Because the stress
threshold required for new cracks in each sample is the same,
the crack initiation strain will decrease linearly with increasing
Young’s modulus. In addition, the crack initiation strain of
samples with different Poisson’s ratio is about 2.01× 10−3,
and there is no great difference. Therefore, Poisson’s ratio has
little influence on the initiation process of new cracks.

5.2 Influence of plastic mechanical parameters
The relationship between the axial peak stress and the

internal friction angle in the numerical simulations is presented
in Fig. 9. The peak stress increases linearly with rising
internal friction angle (R2 = 0.993). This result indicates
that increasing the friction angle of the 3D-printed sample
matrix can significantly enhance the sample strength. The
relationship between axial strain (yield strain) and internal
friction angle when the sample yields (from elastic stage
to plastic yield stage) in numerical simulations is shown in
Fig. 9. The yield strain increases linearly with rising internal
friction angle (R2 = 0.992). This phenomenon indicates that
the sample with a larger internal friction angle undergoes a
longer elastic deformation stage. When the angle of internal
friction decreases from 50◦ to 10◦ (by 80%), the peak stress
decreases from 5.51 to 3.31 MPa (by 39.9%), and the axial
strain decreases from 6.1×10−3 to 4.2×10−3(by 31.1%).
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Fig. 9. Relationship between axial peak stress (and yield
strain) and internal friction angle.
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Fig. 10. Relationship between axial peak stress (and yield
strain) and cohesion.

The relationship between the axial peak stress and the
cohesive force in numerical simulations is displayed in Fig.
10. Basically, the peak stress increases linearly with increasing
cohesive force (R2 = 0.999). This indicates that increasing the
cohesive force of the 3D-printed sample matrix can signifi-
cantly enhance the sample strength. The relationship between
yield strain and cohesion when the sample has just yielded
in numerical simulations is shown in Fig. 10. The yield strain
increases linearly with increasing cohesive force (R2 = 0.995),
which indicates that the elastic deformation stage of the sample
with a higher cohesive force is longer. In addition, when the
cohesive force decreases from 5 to 1 MPa (by 80%), the peak
stress decreases from 8.92 to 1.94 MPa (by 78.3%), whereas
the axial strain decreases from 6.6× 10−3 to 3.2× 10−3 (by
51.5%).

6. Conclusions
In this paper, we conducted experiments and numerical

modeling on the deformation-cracking mechanics of 3D-
printed rock samples with single fracture. Samples with single
fractures of different shapes were fabricated by 3D printing
and used for uniaxial compression tests. By adopting the



Song, R., et al. Advances in Geo-Energy Research, 2023, 8(2): 126-135 133

digital image correlation method, the stress-strain distribution
during the uniaxial compression tests were visualized, and the
influence of prefabricated fracture geometrical characteristics
(fracture dip angle, fracture length and fracture width) on
the deformation-failure process and the propagation of new
fractures were studied. The XFEM subroutine for ABAQUS®

software was modeled and used for the uniaxial compression
simulation, which was validated by experiments. Finally, the
influence of physical and mechanical parameters (Young’s
modulus, Poisson’s ratio, cohesion and internal friction angle)
on the deformation-cracking mechanics of rock samples were
simulated and studied. The results indicate that:

1) In laboratory tests, compared to the intact sample, frac-
tures reduce the strength of the sample. With increasing
fracture length and width, or declining fracture angle,
both the peak strain and the strength of the 3D-printed
samples decrease. When the fracture angle is 0◦, the
minimum compressive strength is 2.8 MPa (decreased by
72.8%), and the minimum peak strain is 5.925× 10−3

(decreased by 53.7%). When the fracture length is 20
mm, the minimum compressive strength is 5.6 MPa
(decreased by 45.6%), and the minimum peak strain is
9.113× 10−3 (decreased by 28.8%). When the fracture
width is 2.5 mm, the minimum compressive strength is
4.7 MPa (decreased by 54.4%), and the minimum peak
strain is 7.185×10−3 (decreased by 43.8%).

2) In laboratory tests, the horizontal displacement in the
samples is distributed symmetrically at the ends of the
fracture. The splitting tensile failure, or shear failure, or
both were determined for the 3D-printed samples with
different fracture angles. When the prefabricated fracture
angle is 30◦ or less, the sample presents the characteristics
of splitting tensile failure for the 3D-printed samples with
the fracture angle of 30◦ or less, while shear failure is
identified for the 3D-printed samples with the fracture
angle of 60◦. When the fracture angle is 45°, the sample
shows both tensile failure and shear failure.

3) In numerical simulations, under the same axial strain,
the extension length of the new crack increases linearly
with increasing Young’s modulus and decreases linearly
with increasing Poisson’s ratio. The initial strain of new
cracks decreases linearly with increasing Young’s mod-
ulus, while little variations are detected in samples with
different Poisson’s ratios.

4) In numerical simulations, under the same axial displace-
ment load, the peak stress of the sample increases linearly
with rising internal friction angle and cohesion. When
the internal friction angle decreases from 50◦ to 10◦ (by
80%), the peak stress decreases from 5.51 to 3.31 MPa
(decreased by 39.9%), and the yield strain decreases from
6.1 × 10−3 to 4.2 × 10−3 (31.1%). When the cohesive
force declines from 5 to 1 MPa (by 80%), the peak stress
decreases from 8.92 MPa to 1.94 MPa (by 78.3%), and
the yield strain decreases from 6.6×10−3 to 3.2×10−3

(by 51.5%).

Although the strength of 3D-printed rock is relatively lower
compared to natural rock, this study provides a theoretical

basis for the constitutive model validation of the deformation-
cracking process of rock. In some aspects, the lower strength
is beneficial to decreasing the required loading, e.g., to study
the cracking process of the rock in the visualized test at the
pore scale. Further research will consider the influences of
samples with multi-cracks and in-situ loading methods on the
deformation and failure processes of rock.
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