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The damage and degradation are the main influence factors of the instability of rock mass engineering. In this paper, the damage
and deformation characteristics of the rock-like samples are investigated under the uniaxial compression test, and the advanced
digital image correlation (DIC) device is devoted to full-field deformation data acquisition on the sample surface. Based on the
full-field deformation data, a new damage variable is proposed by the principal strain standard deviation to characterize the
uniaxial compression damage process of the rock-like samples. The results show that the newly presented damage variable can be
utilized for the quantitative characterization of the sample damage. According to the characteristics of the damage variable, the
damage evolution process of the rock-like specimens under uniaxial compression can be divided into four stages: initial damage
closure stage, linear elastic damage stage, elastic-plastic damage stage, and plastic damage stage. From the stress-strain curve, the
cut-off point from elastic to plastic deformation of the rock-like specimen is also the turning point from micro to macro damage;
after the point, the apparent initial damage starts to occur on the sample surface; furthermore, the damage of the specimen is
accelerated in the plastic damage stage. When the overall damage variable reaches 0.5 or the damage variable of strain localization
zone reaches 0.8, the macro crack forms, and the bearing capacity of the rock-like specimen decreases rapidly. The findings are of
great significance to the prediction of the damage process of rock mass engineering by digital image correlation.

1. Introduction

With economic development in China, the construction of
geotechnical engineering, such as dams, bridges, tunnels,
and mining engineering, is in the ascendant. The damage
and degradation of rock mass engineering are serious under
complex occurrence conditions and stress environments. To
assess the stability of rock engineering in real time, methods
such as monitoring and identifying the damage, mainte-
nance, and reinforcement of the critical region are utilized
increasingly. They are critical for ensuring the safe and stable
operation of rock engineering.

To reveal the failure mechanism of rock mass, the
damage and degradation process of rock-like materials has
been studied recently by many scholars with the theory of

fracture mechanical behaviors, such as crack propagation,
damage evolution process, and degradation and stability
evaluation. A 0-1 variable scalar was initially established by
Walsh to describe the damage evolution process of rock [1].
The concept of damage variable D was proposed by Kraj-
cinovic for the first time [2]; then, a generality damage model
was presented by Horii based on the previous research
results, which made an important contribution to the
quantitative description of damage evolution of rock and
other solid materials [3].

In the aspect of rock damage constitutive models,
considering the joint geometry and mechanical properties of
rock mass [4, 5], the deformation characteristics of jointed
rock mass with different parameters under uniaxial, triaxial,
and cyclic loads were studied, and the damage constitutive
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model of jointed rock mass under different loads was
established [6-10]. Considering the influence of the oc-
currence environment on the deformation and damage
process of rock [11, 12], the damage constitutive models of
rock under the conditions of the freeze-thaw cycle, high
temperature, and moisture were studied [13-17]. These
studies have laid a solid foundation for mastering the law of
damage and failure of rock.

With the popular application of acoustic emission,
X-ray, computed tomography (CT), scanning electron mi-
croscopy (SEM), and so forth in rock mechanics, the re-
searchers gradually integrate them with the damage theory
and try to describe the damage process of rock mass from the
micro and macro scale.

Under the loading, the internal defects of rock develop
and form damage. In the process, the acoustic emission
phenomenon is apparent. AE is very popularly utilized to
detect the macro damage of rock. The damage state of rock
under different loading conditions can be reflected by the
spatial evolution characteristics of AE events [18, 20]. To
investigate the damage evolution process of rock, scholars
combined the acoustic emission energy [20, 21], events
counts [20, 22], ringing counts [22, 23], and other charac-
teristic parameters with the damage theory, establishing new
damage variables characterizing the damage evolution law of
rock.

The CT and SEM are widely used to identify the
mesoscopic and microscopic damage characteristics and
propagation process of rock cracks [23, 24]. Based on the
principle of CT, a method of establishing the damage var-
iable was put forward by CT number [25]. Compared with
Bellonoi’s and Lemaitre’s formula, it can be applied to a
wider range and reveal the damage mechanism of rock and
concrete well. The damage variable based on the damaged
area, such as crack and pore, is defined with the CT image
processing technology [26], for instance, gray-level analysis
and image segmentation technology, providing a feasible
method for quantitative analysis of rock damage evolution.
To investigate the damage process of rock, the volumetric
porosity [27, 28] and accumulated plastic strain [29] are
utilized to establish the damage variable combining the SEM.
The mechanical behavior relationship between the micro
and macro damage mechanisms of rock materials was in-
vestigated by observing the whole deformation and failure
process with SEM [30].

As an advanced optical testing method, DIC is also
combined with damage theory to evaluate the deformation
and failure of rock. The shear strain, maximum shear strain
variation coeflicient, the gray-scale variation, and so forth
obtained by DIC were used to propose the damage variable.
The maximum shear strain, extracted on the samples with
DIC, was used to establish a damage variable, which was
utilized to describe the deformation and damage process of
marble and slate with holes [31]. The gray-scale variation in
the deformation process of the rock sample was studied by
Ma, and the relationship between the gray-scale variation
and the damage was established to describe the damage
evolution process of samples [32]. The strain localization
process of coal samples was investigated by Wang et al.; the
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maximum shear strain variation coefficient was presented by
extracting the surface shear strain [33]. The changes of strain
gradient responding to loading were observed in the flat
dog-bone specimens tensile tests with DIC [34]. DIC
technique can be utilized to describe the evolution of damage
in rock materials.

Compared with CT, SEM, and AE, DIC has the typical
advantages of large test range, lower cost, high precision,
full-field observation, and so forth. As an advanced non-
destructive monitoring method, DIC has been widely used
in the field of rock mechanics. Up to now, there are few
researches on the evolution of rock-like samples damage by
DIC. In this paper, based on the advantage of full-field strain
measurement, the damage variable was defined with the
main strain standard deviation for investigating the damage
evolution process of rock-like samples. The findings are of
great significance to the prediction of damage deterioration
of rock engineering.

2. Experimental Setup and
Specimen Preparation

2.1. 3D-DIC Setup. Digital image correlation (DIC) is a
rising optical measurement technology in recent years. Due
to the unique advantages, such as noncontact measurement,
full-field strain and displacement data extracting, and high
precision, it has been widely used. In this paper, the
ARAMIS-3D commercial full-field strain test system of the
GOM group is used. It is mainly composed of an industrial
camera, digital image correlation calculation software, and
calibration system.

2.1.1. Principle of 3D-DIC. 'The 3D-DIC is developed from
2D-DIC. It is a 3D deformation measurement method that
integrates the computer binocular stereo vision and 2D-DIC
related matching technology. Based on the principle of
binocular stereo vision, the system needs to be calibrated to
obtain the internal and external parameters of the camera
before the test. Usually, the process is that the two cameras of
a certain angle to each other take several photos of the
calibration plate with different attitudes. As shown in
Figure 1(a), take the point P (Xy, Yy, Zw) on the sample
surface in the world coordinate system O (Xy, Yy, Zy) asan
example, respectively, and the point P is imaged at points of
Py (Uy, V1) and P, (U,, V) in the image plane of the left and
right cameras, respectively. From the knowledge of stereo
vision [35], when the internal and external parameters of left
and right cameras are known, the image coordinate P (U, V)
is uniquely determined for any given 3D space point P (Xy,
Yw, Zw), and the 3D coordinate of the point is also to be
reverse-calculated. As a result, the 3D coordinate of point P
is determined in the world coordinate system (Xy, Yy, Zyw).

The coordinate in the left and right images of the same
point on the sample will be identified by binocular stereo
vision technology when the 3D-DIC begins measurement.
At the same time, the 2D digital image correlation tech-
nology is utilized to match the deformed and undeformed
images of the sample. Note that the deformed image will be
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FiGure 1: 3D-DIC measurement principle. (a) Binocular stereo vision principle. (b) Three-dimensional displacement calculation.

divided into some small grids named subsets in the matching
process. It will be used to evaluate the correlation of de-
formed images. Generally, the correlation of subsets is
calculated by the normalized covariance cross-correlation
function shown in formula (1), where f (x, ¥) and G (x, y)
represent the gray distribution of the subregion of the

reference image and the target image, respectively. The
points of the subregion center in the two images are
completely matched when the correlation coefficient C is up
to 1, and, also, the reference subregion is completely cor-
related with the target subregion:

S X [ (o v) | [9(%i = ) = 9]

1

C= 2
VI N (ko ys) = F]

In 3D-DIC deformation measurement, the matching
procedure of image before and after deformation in the left
and right cameras is represented by Figure 1(b). Point P (Xw,
Yw, Zw) in space is imaged on points P; (uy, v;) and P, (u,,
v,) on the left and right cameras, respectively, before de-
formation. After deformation, point P is moved to P'(Xw,
Yw, Zw), and the points Py (uy, v;) and P, (u,, v,) on the
image plane of left and right cameras are imaged, respec-
tively. The correlation function of equation (1) is used to
calculate the correlation of images. The image subregion of
the right camera before deformation will be taken as the
reference subregion. To confirm the point P in the deformed
image, the subregion with the highest correlation between
the deformed image and the reference image will be
matched. The displacement from P’ to P could be obtained
by the three-dimensional coordinate. Repeat the above
process for all pixels in the image, and then the three-di-
mensional displacement field of the sample surface can be
obtained. After the displacement is smoothed, the corre-
sponding strain field can be obtained by differential
calculation.

2.1.2. 3D-DIC Image Acquisition Method. As shown in
Figure 2, the ARAMIS 3D-DIC image acquisition system is
mainly composed of two COMS industrial cameras, two
fixed-focus lenses with a focal length of 50 mm, two high-
brightness blue-light sources without stroboscopic light, and
a computer with data acquisition. The resolution of COMS is

TSN (9 y]) - 9]

4096 x 3000. During the test, the sample should be filled with
camera vision as much as possible.

DIC collects two photos per second during the uniaxial
compression of rock-like samples. The subset is 19 pixels and
the spacing is 16 pixels in the data processing stage. The
actual length of each pixel is calculated to be 0.5 mm/pixel in
the experiment. A ROI (region of interest) 40 mm wide
x 80 mm high is set on the specimens to obtain the data
strain and displacement.

2.2. Sample Preparation and Test Procedure

2.2.1. Sample Preparation. Based on the parameters of
sandstone in the field, three kinds of rock-like samples
were made with quartz sand, iron powder, barite powder,
gypsum, and alcohol rosin solution. Quartz sand ac-
counts for 30% of the total weight of rock-like materials.
Gypsum content is the ratio of gypsum to total materials.
40 g alcohol is needed for every 1000g of rock-like
materials. The binder concentration is the ratio of rosin to
rosin and alcohol solution weight, and the weight of
barite powder and iron powder is 70% of the total similar
material weight. In order to summarize the damage
evolution law of the rock-like material under uniaxial
compression, the three kinds of samples with different
proportions were made. The mechanical parameters of
rock-like sample and the field sandstone are shown in
Table 1. The contents of iron powder, alcohol rosin
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FIGURE 2: Test system diagram.
TaBLE 1: Proportion and mechanical parameters of the sample.
Number A (%) B (%) C (%) D (MPa) Density (g cm®) UCS (MPa) E (GPa) o, (MPa) Poisson’s ratio Brittleness (%)
S1 20 25 8 6.0 2.07 2.63 3.06 0.19 0.17 7.2
S2 35 25 6 4.0 2.18 2.31 2.87 0.17 0.15 7.3
S3 30 20 8 2.0 2.04 2.14 6.26 0.15 0.19 7.0
Field sandstone 2.32 27.5 35.31 1.93 0.21 7.0

solution, gypsum, and the forming pressure of the ma-
terial are represented by A, B, C, and D. A high-accuracy
electronic scale of 0.01 g was utilized to weight the ma-
terial, such as iron powder, barite powder, quartz sand,
rosin, and alcohol. To ensure the homogeneity of the
samples, the material will be fully stirred and then loaded
into the mold and formed on the universal testing ma-
chine according to the set forming pressure. Finally,
according to the standard for test methods of engineering
rock mass (GB/T 50266-2013) [36], the cylindrical
standard specimens with a height of 100 mm and a di-
ameter of 50 mm are produced.

2.2.2. Test Procedure. The uniaxial compression experiment
was conducted by the high-precision MTS electrohydraulic
servo testing machine with a range of 50kN. For the
principle of DIC, the sample’s surface needs to make some
speckle of a diameter of about 1 mm with black and white
paint before the test. After the speckle was made, placing the
sample on the MTS, the angle of the sample is adjusted to
present the speckled surface in the field of vision of two
cameras. The loading mode of MTS is displacement control;
the loading rate and the sampling frequency are set sepa-
rately as 1 mm/min and 2 Hz, respectively. Meanwhile, to
conveniently compare the data, the acquisition rate of the
camera is also set to 2 pieces per second, and the devices start
to measure at the same time.

3. Failure Characteristics of Rock-like Samples

3.1. Typical Stress-Strain Curve of Rock Sample. The stress-
strain curves of S1, §2, and S3 are shown in Figure 3.

As shown in Figure 3, the UCS (Uniaxial Compressive
Strength) of samples S1, S2, and S3 is around 2.5 MPa. The
stress of the sample drops rapidly after reaching the peak
value.

Brittleness is an important parameter for evaluating
rock-like materials. At present, it is usually evaluated by the
tension-compression ratio, and the smaller the ratio, the
stronger the brittleness of the rock [37]. The tension-
compression ratio of natural rock is approximately 2.9% to
8.3% [38]. According to the relevant parameters of S1-S3 in
Table 1, the tension-compression ratio of rock-like sample is
from 5.9% to 7.1%, so the brittleness of the rock-like sample
in this paper is similar to natural rock. The rock-like material
selected in the experiment has good performance to simulate
the rock.

3.2. Failure Characteristics of Rock Samples. In this section,
taking S1 as an example, the deformation and failure modes
of rock-like samples are analyzed. In the test, the specimen
S1 first produced macro cracks from the right side of the
specimen top. With the continuous increase of stress, the left
side of the specimen also produced an X-shaped crack
intersecting the right side, and the final specimen presented
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FIGURE 3: Stress-strain curve of uniaxial compression.

an X-shaped failure. The characteristics main strain and
displacement were analyzed by selecting 10-key-point
nephogram of ROI on the sample S1. Figure 4 is the main
strain evolution cloud diagram of ROI (region of interest) on
the sample surface before the peak stress of S1, S2, and S3.

To analyze the failure characteristics of the specimen,
measure points located at both sides of the strain localization
band (SLB) are evenly arranged, which are to extract the data
of the main strain and displacement in the loading process in
the axial (Y direction) and radial (X direction) directions of
the sample.

From the results obtained in Table 2, before the peak
stress up to 0.30,, there is a small strain concentration point
scattered sporadically on the surface of the sample S1. When
the peak stress is between 0.40. and 0.60,, the points of strain
concentration on the surface of the specimen increase and
gradually develop into a short strain localization band; with
the further increase of stress, the strain localization band
continues to grow and connect, forming a relatively clear
strain localization band.

When the stress reaches 0.60,. two more obvious X-
shaped strain localization bands are formed at the upper end
of the sample. When the stress increases from 0.7¢, to o, the
X-type strain localization band in the upper part of the
specimen continues to extend to the lower part of the
specimen, the width increases gradually, and the localization
bands in other positions are gradually connected into a
network, staggered distribution. When the peak stress is
reached, two obvious strain localization bands are formed on
the surface of the upper end of the specimen, the position is
consistent with the failure crack shape of the specimen, and
the strain concentration degree of the localization band on
the right side of the upper end is greater than that on the left
side.

Four measuring points were arranged separately on both
sides of S1 localization bands 1 and 2, as shown in Figure 2.
The displacement, extracted, respectively, in X and Y di-
rections of the points, was utilized to describe the failure

Deformation (mm)

—X -

X, Y,
— X -1
— X4 - Y

F1GUrE 4: Displacement evolution of measuring point in SLBI.

mode of samples. The type of crack is determined by the
relative value of the axial and radial displacement of the
measuring points on both sides of the strain localization
zone in this paper. When the radial deformation of the
sample is greater than the axial deformation, it is a tensile
crack; and when it is not greater than the axial deformation,
it is a shear crack. The results are shown in Figures 4 and 5.
Note that the downward compression displacement of the
sample is positive.

As shown in Figure 4, the deformation of S1 localized
band 1 can be divided into three stages. In the first stage, the
axial (Y direction) displacement of localized band 1 is larger
than that of radial (X direction) displacement before the
specimen is loaded for 53s, and the strain localization is
mainly shear deformation. In the second stage, the specimen
is loaded with 53s-56s, and the axial and radial displace-
ments of the specimens increase rapidly until the radial and
axial displacements are the same. In the third stage, after 59 s
of loading, the radial displacement of the specimen is ob-
viously larger than that of the axial displacement, and the
macroscopic crack occurs. The cracks formed in the strain
localization band 1 of the specimen are mainly subjected to
shear crack.

As shown in Figure 5, the displacement evolution of the
measuring points on both sides of the strain localization
zone 2 can also be divided into three stages. Stage 1 is 53 s
before loading, and the axial displacement of localization
zone 2 is larger than that of radial displacement, which is
shear deformation. In the second stage, the specimen was
loaded with 53s-63s, and the radial displacement of the
localized zone 2 was larger than that in the axial direction,
which was tensile deformation. In stage 3, after the specimen
was loaded for 63 s, the tensile displacement of localization
band 2 further increased, which led to the failure of the
sample. Therefore, the crack in the localized band 2 is the
first shear, and then tension formed.
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FIGURE 5: Displacement evolution of measuring point in SLB2.

4. Damage Assessment of Rock-like Samples
Based on 3D-DIC

4.1. Establishment of Damage Variables. In the field of rock
mechanics, defining new damage variables combining the
parameters obtained from DIC with the damage theory is a
key factor to describe the damage mechanism of materials.

According to the damage theory, the original damage
variable is represented by the reduction of the effective
bearing area. So the initial damage variable can be defined as
in formula (2).

A, is the defect area on the effective bearing area, and A
is the effective bearing area.

_ A
-2

D (2)

In this paper, the standard deviation of the main strain is
introduced into the formula of the damage variable. S is the
standard deviation of the main strain when the damaged
area reaches Ay, and S, is the main strain when the
damaged area reaches A ;. Then formula (2) can be rewritten
as

D=

P (3)

max

S

S; is the standard deviation of the main strain on each
measuring line in formula (3), as shown in the following
formula:

(4)

In formula (4), n is the number of statistical points, X; is
the principal strain of (i) statistical points at any time, and X

is the average value of the principal strain on the measuring
line.

The load was stopped when the load decreased to 20% of
the peak load during the experiment. As a result, the
specimen was not completely damaged and the damage
variable did not reach 1.

4.2. Data Extraction Method. A clear evolution nephogram
of the displacement field and strain field in the process of
specimen loading can be obtained with DIC technology.
Strain and displacement data in all directions, by setting an
ROI area on the measuring area and arranging lines and
measuring points in the ROI area, can be extracted at any
time in the process of sample loading. The maximum,
minimum, and average strain data of the ROI region can also
be obtained utilizing the statistical function of the software
of DIC.

The ROI region is determined according to the research
objective. Arranging the measuring line and point according
to the location of SLB in the ROI area on the sample, the
strain data can be extracted.

At the moment before the macro and micro cracks
appear in sample S1, there are many clear SLBs on the
surface. The two SLBs of the sample are named SLB1 and
SLB2. Measuring lines 1 and 2 are arranged along the
propagation direction of SLB1 and SLB2, respectively. Strain
data in the measuring lines are extracted to analyze the
evolutionary relationship between the sample S1 stress-
strain curve and SLB1 and SLB2 damage variables. The
measuring line and point arrangement in the ROI area of
sample S1 are shown in Figure 2.

4.3. Damage Characteristics of Rock-like Sample

4.3.1. Whole Damage Analysis of Sample. In this section, the
damage evolution processes of S1, $2, and $3 specimens were
compared and analyzed with their stress-strain curve. As
shown in Figure 6, taking S1 as an example, five key points O,
A, B, C, and D were taken from the stress-strain curve of
sample S1 for analysis. The damage evolution process of S1
specimen under uniaxial compression before peak stress can
be divided into four stages.

(1) The samples in the stage of OA have uniform de-
formation. The microfissure and micropore in the
samples are gradually compacted under the loading,
and the damage variable tends to 0, which is the
initial damage closure stage.

(2) The microfissure and micropores had been com-
pacted in the AB stage of sample deformation, and
the deformation of the samples has entered the stage
of linear elasticity. At this time, the internal micro
damage of the specimen developed gradually, which
was the stage of linear elastic damage. In this stage,
the damage variable of apparent was still small, and
the damage degree of the specimen was low. The
deformation of the specimen changed from linear
elastic to nonlinear elastic when the specimen was
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loaded to point B. The damage of the specimen
increased and the damage variable began to evolve.

(3) The BC segment of sample deformation was the
elastic-plastic stage. The segment microfissure de-
veloped stably, the damage of the specimen gradually
evolved from the inside and outside to the surface,
and the apparent damage variable gradually in-
creased, which also is the elastic-plastic damage
stage.

(4) Point C is the critical point of the deformation of the
sample from elastic-plastic to plastic. The fissure
initiated and developed rapidly in the CD segment.
Meanwhile, the damage variable increased quickly. It
was the plastic damage stage, in which the specimen
gradually develops from micro to macro failure.
When the loading is up to the peak stress (point D),
the macro cracks appeared, the whole damage var-
iable of the specimen reached 0.528, and the bearing
capacity decreased rapidly.

In the OA segment, the damage variable of the S1 sample
fluctuated a little, which was caused by the error caused by
the DIC system noise. It did not affect the whole damage
evolution trend of the sample SI.

As shown in Figure 7, when the loading of the specimen
S1 reached the peak stress, the whole damage value was
0.528, which was a little small. The main reason is that the
deformation of the specimen is nonuniform, leading to
appearance of strain concentration area. The strain is more
than the other regions in the area. So, the maximum
principal strain is located in the strain localization zone, and
Smax 18 larger, resulting in the whole damage of the specimen
becoming smaller.

The failure of brittle materials, such as rock, is usually
due to the inhomogeneous deformation of the specimen
caused by the internal defects of the rock mass. The strain
localization zone usually appears in the location of inho-
mogeneous deformation and where deformation is large and
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easy to produce macro cracks, which leads to the whole
failure of the specimen.

In this section, the damage evolution law of the whole
ROI area was analyzed with DIC, which was the whole trend
of the sample damage. However, the deformation of the
specimen is nonhomogenous, as mentioned above, where
the deformation of SLB is larger than the other zone.
Therefore, to more carefully investigate the damage process
of the specimen, the damage evolution process of the SLB
was analyzed by the main strain distribution nephogram of
the specimen S1 before the appearance of macroscopic crack.

4.3.2. Damage Evolution Analysis of SLB. As shown in
Figure 2, measuring lines 1 and 2 are arranged, respectively,
for obtaining the principal strain and maximum standard
deviation of the principal strain at the SLBs of sample S1. The
data will be used for calculating the damage variable with
equation (3).

It can be seen from Figure 7 that the damage evolution
process of SLB1 and SLB2 can also be divided into four
stages: the OA segment is the initial damage closure stage
and is also the micro cracks compaction stage of the
specimen. Meanwhile, the apparent damage is small, about
0.005.

The AB segment is in the stage of linear elastic damage.
The specimen is elastically deformed and the micro cracks
propagate initially. At the same time, the sample’s damage
develops from the inside to the surface and evolves on the
surface. It increases approximately linearly for the damage
variables of SLB1 and SLB2, up to 1.3 and 3.6 times, re-
spectively. The BC segment is an elastic-plastic damage stage.
In this stage, the micro cracks develop steadily, and the
damage variable of SLB1 and SLB2 increases quickly, up to
1.8 and 2.45 times. The damage of SLB1 and SLB2 is larger
than the whole sample. The CD segment is the plastic
damage stage. The microfractures rapidly unstably develop
and connect to each other. The damage variables of SLB1 and
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FIGURE 8: Damage evolution characteristic curve of SLB of spec-
imens S1, S2, and S3.

SLB2 are exponentially increased by 9.7 and 3.6 times larger
than point C, respectively. It reaches the maximum value at
point D before the specimen failure.

The principal strains of §2 and S3 for analyzing damage
were also obtained with DIC. The damage variable of the
characteristic point of the stress-strain curve is obtained
from the whole and SLB of specimens S1, S2, and §3. It is
shown in Figures 8 and 9, and more detailed data are shown
in Table 3. It can be seen from Figure 8 that, before point C,
the damage of SLB of the rock-like specimen is about 0.2,
and after reaching the point D, it is about 0.8. The damage of
the specimen in the on-line elastic stage is small, and the
failure of the specimen in the yield stage is accelerated, and
the larger macro failure is formed when the peak stress is
reached.

It can be seen from Figure 9 that the whole damage of the
sample highly increases in the CD segment. The damage
variable of points C to D increases from 0.2 to 0.5 and the
macro cracks and failure appeared in the stage. It could be
illustrated that the rock-like specimen is stable before
reaching the yield stress, and the damage in the yield phase is
the main reason for the failure of the specimen. It is more
than 60% of the total damage of the sample. The damage in
the AB and BC segments is about 40% of the total of the
sample, developed slowly, which has little impact on the
stability of the sample.

Based on DIC obtained strain data, the damage variable
defined with the standard deviation of principal strain can
describe effectively the damage process of the specimen by
analyzing the damage evolution process of S1, S2, and S3.
The damage evolution process of the samples can be divided
into four phases at prepeak stress: initial damage closure
stage, linear elastic damage stage, elastic-plastic damage
stage, and plastic damage stage, corresponding to the
compression stage, linear elastic stage, elastic-plastic stage,
and yield stage of the stress-strain curve. The damage

1.0 ¢
09+
0.8 +
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Damage variable

00 02 04 06 038 1.0 1.2 1.4 1.6 1.8
Axial strain (107%)
—0— Sample 1 G1
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FIGURE 9: Damage evolution characteristic curve of whole speci-
mens S1, S2, and S3.

TasLE 3: Evolution process of damage variable of samples S1-S3.

Damage variation

Sample Damage A B C D
AB BC CD

Global 0.044 0.052 0.133 0.528 0.182 1.558 2.970

s1 1 0.026 0.060 0.168 0.776 1.308 1.800 3.619
2 0.005 0.023 0.079 0.851 3.600 2.435 9.772

/107 0390 0.812 1.188 1.565 — — —

Global 0.041 0.088 0.235 0.586 1.146 1.670 1.494

82 1 0.019 0.061 0.130 0.835 2.250 1.145 5.410
/107 0228 0.614 1.071 1.663 — — —

Global 0.022 0.032 0.159 0.518 0.455 3.969 2.258

S3 1 0.018 0.055 0.169 0.769 2.072 2.043 3.560
/107 0164 0532 0966 1.262 —— —— ——

propagation of the specimen is a process from inside to
outside. The characteristic point B, from linear elastic to
nonlinear elastic deformation of the specimen, is the key
point from internal to external damage evolution. Then, the
damage of the specimen gradually evolves from internal to
apparent scale.

5. Conclusions

(1) Using DIC technology to extract displacement data,
through analyzing the displacement evolution of
both sides of S1 SLB, it is shown that the position of
S1 SLBI is a shear crack, and the position of SLB2 is
tensile crack. The failure mechanism of the sample is
shear failure first and then tensile failure. The de-
formation failure mode of the specimen can be
explained quantitatively with DIC.

(2) The whole field strain is obtained by DIC mea-

surement technology, and the damage variable based
on the standard deviation of principal strain is
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established. The damage evolution process of rock-
like specimens can be divided into four stages: initial
damage closure stage, linear elastic damage stage,
elastic-plastic damage stage, and plastic damage
stage. It is verified that the damage variable proposed
can well describe the deformation and damage
process of the specimen.

(3) The deformation of rock-like samples is inhomo-
geneous. The damage of the SLB zone is greater than
that of the whole. The damage of rock-like samples is
mainly concentrated in the yield stage. When the
overall damage of rock-like samples reaches about
0.5 or the damage of the SLB zone reaches about 0.8,
the failure of samples will occur soon. The de-
scription of the rock damage process with SLB
damage is more effective.
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