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Under low confinement axial compression, the failure of brittle rock is mainly caused by
tensile fracture. Many scholars adopt the sliding crack as an idealized model to present the
intrinsic mechanism of the tensile failure but due to the complex configuration of sliding
crack, its stress intensity factor (SIF) calculation has always been a difficult problem. In this
study, an improved model of sliding crack is proposed; in the context of linear elastic
fracture mechanics (LEFM) and weight function method, the expression of stress intensity
factor (SIF) has been derived. The propagation manners of sliding crack under axial loading
and lateral unloading conditions have been further analyzed. The extended finite element
method (XFEM) is employed to verify the correctness of the theoretical SIF formulation and
its inferences. The formula of SIF shows that a sliding crack is highly sensitive to the change
of the lateral stress, which theoretically explains compressive failure characteristics of
brittle rock as follows: 1) under the condition of axial compression, increasing the lateral
stress has a very strong no-linear impact on the strength of brittle rock; 2) under the
condition of lateral unloading, the destruction of rock is more abrupt and ferocious than
that of the loading case. In order to confirm that micro-fractures in rocks are notably
influenced by confining pressure, as the former theoretical fracture analysis predicted, the
tri-axial compression test combined with the acoustic emission monitoring technique has
been conducted on basalt samples. According to the acoustic waveform parameter
method, it shows that increasing the confining pressure will greatly reduce the proportion
of tension-type fractures, which indirectly proves the correctness of the sliding crack
hypothesis and fracture analysis.
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1 INTRODUCTION

It is well known that the destruction mechanism of most materials under compressive stress is shearing
failure; however, for brittle rocks, tensile fracture (i.e., splitting, spalling) is a common failure pattern, even in
prevailing overall compressive stresses (Nemat-Nasser andHorii, 1982; Renshaw and Schulson, 2001;Wong
and Baud, 2012; Huang et al., 2019). The tensile cracks caused by compressive loadmake the rocks exhibit a
variety of complex and nonlinear behaviors, which has been intensively studied by scholars of rock
mechanics (Horii and Nemat-Nasser, 1985; Zuo et al., 2008; Wang et al., 2012; Clayton and Knap, 2014).
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The traditional mechanics of homogeneous materials cannot
explain how tensile cracks emerge in an overall compressive
environment, so the mesoscopic structure needs to be taken

into consideration (Yuan and Harrison, 2006). The rock
material contains a plenty of mesoscopic defects, such as
cracks, cavities, soft or hard inclusions, and material crystal
boundaries Figure 1 (Jing, 2003; Read, 2004; Cui et al., 2021).
When the rock body is subjected to far-field compressive stress,
the defects would cause local distortion to the stress field and
tensile stress concentration. As load increases, tensile fractures
emerge in succession, then crack growth and coalescence would
lead to instability and final failure of the rock body in
consequence (Dragon et al., 2000).

Although the geometrical shapes of defects in rocks are
various, the main fracture mechanism could be summarized as
a tensile crack caused by insufficient shearing resistance of
defects (Olsson and Peng, 1976; Wong, 1982). Therefore, many
scholars adopt sliding crack as an idealized model to describe
the compressive tensile fracture. The sliding crack model is
first proposed by Brace and Bombolakis, (1963), and great
progress has been made later (Ashby and Hallan, 1986; Nemat-
Nasser and Obata, 1988; Renshaw and Schulson, 2001). The
sliding crack starts from a pre-existing inclined crack subjected
to shear force. Due to insufficient shearing resistance of the
inclined crack, tensile cracks nucleation on the two ends of the
pre-existing sliding crack, and these tension cracks then
continue to grow in a stable manner with increasing axial
compression curving toward the direction of maximum
principal stress (Nemat-Nasser and Horii, 1982), as shown
in Figure 2. The newly formed tensile cracks are called wing
cracks.

For low-porosity brittle rocks, the sliding crack model is
proved capable of explaining general rock mechanical behavior
observed both in the laboratory and on the field (Basista and
Gross, 1998; Eberhardt et al., 1999; Shao and Rudnicki, 2000).

1) Strong influence of confining pressures on the strength and
failure modes;

2) Non-linearity in the stress–strain relation and degradation of
the elastic constants;

3) Volumetric dilatancy after complete unloading due to opening
of tensile cracks;

FIGURE 1 | Example of the meso-structures observed in polarized light thin section. (A) Diorite and (B) granite (Lan et al., 2010).

FIGURE 2 | Schematic diagram of the sliding crack model (Yuan S. C.,
2006).
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4) Hysteresis loops observed in the stress–strain curves in cyclic
load;

5) Load-induced anisotropy ensuing from a directional process
of micro-crack evolution;

6) Pronounced permanent lateral strain after complete
unloading; little permanent strain in the direction of
maximum compression;

7) Strongly path-dependent stress–strain relations.

Since the sliding crack model has a significant theoretical value
in brittle material mechanics, efforts have been taken for decades
to investigate its fracture process by theoretical analysis, model
experimental illustration, and numerical simulation.

Bieniawski (1967) discussed the fracture process of brittle
fracture of rock theoretically, and experimental verification has
been conducted on the mechanism for rock tested under
compressive stress conditions. Nemat-nasser and Horii (1982)
analyzed the sliding crack model by LEFM and a series of
qualitative experiments have been performed on thin plates of
Columbia Resin CR 39, and analytical results have been accepted.
Janeiro and Einstein, (2010) experimentally studied the cracking
behavior of brittle heterogeneous materials. Without restraint,
uniaxial compression tests are conducted on prismatic gypsum
specimens containing one or two pre-cracks. Kari Kolari (2017)
studied the 3D sliding crack model subject to uniaxial
compressive and tensile loading, with crack opening
displacements derived from Castigliano’s second theorem, and
completely agreed with the results of numerical simulations. Xun
et al.,(2020) used the XFEM with the non-local stress field
calculation to simulate the crack initiation and propagation of
sliding cracks.

The concept of the stress intensity factor (SIF) is the central
idea of fracture analysis, but due to the complex morphology of
the sliding crack model, SIF cannot be derived directly. Therefore,
the sliding crack is usually modeled as an equivalent straight
crack, in which the wedging force on the pre-crack area opens the
crack. The first model was proposed by Fairhurst and Cook
(1966). Later, more and more equivalent crack models for SIF of
sliding crack are proposed, and some of these models are
summarized as follows:

Steif (1984) assumed that the wing cracks were straight, and
the influence of the initial crack on the growth of wing cracks
could be represented by a wedging slip displacement. Horii and
Nemat-Nasser (1986) developed a single rectilinear crack inclined
to the direction of the maximum stress and concluded that the
rectilinear crack is driven by a pair of point forces collinear with
the direction of the initial crack. Ashby and Hallam (1986)
assumed that wing cracks had a fixed orientation, parallel to
the major principal stress, and crack extension was driven by the
normal and shear stresses along with the initial crack faces.
Kemeny and Cook (1987) proposed a model in which a
symmetrically opposite center force drove a crack oriented in
the maximum stress direction. Lehner and Kachanov (2001)
suggested that the wing crack could be represented by both
wedge displacement-driven and stress-driven systems and then
proposed a SIF model by equating the wedge displacement and
acting stress effects in driving the wing crack growth.

Among the SIF solutions obtained from these simplified
models, some lack accuracy because the models are too
simplified, some are only capable of uniaxial loading, and
some are too complicated to explain the physical meaning clearly.

In the present research study, the equivalent crack model of
sliding crack has been improved. In this model, the fracture-
driving force on the shear crack is no longer simplified to a point
force, and the distributed stress on the wing cracks is also taken
into consideration, so the model has higher accuracy and is
suitable for various stress states and stress paths. By using the
weight function, a more accurate SIF formulation is obtained
based on the improved crack model, and the nonlinear fracture
characteristics of sliding crack are discussed. According to the SIF
formulation, the length of wing cracks under axial loading and
lateral unloading are analyzed, which has explained the non-
linearity of lateral stress on rock strength and the rock’s sensitivity
to lateral stress changes. Finally, the tri-axial compression tests
are carried out on Emei basalt, and the waveform parameter
method is used to classify the mode (shearing or tensile) of micro-
fracture events. The test results have verified the inferences of
fracture analysis and indirectly proved that the sliding crack is the
main fracture mechanism behind the deformation and failure of
brittle rock.

2 FRACTURE ANALYSIS ON SLIDING
CRACK

Linear elastic fracture mechanics (LEFM) originated from the
elastic solutions of straight cracks, it is difficult to deal with
kinked and curved cracks. Therefore, an equivalent straight crack
model has been established, with the configuration and fracture
mode similar to that of sliding crack. In this way, an approximate
expression of SIF is derived.

2.1 Modified Sliding Crack Model
Consider that an infinite body is deformed by a plane strain
subjected to uniform compressive stress at infinity, maximum
principal stress σ1 is aligned to the Cartesian coordinate axis y,
and minimum principal stress σ3 is aligned to axis x. The body
contains a pre-existing shearing crack PP′, and two symmetry
wing cracks initiate at its tips and propagate in a slightly curved
path toward the direction of the maximum compressive stress, as
shown in Figure 3A. The length of PP′ is 2a, at an angle of θ
(termed as crack angle) with respect to axis y. The matrix is
assumed to be isotropic and linear elastic with Young’s modulus E
and Poisson’s ratio v. The shearing crack PP’ is tightly closed, and
the friction resistance between the crack surfaces obeys
Coulomb’s law.

2.1.1 Driving Force and Fracture Initiation Criteria
As axial load increases or lateral confinement decreases, the
shearing stress σt acting on the shearing crack (PP′) increases.
When the friction resistance τf of shearing crack is surpassed by
σt, stress concentrated at the crack tips plays the role of
compensating the absence of friction resistance. Since shearing
cracks are pre-existing and there is no cohesion on crack surfaces,
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Coulomb’s law is used to describe the shear resistance of shearing
cracks. The difference between σt and τf is the fracture driving
force T, which leads to nucleation and growth of wing cracks.

T � σt − τf � D1σ1 −D3σ3, (1)
where
D1� sin θ(cos θ − μf sin θ), D3� cos θ(sin θ + μf cos θ), and

μf is the fiction coefficient of the crack surfaces.
Before initiation of wing-cracks, the crack (PP′) is a typical

model II fracture, according to the basic solutions of LEFM. The
fracture initiation criterion is:

T
���
πa

√ � KIIc �
�
3

√
2
KIc, (2)

where KIIc is model II fracture toughness and KIc is model I
fracture toughness.

After substituting Equation 1 for Equation 2, a new equation
is obtained as follows:

D1σ1 −D3σ3 �
�
3

√
2

���
πa

√ KIc. (3)

As shown previously, the fracture initiation criterion is a linear
function of principal stress.

2.1.2 Equivalent Straight Crack and Force
Wing cracks are tension cracks propagating in a stable manner,
gradually turning their direction to the direction of max-principal
stress. To make the kinked and curved crack tractable, it is
decided to simplify the sliding crack into an equivalent
straight crack, which is the projection of the sliding crack to
axial y, as shown in Figure 3B. With the total length of the
equivalent crack is 2L, the shearing crack section is 2c, and the
wing crack section is Lw, c and Lw can be expressed as follows:

c � a cos θ Lw � al, (4)
where a is the half-length of pre-existing crack, and l is the
dimensionless length of wing crack (in the following study, l is

FIGURE 3 | Analytical model of a sliding crack. (A) Sliding crack model and (B) equivalent crack model. (C) Stress distribution on the equivalent crack model.
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more often used to represent wing crack length rather than Lw
itself.).

The fracture driving force T is to PP′ and T′ is to MN. In order
to ensure that the load condition is basically equivalent to the
sliding crack model, T′ and T are in the same directions, and the
resultant forces are identical, the relationship between T′ and T
satisfy is verified as follows:

Ta � T′c0T′ � T sec θ. (5)
For linear elastic materials, individual components of stress,

strain, and displacement are additive. Based on the superposition
concept, it is applicable to replace stress on the boundary with
traction force on the crack faces. In addition, wing cracks are
tensile cracks, and only normal traction force that causes mode I
fracture needs to be taken into consideration. It is seen from the
equivalent model that there are two main forces affecting the
extension of wing cracks.

1) Crack-opening force: the component of T′ perpendicular to
the crack on shearing crack (MN), noted by p+.

p+ � T′ sin θ � T tan θ � (D1σ1 −D3σ3) tan θ. (6)

2) Crack closure force: the traction force on wing cracks (MM′
and NN′), approximate to σ3, noted by p−.

p− � σ3. (7)

2.2 SIF and Its Nonlinear Features
2.2.1 Analytical Formulation of SIF
As set forth, an equivalent straight crack model is proposed by
projecting a sliding crack to axis y, and the forces (p+ and p−) that
cause crack propagation are obtained. Now, SIF could be figured
out by a LEFM technique known as the weight function. The
weight function is a SIF calculation method proposed by Buckner
(1970) and Rice (1972) based on Green’s formula, by which many
SIF problems under complex load conditions could be solved.

For the convenience of description, a local coordinate system
of the equivalent crack is established, as shown in Figure 3C.
Axis x is parallel to the crack line, and the coordinate origin is
located at the center of the crack. In this coordinate system, the
force on the crack could be represented by the sectional function
p (x).

p(x) � p+ � (D1σ1 −D3σ3) tan θ, [−c, c]
p− � σ3, [−L,−c) ∪ (c, L] .{ (8)

According to weight function method, the SIF of a straight line
crack is given by the following equation:

KI � ∫L

−L
p(x)w(x)dx, (9)

where, w(x) is the weight function, representing the SIF caused by
an unit load on Point x.

w(x) � 1���
πL

√
�����
L − x

L + x

√
. (10)

Substituting Eqs 8, 10 for Eq. 9, the following equation is
obtained:

KI � ∫L

−L
p(x)w(x)dx

� p+∫c

−c
w(x)dx + p− ∫−c

−L
w(x)dx + p−∫L

c
w(x)dx. (11)

By integrating the aforementioned equations and making an
arrangement again, the equation of SIF is obtained as follows:

KI �
��
πc

√ [h1D1 tan θσ1 − (h1D3 tan θ + h2)σ3], (12)
whereh1(n) � 2

�
n

√
π arctan 1���

n2−1√ ; h2(n) � �
n

√ − h1(n);
n � L/c � 1 + l/cos θ.

It is known from Equation 11 that KI is influenced by n, and n
is a function of variable l. Therefore, the value of SIF is decided by
l when σ1 and σ3 are determined.

2.2.2 Nonlinear Features of SIF to l
According to Equation 11, the relationship between KI and l is
complex, and the curve graph of KI varying with l is shown in
Figure 4.

By comparing the curve lines of SIF and l, two main
conclusions are drawn as follows:

1) Wing cracks are highly stable. KI and l are negatively
correlated, and the stress intensity factor decreases rapidly
with the increase of crack length (especially at the beginning of
crack extension), which means the larger the σ3, the faster the
dropping rate ofKI. Due to the stability of wing cracks, a larger
external force is required to make the cracks go on expanding,
which indirectly provides a fracture mechanical basis for the
stable crack propagation stage of the rock deformation theory.

2) Minimum principal stress has a strong controlling effect on
long wing cracks.When the wing crack is short, the SIF of the
corresponding σ3 changes little; when the crack is long, the

FIGURE 4 | SIF as a function of l and k (μf = 0.2,θ = 50°, k = σ3/σ1).
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SIF of the corresponding σ3 changes a lot. Therefore, when σ3
is high, it is hard to form long wing cracks. This is why tensile
micro-fractures are suppressed in the high confining
pressure compression test of brittle rock. Compared with
tensile failure, σ3 has a relatively small effect on shear cracks.
If confining pressure increases, the rock failure shifts to the
shearing mode.

2.2.3 Influence Coefficients of σ1 and σ3
The shearing mode (taking the classical Mohr–Coulomb theory
as an example) is controlled by the shearing force, and the
magnitude of the shearing force is independent of the length
of the shearing zone. So, based on the shearing hypothesis, the
deformation and failure of the rock are in a linear relationship
with respect to σ1 and σ3. However, the sliding crack model is
controlled by the SIF, and the effects of σ1 and σ3 on the SIF vary
with the wing crack growth (l); thus, based on the sliding crack
hypothesis, the deformation failure of the rock is of a strong non-
linear feature.

In order to discuss the contributions of σ1 and σ3 to the SIF,
Eq. 13 is obtained as follows:

K1 �
��
πc

√ [A(l)σ1 − B(l)σ3], (13)
A(l) � h1D1 tan θ B(l) � h1D3 tan θ + h2.

From Figure 5, it is known that A gradually descends with the
increase of l, meanwhile B ascends rapidly. It indicates that the
crack-opening effect of σ1 gradually decreases with the wing crack
growth, while the crack closure effect of σ3 increases. It also
suggests that σ3 has a strong controlling effect on long wing
cracks.

Nonlinear characteristics of A and B could be explained
as follows: since σ1 is only included in p+, which only acts
on the middle of the crack (shearing section), the effect of σ1
on the crack tip is weakened, while the action range between

σ1 and crack tip gets large with crack extension. However, σ3
acts on the entire wing cracks; it is obvious that as the
crack extends, more traction forces will be incurred to the
crack, so a greater stress concentration effect is developed as
expected.

3 XFEM FRACTURE SIMULATION

In order to verify the correctness of the SIF theoretical formula
(Eq. 12), the propagation process of a single crack in a plane
subject to compressive loading is simulated by an extended finite
element method (XFEM).

3.1 XFEM Fracture Model
Geometric model. As shown in Figure 6, a closed inclined crack
(θ = 45° and 2a = 10 mm) is set in the middle of the rectangular
plane. In order to weaken the boundary effect, the size of the
rectangular plane (120 × 200 mm) is much larger than that of the
crack length.

Material model and parameter. 1) XFEM element: the XFEM
element material obeys the linear elastic law (elastic modulus E;

FIGURE 5 | Stress coefficients (A and B) versus l.

FIGURE 6 | XFEM model of an inclined crack in a rectangular plane.

TABLE 1 | Material parameters of the XFEM model.

E (GPa) v σy (MPa) γn (J/mm) γt (J/mm) μf

50 0.2 70 0.2 0.2 0.2

The material parameters are not corresponding to any specific rock material and only
serve as a theoretical analysis instead.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8935496

Zhang et al. Sliding Crack in Brittle Rock

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Poisson ratio v) before yielding. The maximum principal stress
criterion (yielding strength σy) is selected as the yield criterion.
After yielding, the XFEM element obeys the linear damage law
based on fracture energy. When the specified fracture energy is
reached (normal fracture energy γn or tangential fracture energy
γt), the XFEM element separates from each other and re-combine
into a crack. 2) Contact model of the closed crack surfaces: the
normal contact relation of the crack surfaces is rigid, and the
tangential contact behavior obeys coulomb’s law of fiction, in
which the shear strength is proportional to the normal stress. The
material parameters are shown in Table 1.

Loading method. Four sets of loading tests with different lateral
confinement pressures (0, 5, 10, and 20 MPa) and the axial
loading are limited by displacement. In addition, in order to
simulate a rigid closed shearing crack, the normal displacement of
the shearing crack is fixed, so that it can only slip in the tangential
direction.

3.2 Fracture Propagation and SIF
The fracture propagation process and the maximum principal
stress contour are shown in Figure 7. At the beginning of crack
extension, the angle between the wing crack and the pre-crack is
about 70° (Figure 7A). As the wing crack expands, the crack bends
and gradually approaches the direction of the maximum principal
stress (Figure 7D). The crack trajectory is completely consistent
with the theoretical 2D sliding crack model. The dynamic fracture
process of a sliding crack could be well simulated by XFEM.

Although the XFEM could be used to simulate the natural
propagation path of the crack, it cannot obtain the SIF directly at
the crack tip. Therefore, in this study, the coordinates of the crack
trajectory are obtained by the XFEM, based on which a static crack
model is established, so the SIF can be calculated by the traditional
contour integral method. In this way, it could be guaranteed that the
crack numerical model is identical to the real crack path, and thus a
more accurate SIF of sliding crack could be obtained. SIF values

FIGURE 7 |Maximum principal stress and crack propagation of the XFEM model. (A) σ1 = 75 MPa, (B) σ1 = 110 MPa, (C) σ1 = 175 MPa, and (D) σ1 = 220 MPa.
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corresponding to different crack lengths are listed inTable 2, the axial
stress σ1 = 200MPa, and lateral stress σ3 = 0, 5.0, 10.0, and 20.0MPa.

The differences between the theoretical results (Eq. 11) and
the numerical simulation results are controlled within 5.0%,
which indicates that both the equivalent model (Figure 5) and
calculating method are reasonable. However, if the wing crack
length is long, the theoretical result tends to be larger. The larger
the confining pressure, the larger the error. Therefore, the
theoretical formula is suitable for the case in which the
confining pressure is small and the wing cracks are
relatively short.

4 LENGTH OF WING CRACK

4.1 Implicit Function of l (σ1, σ3)
Previously, the nonlinear features of SIF varying with l had been
analyzed, but in a practical situation, the crack propagates when
the SIF reaches the fracture toughness of the material under the
effect of external force and the length of the crack is limited by the
far-field stress (σ1, σ3); therefore, the way that l varies with stress is
practically more important. By replacing KI with KIC (fracture
toughness of mode I) in Eq. 13, the functional relationship
between l and principal stresses (σ1 and σ3) is obtained.

FIGURE 8 | Shape of function l (σ1, σ3) (KIC = 6 MP·m0.5, a = 0.01 m, θ = 40°, and μf = 0.2).

FIGURE 9 | (A) l as a function of σ1 with σ3 fixed. (B) l as a function of σ3 with σ1 fixed (KIC = 2 MP·m0.5 and a = 0.01 m).
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KIC � ��
πc

√ [A(l)σ1 − B(l)σ3]. (14)
The function l (σ1, σ3) cannot be written out in an explicit form,
but it can be plotted numerically as follows:

As shown in Figure 8, the function of l (σ1, σ3) is highly
nonlinear. The shape of l (σ1,σ3) is a concave surface, which
indicates that both axial loading and lateral unloading lead to an
increase of the wing crack, and the growth rate would also
increase. The curve line PT is a loading path with σ3 =
100MPa, the curve line QT is a lateral unloading path with σ1
= 100MPa; the intersection line of the function surface and the
plane σ1−σ3 is the crack initiation criterion functions (Eq. 3).

4.2 Axial Loading and Lateral Unloading
For the convenience of plotting, the fracture strength KIC of the
material is taken as a reference, and the stress unit is defined as:

Σ � KIC���
πa

√ . (15)

The growth curve of l corresponding to axial monotonic
loading is shown in Figure 10A, and the growth curve of l
corresponding to lateral monotonic unloading is shown in
Figure 10B. Under the conditions of axial loading and lateral
unloading, the propagation characteristics of wing cracks have big
differences. The major ones are summarized as follows:

1) The crack length curve sees a linear feature under the
condition of axial loading: the crack length l increases
monotonically with the increase of σ1, and the growth rate
is relatively low at the beginning. After a short and slight
decline, the growth rate of the crack length rises and soon
remains almost unchanged, exhibiting a linear growing trend.
The result shows that the larger the σ3, the smaller the slope of
the curve, which indicates that σ3 greatly constrains the crack
propagation under the condition of the σ1 monotonic increase
shown in Figure 9A.

2) Under the condition of lateral unloading, the crack length
grows exponentially: the crack length l increases
monotonically with the decrease of σ3, and the growth rate
of the crack is very low at first; when σ3 is close to zero, the
growth rate shoots up exponentially. It indicates that when the
brittle rock is under low-confined compression, a small
disturbance of σ3 will cause a large crack expansion.
Therefore, the brittle rock failure is abrupt and violent
under the unloading condition shown in Figure 9B.

5 CRACK CLASSIFICATION BASED ON
ACOUSTIC EMISSION

Assuming that the micro-fracture mechanism of brittle rock
under low-confined compression is sliding crack, σ3 has a
more significant controlling effect on tensile fracture (wing
crack) than shear fracture (pre-exist shearing crack) according
to the previous analysis results. That is to say that increasing the
confining pressure improves the resistance of rock against axial
pressure, and more sliding cracks would be formed before the
rock failure, of which wing cracks are much shorter.

It can be inferred that with increasing confining pressure, the
risk of micro-tensile fracture events decreases, while the risk of
shearing fracture events increases. In the following parts, the
correctness of this inference will be verified by the tri-axial test
combined with the waveform parameter method.

5.1 Waveform Parameter Method
The fracturing behavior of materials can be nondestructively
monitored by the acoustic emission (AE) technique, using
sensors that detect the transient elastic waves after any crack
propagation event (Aggelis, D. G., 2012). Micro-fracture failure in
rock may cause local elastic energy release and transmit into
elastic waves. The elastic waves caused by different fracture events
are various in waveforms. Theoretically, the mechanism of micro-
fractures could be analyzed by waveform. AF (average frequency)
and RA (rise time over the maximum Amplitude) are important
parameters for judging the fracture mechanism for the waveform
parameter method (Ohno K., 2010).

TABLE 2 | Numerical simulation and theoretical calculation results of SIF.

σ3 (MPa) Lw (mm) SIF(MPa·m0.5) Error (%)

Numerical value Theoretical value

0 5.0 114.9 109.9 −4.36
10.0 91.1 93.2 2.27
15.0 72.9 75.3 3.28
20.0 67.4 70.2 4.22

5.0 5.0 91.9 89.9 −2.20
10.0 63.4 64.1 1.11
15.0 42.0 43.9 4.52
20.0 33.3 35.1 5.46

10.0 5.0 65.8 63.6 −3.31
10.0 27.7 27.3 −1.57
15.0 6.3 6.6 4.11
20.0 −11.5 −10.9 −5.14

20.0 5.0 7.9 7.2 −9.14
10.0 −35.7 −33.3 −6.62
15.0 −67.4 −62.3 −7.51
20.0 −99.1 −91.4 −7.73

FIGURE 10 | AE parameters in an AE hit (Ohno K., 2010).
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RA � RT/A,
AF � RC/DT,

(16)

where RT is rise time, A is maximum amplitude, RC is ring-down
count, and DT is duration time. The meaning of each waveform
parameter is shown in Figure 10.

In the case of a tensile fracture (model I) that occurs, most of
the elastic energy appears in the form of a longitudinal wave,
which is characterized by high AF and low RA. In the case of a
shear fracture (model II), most of the elastic energy transforms
into a transverse wave, which is featured with low AF and high
RA, as shown in Figure 11A.

Each acoustic emission signal could be represented as a point in the
RA-AF plane, which is called the wave characteristics point (WCP).
According to the characteristics of longitudinal and transverse waves,
theWCP of tensile fracture will be located in the upper left part of the
RA-AF plane, and theWCP of shearing fracture will be located in the
lower right part of the plane, as shown in Figure 11B.

According to the waveform characteristics of tensile fracture
and shearing fracture discussed previously, an FMI (fracture
mode index) is proposed to represent a fracture mode.

FMI � AF/RA. (17)
It could be seen from Figure 11B that when the value of FMI is

high, the fracture event tends to be a tensile fracture; otherwise, it
tends to be a shear fracture.

5.2 Micro-Crack Classification of Brittle
Rock
In order to analyze the influence of confining pressure on micro-
fractures, tri-axial tests combined with acoustic emission
monitoring were carried out on Emei basalt. The rock cores are
taken from the cavern buried at a depth of 460 m underground at
the Baihetan hydropower station, and the standard rock sample
(with a diameter of 50mm and a height of 100 mm) is made of a
homogenous and flawless core.

Four groups of tri-axial tests with different confining pressures
(0, 10, 20, and 30 MPa) are conducted, and each group has four
samples. The confining pressure is loaded to the specified value
first, and then the axial pressure is applied by the displacement
control method (0.05 mm/min); meanwhile, the acoustic
emission events of the rock are monitored until the failure of
the sample. Under different confining pressures, the stress–strain
curve and corresponding AE ringing times are shown in the
following figure.

According to the stage theory of rock deformation (Cai and
Kaiser, 2004), at the beginning of compression, the AE events are
mainly caused by the closure of cracks or cavities. Also, near the
peak strength, the AE events are mainly caused by the coalescence
of cracks. Therefore, it is assumed that the AE events in the
middle of the loading process are mainly caused by sliding cracks.
Thus, the AE events in the middle of the loading process are
selected for waveform parameter analysis, and the images ofWCP
in the AF-RA plane are drawn as follows:

It could be seen from Figure 12 that increasing of confining
pressure makes the WCP shift to the lower right corner. It
suggests that increasing confining pressure has a significant
effect on the tensile crack and increases the proportion of
shearing crack, which is consistent with the prediction result
of the sliding crack model (Section 3.2).

The WCP is scattered in a wild range. Although the
distribution of WCPs can be seen intuitively, the WCPs
cannot be described quantitatively. Therefore, a single
parameter (FMI) is proposed to represent a bunch of WCPs.
First, it is necessary to find a feature point that represents all
WCPs. Suppose that there are n (1,2. . . n) WCPs and the ith
WCP is represented by coordinates (xi, yi), the coordinates of the
feature point are (X,Y), which are calculated by the following
formulas:

X � 1
n
∑n
1

xi, Y � 1
n
∑n
1

yi, (18)

FIGURE 11 | Schematic diagram of identifying fracture mode by the waveform parameter method. (A) Fracture mode and AEwaveform (D. G. Aggelis et al., 2012);
(B) relationship between the AF and RA value (Ohno K., 2010).
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FMI � X/Y. (19)
Then, the FMI of the feature point, noted by FMI, represents

the fracture tendency of all WCPs. FMI of all samples is shown in
the Figure 13.

It could be seen from Figure 13 that increasing of confining
pressure leads to a smaller value of FMI, especially when the
confining pressure increases from 0 to 10 Mpa, FMI decreases
significantly, but when the confining pressure increases from 20
to 30 MPa, the decrease gets slower. It indicates that when the
confining pressure is low, confining pressure of tensile fracture
increases significantly, which is consistent with the conclusion of
the previous theoretical analysis.

6 CONCLUSION

In this study, the theoretical formula of SIF is deduced by the
equivalent straight crack model and verified by XFEM. On the
basis of the SIF formula, the crack lengths under different loading
conditions have been analyzed. Finally, tri-axial tests are carried

FIGURE 12 | WCP in the AF-RA plane and FMI. (A) σ3 = 0 MPa, (B) σ3 = 10 MPa, (C) σ3 = 20 MPa, and (D) σ3 = 30 MPa.

FIGURE 13 | Experimental results of FMI under different confining
pressures.
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out on Emei basalt, and the micro-fracture is analyzed by the
waveform parameter method, which indirectly proves the
correctness of the theoretical analysis. The conclusions are
drawn as follows:

1) A new equivalent model of sliding crack is proposed, and the
calculation formula of SIF at the wing crack tip is deduced by
the weight function method. The calculation method is simple
and has a clear physical meaning. By XFEM numerical
simulation and contour integration, it is shown that the
theoretical formula has high precision, and the error is
about 5%.

2) Minimum principal stress has a strong controlling effect on
long wing cracks. In other words, it is hard to form long wing
cracks when σ3 is high. This is the reason why tensile fractures
are suppressed in the high confining pressure compression
test of brittle rock.

3) Under the condition of axial loading, the wing crack increases
in an almost linear way, and the growth rate is negatively
correlated with σ3. It indicates that under low confined
compressive conditions, increasing confining pressure could
greatly improve the strength of brittle rock.

4) Under the condition of lateral unloading, the growth rate of
the crack is very low at first; when σ3 is close to zero, the
growth rate shoots up exponentially. It indicates that a small
disturbance of σ3 will cause a large crack expansion in brittle
rock. Therefore, the brittle rock failure is abrupt and violent
under the unloading condition.

5) Tri-axial compression tests are carried out on Emei basalt, and
the rock micro-fracture events are analyzed by the waveform

parameter method. The test results show that increasing of
confining pressure could greatly reduce the tensile fracture
tendency of micro-fractures but increase the shear tendency.
Confining pressure has a significant effect on tensile cracks,
which indirectly proves the correctness of the theoretical
analysis of fracture.
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