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Abstract: In order to study the influence of joint density on the strength characteristics and failure modes of rock mass, the rock-like 
specimens with different joint densities were prepared by using 3D sand printing, with the quartz sand and furan resin being employed 
as the printing materials. The uniaxial compression test was performed on the 3D sand printed specimens, and the digital image correlation 
(DIC) method was used as a non-contact technique to monitor the full-field deformation. The crack initiation, propagation and coalescence 
behaviors were quantitatively analyzed from the micromechanics point of view. The results show that the shape of stress-strain curve 
and the compressive-to-tensile strength ratio of 3D sand printed intact specimen are similar with those of the natural rock, which can 
be grouped as a rock-like material. The variation processes of stress-strain curves with different joint densities are similar, and can be 
divided into initial compaction, linear elastic deformation, crack development and residual strength stages. The mechanical properties 
of specimens decrease with the increase of joint density εf, and the relationship can be expressed as exponential decay functions. By 
calculating the strain field and displacement vector distribution on the specimen surface, the deformation field distribution and crack 
propagation of the specimen are found to be closely related to the joint density. The failure mode shifts from axial tension failure (εf = 
0.280%) toward mixed failure (εf = 1.193%) and then to tensile coalescence band failure (εf ≥ 1.712%) as the flaw density increases. 
When the joint density is greater than or equal to 2.739%, the block rotation appears in the tensile coalescence band, and the bookshelf 
faulting with block rotation is reproduced. 
Keywords: rock mechanics; joint density; 3D printing; failure mode; digital image correlation (DIC) method; displacement field 

 

1  Introduction 

Geological defects such as faults, joints, and fissures 
inevitably exist in natural rocks[1]. A large number of 
engineering examples show that the strength degradation 
and instability of rocks are often closely related to the 
initiation, propagation and coalescence of these defects. 
Therefore, in-depth study of the mechanical properties of 
jointed rock masses has important theoretical and practical 
significance for understanding the internal rock bridges 
in jointed rock slope and the fracture process of jointed 
rock mass during the excavation of underground caverns 
to ensure the safety of these rock mass projects[2]. 

In recent years, many scholars have carried out a series 
of studies on jointed rock masses. Wong et al.[3], Chen 
et al.[4], and Yang et al.[5] used gypsum materials to prepare 
rock-like specimens containing joints, and summarized 
the effects of joint dip, connectivity, interlayer spacing, 
and overlap on the failure mode of rock masses. Wang 
et al.[6] and Yang et al.[7] conducted uniaxial and triaxial 

compression tests on cement mortar specimens containing 
joints, and explored the mechanical properties of specimens 
under different joint inclinations, numbers and roughness. 
Zhang et al.[8] used an independently developed rock-like 
material to prepare model specimens with cross-cracks. 
Li et al.[9] used iron powder and quartz sand as aggregates, 
barite powder as a regulator, and rosin and alcohol as a 
binder to prepare similar material models, and analysed 
the instability characteristics of jointed rock masses during 
excavation. However, the above experimental studies rarely 
involve the effect of joint density that is an indicator widely 
used to evaluate the structural characteristics of engineering 
rock masses[10]. Moreover, the preparation of rock-like 
specimens is mainly manual pouring, and thus it is difficult 
to ensure the accuracy and repeatability[11]. 

3D printing technology has the outstanding advantage 
of accurate replication of complex structural models, which 
provides a new method for solving the above-mentioned 
challenges in the preparation of rock specimens. In recent 
years, scholars have mainly adopted the following three 

1

QI et al.: Fracturing mechanism of rock-like specimens with different joint

Published by Rock and Soil Mechanics, 2021



  1670                    QI Fei-fei et al./ Rock and Soil Mechanics, 2021, 42(6): 1669−1680 

 

types of printing technologies: 
(1) Extrusion type: Jiang et al.[12] used polylactic acid 

material (PLA) as the printing material, and explored the 
application of fused deposition modelling (FDM) tech- 
nology to the specimen production for rock mechanics 
investigation, and found out that PLA material exhibits 
plastic deformation characteristics, which are very different 
from the mechanical properties of natural rocks. Wang 
et al.[13], Zhang et al.[14], Jin et al.[15] and others used FDM 
technology to print joint models with complex shapes, 
and then poured a rock-like matrix with cement mortar, 
which provided a new way for the preparation of rock- 
like specimens containing joints. 

(2) Photopolymerization type: Ju et al.[16] adopted 
stereolithography (SLA) and CT scanning technology to 
reproduce coal and rock mass models with complex internal 
structural features by using photosensitive resin as the 
printing material. The specimens printed by SLA tech- 
nology have fine structure and high strength, but the intact 
photosensitive resin specimens have poor brittleness[17]. 

(3) Powder type: Jiang et al.[18] printed rock-like speci- 
mens containing joints and holes based on gypsum mate- 
rials, and found out that the crack propagation process 
is in good agreement with real rocks, but this type of 
specimen is suitable to simulate low-strength rocks. Tian 
et al.[19] initially explored the application of 3D sand 
printing technology in rock mechanics testing, and believed 
that compared with other 3D printed specimens, sand 
specimens have mechanical properties highly similar to 
sandstone. 

Based on this, this paper uses 3D sand printing tech- 
nology to prepare rock-like specimens containing joints. 
The effect of joint density is considered and a uniaxial 
compression test is carried out. The digital image corr- 
elation (DIC) method is used to quantitatively analyse 
the global strain field and displacement field from the 
perspective of micromechanics, which contributes to gain 
a better understanding of the deformation and failure 
mechanism of jointed rock masses. The corresponding 
results have certain reference value for the application 
of 3D sand printing technology in rock mechanics testing. 

2  3D printing of jointed rock-like specimens 

2.1 Printing equipment and printing materials 
The ExOne S-MAXTM 3D sand printer was used 

to print rock-like specimens (see Fig.1). The maximum 
formable size of the equipment is 1 800 mm×1 000 mm× 

700 mm, the printing layer thickness ranges from 0.26 
to 0.38 mm, and the printing accuracy is 0.1 mm. In this 
study, artificial quartz sand and furan resin glue were 
used as printing materials, and the self-hardening process 
of furan resin and quartz sand was undertaken for printing 
at the room temperature. The particle size of artificial 
quartz sand is uniformly distributed between 0.074 mm 
and 0.147 mm, and the main mineral component is SiO2, 
as shown in Fig.2. Furan resin is a thermosetting resin 
adhesive that has the characteristics of fast curing speed 
and high brittleness[20]. 

 

Fig. 1  S-MAX 3D sand printer 

 

Fig. 2  Artificial quartz sand 
 
2.2 Specimen design 

In rock mass engineering, the joint density εf is an 
important indicator of the degree of joint development. 
This article defines it as the percentage of the joint area 
in the unit measurement area. The measurement area is 
the cross section perpendicular to the strike of the joint 
plane: 

1
f 100%

n

i
i

s

S
ε == ×


                          （1） 

where n is the total number of joints in the measurement 
area; si is the area of the i-th joint in the measurement 
area; and S is the total area of the measurement area. 

The size of the specimen is designed as 100 mm× 
100 mm×20 mm (height×width×thickness). The prefa- 
bricated joints are arranged in echelon form and having 
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thickness penetrating the specimen, as shown in Fig.3. 
Since the influence of geometric parameters such as joint 
dip, connectivity rate, and interlayer spacing on the fracture 
behavior of rock mass have been systematically studied[3−9], 
this article focuses on the influence of joint density. In 
order to simplify the test conditions, let the joint length 
Lj = 20 mm, the joint width B = 1.4 mm, and the joint 
spacing S equals the length of rock bridge Lr. Field inves- 
tigations found that joints with low dip angles are exposed 
in many rock engineering projects and are prone to induce 
geological disasters[21], so the joint dip angle is set to 
be 30º in this experiment. The length of the rock bridge 
is taken as 65, 35, 30, 25, and 20 mm, the corresponding 
joint density εf is 0.280%, 1.193%, 1.712%, 2.739%, and 
3.113%. In addition, specimens without joints (εf = 0%) 
are designed for comparison. 

 
Fig. 3  Geometrical parameters of joint distribution(unit: mm) 

 
In order to analyse the mechanical properties of the 

intact 3D printed specimens, two groups of standard cylin- 
drical specimen were also prepared: (a) size φ 50 mm× 
100 mm (diameter×height), used for uniaxial compression 
test; (b) size φ50 mm×50 mm (diameter×height), used 
for Brazil splitting test. Three identical specimens were 
prepared for each group. 
2.3 3D printing process 

The specimen 3D printing process is as follows: (i) 
Use AutoCAD to build a 3D digital model of the sample, 
export the *.STL standard format file, and import it into 
the S-MAX 3D sand printer. (ii) Place the quartz sand 
and furan resin cement in the powder feeding cylinder 
and the cement supply cylinder separately. The printing 
layer thickness is set to 0.3 mm in order to ensure the 
moulding quality of the specimen. (iii) The 3D sand printer 
performs layered printing by laying a layer of sand and 
spraying a layer of adhesive from the bottom up. The 
printed specimen is shown in Fig.4. It should be noted 

that the 3D printed specimens exhibit anisotropy, and the 
printing direction will affect the mechanical properties 
of the specimens[19]. Therefore, this study uniformly sti- 
pulates that the Z-axis direction (that is, the thickness 
direction of the specimen) is set as the printing layer 
stacking direction, as shown in Fig.5. 

 

(a) Rock-like specimens with different joint densities 

 
(b) Standard size rock-like specimen 

Fig. 4  3D sand printed specimens 

 
Fig. 5  Work direction of 3D printing 

3  Test design and mechanical properties of 
rock-like specimens 

3.1 Test apparatus 
The schematic diagram of the testing system is shown 

in Fig.6. The uniaxial compression test was carried out 
using the WDW-100 testing device developed by Jinan 
Shijin Group Co., Ltd. The loading method is displacement 
control, and the loading rate is 0.3 mm/min. During the 
experiment, an industrial camera was used to collect digital 
speckle images, with a resolution of 2 592 pixels × 1 944 
pixels, and a collection rate of 1 frame/s. An LED light 
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was placed next to the camera to ensure that the captured 
digital image has sufficient brightness and contrast. 

 
Fig. 6  Testing system 

 
3.2 Artificial speckle field processing and test process 

The sample processing and testing procedures are as 
follows: (i) Spray a layer of white paint uniformly on the 
front of the sample, spray black paint after drying to form 
a random artificial speckle field as a carrier of deformation 
information. (ii) Before the test, place the sample between 
the upper and lower bearing plates, install and adjust the 
digital image acquisition equipment. (iii) Acquire the 
digital speckle image on the front of the sample in real 
time during the test. (iv) Stop collecting data after the 
test is over, and import the speckle images into the 
DIC processing software Ncorr[22] and calculate the 
displacement fields and strain fields during the loading 
process of the specimen. 
3.3 Mechanical properties 

The test results of intact rock-like samples are shown 
in Table 1. The elastic modulus is defined as the slope 
of the straight-line section in the elastic deformation stage. 
In the table, samples 1 to 3 are used for uniaxial com- 
pression test, and samples 4 to 6 are used for Brazil splitting 
test. It can be seen from the table that the coefficients of 
 
Table 1  Statistical results of mechanical properties of rock-like 
specimens 

Test 
category 

Sample 
No. 

Strength 
/MPa 

Elastic 
modulus 

/GPa 

Strength Elastic modulus 

Average 
Value /MPa 

Coefficient 
of variation 

Average 
value /MPa

Coefficient of 
variation

Uniaxial 
compression 

1 8.43 1.15 
8.26 0.018 1.15 0.003 2 8.23 1.14 

3 8.13 1.16 

Brazil 
Splitting 

4 0.59 － 
0.60 0.017 － － 5 0.60 － 

6 0.61 － 

variation of uniaxial compressive strength, elastic modulus 
and tensile strength are 0.018, 0.003, and 0.017, respec- 
tively. This shows that the rock-like specimens prepared 
by 3D sand printing technology have stable mechanical 
properties and sound repeatability. The compression-tensile 
strength ratio of the intact specimen is 13.8, indicating 
that it has distinct characteristic of brittle materials. 

Typical stress−strain curves of 3D sand-printed rock 
specimens are illustrated in Fig.7. The stress−strain curve 
of the specimen under uniaxial compression can be roughly 
divided as follows (Fig.7(a)): the initial compaction stage 
(oa1 section) with concaved curve; the elastic deformation 
stage (a1b1 section) with curve being an approximately 
oblique straight line; the plastic deformation stage (b1c1 
section) with curve, of which slope dwindles gradually; 
and the post-peak failure stage (c1d1 section) with the stress 
dropping rapidly after reaching the peak point. At the 
final stage, the specimen has lost the bearing capacity 
and shows significant brittle failure characteristics. Figure 
7(b) shows that the stress−strain curve from Brazilian 
splitting test has experienced compaction (oa2 section), 
elastic deformation (a2b2 section) and post-peak failure 
(b2c2 section) successively, and there is no obvious plastic 
deformation. Therefore, it can be summarised that the 

 
(a) Uniaxial compression test 

 

(b) Brazilian splitting test 

Fig. 7  Stress−strain curves of typical rock-like specimens 
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mechanical properties of the 3D printed specimen are 
similar to those of real rocks, and can be regarded as a 
rock-like material, which can be applied to the experimental 
research on rock mechanics. 

4  Effect of joint density 

4.1 Strength and deformation parameters 
Figure 8 shows the compressive strength pσ and elastic 

modulus E of specimens with different joint densities under 
uniaxial compression. Fitting analysis of these test data 
are performed with the equations derived as follows: 

f /1.91
p 7.46e 0.63εσ −= +  (R2 = 0.98)           （2） 

f /0.970.94e 0.43E ε−= +  (R2 = 0.98)           （3） 

It can be seen that increasing the joint density will 
cause the deterioration of the specimen mechanical pro- 
perties; the relationship between the strength deformation 
parameters and the joint density is exponentially attenuated, 
and the correlation coefficient R2 is both 0.98. Shu et al.[23] 
and Shi et al.[24] conducted experiments and numerical 
simulations on jointed rock masses, and found that the 
compressive strength, elastic modulus and the number 
of joints also show a nonlinear attenuation correlation, 

 
(a) Compressive strength 

 
(b) Elastic modulus 

Fig. 8  Relationship between joint density and mechanical 
properties 

and the attenuation amplitude varies with the number 
of joints; the attenuation gradually slows down with the 
increase of the joint number. Change of the number of 
joints results in the change of the joint density, so the 
conclusions of this paper can be considered similar to 
the conclusions obtained by Shu et al.[23] and Shi et al.[24] 
4.2 Deformation and fracture evolution  

The digital image correlation method is a non-contact 
and non-destructive monitoring method based on image 
processing and numerical calculation. Its basic principle 
is to analyse the digital speckle images before and after 
the deformation of the specimen surface through the image 
matching and tracking methods where the movement of 
the geometric points are tracked, and the deformation 
field on the surface of the specimen is calculated[25]. In 
this study, the digital image correlation software Ncorr 
was used to calculate the strain field during the loading 
process of the specimen. The basic algorithms include 
the sub-zone deformation, nonlinear optimization, reliability 
guidance and strain calculation, and the strain error is 
less than 0.05%[22]. 
4.2.1 Strain field at the initial stage of loading 

Nephograms of the horizontal and vertical strain fields 
of specimens with different joint densities are presented 
when the axial strain is 0.2%. The joint density significantly 
affects the deformation field distribution of the specimen 
at the initial stage of loading. When the joint density εf = 
0.280%, 1.193% and 1.712%, the strain field distribution 
on the surface of the specimen is relatively uniform, and 
the corresponding values are also very low. However, 
under the same axial strain level, some strain localized 
bands have begun to appear around the joints of the 
specimen when the joint density εf = 2.739% and 3.113%. 

The maximum relative strain is defined as the diffe- 
rence between the maximum value and the minimum 
value of the global strain, and it is used to characterize 
the degree of strain differentiation of the specimen; the 
larger the value, the more significant the strain concen- 
tration. Figure 10 shows the maximum relative strain of 
specimens with different joint densities when the axial 
strain is 0.2%. It can be seen from the figure that as the 
joint density increases, the maximum relative strain shows 
an increasing trend, which means that the degree of strain 
differentiation around the joint is intensified, which also 
explains the attenuation of macro-mechanical parameters. 
4.2.2 Relationship between stress−strain curve and crack 
propagation  

With the change of joint density, the failure modes 
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(a) Horizontal strain field (εf = 0.280%)     (b) Vertical strain field (εf = 0.280%) 

 
(c) Horizontal strain field (εf = 1.193%)     (d) Vertical strain field (εf = 1.193%) 

 
(e) Horizontal strain field (εf = 1.712%)     (f) Vertical strain field (εf = 1.712%) 

 
(g) Horizontal strain field (εf = 2.739%)    (h) Vertical strain field (εf = 2.739%) 

 
(i) Horizontal strain field (εf = 3.113%)    (j) Vertical strain field (εf = 3.113%) 

Fig. 9  Strain fields at an axial strain of 0.2% 

 
Fig. 10  Relationship between joint density and maximum 

relative strain 

of the specimens can be classified into three categories: 
axial tensile failure, tensile−coalescence band failure, and 
mixed failure, denoted as modes I, II, and I-II, respectively. 
The stress−strain curves of typical specimens corresponding 
to each failure mode are shown in Figs. 11(a), 12(a) and 
13(a). The five stress levels during the loading process 
of these specimens are selected for identification, which 

 
(a) Stress−strain curve and maximum relative strain 

 
(b) Crack propagation (mark point BⅠ） (c) Nephogram of horizontal strain field (mark point BⅠ） 

 
(d) Crack propagation (mark point CⅠ)   (e) Nephogram of horizontal strain field (mark point CⅠ) 

 
(f) Crack propagation (mark point DⅠ)  (g) Nephogram of horizontal strain field (mark point DⅠ) 

 
(h) Crack propagation (mark point EⅠ)  (i) Nephogram of horizontal strain field (mark point EⅠ) 

Fig. 11  Stress−strain curve, maximum relative strain, crack 
propagation and strain field during loading process (model I) 
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(a) Stress−strain curves and maximum relative strain 

 
(b) Crack propagation (mark point BII)  (c) Nephogram of horizontal strain field (mark point BII) 

 
(d) Crack propagation (mark point CII)  (e) Nephogram of horizontal strain field (mark point CII) 

 
(f) Crack propagation (mark point DII)    (g) Nephogram of horizontal strain field (mark point DII) 

 
(h) Crack propagation (mark point EII)    (i) Nephogram of horizontal strain field (mark point EII) 

Fig. 12  Stress−strain curve, maximum relative strain, crack 
propagation and strain field during loading process(model II) 
 
are marked as A, B, C, D, and E, and the corresponding 
subscripts I, II, or I-II represent the failure mode types. 
Point A corresponds to the initial stage of loading. At this 
time, the axial strain is 0.2%, and no cracks appear on 
the surface of the specimen. The strain field calculation 

 
(a) Stress−strain curves and maximum relative strain 

 

(b) Crack propagation (mark point BI-II)   (c) Nephogram of horizontal strain field (mark point B I-II) 

 
(d) Crack propagation (mark point CI-II)  (e) Nephogram of horizontal strain field (mark point CI-II) 

 
(f) Crack propagation (mark point DI-II)   (g) Nephogram of horizontal strain field (mark point DI-II) 

 
(h) Crack propagation (mark point EI-II)     (i) Nephogram of horizontal strain field (mark point EI-II) 

Fig. 13  Stress−strain curve, maximum relative strain, crack 
propagation and strain field during loading process (model I-II) 
 
results are shown in Fig.9. Points B, C, D, and E cor- 
respond to the crack initiation, crack propagation, peak 
stress, and residual stress, respectively. Figures 11(b)− 
11(g), 12(b)−12(g) and 13(b)−13(g) respectively show 
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the crack growth and the horizontal strain field cor- 
responding to the typical mark points B, C, D, and E, 
and new cracks are numbered with circled numbers in 
the order of appearance. 

(1) Mode I: axial tensile failure 
When the joint density εf = 0.280%, the specimen 

contains only one prefabricated joint, and the corresponding 
stress−strain curve, crack propagation process and nep- 
hogram of horizontal strain fields are shown in Fig.11. 
When the load reaches 97.39% of the peak stress cor- 
responding to the mark point BI in Fig.11(a), the new crack 
① originates at the tip of the prefabricated joint at the 
earliest, and the propagation direction is approximately 
perpendicular to the joint, as shown in Fig.11(b). The 
strain field calculation results indicate that there are strain 
localization bands around the joint and at the two tips, 
as shown in Fig.11(c). At the same time, a crack ② and 
a corresponding strain localization zone appear in the 
lower left corner of the specimen. It should be pointed 
out that the cracks ① and ② stop after extending for 
a certain length, so they do not play a leading role in the 
final damage. When continuing to load to 99.53% of the 
peak stress, which is marked as point CI in Fig.11(a), 
cracks ③ and corresponding strain localization zones 
begin to appear at the joint tip along the nearly axial 
direction, as shown in Figs. 11(d) and 11(e). When the axial 
load reaches the peak value, that is, the mark point DI 
in Fig.11(a), the crack ③ and the corresponding strain 
localization zones join and coalesce the specimen, as shown 
in Figs. 11(f) and 11(g). The test results are consistent 
with the uniaxial compression test results of single-joint 
marble from Yuan et al.[25]. Finally, the stress−strain curve 
drops to the residual strength and tends to be stable, as 
illustrated by the mark point EI in Fig.11(a). At this time, 
the crack penetration path does not change, but the strain 
field value increases, as shown in Figs. 11(h) and 11(i). 

(2) Mode II: tensile-coalescence band failure 
The crack propagation processes are similar when 

the joint density εf = 1.712%, 2.739%, 3.113%, so the 
specimen with εf = 1.712% is selected to provide a typical 
analysis, as shown in Fig.12. When it is loaded to 89.99% 
of the peak stress, which is marked as point BII in Fig.12(a), 
cracks ① and the corresponding strain localization zones 
first appear at the tip of the precast joint, as shown in 
Figs.12(b) and 12(c). Similar to the cracks ① that appear 
in mode I. When continuing to load to 95.82% of the 
peak stress, that is, at the mark point CII in Fig.12(a), a 
crack ② occurs at the upper left corner of the specimen. 

When the axial load reaches the peak value corresponding 
to the mark point DII in Fig.12(a), the crack ② overlaps 
with the left tip of the nearest joint, and the cracks ① 
and ② interact with the precast joints to form one or 
more tensile-coalescence bands perpendicular to the joint 
direction, which appear as strain localized bands covering 
the tensile-coalescence bands on the nephogram of the 
strain field, as shown on Figs. 12(f) and 12(g). Finally, 
the specimen enters the post-peak residual stress stage, 
which is the mark point EII in Fig.12(a). The crack pene- 
tration path has not changed, but the strain concentration 
is more significant, as shown in Figs. 12(h) and 12(i). 

(3) Mode I-II: mixed failure 
When the joint density εf = 1.193%, the specimen 

shows mixed failure, and the corresponding stress−strain 
curve, crack propagation process and nephogram of hori- 
zontal strain fields are shown in Fig.13. Figures 13(b)− 
13(g) demonstrate the evolution processes of cracks ① 
and ②, corresponding to the mark points BI−II−DI−II in 
Fig.13(a), are close to that of Mode II. As the axial load 
continues to increase, as shown in Fig.13(h), the crack 
at the right tip of the joint at the bottom of the specimen 
does not overlap with the tip of the adjacent joint, but 
expands in the nearly axial direction. Eventually, it pen- 
etrates the upper end of the specimen, which corresponds 
to the marked points EI-II in Fig.13(a); the horizontal 
strain field nephogram also shows a strain localized zone 
penetrating the specimen, as indicated in Fig.13(i). Cracks 
① and ② constitute the macroscopic fracture surface 
and dominate the final failure mode of the specimen. 
4.2.3 Evolution of maximum relative strain 

For different failure modes, the calculation results 
of the maximum relative strain corresponding to the mark 
point of each typical specimen are shown in Figs. 11(a), 
12(a) and 13(a). It can be found from the figure that before 
mark point B, the maximum relative strains of the speci- 
mens with different joint densities show a gentle growth 
trend. This can be explained that the specimens are in 
an elastic deformation state and the overall deformation 
is relatively uniform. After the crack initiation and pro- 
pagation, the resistance structure of the specimen undergoes 
abrupt changes, and the rock matrix surrounding the cracks 
also undergo strain adjustment, resulting in a sudden 
increase in the maximum relative strain. 
4.3 Mechanism of crack propagation 
4.3.1 Principle of displacement vector solution 

By calculating the displacement field of the specimen 
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surface using Ncorr[22], the matrices of horizontal dis- 
placement field and vertical displacement field are derived, 
then Matlab is used to solve for the displacement vector 
diagram during the loading process. Suppose the coor- 
dinates of any geometric point on the digital image before 
deformation are (x, y), and the coordinates after defor- 
mation are (x′, y′), and the vector solution formula is 

2 2( ) ( )
( )arctan arctan
( )

l x x y y
y y y
x x x

α

′ ′= − + − 
′ Δ −= = ′Δ − 

              （4） 

where l is the total displacement of the geometric point; 
α  is the angle between the direction of the displacement 
vector of the geometric point and the positive x direction, 
and the rightward direction on the x-axis is designated 
to be positive. 
4.3.2 Calculation results and analysis 

The calculation results of typical local displacement 
vectors amid the crack propagation are shown in Figs. 
14−16. This displacement information represents the 
accumulated displacement vectors of the speckles (i.e. 
meso-particles). Especially when cracks are initiating and 
expanding, the direction and magnitude of the disp- 
lacement vector of surrounding meso-particles will change 
significantly. Using these changes, the damage mechanism 

 

(a) Mark point BI 

 

(b) Mark point DI 

Fig. 14  Displacement vector distribution during crack 
propagation process (model I) 

 
(a) Mark point BII 

 
(b) Mark point DII 

Fig. 15  Displacement vector distribution during crack 
propagation process(model II) 

 
(a) Mark point BI-II 

 
(b) Mark point DI-II 

 
(c) Mark point EI-II 

Fig. 16  Displacement vector distribution during crack 
propagation process (model I-II) 

 
can be revealed from the perspective of mesomechanics. 
In this study, three basic cracks were identified: 

(1) Direct tensile crack (denoted as DT-1): The meso- 
particles on both sides of the newly generated crack move 
away from each other at a certain angle (Fig.14(a), Fig.15). 

(2) Direct tensile cracks (denoted as DT-2): The meso- 
particles on both sides of the newly generated cracks move 
away from each other. 

(3) Relative tensile cracks (denoted as RT): The meso- 
particles on both sides of the newly generated crack move 
in the same direction, but the displacement of one side 
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is significantly larger than that of the other side, causing 
the meso-particles on both sides to produce relative dis- 
placement and separation. 

The results of the crack identification in different 
failure modes are summarized in Table 2. 

 
Table 2  Summary of crack classification with different failure 
modes 

Mode Crack① Crack② Crack③ 
I DT-1 RT DT-2 
II DT-1 DT-1 － 

I-II DT-1 DT-1 － 

 
It should be noted that for Mode II, different joint 

densities will lead to different motion characteristics of 
the block in the tension-coalescence zone, and the cor- 
responding typical block displacement vector distribution 
is shown in Fig.17. When εf = 1.712%, the movement 
direction of the block is basically the same as the overall 
deformation direction of the specimen. When εf ≥ 2.739%, 
the block rotates clockwise, which basically match with 
the numerical simulation results of particle flow of densely 
jointed rock specimens[26]. This result is also similar to 
the domino-type structure, that is, the phenomenon of 
bookshelf fault with block rotation[27], as shown in Fig.18. 
From the calculation results leveraging digital image pro- 
cessing techniques in this paper, this geological structure 
is mainly formed under tension. The next step will be 

 
(a) εf = 1.712% 

 
(b) εf = 2.739% 

 
(c) εf = 3.113% 

Fig. 17  Displacement vectors of blocks for model II 

 
Fig. 18  Bookshelf fault with block rotation[27] 

 
to conduct a comprehensive and systematic study on this 
topic in order to obtain universally significant research 
conclusions. 

5  Conclusion 

In this paper, 3D sand printing with digital image 
correlation technologies were combined to reproduce the 
macro-mechanical properties of jointed rock masses during 
the loading process and to study the influence of joint 
density from the perspective of physical experiments, 
and the fracture mechanism of rock masses containing 
different joint densities was also revealed from the per- 
spective of mesomechanics. The following conclusions 
were obtained: 

(1) Unlike the previous 3D printing technologies based 
on a single material, the specimen produced by the 3D 
sand printing technology is a composite material—the 
quartz sand of one of the printing materials is similar 
to the mineral particles in the rock, and the other printing 
material Furan resin, resembles the cementing component 
in rock. The test results of the basic mechanical parameters 
of the intact 3D printed specimen show that the coefficient 
of variation is less than 0.018, and the compression- 
tension strength ratio is 13.8. Therefore, in consideration 
of material composition and mechanical properties, 3D 
sand printed specimens are more suitable for simulating 
rocks while can ensure the repeatability of test results. 

(2) The 3D sand printing technology is introduced 
in this paper to prepare rock-like specimens containing 
parallel joint groups. The significant manufacturing ad- 
vantages help solve the problems of low accuracy and 
lack of repeatability faced by traditional specimen 
preparation. It provides a reliable physical model for the 
study of the fracture mechanism of jointed rock masses. 
The study found that the existence of joints deteriorates the 
mechanical properties of the specimens, and as the 
density of joints increases, the compressive strength and 
elastic modulus of the specimens decrease exponentially. 
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In the next step, the effects of joint inclination and 
complex joint network will be explored. 

(3) The digital image correlation method is used to 
realize real-time, non-contact full-field monitoring of the 
specimen loading process, and in combination with the 
maximum relative strain, the evolution of the strain field 
and strain localization zone during the specimen loading 
process are quantitatively studied. The failure mode of 
the specimen is closely related to the joint density, and can 
be classified as axial tensile failure, tensile-coalescence 
failure and mixed failure. 

(4) When the crack initiates, propagates and coalesces, 
the displacement near the crack appears to be discontinuous, 
and different movement directions are demonstrated by 
the displacement vector. This paper quantitatively studies 
the incubation and evolution process of new cracks from 
the perspective of mesomechanics, and identifies three 
basic cracks, namely two direct tensile cracks (denoted 
as DT-1 and DT-2) and relative tensile crack (denoted 
as RT). The bookshelf faulting with block rotation in the 
geological structure is reproduced in the laboratory when 
εf≥2.739%, a tension-coalescence zone appears in the 
specimen, and the block in the zone rotates while the 
corresponding compressive strength reaches the lowest. 
Displacement vector analysis provides an effective method 
for in-depth understanding of the mechanical mechanism 
of the fracture evolution of jointed rock masses. 
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