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To study the mechanical damage characteristics of layered composite rocks, sandstones, and mudstones of deep tight reservoirs
were used as the research objects, and layered composite class rocks were prepared by similar material model tests. Uniaxial
compression tests were conducted and supplemented with AE (Acoustic Emission) system and DIC (Digital Image Correlation)
system to obtain the physical and mechanical parameters such as strength and elastic modulus of the layered composite rocks. e
corresponding law of AE ringing count and rock damage evolution was studied and the damage process of layered composite rock
under uniaxial loading was divided into three stages: initial damage, stable damage development, and damage acceleration.
Analysis of strain cloud diagrams of the DIC system revealed that the deformation characteristics of the layered composite rock
under uniaxial were mainly tensile-shear-slip damage. Based on the internal damage evolution characteristics of AE and the
surface damage evolution characteristics of DIC, a damage constitutive model of layered composite rocks based on the dual
damage factor characterization was established, which reasonably revealed the damage evolution mechanism of internal structure
development and external crack germination, extension and penetration of layered composite rocks under uniaxial compression.

1. Introduction

 e �eld of oil and gas extraction is facing three major
problems of “high stress, high temperature, and low per-
meability,” among which the mechanical damage charac-
teristics of deep composite reservoirs containing high
reserves of shale gas, tight oil, and other unconventional oil
and gas in a high-stress environment have an important
impact on essential technical aspects of oil and gas extraction
such as drilling, well wall maintenance and hydraulic
fracturing. In this paper, the composite rock of a tight
reservoir in Jimsar Basin is taken as the research object, and
layered composite rock is prepared by a similar material
model test and a uniaxial compression test is carried out,
revealing that the mechanical properties and damage evo-
lution mechanism of layered composite rock has important
practical signi�cance for oil and gas extraction and pro-
duction. Extensive e�ort on the experimental research and
theoretical analysis of composite rocks has beenmade. In the
research of similar materials, due to the di�culty of

obtaining rock samples under deep composite strata, the use
of adhesives to bond di�erent types of rocks cannot e�ec-
tively simulate the colloidal bedding surface of layered
composite rocks. To solve this problem, arti�cial rocks based
on similar materials have been widely used. Shen et al. [1]
conducted a test on the similar material ratio of sand-like
rocks; Wen et al. [2] applied similar materials to study the
mechanical properties and sensitivity of mudstone; Yin and
Yang [3] conducted mechanical tests on layered composite
class rocks using similar materials and classi�ed them into
three modes of failure: tensile damage, shear-slip damage,
and vertical laminar surface damage.

In terms of experimental research, the application of the
AE system to study the AE energy loss and signal value
distribution inside the rock, and the application of DIC
technology to study the displacement and strain �eld evo-
lution on the rock surface have also been chosen by many
researchers. For example, Zheng et al. [4] carried out uni-
axial tests on sandstone with the application of the AE
system, and a damage model was established to
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quantitatively describe the evolution law and failure
mechanism of the whole process. Zhang et al. [5] proposed a
new shear model based on AE measurement to estimate the
size of sandstone micro-cracks based on moment tensor
analysis. *e micro-cracks estimated by this model are
similar to the real size of sandstone micro-cracks under the
microscope andmore accurate than the traditional model. Li
et al. [6] used the HHTmethod to analyze the AE waveform
characteristics under uniaxial conditions, and the research
results showed that the compaction stage concentrated on
the low-frequency part, the plastic deformation had obvious
energy gathering characteristics, and the total energy of the
waveform reached the peak at the critical failure of insta-
bility, reflecting the acoustic signal response law in the
process of failure of coal rock. Zhang et al. [7] studied energy
dissipation and crack characterization in the sandstone
fracturing process by using AE and DIC systems. Xu et al. [8]
investigated the fracture mechanism of sandstone under
uniaxial load and established a mechanical damage model
modified based on AE signals. Chai et al. [9] used the DIC
system to study the deformation characteristics of rock-like
materials and divided the rock damage evolution process
into four stages according to the redefined damage variables.
Xue et al. [10] conducted uniaxially and creep tests on
sandstones with different dip angles of rock bridges and
defects, and applied the DIC digital imaging system to study
their time-dependent deformation, crack development, and
failure modes. *e results showed that the rock bridge dip
angle and the time significantly affect the evolution of the
strain field, which in turn alters the crack growth behavior
and determines the ultimate strength and failure mechanism
of the rock. Pan et al. [11] also applied DIC and AE systems
to study the evolution of local strain field and energy dis-
sipation characteristics of jointed rock in the axial com-
pression process and found that the variation law was closely
related to the joint angle. Munoz and Taheri [12] studied the
development of progressive field strain in sandstone by using
the DIC system and found that the change rate of local strain
was related to the rate of strength degradation. Zhang et al.
[13] studied the localization process of rock damage by using
the DIC system and established the damage evolution
equation based on DIC apparent strain analysis.

In terms of theoretical research, Ju et al. [14] established
a damage constitutive framework for inelastic analysis of
composite materials, focusing on the elastic-viscoplastic
damage modeling and other issues. Abu Al-Rub and many
other scholars have conducted a lot of studies on the elastic-
viscoplastic model and anisotropic characteristics of com-
posites [15–18]. Saeidi et al. [19] improved the strength
failure criterion of transverse isotropic rock based on the
anisotropy index. Leklinitsii. [20] calibrated the elastic
theory of anisotropy and deduced the general equation of
anisotropymaterial theory. Liu et al. [21] studied the damage
evolution and strain relationship of layered composite rock,
divided the damage and failure process of rock mass into
three stages, and analyzed the damage law, failure charac-
teristics, and stability of the layered rock. Jaeger and Cook
[22] proposed the failure criterion of layered rock mass for
the first time and the single weak plane theory. Bai et al. [23]

proposed a function model for evaluating the stress-strain
relationship of a discontinuous elastic medium body section.
Tien et al. [24] proposed a new transverse failure criterion
based on two different failure modes of transverse isotropic
bodies. Zhao et al. [25] derived the anisotropic damage
constitutive model of layered rock mass through the damage
deterioration correction method and verified it. Li et al. [26]
studied the distribution law of in-situ stress in the original
rock of a deep mine, and the results showed that the
magnitude of the three principal stresses on the original rock
increased with the increase of depth, and the in-situ stress
and stope stability were greatly affected by the geological
structure and local structure.

*e above-mentioned scholars have conducted a large
number of in-depth studies on the mechanical properties,
damage characteristics, and damage evolution laws of
composite rocks. However, most of the studies focus on the
description of the apparent damage characteristics and
mechanism analysis of composite rocks and only consider
the calculation and expression of single damage variables
such as AE, DIC system, or CT scan. Fewer scholars have
used a combination of multiple research tools to quanti-
tatively analyze the internal and surface damage evolution
mechanism of layered composite rocks.

Compared with previous studies, layered composite rock
was prepared by similarity theory in this paper. *e DIC
principal strain cloud diagrams and strain information were
obtained under uniaxial compression supplemented by DIC
AE system monitoring in the whole process, and the dis-
tribution law of AE ringing signal with stress development
was obtained. Based on the AE signal to characterize the
evolution of rock internal damage and DIC to characterize
the evolution of rock surface damage, a layered composite
rock damage constitutive model characterized by dual
damage factors under uniaxial compression was established.

Based on the internal damage status of the rock mon-
itored by AE and the surface strain characteristics measured
by DIC, the damage evolution models were established
respectively, and the correlation of damage evolution
characteristics of rock in the process of uniaxial compression
was quantitatively analyzed by combining the comple-
mentarity of the two models at different stress stages. A
segmental curve constitutive model of layered composite
rock characterized by dual damage factors under uniaxial
was established. *e model is of great significance for
characterizing the failure characteristics and damage evo-
lution mechanism of layered composite rocks. *e research
results can be used in engineering links such as wellbore
stability evaluation and hydraulic fracturing in deep oil and
gas drilling, and provide a reference for the main mechanical
data and failure modes of rocks.

2. Preparation of Rock-Like Specimens

2.1. Similar Material. In this study, due to the unloading of
the deep original rock and other reasons, there is a lack of a
standard sample. *en, sandstone and adjacent layer
mudstone [27] in a compacted composite reservoir in Jimsar
Basin were used as original rocks for the simulation test. *e
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cemented bedding surface of the layered composite rock was
different from that of a weak horizontal interlayer and was
regarded as a weak bedding surface regardless of thickness.
At present, rock-like materials are usually prepared with
cement and gypsum as cements, barite powder, quartz sand,
silica fume, as aggregates mixed with other additives. *e
layered composite rock was cemented by two kinds of
similar materials with different physical and mechanical
properties. Considering the compactness and high strength
of the composite rock, based on previous research [28, 29],
white P32.5 ordinary portland cement was used as the
cementing agent, and quartz sand was used as the aggregate.
Because the limestone sandstone in the raw rock is denser
and stronger than mudstone, silica powder and super-
plasticizer were added to the sandstone to enhance its
strength to distinguish its physical and mechanical prop-
erties and color. For purpose of facilitating the classification
and numbering in the follow-up tests, sandstone-like was
called type A of rock, and the quality proportion of similar
materials is that cement: quartz sand: silica fume: water:
superplasticizer equal to 1: 0.8: 0.07: 0.30: 0.003; mudstone-
like was called type B of rock, and the proportion of similar
materials was cement: quartz sand: water equal to 1: 0.7: 0.5,
and composite rocks were called type AB of rock. According
to the similarity theory, the geometry, boundary and stress
conditions, physical mechanics and other parameters of the
prototype and the model are similar, while their physical and
mechanical properties can be similar. According to the
dimensional analysis method, without considering the
gravity of the surrounding rock, the main similarities be-
tween the original rock and the rock-like rock are as follows:

Cσ � CE � CcCl

Cμ � Cφ � 1

Cc � 1.2

Cl � 3.5

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

. (1)

Among them, Cσ, Cc, Cl, Cμ, Cϕ, CE, correspond to the
similarity coefficients of rock stress, bulk density, geometric
size, Poisson’s ratio, internal friction angle, and elastic
modulus, respectively. According to the experimental plan,
the bulk density similarity coefficient Cc � 1.2, the geometric
similarity coefficient Cl � 3.5, Cσ �Cc ×Cl � 1.2×3.5� 4.2, the
physical and mechanical parameters of the original rock and
rock-like materials are shown in Table 1.

2.2. Preparation of Layered Composite Rock Specimens.
During the test, to prepare the layered composite rock,
according to the Engineering Rock Mass Test Method
Standard [30], the 150×150× 300mm rectangular mold, as
shown in Figure 1, was adopted. *e customized steel sheet
was inserted in the middle of the mold to separate it for
pouring. Placed it on a vibrating table and vibrate for 30
seconds, then pulled out the steel sheet, and continued vi-
brating for 15 seconds to make the bedding surface better
bonded. It was covered with the plastic film and left for
24 hours. After the mold was removed, it was moved into a
standard curing room for 28 days of curing, and a standard

rock specimen was drilled by using the sampling method
shown in Figure 2.

3. Test Equipment and Program

3.1. Test Equipment. *e equipment used in this test is
shown in Figure 3, and the loading method is shown in
Figure 4. *e loading system is HYAS-1000C triaxial rock
test system, with a maximum axial load of 100 t and a
maximum confining pressure of 30MPa. *e compression
method is displacement loading, and the speed is 0.01mm/s.

DS5 AE (acoustic emission) system including a com-
puter control system, data collector, eight-channel sensors,
and preamplifier was used in this experiment. When AE
monitoring is applied separately, a total of eight AE sensors
were arranged at the upper and lower ends of the rock.
During the joint DIC monitoring, an AE sensor was
arranged at the lower and upper ends of the remaining
surface except for the speckled surface in front of the rock,
with a total of six AE sensors. *e main parameters are
shown in Table 2. *e DIC (Digital Image Correlation)
system is a non-contact optical 3D measuring device for
measuring and analyzing material displacement and strain.
It is mainly composed of a computer control system, a
support system, and a measuring system. *e main pa-
rameters are shown in Table 3.

3.2. Test Program. In the process of experiment, HYAS-
1000C test system of rock triaxial compression was used to
carry out the uniaxial test, and the DIC system was used to
monitor the whole process of strain evolution of rock
surface. Supplemented by AE system, the AE signals gen-
erated during the process of uniaxial compression of rock
were collected in real time. *us, the internal damage
evolution and surface damage characteristics of the layered
composite rock can be studied. *e specimens are shown in
Figure 5, and the specific parameters and numbers are
shown in Table 4.

4. Test Results

4.1. Analysis of Mechanical Properties. *e stress-strain
curves obtained by uniaxial compression test of layered
composite rock using a press system are shown in
Figure 6(a), (b) and (c), and the average peak strength and
modulus of elasticity are shown in Figure 7.*e average peak
strengths of type A, B, and AB rocks are 42.50MPa,
33.69MPa, 32.45MPa, and the elastic modulus are 5.65GPa,
4.32GPa, 4.15GPa, respectively. *e strength and elastic
modulus of type A of rock are higher than that type B of
rocks by 21% and 24%. *e strength and elastic modulus of
type AB are slightly lower than that of B rocks by 3% and 4%,
respectively.

*is is due to the secondary failure of the layered
composite rocks, which shows the stress-strain curve stress
drop of AB rocks in Figure 6(c). *e specimen began to fail
before the lower strength or near the bedding surface and
then expanded to the part of higher strength, showing se-
quential failure characteristics. *e average strain of
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compaction section of A, B, and AB rocks are 0.3%, 0.5%,
and 0.6%, independently, which indicates that the type A of
rocks are denser inside, the type B of rock has more micro-
cracks, and the type AB of rock has slightly longer com-
paction section due to the existence of layered surfaces.

 e failure modes of the three types of rock are shown in
Figure 8, in which the transverse tensile stress of type A of
rock exceeded its tensile strength due to axial compression
transformation, and the cracking sound was large when the
failure occurred.  e shear stress of type B of rock exceeded
its limit, and a small number of secondary cracks occurred at
the end of the specimen. Because the bedding surface of type
AB of rock produced bonding stress and constraining
normal stress, part A with small deformation constrained
the part B with large deformation in the composite rock. At
the same time, shear stress occurred, which led to the larger
deformation of part B to promote the deformation of part
A. Under the coupling action of multiple factors, such as

main stress, bonding normal stress at the bedding surface,
shear stress, and e�ect of end, the rock of type AB exhibited
the tension-shear slip failure along the bedding surface.

4.2. Analysis of Internal Damage Evolution of Composite Rock
Based on AE.  e relationship curves of AE ringing count
and stress variation over time are shown in Figures 9(a)–
9(c). It can be seen that AE ringing counts re¨ected the
corresponding signal frequencies at di�erent stress stages.
After the type A of rock was compressed to the peak
strength, the damage was violent and accompanied by a huge
cracking sound, the strain energy was released sharply, and
its AE ringing count reached 6×106. eAE signal inside the
rock was active, which was much higher than the other two
types of rock.  e AE ringing count of type B rock was
1.8×104, which was 33.56% higher than that of type of AB
rock, and the laws of AE signal in three types of rock were
similar to that of strength and elastic modulus.

Based on the characteristics of AE ringing counting and
stress development, such as specimen of S-6-A, the damage
evolution of rock under axial compression was divided into
three stages. As shown in Figure 9(a), in stage I of initial
damage, the primary micro-cracks, and bedding of the rock
were mainly compacted and closed, and the AE ringing
signal was weak at 0–25 s, and the stress curve was concave
upward. In the stage II of stable damage development, at
25∼67 s, the stress curve in this stage was approximately
straight, the rock was elastically deformed, and a small
number of new fractures sprouted inside and developed
slowly.  e AE signal was more active than the compaction
stage but was still not severe.

In stage III of damage acceleration, within 67∼140 s, the
new fractures inside the rock expanded rapidly and inter-
sected and penetrated.  e AE signal value grew rapidly, the
internal damage developed continuously and produced a
macroscopic crack surface outside, and the rock presented
plastic failure as a whole. After reaching the peak intensity at
84 s, the AE signal reached the maximum value corre-
spondingly. After the damage of the internal structure, the
stress fell rapidly, and the AE ringing signal value decreased
correspondingly. Meanwhile, the stress curves in Figure 9(c)
show that the type AB of rock produced stress drop with axial
pressure loading at 38 s and was accompanied by abrupt
changes in AE ringing counts.  e existence of secondary
damage indicated that the micro-�ssure on the internal
bedding surface of type AB of rock started to develop, ex-
panded, and tended to fail at this time. is is a typical damage
characteristic of AE of layered composite rock, which can also
be veri�ed in Figure 8 of the failure pattern of rock specimens.

Table 1: Main physical and mechanical parameters of original rock and similar rock specimens.

Rock type Uniaxial compressive strength (MPa) Elastic modulus (GPa) Poisson’s ratio Density (g·cm− 3)
Sandstone 182.22 20.18 0.27 2.59
Sandstone-like 43.37 5.46 0.26 2.14
Mudstone 152.71 15.43 0.31 2.48
Mudstone-like 34.26 4.27 0.30 2.03

Figure 1: Mold making.

Sampling direction

50mm

50mm

50mm

Figure 2: Sampling of layered composite rock.
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In the process of the uniaxial test, although there was
occasional hysteresis in the AE ringing signal due to the AE
sensor falling o� with the rock debris during the damage
accelerated stage, the overall evolution characteristics of the
initial damage and the stable development stage of the
damage inside the rock can be well described.

4.3. Surface Damage Evolution Characteristics of Composite
Rock Based on DIC

4.3.1. Analysis of DIC Surface Strain Cloud Diagram. In
combination with the DIC system, the surface deformation
of type A, B, and AB of rock under the uniaxial test was

Loading
system

Electro-hydraulic
servo control

cabinet

Computer
control
system

Rock specimen

Light source
camera Beam

Computer
control system

Head and tripod

Figure 3: Test equipment.

HYAS-1000C
Control System

DIC System

DS5 AE
system

Electro-hydraulic
servo cabinet 

Preamplifier

Camera

Rock loading
system 

Rock sample
Acoustic emission

sensor 

Figure 4: Loading method.
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monitored in real time, and the surface principal strain cloud
diagram of the specimens was obtained. Due to the limi-
tation of space, only the principal strain cloud diagrams of
the primary failure modes of the three types of rock are
listed, as shown in Figures 10(a)–10(c), which are the
principal strain cloud diagrams and failure modes of
specimens 5A-2, 5AB-2 and 5B-3, corresponding to peak
strengths of 0%, 50%, 75%, and 100%, respectively.

tAs shown in Figure 10(a), when the axial stress was
loaded to 50% of the peak strength, the surface of the

specimen was uniformly deformed without obvious local
strain. At 135 s corresponding to 75% of the peak strength,
a tension crack sprouted on the right side of the middle of
the specimen surface, and the strain at the crack rapidly
increased to 6.762%, and a strain localization zone was
generated along the axial direction, entering the plastic
deformation stage. After reaching the peak strength at
179 s, the crack expanded into a tension crack with a wider
middle and finer end, and the maximum strain was 7.202%,
and the strain localization zone was transported to the

Table 2: Main parameters of DS5 Acoustic Emission System.

Content Number of channels/# *reshold (dB) Preamplifier (dB) Sampling frequency (kHZ) Interface form
Parameter 8 40 40 30 USB3.0

Table 3: Main parameters of DIC system.

Content Camera resolution (PX) Pixel size (μm) Frame rate (fps) Lens focal length (mm) Focal length of light source (mm)
Parameter 4096× 3000 3.45 30 12 10

Figure 5: Layered composite rock sample.

Table 4: Parameters and numbers of specimens.

Specimens Length (mm) Radius (mm) Quality (g) Density
(g·cm− 3) Test type

S-1-AB 99.82 49.15 393.38 2.08

Applied acoustic emission system monitoring

S-2-AB 99.15 49.26 391.45 2.07
S-3-AB 99.20 49.31 392.84 2.07
S-4-AB 98.54 49.58 393.12 2.07
S-5-A 99.21 49.16 402.16 2.14
S-6-A 100.12 49.25 410.72 2.15
S-7-B 101.06 49.17 390.38 2.04
S-8-B 101.14 49.15 390.16 2.03
5A-1 99.15 49.12 402.54 2.14

Application of DIC system monitoring, including composite rock
combined with acoustic emission monitoring

5A-2 101.11 49.15 413.37 2.16
5A-3 100.56 49.16 412.02 2.15
5AB-1 99.28 49.22 391.66 2.07
5AB-2 99.15 49.13 389.72 2.07
5AB-3 99.24 49.11 390.47 2.08
5B-1 98.45 49.12 378.63 2.03
5B-2 99.98 48.96 379.72 2.02
5B-3 99.65 49.24 387.56 2.04
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lower right end of the specimen and the scattered spots fell
o�.

As shown in Figure 10(b), at 52 s corresponding to the
compacting stage of rock, its principal strain increased
slowly, and no cracks were generated in the observation area,
and the average strain was 0.157%. With the growth of axial
pressure, when the peak strength of 75% was reached at
116 s, the specimen generated non-integral shear-slip cracks
along the bedding surface due to the coupling of the bonded
positive stress with the main stress and end e�ect of the
composite rock bedding surface, and the principal strain
cloud diagram showed two horizontal plane with large local
deformations and strain growth up to 1.120%.

At 176s, the post-peak stage was entered, and the �nal
tension crack with strain localization zone was formed in the

left part of the specimen due to factors such as rock com-
position, internal structure, and inhomogeneity, and the
composite rock as a whole showed tension-shear slip failure.

As shown in Figure 10(c), at 82 s corresponding to 50% of
the peak strength, due to the end e�ect, the larger deformation
gathered at the bottom of the specimen, the strain reached
1.878%, which was larger than the upper strain, and the whole
presented layered homogeneous deformation. At 118 s the
rock entered the plastic stage, due to its internal pores, in-
homogeneity and other factors, the internal stress of the rock
was redistributed, and the strain gradually evolved into an
inclined shear zone. At 168 s, the specimen entered the post
failure stage, and the shear penetration zone along the oblique
section was obvious, with a strain of 1.013%.  e strain in the
area not penetrated was uniform and small, and the overall
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Figure 6: Stress-strain curve of rock. (a) Stress-strain curve of type A. (b) Stress-strain curve of type B. (c) Stress-strain curve of type AB.
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strain of the specimen was laminarly distributed up and down
after compression and then penetrates an oblique shear zone
from the left to the right bottom, which also re¨ected the
evolutionary characteristics of shear damage.

4.3.2. Evolution Characteristics of DIC Surface Strain Points.
 e strain-time evolution information gathered from strain
gauges and DIC of specimens 5A-2, 5AB-2, and 5B-3 are
shown in Figures 11–13, respectively. e strain information
of points and full on the specimen surface can be collected
completely by modeling the points taken on the specimen
surface within the DIC system, with each specimen in a
rectangular shape and taking a total of 6 points from 0 to 5.
Since the strain gauges were easily damaged when attached
to the specimen surface, it was di�cult to obtain the strain
information of the whole process, while the strain infor-
mation of the whole process can be obtained by DIC system
except for the direct falling o� or warping of the rock surface.
Figure 11 shows that the trend of sudden variation in axial
strain measured by DIC and strain gauges at 90 s and 135 s
corresponding to 75% of the peak intensity was the same.

Meanwhile, Figures 12(a) and 13(a) show that the strains
measured by DIC and strain gauges do not exactly match,
but the overall trend is similar.  is is because the DIC
system re¨ects the dynamic evolution of local strains, while

the strain gauge collects strain information within a �xed
measurement area.

Figure 11(b) shows that specimen 5A-2 produced ob-
vious localized deformation at 87s corresponding to 50% of
the peak strength, while Figure 10(a) shows that points 0, 2,
and 4 on the left side of the specimen were at the tension
crack, resulting in approximately linear growth of its strain,
and at 135s corresponding to 75% of the peak strength, the
strain increased rapidly after the stress redistribution of the
specimen, at which strain points 3 and 5 were on the
through tension crack and had the strain information could
not be collected further, and the specimen then lost its
bearing capacity after brittle failure, while the strain points
not in the strain localization zone continued to grow.
Figure 12 shows that the strain at point 3 increased with
time, but its growth rate was signi�cantly smaller than the
peak phase, which could also verify the phenomenon of
shear-slip cracking on the right side of the bedding surface
in the middle of the composite rock in Figure 10(b).
Figure 13 shows that the strain values in di�erent areas on
the surface of specimen 5B-3 produced signi�cant di�er-
ences, and it could be seen from Figure 10(c) that with the
shear zone penetration and friction on the macroscopic
cracking surface, the strain at point 2 suddenly increased,
and the strain growth of measurement points 0 and 1 in the
upper undamaged area of the specimen was smaller, and
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Figure 8: Deformation and failure modes of rock samples.
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the strain values of points 4 and 5 in the lower part became
larger due to the end e�ect.

In summary, the damage evolution of surface crack
sprout, extension, and penetration in layered composite
rocks can be reasonably characterized by the surface strain of
rock measured by DIC.

5. Damage Constitutive Model of Layered
Composite Rock Based on Dual Damage
Factors’ Characterization of AE and
DIC Characteristics

5.1.DamageConstitutiveModelBasedonCharacteristicsofAE
Ringing Count. Damage refers to the existence and de-
velopment of defects, micro-cracks, pores, and beddings

in rocks. With the change of external conditions, the
strain energy is released and the pulse signal in the form of
an elastic wave is produced.  erefore, the damage evo-
lution process of rock can be directly characterized by
quantitative calculation of AE signal in the test.  e
studies show that the AE ringing count is proportional to
the dislocation motion and the strain energy released by
the crack development of the material, and is one of the
characteristic parameters in AE signals [31]. Based on
Section 4.2, in this paper, AE ringing count was used as a
parameter to describe the evolution characteristics of the
initial damage and the stable development stage of the
rock internally in a relatively reasonable manner.
Kachanov. [32] de�ned the damage variable as the ratio of
the sectional area occupied by the micro-defect to the total
area of the section:
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D �
Ad
A
. (2)

Among them, Ad is the area of the defect element on the
bearing area of rock, andA is the initial bearing section of the
rock. If the cumulative number of AE ringing is N when the
initial section A is completely damaged, and the cumulative
number of AE ringing is Nd when the area of the defective
micro-element reaches Ad, the damage factor DAE of cu-
mulative ringing is de�ned as:

DAE �
Nd

N
. (3)

 e correlated function [33] between AE cumulative
ringing count and strain evolution is introduced and im-
proved, such as:

Nd � k1ε exp k2ε( ). (4)

In the Equation, k1, k2 are the damage index coe�cient,
and ε is strain. Substituting Equation (4) into Equation (3),
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Figure 10: Major strain cloud diagrams of rock specimen. (a) Major strain cloud diagrams of 5A-2. (b) Major strain cloud diagrams
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the relationship between damage factor of AE cumulative
ringing and strain function can be obtained as follows:

DAE �
k1ε exp k2ε( )

N
. (5)

Fitting the data of specimen S-3-AB in Equation (5)
shows that k1� 41.129, k2� 492.741, the damage evolution
equation of damage factor DAE and strain ε of layered
composite rocks can be obtained (6):

DAE � 0.031ε exp(492.741ε). (6)

 e damage evolution curve of damage factor DAE and
strain ε is shown in Figure 14. Before the strain reached
0.0045, the AE signal was not active, and the DAE value was
small at the initial damage stage. When the strain was be-
tween 0.005 and 0.01, the damage developed steadily. New
cracks were sprouted in the rock, and the strain reached
0.010, and the damage increased rapidly to 1.
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Equation (7) can be obtained from the damage me-
chanics theory, in which σ is Stress (MPa), E is elastic
modulus (MPa), and ε is strain.

σ �(1 − D)Eε. (7)

 e damage constitutive model of composite rock
based on the AE ringing count was obtained by substituting
Equation (6) into Equation (7). By �tting the data of S-3-
AB, the trend of the stress–strain curve as shown in Fig-
ure 15 is consistent with the experimental curve, which
shows that the damage model can accurately re¨ect the
evolution process of initial damage and stable development
stage of layered composite rock under uniaxial
compression.

5.2. Damage Constitutive Model Based on Surface Strain of
DIC. From the previous chapter 4.3, it can be seen that the
dynamic evolution of strain points measured by DIC can
reasonably present the damage evolution law of surface
crack sprout, extension, and penetration of layered com-
posite rocks. At the same time, the study of Zhang [13]
shows that the analysis and statistics of the displacement
and strain information in the full-�eld and the use of larger
strain as the mechanical parameters to describe damage are
conducive to further studying the internal relationship
between the failure characteristics of rock and the damage
evolution.  e average value of larger strain points in the
measurement area can better re¨ect the rock damage and
the process of crack formation.  e average value of strain
at all points in the observation area can reasonably char-
acterize lithology, and the di�erence between the two can
e�ectively describe the evolution characteristics of rock
damage.  e di�erence between the average value of the

larger strain point measured by the DIC system and the
average value of all strain points is de�ned as the value of
strain deviation ε:

ε �
1
M
∑
M

i�1
ε1( )i −

1
N
∑
N

i�1
ε1( )i. (8)

 e �rst half of Equation (8) is the average value of M
larger strain points, and the second half is the average value
of N full-�eld strain points in the measurement area.  e
value of strain deviation ε is the di�erence between the
average value of three larger strain points and the average
value of six strain points in the full �eld.  e damage factor
Df is de�ned as :
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Figure 13: Time-strain curve of 5B-3. (a) Strain gauge and DIC strain curve of 5B-3. (b) Time-strain curves of 5B-3 DIC monitoring points.

1.0

0.8

0.6

0.4

0.2

0.0
0.000 0.002 0.004 0.006 0.008 0.010

Strain ε

εc = 0.010

Damage acceleration point

Damage acceleration stage
Damage stable development stage

Initial damage stage

DAE = 0.031ε exp(492.741ε)

S-3-AB Damage-strain fitting curve

D
AE

0.012 0.014

Figure 14: Damage-strain curve of S-3-AB.

12 Shock and Vibration



Df �
ε

εmax
. (9)

In the Equation, εmax represents the maximum value in ε.
Figure 16 shows the variation trend of the average value

of the full �eld strain and the average value of the larger
strain point measured by DIC.  e percolation model was
introduced and improved as :

Df(ε) � |ε − εc|− α. (10)

where εc is the percolation threshold and α is the critical
index.

By �tting the data of specimen 5A-2, obtaining that εc is
1.013 and α is 727.31.  e damage evolution equation of
damage factor Df and strain is shown in :

Df(ε) � |ε − 1.013|− 727.31. (11)

 e damage evolution curve of damage factor Df and
strain is shown in Figure 17. When the strain value was
between 0 and 0.005, the rock was in the elastic compaction
zone, the micropore was compressed and closed, and its
surface had no obvious deformation.  e damage factor Df
was small, which was the initial damage stage. When the
strain value was between 0.005 and 0.0101, the rock turned
into plastic deformation, andDf gradually increased with the
development of strain and entered the stage of stable damage
development. Subsequently, Df showed a rapid growth in a
nonlinear trend after the critical strain value of 0.010. At this
time, the rock structure lost its bearing capacity and pro-
duced large deformations, and entered the damage
accelerated stage.

 e damage constitutive model of layered composite
rock based on DIC strain characteristics can be obtained by
substituting Equation (11) into Equation (7). Fitting the data
of 5A-2, the comparison between the �tted stress-strain
curve and the test curve is shown in Figure 18.  e variation
trend of the stress-strain curve obtained by the damage

model �tting is consistent with the test curve, which can
accurately re¨ect the mechanical characteristics of rock yield
and post-peak large deformation stage.

5.3. Damage Constitutive Model of Layered Composite Rock
Based on Dual Damage Factors Characterization of AE and
DIC.  e damage constitutive model based on the AE
ringing characteristics and DIC surface strain has been
established above. DAE is a damage factor based on the AE
ringing count inside the rock, which can precisely describe
the initial damage and the stable development stage of the
damage inside the rock. Df is a damage factor based on the
strain on the surface of the rock, and it is more appropriate
to describe the peak and post-peak stages of a large strain of
the rock. At the same time, a segmented curve damagemodel
of granite had been established by Zhang et al. [34] which
was based on the damage characteristics of AE and infrared
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characteristics and considered the complementarity of the
two.  erefore, based on the advantages of AE and DIC
systems in each stage, the segmented curve of the damage
evolution equation was constructed in this paper to char-
acterize the damage evolution law of rock more accurately.
 e damage evolution equation of layered composite rock
based on a two-factor representation was as follows:

D �

k1ε exp k2ε( )
N

, 0≤ ε≤ εc,

|ε − εc|− α, ε> εc.




(12)

 e damage-strain evolution equation is obtained by
�tting the data of specimen 5AB-2, as :

D �
22.477ε exp(67.714ε), 0≤ ε≤ 0.0095,

|ε − 0.0095|− 506.076, ε> 0.0095.
{ (13)

 e damage-strain evolution curve is shown in Fig-
ure 19. When the strain was from 0 to 0.007, it was in the
initial damage stage, and the primary fracture pores were
closed under pressure, and the internal new fractures have
not sprouted temporarily.  e internal damage monitored
by AE and the external strain evolution measured by DIC
was not obvious, and the damage factor was small. When the
strain was 0.007–0.0095, the micro-cracks inside the rock
began to develop and expand, the damage gradually in-
tensi�ed, and the curve was steeper than the previous sec-
tion.  e new cracks gradually evolved on the outer surface
of the rock, and the internal and external damage has ac-
cumulated. At this time, the rock was in the damage stable
development stage.

When the strain was 0.0095, it corresponded to the
damage mutation point, and the damage factor mutated. e
rock was in the stage of damage accelerated, and large-scale
cracks occurred on the outer surface of the sample, resulting
in a sharp increase in the strain measured by DIC. After the
damage mutation point, the damage factor rapidly

developed and approached 1 in a short-term strain, and the
overall structure of the rock began to fail.

Equation (13) was substituted into Equation (7) to �t the
data of specimen 5AB-2, as shown in Figure 20.  e seg-
mented �tted stress-strain curve was more consistent with
the test curve. For layered composite rock, AE damage factor
can better re¨ect the progressive failure characteristics of
rock in the early initial damage stage and damage stable
development stage. With a gradually increased damage, the
damage variable Df represented by DIC was more sensitive
to the large strain in the later stage of rock failure.

Based on the segmental damage evolution curve char-
acterized by daul damage factors of AE and DIC, a damage
constitutive model of layered composite rock was con-
structed, which can reasonably embody the development of
the internal structure of the rock and the damage evolution
process of the germination, extension, and penetration of
surface cracks. It is characterized by high damage calculation
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accuracy and complementary effects in different stress
stages. Both can also be compared and verified so that the
model can accurately describe the damage. *e features
comparison between the segmental damage model estab-
lished in this paper and the damage model established by
predecessors are shown in Table 5.

6. Conclusions

(1) *e uniaxial strength and elastic modulus of the
three types of rocks have the same variation trend.
*e strength and elastic modulus of type A of rock
are higher than those of type B of rock by 21% and
24%, respectively, while the strength and elastic
modulus of type AB of layered composite rock are
slightly lower than those of type B of rock by 3% and
4%. Among the three types of rocks, the strain in the
compressed density section of type AB of rock is
0.6%, while type A of rock is brittle and the strain in
the compressed density section is 0.3% and type B of
rock is 0.5%.

(2) Type A of rock is mainly damaged in tension, and
type B of rock is mostly damaged in shear with a
single inclined plane, and type AB of composite rock
is mainly damaged in tension-shear slip along the
bedding or weaker parts, and the strain increase also
starts near the bedding after the secondary damage
through the specimen, and the DIC is consistent with
the strain gauges in measured whole variation
pattern.

(3) According to the evolution curve of AE ringing
count and stress, the AE activity of three types of
rocks is weak at the beginning of loading, and the
signal values reach the maximum at the peak stress.
*e AE ringing count value of the type A of rock is
the largest, and the type B of rock is higher than the
type AB of layered composite rock by 33.56%. *e
AE ringing signal can accurately reflect the internal
damage condition with the stress development of the
layered composite rocks.

(4) Based on the internal damage characteristics of AE
and the damage evolution characteristics of DIC

surface, a damage constitutive model of layered
composite rock characterized by dual damage factors
is established, which reasonably reveals the damage
evolution mechanism of internal structure devel-
opment and external crack germination, extension
and penetration of layered composite rocks. *e
model is of great significance to accurately reflect the
failure characteristics and damage evolution mech-
anism of layered composite rock and can provide a
reference for the main mechanical data and failure
modes of rocks in oil and gas drilling engineering
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