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This study presents a visualized approach for tracking joint surface morphology. Three-dimensional laser
scanning (3DLS) and 3D printing (3DP) techniques are adopted to record progressive failure during rock
joint shearing. The 3DP resin is used to create transparent specimens to reproduce the surface
morphology of a natural joint precisely. The freezing method is employed to enhance the mechanical
properties of the 3DP specimens to reproduce the properties of hard rock more accurately. A video
camera containing a charge-coupled device (CCD) camera is utilized to record the evolution of damaged
area of joint surface during the direct shear test. The optimal shooting distance and shooting angle are
recommended to be 800 mm and 40�, respectively. The images captured by the CCD camera are corrected
to quantitatively describe the damaged area on the joint surface. Verification indicates that this method
can accurately describe the total sheared areas at different shear stages. These findings may contribute to
elucidating the shear behavior of rock joints.
� 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

Failure generally occurs along rock discontinuity, such as joint,
which is a major factor governing the inhomogeneity and anisot-
ropy of rock masses (Barton, 2013). Thus, the shearing behaviors of
natural joints and other discontinuities affect the strength and
deformation of rock mass. This dominates the stability of
geotechnical engineering projects, such as underground excava-
tion, rock slope construction, and resource exploitation (Barton,
1973; Kulatilake and Shou, 1995; Grasselli and Egger, 2003; Özgür
et al., 2015).

Numerous experimental investigations have been performed to
quantitatively characterize the mechanical properties of natural
rock joints. Several external monitoring techniques, including
acoustic emission, infrared thermal imaging, and charge-coupled
device (CCD) camera, have proven to be appropriate for moni-
toring the failure of specimens in real time (Tan et al., 2007;
Koyama et al., 2008; Ishida et al., 2010; Hedayat et al., 2014). The
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
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peak shear strength of rock joints significantly decreases with the
degradation of the joint surface roughness after multiple shearing
events (Johnston and Lam, 1989; Jing et al., 1993; Lee et al., 2001;
Singh et al., 2002; Jafari et al., 2004; Li et al., 2014). Based on lab-
oratory test results, various shear strength models have been pro-
posed to evaluate the mechanical properties of natural rock joints
(Barton, 1977; Saeb and Amadei, 1992; Grasselli et al., 2002, 2006;
Ge et al., 2016; Zhang et al., 2016; Asadizadeh et al., 2017). Previous
research indicates that the morphological characteristics of a rock
joint have a substantial influence on its shearing mechanism.
Nevertheless, the lack of joint specimens with the same joint sur-
face morphology has always limited the experimental studies
because no two natural rock joints are completely identical.
Measuring the shearing process of natural rock joints directly re-
mains a challenge in rock mechanics. The progressive failure on the
surface of a specimen is easier to be detected than that within the
specimen. Although computerized tomography (CT) scanning is
capable of interiorly monitoring the failure of specimens in real
time (Peng et al., 2018), it can only be applied to small specimens
due to the high cost for detection and slow speed for imaging.
Hence, inverse engineering technology is used to produce artificial
rock joint models for experimental studies and numerical simula-
tions (Roosta et al., 2006; Huang et al., 2013; Park and Song, 2013;
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Xia et al., 2014; Fan et al., 2019). Despite the widespread acceptance
of this method, such models cannot represent natural rocks due to
their irregular surface shapes (Jiang et al., 2016a). Comparatively,
three-dimensional printing (3DP) method is capable of repeatedly
producing artificial specimens by various materials with complex
geometry of natural rocks (Fereshtenejad et al., 2016; Pua et al.,
2018; Zhou et al., 2019; Jaber et al., 2020). Combined with three-
dimensional laser scanning (3DLS), 3DP can be used to perform a
comparative analysis of the 3D morphology of realistic rock joints
before and after shearing (Tang et al., 2012; Zhang et al., 2014;
Babanouri and Karimi, 2015; Jiang et al., 2016a; Kumar and Verma,
2016). In previous studies, it has been proven that the developed
3DLS and 3DP techniques provide a new way to manufacture
experimental specimens of rock joints (Jiang and Zhao, 2015; Ju
et al., 2017, 2018). Different rock-like materials, such as concrete
and gypsum, are adopted to build 3D joint, including the upper and
lower blocks. However, compared with the shear characteristics at
failure, how to obtain a complete wear process of asperities during
tests is still a challenge. Furthermore, the similitude of the me-
chanical behaviors of the printed models and natural rocks is not
well understood.

Therefore, this study proposes a monitoring method to assess
the evolution of surface roughness inside specimens based on a
visualized shear test. The 3DLS and 3DP techniques are adopted to
construct a transparent model of a rock joint. A visualized moni-
toring method is created with a CCD camera to observe the pro-
gressive failure during direct shearing. The combination of these
methods is conducive to overcoming the limitations of existing
methods and can be used to describe the evolution of rock joint’s
surface morphology during shearing and elucidate the shear
mechanism.

2. Preparation of 3DP joint specimen

2.1. Selection of 3DP material

Two types of available 3DP materials, including (i) powder-
based materials, i.e. ceramics (Chen et al., 2019), gypsum powders
(Jiang et al., 2016b; Kong et al., 2018), polymethyl methacrylate
(Jiang et al., 2016b), and (ii) stereo lithography apparatus (SLA)-
produced materials, i.e. soluble release support materials (SR20,
SR30, etc.) and resin (Liu et al., 2016; Ju et al., 2018), are utilized in
the field of rock mechanics. Among these 3DP materials, the resin
can be directly observed during tests due to its transparency (Liu
et al., 2016). It is possible to analyze the progressive failure of
resin with internal discontinuities during direct shear test. There-
fore, a 3DP resin model is relatively suitable for simulating natural
rocks in the present study.

We adopted a type of transparent photopolymer resin called
VeroClear 810 to print the specimens. This material has been suc-
cessfully employed to produce a physical model that represents
Table 1
Mechanical properties of the 3DP material and natural rocks at room temperature
(10 �C).

Specimen sc (MPa) st (MPa) E (GPa) n Source

VeroClear 810 76.7 54.5 3.1 0.38 Ju et al. (2014)
81.6 38.1 3.1 0.38 Wang et al. (2017)
82.4 / 3.11 0.38 Xia et al. (2020)
75.7 38.1 2.9 0.35 Liu et al. (2016)
84.3 50e65 2e3 / Kuo et al. (2017)

Carrara marble 84.6 6.9 49 0.2 Wong and Einstein (2009)
Xiaowan gneiss 98.5 7.39 42 0.18 Wu et al. (2009)
Beishan granite 97.3 10.59 53 0.22 Zhao et al. (2014)

Note: sc is the uniaxial compressive strength (UCS) and st is the tensile strength.
natural rock (Ju et al., 2017; Kuo et al., 2017; Wang et al., 2017; Liu
et al., 2020; Xia et al., 2020). The elastic modulus (E) and Poisson’s
ratio (n) of VeroClear 810 differ greatly from those of natural rocks
at room temperature (10 �C), as summarized in Table 1. Hence the
mechanical properties of VeroClear 810 need enhancement for
mimicking the natural rocks test. The mechanical behavior of resin
is temperature-dependent, and the mechanical properties can
significantly change with the testing temperature (Wu et al., 2005).
To effectively replicate natural rocks with VeroClear 810, a freezing
method can be applied to enhancing its mechanical properties
(Zhou and Zhu, 2018).
2.2. Enhancement of mechanical properties

Four groups of UCS tests were performed to obtain the me-
chanical behavior and basic properties of the VeroClear 810 speci-
mens under different temperatures (i.e. 10 �C, 0 �C, �30 �C
and �45 �C). A universal testing machine (WAW-600, SUNS, China)
with a loading capacity of 600 kN was used to load the specimens
(Fig. 1). The velocity of the loading cell was set at 2 mm/min. The
3DP specimens were generated using an Object Connex 500 3D
printer with dimensions of f25 mm � 50 mm (Fig. 2a). Resin
specimens were frozen in a cooler for at least 24 h prior to testing to
maintain the mechanical properties of the 3DP resin specimens
with a low-temperature treatment. A thermocouple was placed on
the surface of the specimen to measure its temperature during the
test. Given that some temperatures (i.e. �30 �C and �45 �C) were
beyond the service temperature of the strain gage generally used in
rock tests, the axial strain was recorded using loading machine
sensors only.

Fig. 3 illustrates the axial stressestrain curves of the 3DP resin
specimens recorded during UCS tests at laboratory temperature
(10 �C) and after refrigeration (i.e. 0 �C, �30 �C and �45 �C). Given
that strain gages were not employed, the lateral strain of the resin
specimens was obtained from the CCD camera. In addition, the
lateral strain of the resin specimen at �45 �C was not monitored
because of sudden brittle failure, whereas the specimen at 10 �C
deformed as a typical ductile material after the peak stress was
reached. Table 2 shows the physical properties of the four speci-
mens. The UCS (sc) and elastic modulus (E) of the frozen 3DP resin
specimens increase by 35% at �30 �C and 76.5% at �45 �C, due to
refrigeration. The Poisson’s ratio (n) decreases as the temperature
decreases.
Fig. 1. UCS tests for VeroClear 810 specimens: (a) SUNS universal testing machine with
a loading capacity of 600 kN and (b) UCS specimen made by VeroClear 810, which is
25 mm in diameter and 50 mm in length.



Fig. 2. The 3DP specimens (a) before and (b) after UCS tests under different
temperatures.

Fig. 3. Stressestrain curves of the 3DP samples at different temperatures.

Table 2
Mechanical properties of the 3DP resin samples at different temperatures.

Sample and temperature sc (MPa) E (GPa) n

Intact resin at 10 �C 81.6 1.7 0.38
Frozen intact resin at 0 �C 90.86 1.95 0.34
Frozen intact resin at �30 �C 95.565 2 0.33
Frozen intact resin at �45 �C 110.2 3

Fig. 4. The broken 3DP specimen at �45 �C after UCS test.

Fig. 5. Preparation of 3DP joint specimen: (a) The 3DLS facility (MetraSCAN 3D,
Creaform) and working set-up; (b) Original 3D point cloud representing the rock joint;
(c) The 3D digital surface reconstruction of the natural joint; (d) Stereo lithography
(STL) format of 3D digital surface; (e) Projecting process of the digital surface; (f) The
3D virtual joint specimen (upper block); (g) The 3D printer adopted in this work
(Objet500, Stratasys); (h) Removing process of the support material (SUP706 in this
work) within a solution including 2% NaOH and 1% Na2SiO3; and (i) The 3D trans-
parent joint specimen (upper block).
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Fig. 2b displays the specimens after UCS test at different tem-
peratures. The specimen at 10 �C exhibited high ductility during the
final loading stage. The failure modes of the 3DP specimens were
comparable to that of brittle rocks when the pre-treatment tem-
perature is below �30 �C. The stress-strain curve of specimen
at �45 �C rapidly drops after the peak stress, as shown in Fig. 3. In
addition, the frozen resin specimen exhibited spalling failure, with
fragments ejecting outward. Fig. 4 shows the fragments of the 3DP
specimen at �45 �C after failure. The existence of strip fragments
indicated splitting failure, similar to the fragments of some natural
rocks which is hard and brittle. The experimental results indicate
that the low-temperature treatment can change the mechanical
properties of VeroClear 810, which is close to those of natural rocks.
Also, themechanical responses of the 3DP resins exhibited similarly
to some brittle rocks. Therefore, if the temperature is almost con-
stant (lower than �30 �C) during tests, the 3DP specimen can well
mimic natural rocks.

2.3. Production of 3DP joint specimen

The surface of a natural joint can be digitized and reconstructed
using the 3DLS and 3DP techniques, and the procedure includes
three main steps.

(1) Step 1: Acquisition of digital joint surface

When a natural joint specimen was studied, a portable laser
scanner (MetraSCAN 3D, Creaform, Canada) was used to obtain
point clouds with a scanning accuracy of 0.02 mm (Fig. 5a). The
corresponding software can reconstruct the joint surface from the



Fig. 6. Direct comparisons of the 2D profile lines between two specimens: (a) Section I-I0 , (b) Section II-II0 , (c) Section III-III0 , and (d) Section IV-IV0 .
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point clouds using a triangular irregular network (TIN) mesh
(Grasselli, 2001). The initial digital surface was first input into the
3D modeling software (Geomagic Studio) to remove a few points
corresponding to noise. If the scanning region is larger than the size
of the surface of interest, it is necessary to constrain the 3D digital
surface by removing the superfluous part (Fig. 5b). According to the
size of the joints in the subsequent experiment, we consider a
digital joint surface with a size of 100 mm � 100 mm, as shown in
Fig. 5c.
(2) Step 2: Construction of the 3D virtual specimen

The file of digital surface was converted to the stereo lithog-
raphy (STL) format (Fig. 5d) that is readable by the 3D printing
software. The thickness of the 3D virtual specimen should be set as
50 mm, a half of the length of the standard rock specimen, which is
calculated from the center point of the digital surface. Then, the
virtual joint surface was projected onto the plane based on the
thickness, which was regarded as the bottom of the model (Fig. 5e).



Table 3
Parameters of the CCD camera.

Property Value Unit

Maximum resolution 1920 � 1080 ppi � ppi
Maximum FPS @ Maximum Res 12300 fps
Sensor type CMOS e Proprietary
Sensor size 13.9 � 7.8 mm � mm
Sensor format 1 in
Distance to lens 50 mm
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Finally, a 3D virtual specimen (lower block) was obtained by closing
the space between the digital surface and the projection plane
(Fig. 5f). The upper block was obtained by projecting the same
distance in the opposite direction. Once the two blocks of the 3D
virtual joint specimens were generated, a 3D model can be pro-
duced using 3DP technology.

(3) Step 3: Printing the physical joint specimen with resin

Taking the lower block as an example, the STL file was first
imported into the 3D printer (Objet500, Stratasys, USA, see Fig. 5g).
VeroClear 810 was selected as the printing material. Since Ver-
oClear 810 is a type of liquid polymer, a support material should be
adopted to fix the model before solidification. The supporting
material should be water-soluble, low-strength and physically
removable or washed easily after the specimen is prepared. The
gellingmaterial SUP706was selected as the support material in this
study. The printed model was solidified by ultraviolet light during
printing. Afterward, the 3DP specimen was placed in a solution
(including 2% NaOH and 1% Na2SiO3) for 24 h (Fig. 5h). Because the
solubilities of VeroClear 810 and SUP706 are different, the solution
can soften the support material attached to the outside of the 3DP
model. Finally, a transparent joint specimen was completed after
rinsing with high-pressure water, as shown in Fig. 5i.

The final resin joint specimenwas the result of 3DLS, computer-
aided reconstruction, and 3DP. The differences in surface shape
between the replicated and original joints exist, which should be
evaluated before the shear test. Therefore, a geometrical error
analysis of the 3DP joint specimen is required to perform. A direct
comparison of the two-dimensional (2D) profile lines of two joint
specimens was conducted using a portable laser scanner (Fig. 6).
The results revealed that the errors in average height between the
two joint surfaces were basically within 0.18mm. This investigation
indicates the modeling method for rock joints using 3DLS and 3DP
techniques is fairly precise. Considering that damaged area
occurred locally during shearing, we divided the surface of the
upper block of 3DP joint specimen evenly into 25 small grids and
color it with propylene red pigment so that the joint surface could
be easily observed (Fig. 7).

3. Shear process visualization

3.1. Photographic equipment

The wide use of CCD camera in scientific investigations makes it
possible to acquire high-spatial-resolution images and analyze
them in near real time (Tohsing et al., 2013). Thus, we used a CCD
camera in the laboratory (Y7eS3, IDT, USA) to track the changes in
the joint surface during the shearing process, and its parameters
Fig. 7. Surface treatment of upper block of 3DP joint specimen: (a) Partition of joint
surface, (b) coloring of joint surface, and (c) evaluation for surface treatment.
are listed in Table 3. Before the shear test, the positional relation-
ship between the CCD camera and 3DP joint specimen should be
determined. According to the lens imaging (Fig. 8a), the object
distance (OD) could be calculated as

OD ¼ Wf f
wc

(1)

whereWf is the width of the field of view,wc is the width of the CCD
sensor, and f is the image distance. To ensure that the entire shear
process is recorded by the CCD sensor (Fig. 8b), Wf should be larger
than L þ Dd, where L is the length of joint specimen and Dd is the
shear displacement. In this study, L is 100mm and Dd is set to be 10%
of L based on the suggested method from International Society for
Rock Mechanics and Rock Engineering (ISRM) (Muralha et al., 2014).
Hence, we define Wf as 120 mm. From Table 3, wc and f are 7.8 mm
and 50mm, respectively. According to Eq. (1), the OD is calculated to
be 769 mm. Therefore, the recommended shooting distance for joint
specimens with size of 100 mm � 100 mm � 100 mm is 800 mm.

In this experiment, the morphological change of the shear sur-
facewas observed from the sidewall of the upper block of 3DP joint
specimen (Fig. 9). Due to the influence of refraction, it is necessary
to choose a suitable shooting angle r. Hence, we set the center of
profile on sidewall of the upper block as the origin O and take OD as
the radius to rotate the CCD camera counterclockwise. The images
of surface morphology at six angles (i.e. 20�, 30�, 40�, 50�, 60� and
70�) were taken and their areas (Ap) of joint surface were obtained
by counting the number of red pixels in research area (Table 4). The
results show that when the shooting angle is low, part of
morphology of the joint surface is occluded by some morphology
with high undulation, making its value of Ap is small. As the angle
increases, the occluded morphology gradually appears and the
Fig. 8. Determination of object distance: Schematic diagrams of (a) CCD imaging and
(b) shear process.



Fig. 9. Schematic diagram of the influence of refraction on imaging.

Fig. 10. Laboratory configuration of the CCD camera.
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value of Ap increases. However, with further increase in angle, the
profile of side wall becomes smaller causing the Ap decrease
accordingly, and the observed joint surface is incomplete.When the
shooting angle is 40�, the Ap reaches the maximum, which means
that the joint morphology obtained at this angle is relatively rich
and easy to observe the change. Consequently, the shooting angle is
set to 40� in this study, as shown in Fig. 10.
3.2. Correction of the images recorded during shearing

To effectively observe the shear zone, it is necessary to correct
the skew of the captured images as displayed in Fig. 11, and the
specific steps are as follows:
Table 4
Statistics of the surface morphology obtained from different shooting angles.

r (�) Shooting image Ap (104 pixel)

20 20.2

30 22.9

40 24.5
Step 1: A rectangular coordinate system is set up with point A as
the coordinate origin. The lengths of side AB, which can be used as
reference side, in the captured image and the front view are the
same because the shooting is performed with the midpoint of front
side as the center of the image. Then, one-fifth of the length of this
side is used as the standard length (lst) of each small grid. This work
is done in MATLAB with the image processing technique. Take one
captured image as an example (Fig. 12a), the measured length of
reference side is 450 pixels, and the lst is one-fifth of the length of
reference side, which is 90 pixels.

Step 2: Under perspective projection, each corresponding pixel
is related by (Criminisi, 1999):
r (�) Shooting image Ap (104 pixel)

50 23.2

60 21.2

70 20.5



Fig. 11. Schematic diagram of image correction: Grids (a) before and (b) after
correction.

Fig. 12. Correction process of shear area: (a) Determining the standard length of each
grid, (b) identification of grid’s pixel coordinates, (c) grid correction, and (d) corrected
joint morphology.
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Xi ¼
axi þ byi þ c
gxi þ hyi þ 1

Yi ¼
dxi þ eyi þ f
gxi þ hyi þ 1

9>>>=
>>>;

(2)

where (xi; yi) denote the pixel coordinates of the ith point on the
captured image; (Xi;Yi) denote the pixel coordinate corresponding
to the ith point on the corrected image; and a, b, c, d, e, f, g and h are
Fig. 13. Schematic diagram of image processing: (a) Color image
the projection variation coefficients. Taking one grid as the research
object, the pixel coordinates of its four vertices are ðx1; y1Þ, ðx2; y2Þ,
ðx3; y3Þ and ðx4; y4Þ. Setting the pixel ðx1; y1Þ as the calibration
point before and after image correction, the pixel coordinates of
these four vertices in the corrected image should be ðx1; y1Þ, ðx1 þ
lst; y1Þ, ðx1; y1 þlstÞ and ðx1 þ lst; y1 þ lstÞ, respectively. The above
coordinate points are substituted into Eq. (2), and then the pro-
jection variation coefficients are determined. Taking the grid 13 as
an example, it is first intercepted from captured image (Fig. 12b).
The pixel coordinates of its four vertices are then identified in
MATLAB as (0, 0), (0, 78), (9, 40) and (65, 40). For these four vertices
on corrected image, their pixel coordinates are (0, 0), (90, 0), (0, 90)
and (90, 90). Hence, the projection variation coefficients a, b, c, d, e,
f, g and h could be obtained by solving Eq. (2), which are 4.97,�1.15,
2, 4.24, �0.03, 1, 0.05 and �0.03, respectively.

Step 3: According to the projection variation coefficients of the
corresponding grid, all the pixel coordinates recorded in this grid
are corrected with Eq. (2) to obtain the corrected image (Fig. 12c).
Finally, all the grids of the joint surface are corrected and integrated
according to the corresponding positioning (Fig. 12d).

3.3. Identification of damaged area

To evaluate shear failure, it is necessary to identify the damaged
area from the corrected images. The damaged area is white due to
the fading of the red pigment caused by the friction when upper
block climbs or slides over the lower block (Fig. 13a). It was pre-
cisely because the color of the damaged area was different from
that of the undamaged area, we used image segmentation in image
processing to extract the contour of the damaged area, and then
calculated its area. This work was done in the OpenCV (Xie et al.,
2013; Sivkov et al., 2020). First, the color image was converted to
an 8-bit grayscale image to reduce the interference of color in
identifying the joint surface morphology (Fig. 13b). Then, the ob-
tained grayscale image was binarized to highlight its outline
(Fig. 13c). Finally, all the contours of the damaged area were
extracted (Fig. 13d), and the total of their areas is the total sheared
area. Consequently, the above method could be used to quantita-
tively determine the shear failure of the surface morphology of 3DP
joint specimens under a certain shear displacement.

4. Experiments and validation

4.1. Direct shear test

A self-developed shear apparatus called MS-DST was used to
conduct the direct shear test on the 3DP joint specimens (Huang
et al., 2020). It consists of a loading system and a data acquisition
system (Fig. 14a). In the shear chamber (Fig. 14b), the shear box is
available to host cubic specimenswith a side length of 100e400mm,
, (b) gray image, (c) binary image, and (d) outline drawing.



Fig. 14. Direct shear apparatus: (a) Shear system and (b) its shear chamber.

Fig. 15. Preparation before shearing: (a) Placement of the specimen, (b) front of the
barrier, and (c) side of the barrier.
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and the maximum shear displacement is 300 mm. The maximum
loading capacities in both axial and horizontal directions are 200 kN,
with a precision of 200 N. The axial loadwas applied to the specimen
by a loaded plate, and the horizontal load was applied, with a given
shear rate set by the user, by a servo-controlled loading ram con-
nected to the upper part of the shear box. Horizontal and vertical
displacements were measured externally in the shear chamber by
two linear variable differential transformers (LVDTs) with a range of
50 mm and a precision of 12 mm.

Before the test, we first put the frozen specimen in the shear box
and allowed the normal loaded plate and the shear head to
respectively shift downward and forward until they contacted the
shear box (Fig.15a). To prevent the specimen from being exposed to
laboratory temperature, we built a barrier around the specimen
with some insulation boards, and sealed it with foil tapes. An
observation port was reserved on the insulation board facing the
CCD camera, which enable the CCD camera to shoot images of the
joint surface (Fig. 15b). Two semiconductor refrigerators and a
temperature sensor were placed in the barrier to ensure the tem-
perature around the specimen to be 0 �C throughout the test
(Fig. 15c). This barrier is designed according to the set-up of shear
chamber and will not affect the operation of each shear system. At
the beginning of the test, the normal stress (sn) increased to
0.5 MPa at a rate of 0.01 MPa/s. When the normal displacements
stabilized under the applied normal load, the shear displacement
was continuously invoked at a rate of 0.1 mm/min (Muralha et al.,
2014). The test was terminated when the shear strength reached
the residual value, and its entire shear process was recorded using
the CCD camera at a frame rate of 20 frame/s.

According to the monitoring data of thermometer shown in
Fig.16a, the temperature variation of specimendoes not exceed 5 �C.
Judging from the test results in Section 2.2, it could be considered



Fig. 16. Shear behaviors of 3DP specimen: (a) Shear stress and temperature versus
shear displacement, and (b) shear stress versus shear displacement.
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that the mechanical properties of specimen were similar to that of
the natural rock during the shear process. However, due to the
temperature of 3DP specimenwas far below0 �C, thewater vapor in
theair around the specimencondensedand formed frost covering its
surface, making the captured image blurry. To this end, we gently
wiped the surfacewith dry tissues every 5 s till the end of the test to
ensure that the captured image was clear.

From the experimental results shown in Fig. 16, the shear be-
haviors of 3DP specimens were similar to that of natural joints. It
indicated that this approach provides a possibility for analyzing the
shear failure process of joints.
Fig. 17. Joint surface of 3DP specimen at (a) pre-shearing stage, (b) Stage I, (c) Stage II,
(d) Stage III, and (e) Stage IV.
4.2. Mechanism of shear failure

The CCD camera recorded the image of joint surface at each
shear displacement in Fig. 16, and we extracted four images
represent shearing Stages I, II, III and IV from it. Furthermore, an
image before shear test was also extracted for comparison, as
shown in Fig. 17. Initially, upper block was placed over the fixed
lower block without applied normal stress, and there was no
damaged area on the joint surface (Fig. 17a). At the Stage I, the shear
stress linearly increased with the shear displacement (Fig. 16a), and
the upper block began to climb due to the domination of sliding
friction over the sliding resistance, causing small dilation in the
normal displacement (Fig. 16b). The damaged area appeared on the
joint surface (white areas in the grids 17 and 18 of Fig.17b. Note that
the grid numbers refer to Fig. 11 due to the fading of the red
pigment caused by sliding. At the Stage II, the shear stress non-
linearly increased with the further increase in shear displacement
(Fig. 16a), and the dilation was heightened (Fig. 16b). The damaged
area of the joint surface expanded (Fig.17c), which can be seen from
the increase in grids 5, 6, 16 and 21. From Stage I to Stage II, we can
find that at the pre-peak stage, the shearing of upper and lower
blocks underwent the wear of asperities in small shear displace-
ment to the dilation of the undulation in large shear displacement.

At the post-peak stage (Stage III), the peak shear stress
decreased with the shear displacement (Fig. 16a) because of the
generation of new frictional contact surfaces (Huang et al., 2020).
And more damaged area occurred (Fig. 17d) due to the further
shearing through the shearing-off steeper asperities and contact of
two blocks. With the increase of contact area of two blocks, the
shear stress decreased to a point called residual shear strength
(Fig. 16a), while the joint continued to dilation due to presence of



Fig. 18. Extraction of the damaged areas at different shear stages.

Table 5
Sheared areas under different displacements.

Stage
No.

Shear displacement
(mm)

Number of damaged
areas

Total sheared area
(mm2)

I 0.5 51 247.35
II 1.6 82 441.49
III 2.6 108 851.81
IV 4.2 120 993.33
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new steeper asperities (Fig. 16b). At the residual stage (Stage IV), all
the steeper asperities were sheared-off during shearing and pro-
vided constant residual shear strength (Fig. 16a) and constant
damaged area (Fig. 17e).

4.3. Description of total sheared area

According to the correction method proposed in Section 3, the
four images representing stages I, II, III and IV were imported into
the OpenCV to determine the damaged area of the joint surface and
to qualitatively illustrate the changes in the rock joint during the
shearing process. The result is shown in Fig. 18. Through calculating
the total sheared area of four stages (Table 5), it is found that the
accelerated expansion of shear failure is mainly concentrated at
Stage III, i.e. the additional wear of the joint surface after the peak
shear strength is more than that before the peak shear strength.
The observations illustrate that the shear failure of rock joints at the
stress softening stage is more severe, which should be considered
in the construction of shear strength models.

5. Limitation

Although the developed method can realize the observation of
the progressive failure of sheared joints, its limitations should be
noted. First, the 3DP joint specimen is sensitive to temperature. The
influence of the change in temperature on the shear properties of
3DP specimen is not considered. The 3DP joint specimen requires a
low-temperature environment, which increases the complexity of
direct shear test. It is necessary to find a material with strong suit-
ability and low cost. Second, in order to capture the damage of the
joint surface during shearing, the proposed method requires that at
least one side of the shear box is not closed. However, the conven-
tional shear box is basically made of a closed steel plate that cannot
be seen through, which limits the applicability of themethod. Some
multifunctional shear apparatus should be further developed. Third,
the outside surface of the sample will be fogged due to the
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unavoidable temperature difference, resulting in blurry images
taken by CCD camera. Although we alleviate this situation by
manually wiping the fog, it cannot guarantee that all the images are
clear. This brings difficulties to analyze the shear failure of the joints
in real time. The low-temperature shearing technology should be
furtheroptimized. Fourth, theproposedcorrectionmethod for shear
image is only applied to the sheared joint without fractures, and the
applicability should be further validated in the future.

Additionally, the 3DP sample only preliminarily proves the
similarity to the rock-based joint from the basic mechanical prop-
erty test and there is no comparisonwith specific rock joints, which
should be further studied. Furthermore, this study initially in-
vestigates the changes in joint morphology under different shear
displacements, and additional tests need to be conducted to gain its
relation with the shear strength.

6. Conclusions

A systematic technique, including the preparation of 3DP joints,
the shooting of shear process and the correction of shear image, is
employed to realize a visualized shear test for rock joints. The
capability of the proposed method to identify the damaged area on
joint surface at each shear stage is validated. The following con-
clusions are drawn from this study:

(1) Visualized joints can be made with a type of transparent
photopolymer resin called VeroClear 810, and a
manufacturing operation using 3DLS and 3DP techniques
was described in detail. The mechanical properties, such as
the peak stress, stressestrain curve and failure mode, of 3DP
joint specimen after low-temperature freezing treatment
(particularly at �45 �C) exhibited good similarity to that of
the actual rock specimens.

(2) A CCD camera was employed to record the damaged area of
joint surface with the increase in shear displacement. Ac-
cording to the experimental environment, the shooting po-
sition (800 mm) and shooting angle (40�) between the CCD
camera and the 3DP specimen were determined, and a
method was proposed for correcting the image recorded
from the CCD camera. Besides, a barrier was designed ac-
cording to the set-up of shear chamber to provide a low-
temperature environment for the 3DP sample during shear
process.

(3) From the shear results, the 3DP specimen exhibited similar
shear behaviors to that of the actual rock. The damaged areas
of joint surface in the four shear stages were identified, and it
was found that the accelerated expansion of shear failure
mainly occurred at the Stage III, which means that the
additional wear of the joint surface after the peak shear
strength was more than that before the peak shear strength.
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