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Editorial on the Research Topic

Instability mechanism and disaster prevention of the jointed rockmass
s

Introduction

Discontinuities or joints such as cracks, fissures, faults, foliations and bedding planes
resulting from different geological processes are commonly found in rock masses, which
often play critical roles in the initiation, propagation, and coalescence of new cracks due
to stress redistributions caused by engineering activities and/or natural disturbances. It is
challenging to determine the instability mechanism of rock masses with the presence of
these joints, i.e., the jointed rock mass, but vital for preventing or at least mitigating the
instability disaster of engineering structures constructed in these jointed rock masses.

Correspondingly, the stability and control of the jointed rock mass have become a hot
issue in the world. Moreover, the anisotropy of stratified rock mass and the discontinuity
caused by structural planes can further induce the instability of the surrounding rock masses
of underground engineering structures, such as roadway, tunnel and chamber. Therefore,
combining laboratory test, numerical simulation and theoretical analysis, many scholars have
studied the mechanical response characteristics of these rocks such as strain energy evolution
and acoustic emission by uniaxial cyclic loading and triaxial compression test, the expansion
and evolution characteristics of joints and cracks in the rockmass under external loads, and the
propagation and energy attenuation characteristics of blasting vibration in tunnel surrounding
rock.Howtoimprovethebreakingefficiencyof theserockmasseswasalsodiscussed.Therefore,
it is necessary to exchange and summarize these achievements in this field.

Progress in the research topic

We then provide a forum for professionals and academics to communicate their
impactful research on Instability Mechanism and Disaster Prevention of the Jointed Rockmass,
which results in the 10 papers being published in this Research Topic that might be of
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your interest. These papers mainly cover the following four aspects,
such as uniaxial cyclic loading and triaxial compression test of rock
and soil samples, experimental study on failure characteristics of
stratified and fractured rock mass, blasting vibration propagation
and energy attenuation characteristics in surrounding rock
masses of tunnels, and evolution process of tunnel instability and
prediction of breaking rock efficiency. Please visit the following
website formore information: https://www.frontiersin.org/research-
topics/52545/instability-mechanism-and-disaster-prevention-of-
the-jointed-rockmass/magazine.

Uniaxial cyclic loading and triaxial
compression test of rock and soil samples

Zhang et al. studied the mechanical properties and acoustic
emission evolution of water-bearing sandstone under deep high
stress mining environment under triaxial conditions. Since
the rock mechanical properties and strain energy evolution
under cyclic loads are obviously different from those under
compression, Liu et al. carried out the mechanical properties
and strain energy evolution in rocks (coal, white sandstone, red
sandstone, and granite) under various types of uniaxial cyclic
loading-unloading. Wang et al. conducted long-term cyclic tests
for different frequencies on remolded soft clay with different sand
contents, investigating how the frequency impacted the stress-
strain, the dynamic shear modulus, and the damping ratio of the
remolded samples.

Experimental study on failure
characteristics of stratified and fractured
rock mass

Combining physical model experiments with acoustic emission
and moment tensor inversion techniques, Zhang et al. carried
out the hydraulic fracturing experiments on the large-size cores
under different stress differences to reveal the propagation law
of hydraulic fracturing pathway in laminar marl continental
shale. Yu et al. conducted the shear failure tests on layered rock
masses under different bedding dip angles, different rock bridge
width, different normal forces, and forward and reverse shear
effects. Moreover, they analyzed the influence of fissure angles
and bridge lengths on rock mechanical properties and failure
by using the uniaxial compression test and the digital image
correlation technique.

Blasting vibration propagation and energy
attenuation characteristics in surrounding
rock masses of tunnels

During the tunnel construction process using the drilling and
blasting method, the induced blasting vibration always poses a
great threat to the stability and safety of the supporting structure
of adjacent tunnels. To improve the efficiency and safety of
tunnel blasting construction, Qin et al. investigated the vibration
propagation and peak particle velocity (PPV) distribution of the

lining of an excavated tunnel during the blasting of an adjacent
tunnel. They analyzed the evolution process and distribution
characteristics of the PPV of the lining of adjacent tunnels. Lan
et al. conducted on-site experiments and numerical simulations
to reveal the influence of the number of free surfaces on the
energy distribution and attenuation law of surrounding hole blasting
vibration signals.

Evolution process of tunnel instability and
prediction of breaking rock efficiency

These natural defects (cracks, faults and cavities) will have
an impact on the stability of tunnels. Li et al. investigated
different conditions of surrounding rock: intact surrounding rock,
surrounding rock with open-flaw and surrounding rock with
filled-flaw under the true triaxial test. They explored the effect
of different surrounding rock conditions on the internal failure
characteristics of tunnel under true triaxial conditions. A simple
and accurate evaluation method of the rock-breaking efficiency
of TBM disc cutters is an essential prerequisite to improve the
rock-breaking performance of TBM. Zhou et al. summarized the
classical force prediction equations of disc cutters and analyzed
the applicability of each equation for the constant cross-section
disc cutters.

We hope that these articles provide readers with
valuable information on recent developments in science,
technology, and related researches for achieving the goals
of Instability Mechanism and Disaster Prevention of the
Jointed Rockmass.
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Study on rock-breaking efficiency
evaluation of TBM disc cutters
based on Rostami prediction
equations

Guanghong Zhou1, Xuchun Wang1, Ding Wang2,3*, Minhe Luo1,
Zhanpeng Hao1 and Wenrui Wu1

1School of Civil Engineering, Qingdao University of Technology, Qingdao, China, 2State Key Laboratory for
Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Beijing,
China, 3School of Mechanical Electronic & Information Engineering, China University of Mining and
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As the main cutting tool of Tunnel Boring Machine (TBM) for rock-breaking, the
rock-breaking efficiency of TBM disc cutters directly affects the TBM’s boring
speed, which in turn affects the overall progress of the tunnelling project.
Therefore, a simple and accurate evaluation method of the rock-breaking
efficiency of TBM disc cutters is an essential prerequisite to improve the rock-
breaking performance of TBM. In this paper, the classical force prediction
equations of disc cutters were summarized and the applicability of each
equation for the constant cross-section disc cutters was analyzed. The
calculation equation of the specific energy per ring of TBM rock-breaking was
derived based on the Rostami prediction equations and the specific energy theory
for disc cutter rock-breaking. The specific energy per ring equation was verified
through a practical engineering case. The results show that the maximum relative
error of the effective thrust force and the effective torque of the cutter head based
on the Rostami force prediction equations is 9.8%. The relative error of the specific
energy per ring is 8.0%, which indicates that the prediction of the specific energy
per ring equation can accurately reflect the rock-breaking efficiency of disc
cutters. The derived equation of the specific energy per ring can not only
simplify the rock-breaking efficiency evaluation of TBM disc cutters, but also
serve as a valuable reference for practical engineering projects.

KEYWORDS

disc cutter, force prediction, rock-breaking specific energy, rock-breaking volume,
specific energy per ring

1 Introduction

With the expansion of the scale of urban subway construction, the shield Tunnel Boring
Machine (TBM) tunnelling method has become the primary construction method for urban
underground railway tunnels, owing to its good adaptability, low environmental
interference, high efficiency and safety (Lu et al., 2004; Yagiz, 2008). For TBM, the disc
cutter is the main cutting tool for rock breaking. The working principle of the disc cutter
involves the combined effect of the hydraulic propulsion and rotary system on the excavation
surface to break the rock (Hu et al., 2022). Previous studies have shown that the load and
impact are directly applied on the disc cutter and the tunneling efficiency and reliability of
TBM is closely related to its rock-breaking condition (Zhang et al., 2021; Li et al., 2022).
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Therefore, the mechanical condition of the disc cutter is the critical
factor for the design and manufacture of TBM. However, due to the
large impact and the harsh working environment that act on the disc
cutter, abnormal failures such as partial grinding and breaking
frequently appear and the cutting tools need to be constantly
replaced during tunnel construction, leading to low overall
boring efficiency and high construction costs for TBM tunnelling
(Sun et al., 2019). Hence, it is of great significance to understand the
rock-breaking mechanism of disc cutters, develop the accurate load
prediction model, and make the rock-breaking efficiency evaluation
of disc cutters simple and efficient.

Since the 1960s, as rapid development of TBM technology, a lot
of research work has been carried out about the rock-breaking
theory of disc cutters. At the present stage, the mainstream theories
can be summarized into three categories: the shear rock-breaking
theory, the tension rock-breaking theory, and the comprehensive
rock-breaking theory (Zhang et al., 2022). The Colorado School of
Mines (CSM) proposed the shear rock-breaking theory in
1977–1979 (Ozdemir and Wang, 1979). The CSM rock-breaking
model was summarized based on the linear grooving test of the
V-shaped disc cutter. In the 1980s, through theoretical analysis and
experimental research on the rock-breaking model of disc cutters,
the rock-breaking laboratory of the Northeast University of
Technology put forward the tension rock-breaking theory (Jin,
1981; Jin et al., 1981). With new advances in research, some
researchers have proposed that the rock-breaking process by disc
cutters is a complex process with multiple forms of damage. Zhang
et al. (Zhang et al., 1996; Zhang, 2008) carried out laboratory tests
using disc cutters and proposed that the rock-breaking process of
disc cutters is mainly subjected to shear load combined with
extrusion and tension. Through observing the friction marks on
the cross-section of the slag sample of rock-breaking test, Mao et al.
(Mao and Liu, 1988) pointed out that the cracks caused by the rock-
breaking process of disc cutter are the result of the combined effect
of extrusion, tension, and shear load. At present, although many
researchers have conducted in-depth studies on the rock-breaking
mechanism and the force prediction model of disc cutters, the
assumptions and applicability of the prediction models are quite
different. Therefore, for the varying of actual engineering situations,
it is still necessary to compare and analyze the applicability of these
models.

In this paper, the existing classical force prediction models of
disc cutters were summarized. The applicability of the Rostami force
prediction equations for the constant cross-section disc cutters was
then analyzed. Based on the Rostami force prediction equations, the
calculation equation of the specific energy per ring of TBM rock-
breaking was derived which quantifies the specific energy required
for one ring excavation distance. The derived equation offers a
simplified approach to evaluate the rock-breaking efficiency of TBM
disc cutters. This approach eliminates the need to consider rock slag
volume and the effect of surrounding cracks on rock-breaking
energy. Instead, the rock-breaking volume per ring and the rock-
breaking energy consumption per ring was used to calculate the
rock-breaking specific energy of TBM, thus making the rock-
breaking efficiency evaluation more simple and more efficient.
Finally, the applicability and accuracy of the specific energy per
ring equation were evaluated and verified based on the actual TBM
tunneling parameters of a construction section of the Qingdao

metro, which can provide theoretical support and reference for
related projects.

2 TBM disc cutters

The rolling cutter is the main cutting tool for TBM rock-
breaking. According to the appearance forms of the rolling
cutter, it can be classified into disc cutter and toothed cutter.
According to the cutter ring structure, the disc cutter can be
classified into conventional disc cutter and inserted tooth disc
cutter. The toothed cutter is often used in soft rock, as shown in
Figures 1B, D. According to the number of blades of the disc cutter,
it can be classified into single-blade disc cutter, double-blade disc
cutter, and multi-blade disc cutter, as shown in Figures 1A, B, D.
Single-blade disc cutter and double-blade disc cutter are commonly
used in tunnel construction in Qingdao.

According to the installation position, disc cutter can be
classified into center cutter, face cutter, and gauge cutter, as
shown in Figure 2. In general, the center cutter of TBM mostly
adopts double-blade cutter, which has relatively small radius of
rotation and complex force state. The face cutter mostly adopts the
single-blade cutter, which is the main cutting tool for TBM
tunneling. The gauge cutter adopts the single-blade cutter with
increasing installation angle from the inside to the outside to
produce rounding arc transition. The outermost edge cutters
ensure the excavation diameter of the tunnel.

3 Force prediction theory for disc cutter
rock-breaking

In the process of rock-breaking, the disc cutter ring intrudes into
the rock, producing a normal destructive effect on the rock. The disc
cutter rotates around the cutter shaft and revolves around the center
of the cutter head, producing a tangential destructive effect on the
rock. The destruction of the disc cutter to the rock is the interaction
between the disc cutter ring and the rock mass of tunnel face. As the
disc cutter is constantly loaded by the thrust cylinder as well as the
main drive system, its resultant motion includes constant intrusion,
revolution, and rotation motion. The rock mass of the tunnel face is
constantly deformed and destroyed under the load of the disc cutter,
which eventually leads to the failure and detachment of the rock
mass from the tunnel face. As shown in Figure 3, the disc cutter is
mainly subjected to a vertical force (FV), a tangential force (FR), and
a lateral force (FS) during the rock-breaking process.

3.1 Rock-breaking mechanism of disc
cutters

The rock-breaking process of the disc cutter is influenced by
many factors, such as the tunneling parameters of the TBM, the
geometric parameters and arrangement of the cutter, as well as the
macro-mechanical parameters and stress state of the rock mass at
the tunnel face and the occurrence state of the joint fissure, etc. Due
to the complexity of the rock-breaking process, there is no explicit
and unified theory for rock-breaking process of the disc cutter.

Frontiers in Earth Science frontiersin.org02

Zhou et al. 10.3389/feart.2023.1178127

8

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1178127


However, after years of exploration, three classical theories have
been developed: shear rock-breaking theory, tension rock-breaking
theory, and comprehensive rock-breaking theory.

The theory of shear rock-breaking assumes that the rock mass at
the blade position of the disc cutter undergoes a stress concentration
under the influence of vertical forces. Once the stress concentration
reaches its limit, the rock mass is pulverized into fine particles,
forming a compacted core subject to volumetric compression. This
core, also called a dense core, plays a significant role in rock
fragmentation during tunnel boring machine excavation.

According to the shear rock-breaking theory, a dense core is
created when the rock mass at the blade of disc cutter is loaded by
the vertical force. Owing to the inclined angle of the cutter edge, the
rock mass on both sides of the dense core is broken as a result of
shear failure under the cutter lateral force. The tension rock-
breaking theory holds that the rock mass on both sides of the

dense core is broken due to tensile failure when the disc cutter
intrudes into the rock. The comprehensive rock-breaking theory
argues that the dense core is subjected to a combination of extrusion,
tension, and shear force. The cracks developed around the dense
core are mainly from tension failure and the rest are from shear
failure. The rock slag is generated by the combined effect of these
two failure modes.

3.2 Rock-breaking theories of disc cutters

As shown in Figures 4A, B, C, the cross-sectional form of the disc
cutter ring mainly includes V-shaped section, wedge section, and
constant cross-section. Compared to other cross-section disc cutters
which tend to become dull and less efficient due to wear and tear, the
constant cross-section disc cutters can maintain their dimensions

FIGURE 1
Common types of the TBM rolling cutter (A) single-blade disc cutter (B) inserted tooth disc cutter (C) double-blade disc cutter (D) toothed cutter (E)
multi-blade disc cutter.

FIGURE 2
Schematic diagram of installation positions of disc cutters.
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consistently despite wear and tear. Therefore, the constant cross-
section disc cutters are generally preferred for rock-breaking and
widely used in practical tunnel construction. The geometric
parameters of the disc cutter are mainly the diameter (R) or
radius (r), the half-angle of the cutter edge (α), the radius of the
cutter nose (γ), etc. A series of force prediction equations of disc
cutter have been proposed based on theoretical analysis, field tests,
laboratory tests, etc. The classical force prediction equations of disc
cutter for rock-breaking are summarized below.

Evans prediction equation: Through theoretical studies, Evans
(Evans and Pomeroy, 1966) analyzed the vertical force loaded on the
disc cutter in the rock-breaking process. Under a certain degree of
penetration, it is considered that the vertical thrust of the disc cutter
is proportional to the uniaxial compressive rock strength (σc) and
the projected area (Ap) between the cutter ring and the rock surface.
The projected area is the half of the area enclosed by two parabolas.
However, it has been proved by experiments that the vertical thrust
calculated by the Evans prediction equation is smaller than the
actual vertical thrust of rock-breaking.

FV � σcAp � 4
3
σcp

�����������
r2 − r − p( )2√

tan α (1)

Where: r = Radius of cutter
p = Penetration per revolution
α = Half-angle of the cutting edge
(2) Tosaburo Akiyama prediction equations: Tosaburo Akiyama

(Akiyama, 1970) developed the Evans prediction equation and
proposed two equations for calculating the lateral force of the
disc cutter:

① Based on the extrusion rock-breaking theory:

FS � σc
2
R2 ϕ − sin ϕ cos ϕ( ) (2)

② Based on the shear rock-breaking theory:

FS � RϕδSσc (3)
Where: S = Cutter space
δ = Rock-breaking coefficient (τ/σc)
τ = Unconfined shear strength of rock
ϕ = Relative Angle of Hob and Rock (

�������(3σS/R)√
)

(3) Roxborough prediction equations: Roxborough and Phillips
(1975) improved the calculation method of the projected area
between the cutter ring and the rock surface in the Evans
prediction equation. They regarded the contact surface between
the cutter and the rock as a rectangle, and deduced the calculation
equations of the vertical force, the tangential force and the lateral
force of the V-shaped disc cutter:

FV � 4αcp tan α
��������
2rp3 − p4

√
(4)

FR � 4σcp
2 tan α (5)

FS � FV

2
cot α (6)

CSM prediction equations: Based on the shear rock-breaking
theory and the tension rock-breaking theory, Ozdemir et al. [8] from
Colorado School of Mines (CSM) conducted indentation
experiments on different types of rocks by disc cutter. They
regarded the contact surface between the disc cutter and the rock
as a triangle, and derived the calculation equations of the vertical
force and the tangential force of the V-shaped disc cutter:

FV � ��
2r

√
p1.5 4

3
σc + 2τ

S

p
− 2 tan α( )[ ] tan α (7)

FIGURE 3
Force diagram of the disc cutter during rock-breaking process.

FIGURE 4
The cross-sectional forms of the disc cutter ring (A) V-shaped section (B) wedge section (C) constant cross-section.
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FR � σc + p2 + 4τϕ S − 2p tan α( )
r ϕ − sin ϕ · cosϕ( )[ ] tan α (8)

Where: ϕ = Contact angle between cutter and
rock (arccos(r − p/r))

τ = Shear strength of rock
Rostami prediction equations: Rostami and Ozdemir (1993)

from Colorado School of Mines (CSM) developed the CSM
model for the constant cross-section disc cutter, and deduced the
calculation equation of the resultant force of the disc cutter in the
rock-breaking process:

F � PϕTR

1 + ψ
(9)

Where: P = Compressive stress in the breaking zone
ψ = Pressure distribution coefficient of the cutter edge

P � K
Sσ2cσt
ϕ

���
rT

√( ) 1/3( )
(10)

Where: K = A constant, approximately equal to 2.12
T = Edge width of the disc cutter
The calculation equations of the vertical force and the tangential

force can be obtained by decomposing Eq.10:

FV � K
rϕT

1 + ψ

Sσ2cσt
ϕ

���
rT

√( ) 1/3( )
cos

ϕ

2
(11)

FR � K
rϕT

1 + ψ

Sσ2cσt
ϕ

���
rT

√( ) 1/3( )
sin

ϕ

2
(12)

(6) Prediction equations of the Northeast University of
Technology: Based on the Evans prediction equation, Jin et al.
[9] from the Northeast University of Technology proposed a
powder nucleus-splitting model for calculating the rock-breaking
force of disc cutters. They regarded that the vertical force of disc
cutter rock-breaking is not constant, and there is a leap
phenomenon:

Fv � 4
3
kdσc + 2p tan α

�������
4rp − p2

√
(13)

FR � εkdσcp
2 tan α (14)

Where: kd = Rolling coefficient, normally 0.4–0.7
ε = Reduction coefficient, 2.0–2.5 for smooth rocks, 0.8 for rough

rocks.

3.3 Evaluation of disc cutter force prediction
theories

Since the above force prediction theories of disc cutter (summarized
in Section 3.2) were based on different experimental and theoretical
methods, a comparative evaluation of their predicted values is required.
Cao et al. (2018), Wu et al. (2010), and Liu, (2015) analyzed the
predicted force values of the constant cross-section disc cutter based on
the actual TBM tunneling parameters. The relative errors between the
calculated and the measured values are listed in Table 1.

As shown in Table 1, the relative errors of rock-breaking force
calculated by the Rostami prediction equations are between 0.8%

and 13.7%, which are the minimal among all summarized equations.
Therefore, in this study, we choose the Rostami prediction equations
to calculate the force of the constant cross-section disc cutters.

4 Derivation of the rock-breaking
specific energy per ring equation

In the process of TBM tunneling, breaking the largest volume of
rock with theminimal energy consumption, i.e., improving the rock-
breaking efficiency of TBM is an important goal of designing cutter
head and cutting tool. In 1936, Teale, (1965) proposed the concept of
rock-breaking specific energy (SE), which is defined as the energy
consumed by disc cutters to break rock per unit volume and can be
used to evaluate the rock-breaking efficiency of cutters. The smaller
the rock-breaking specific energy of the disc cutter is, the higher the
rock-breaking efficiency is. The equation of SE is:

SE � E

V
� EV + ER

V
� ∑FV · p + ∑FRl

V
(15)

Where: E = Total energies of rock-breaking
V = Total volume of rock-breaking
EV = Vertical rock-breaking energy
ER = Tangential rock-breaking energy
p = Vertical cutting stroke of the disc cutter
l = Tangential cutting stroke of the disc cutter
How to calculate reasonably the volume of rock-breaking is a

major difficulty in the application of the above rock-breaking
specific energy equation. The main reason is that the rock slag
generated in the rock-breaking process is irregular. It is worth noting
that as the rock slag is generated during rock-breaking, there will be
initiation of lateral cracks and vertical cracks in the rock which will
also consume the rock-breaking energy. Therefore, considering only
the volume of rock slag is not enough to reflect the effect of the rock-
breaking energy on the rock. The cracks developed in the rock mass
during rock-breaking are shown in Figure 5.

According to the actual TBM operation condition, the stiffness
of the cutter is very large and its deformation is negligible. The
normal displacement of each disc cutter after one rotation is equal,
so there is no influence of the arc-shaped arrangement of the gauge
cutters on the rock-breaking volume per ring of the TBM. In
addition, since the abrasion loss of the gauge cutters is very small
for one ring excavation distance, the excavation diameter of the
TBM remains constant and the rock-breaking volume per ring can
be assumed unchanged.

If the TBM tunneling parameters and the physical and
mechanical properties of the rock remain constant, the crack
distribution per ring of the tunnel face can be regarded as
unchanged. Therefore, the energy consumed by the cracks is the
same for each tunnelling ring. In this case, the rock-breaking volume
per ring and the rock-breaking energy consumption per ring can be
used to calculate the rock-breaking specific energy of TBM. Under
these assumptions, the specific energy per ring can be derived which
quantifies the specific energy required for one ring excavation
distance. In addition, the specific energy per ring can be regarded
as a critical indicator that reflects the overall energy consumption
and the associated costs of the excavation process.
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According to the rock-breaking specific energy equation of
the disc cutter (Eq. 15), as long as the vertical force and tangential
force of the disc cutter are known, the vertical energy
consumption and tangential energy consumption of TBM
rock-breaking can be obtained. Suppose the effective rock-
breaking thrust is F, the total torque is M, the penetration is
p, the length of each tunnel ring is L, and the rotation number of
disc cutter per tunneling ring is L/h. The vertical energy
consumption EV and the tangential energy consumption EV
of the disc cutter per ring can be obtained:

EV � ∑n
i�1
FViL � FL (16)

ER � L

p
∑n
i�1
2πRiFTi � 2π

L

p
∑n
i�1
RiFTi � 2πLM

p
(17)

It has been evaluated in Section 2.3 that the Rostami prediction
equations have the minimal relative error to calculate the rock-
breaking force of constant cross-section disc cutters. Therefore,
combining the Rostami prediction equations with the rock-
breaking specific energy equation, the rock-breaking specific
energy per ring equation can be derived. Substituting the
calculation results of the vertical force and tangential force of
each disc cutter (FVi, FTi) from the Rostami prediction equations

into Eq. 16 and Eq. 17, the prediction equation of the specific energy
per ring can be obtained:

V � LπR 2
max (18)

SEring � EV + ER

V
� FL + 2πLMp−1

V
� F + 2πMp−1

πR 2
max

(19)

According to the structure of Eq. 18 and Eq. 19, it can be seen
that the rock-breaking specific energy prediction per ring equation
can also be used to calculate the actual rock-breaking specific energy
of TBM.

5 Validation of rock-breaking specific
energy per ring equation

The Shanwu tunnel section of the Qingdao Metro is located in
the Shinan District of Qingdao. The tunnel passes under Shandong
Road which is a main road of Qingdao. Since there are many high-
rise buildings and ultra-high buildings around the tunnel, the
environmental risk of the tunnel is high. The tunnel body mainly
passes through the slightly weathered granite stratum. The buried
depth of the tunnel is 25–35 m, the inner diameter of the tunnel is
6 m, the outer diameter of the segment is 6.7 m, and the excavation
diameter of TBM is 6.98 m. The length of each tunnel ring is 1.5 m.
The groundwater type is mainly quaternary pore phreatic water and
bedrock fissure water. The geological profile of the Shanwu tunnel
section is shown in Figure 6.

TABLE 1 The relative error of the disc cutter force prediction equations.

Literature Literature 17 Literature 18 Literature 19

Force prediction equations Vertical force error Tangential force error Vertical force error Vertical force error

Evans 93.40% / 74.50% 85%

Roxborough 80.30% 72.00% 23.60% 50%

CSM 72.00% 71.50% 15.90% 85%

Rostami 0.80% 7.10% / 3%–13.70%

The Northeast University of Technology 85.40% 71.70% 84.70% /

FIGURE 5
Schematic diagram of cracks developed in the rock mass during
the rock-breaking process of disc cutter.

FIGURE 6
Geological profile of the Shanwu tunnel section of the Qingdao
Metro.
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Two dual-mode TBMs were used for tunnel excavation in this
section. The dual-mode TMB was produced by the China Railway
Engineering Equipment Group Co., Ltd. (CREG), which can be
converted between shield mode and single shield TBM mode. The
TBM utilizes a composite cutterhead and eighteen-inch disc cutters.
The disc cutters mainly include six central cutters, twenty-six face
cutters, twelve gauge cutters, and two edge cutters. And the central
cutters adopt the double-blade cutter. The schematic diagram of disc
cutters arrangement is shown in Figure 7.

The cutters of the TBM utilized in this study are all constant
cross-section disc cutters. The cutter diameter is 457.22 mm, the
edge width is 22 mm, the edge angle is 9.5°, the nose angle is 140°,
and the rated load is 250 kN.

5.1 Acquisition of actual TBM tunneling
parameters

In the Shanwu tunnel section, the right line tunnel face of the
205th ring is complete, and the joints are less exposed. The
photograph of the tunnel face is shown in Figure 8.

FIGURE 7
Schematic diagram of disc cutters arrangement.

FIGURE 8
Tunnel surface of the 205th ring in the Shanwu tunnel section.
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The M8Z2-TAW-41 exploration hole is located on the right side
of the 205th ring. The rock mechanical parameters at the M8Z2-
TAW-41 exploration hole were obtained by consulting the
geological survey report of the rock mass (as shown in Table 2).

To verify the prediction equations of the cutter force and the
specific energy per ring, the gross thrust, penetration, and cutter
head torque of TBM from the 201st ring to the 207th ring were
collected from the shield construction management information
system of the Qingdao Metro. The variations of these three
tunneling parameters are shown in Figure 9. It is obtained that
the average gross thrust is 9564.7 kN, the average penetration is
6.5 mm/r, and the average cutter head torque is 1598 kNm from the
201st ring to the 207th ring.

The gross thrust of TBM is mainly composed of the effective
rock-breaking thrust (F1), the shield sliding friction (F2), the
traction resistance of rear supporting facilities (F3), the
component of TBM gravity caused by the tunnel slope (F4), and
the friction between the shield tail and the segment (F5) (Guan et al.,
2013).

Fsum � F1 + F2 + F3 + F4 + F5 (20)
The gross thrust during the TBM exit process is not affected

by the effective rock-breaking thrust, the slopes of the tunnel are

identical, and the gravitational component F4 can be regarded as
a constant. By querying the gross thrust data during the TBM exit
process, it is obtained that F2 + F3 + F4 + F5 = 2560 kN, so the
effective rock-breaking thrust (F1) is calculated to be 7004.7 kN.
Substituting the effective rock-breaking thrust and the
average cutter head torque into the specific energy per ring
equation, the actual specific energy per ring is obtained to be
40.55 MJ/m3.

5.2 Prediction of TBM tunneling parameters

The obtained TBM tunneling data were substituted into the
Rostami prediction equations and the specific energy per ring
equation. The installation angle of the gauge cutters was ignored
in the calculation. To ensure the excavation diameter of the tunnel,
two edge cutters with the same radius are set on the outermost side
of the cutter head. In the calculation, the penetration value of the
edge cutter is set to be half of the average penetration.

Obtained by the Rostami prediction equations, the effective
thrust is 7574.5 kN and the cutter head torque is 1726.0 kNm.
Substituting the calculated data into the specific energy per ring
equation, the specific energy per ring is obtained to be 43.80 MJ/m3.

TABLE 2 Rock mechanical parameters at the M8Z2-TAW-41 exploration hole.

Compressive
strength (MPa)

Tensile
strength (MPa)

Elastic
modulus (GPa)

Poisson’s
ratio

Internal friction
angle

Cohesion
(MPa)

62.53 7.17 27.32 0.22 53.23° 8.24

FIGURE 9
The variations of the tunneling parameters from the 201st ring to the 207th ring. (A) gross thrust (B) penetration (C) cutter head torque.

TABLE 3 Comparation between actual and predicted results.

Calculation items Actual results Predicted results Relative error (%)

Effective thrust 7004.7 kN 7574.5 kN 8.6

Cutter head torque 1598 kN m 1726.0 kN m 9.8

Specific energy per ring 40.55 MJ/m3 43.80 MJ/m3 8.0
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5.3 Comparation between actual and
predicted results

The comparation between actual and predicted results based on
the Rostami prediction equations is presented in Table 3. The table
shows that the maximum relative error of the effective thrust and the
cutter head torque is 9.8%. The relative error of the specific energy
per ring is 8.0%. The predicted errors are all less than 10%, so the
predicted results can provide a certain reference value for practical
engineering projects.

6 Conclusion

1) In this study, the existing classical force prediction equations for
disc cutters and their applicability to constant cross-section disc
cutters were analyzed. The Rostami prediction equations were
found to be the most suitable force prediction theory due to its
minimal relative errors among all summarized equations.
Furthermore, based on the Rostami prediction equations and
the theory of rock-breaking specific energy, a specific energy per
ring equation for TBM was proposed to calculate TBM’s actual
and predicted rock-breaking specific energy. This equation
simplifies the calculation of rock-breaking volume, as it
eliminates the need to consider rock slag volume and the
effect of surrounding cracks on rock-breaking energy.

2) The applicability of the specific energy per ring equation was
verified based on the actual TBM tunneling parameters in the
Shanwu tunnel section of the Qingdao Metro. The verification
results show that the maximum relative error of the effective
thrust and the cutter head torque calculated by the Rostami
prediction equations is 9.8%, and the relative error of the specific
energy per ring equation is 8.0%. The predicted errors are all less
than 10%, so the proposed specific energy per ring equation can
provide a certain reference value for practical engineering
projects.
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Experimental studies of instability
process and energy evolution of
tunnels under true triaxial
stresses: The role of pre-existed
flaws

Binglei Li1, Jianing Li1, Hongyuan Hu1, Jinrui Gong1 and Tao Luo2*
1Zijin School of Geology and Mining, Fuzhou University, Fuzhou, China, 2School of Resource Engineering,
Longyan University, Longyan, China

In the natural geological environment, there are many joints, faults and cavities.
These natural defects will have an impact on the stability of tunnels. This paper
investigates different conditions of surrounding rock: intact surrounding rock,
surrounding rock with open-flaw and surrounding rock with filled-flaw under the
true triaxial test. The effect of different surrounding rock conditions on the internal
failure characteristics of tunnel under true triaxial conditions is explored.
According to the characteristics of energy evolution and chaos theory, the
failure characteristics inside the tunnel is divided into stages. The results show
that: 1) The failure characteristics in the tunnel are different for different
surrounding rock conditions. The failure characteristics do not represent the
stability of the surrounding rock of the tunnel; 2) The trend of energy
dissipation is different under different surrounding rock conditions. The elastic
stage of the surrounding rock is shortened and the dissipation energy shows an
earlier upward trend as its integrity declines. 3) When analysing the tunnel, chaos
theory can give early warnings about the instability of the surrounding rock, but it
can not give early warning of particle spray and spalling inside the tunnel.

KEYWORDS

surrounding rock condition, energy evolution, tunnel, chaos theory, flaw

1 Introduction

At present, the geological environment around the tunnel excavation is becoming more
and more complex, and there are many natural defects such as faults and cavities around the
tunnel. These defects can have unpredictable consequences for the failure of
surrounding rock.

Many scholars have explored the influence of these natural defects on surrounding rock,
by carrying out laboratory tests (WangH. et al., 2020; Li et al., 2021; Li et al., 2022; Yang et al.,
2022; Zhang et al., 2022; Xue et al., 2023b). Prefabricated flaws usually include open flaws,
filled flaws and a combination of prefabricated flaws and holes. For open cracks, (Zhang
et al., 2020), studied the influence of prefabricated flaws on rock fracture toughness and
provided a reference for the accurate measurement of limestone fracture toughness through
experiment and numerical analysis. (Chen et al., 2022).studied the influence of prefabricated
flaw size on mode I crack propagation of rock, and clarified the influence of prefabricated
flaws on the directional crack propagation mechanism. (Liu X. X. et al., 2021). carried out
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shear tests on rock samples with prefabricated flaws, taking into
account the influence of the existence of cracks on crack propagation
when rock shear failure occurs.

Natural rock joints are usually filled with materials such as sand, clay
and broken rock fragments as weak bonds. For filled-flaw, (Zhang and
Zhu, 2020), studied the influence of such filled flaws on the mechanical
strength and failure characteristics of the rock mass and calibrated the
parameters of various types of samples based on the uniaxial compression
test (Zhou et al., 2021). monitored the degree of damage to rock by
acoustic emission through defects with different filling materials. In
addition, the qualitative analysis of crack behaviour was carried out
by acoustic emission (AE) and photographic capturing technologies,
which provide a theoretical memory for fracture behaviour and damage
assessment of cracks (Sharafisafa et al., 2019). studied the influence of
filling materials on the deformation and failure behaviour of 3D-printed
rock-like Brazilian disk specimenswith defects by static compression load
and digital image correlation (DIC) technology. They found that the
filling of the material can significantly increase the peak stress of the
sample.

Natural geological conditions are usually not single fractures but
are a combination of many fractures. Scholars have studied different
fracture combinations. For combined fracture, (Wang et al., 2020d),
studied the energy evolution and failure characteristics of combined
cracks under fatigue load. The influence of stress amplitude on rock
fatigue is investigated by 3D CT (Li and Cai, 2021). studied a
specimen with open holes in the cross joint and explored the
energy evolution process of the joint in the process of crack
initiation (Mehranpour et al., 2018). extended the existing rock
mass strength criteria. The 284 numerical simulation results of
multi-axial, triaxial and biaxial compression tests of jointed rock
blocks with one or two joint groups by PFC3D software were
analysed, and two new three-dimensional rock mass strength
criteria were established.

Scholars usually use AE (Worley et al., 2019; Zafar et al., 2020),
DIC (Fakhimi et al., 2018; Afrazi et al., 2022; Xue et al., 2023a) and
energy evolution (Chen et al., 2019; Wang et al., 2020c; Wang et al.,
2022) to facilitate the study of crack propagation. The energy
evolution analysis of rock is based on the assumption that there
is no heat exchange in this process after the external work is done on
the rock, and the deformation of the rock is converted into elastic
energy and dissipated energy (Xie et al., 2005). The energy evolution
analysis enables scholars to better understand the propagation of
internal cracks in the compression stage of rock (Meng et al., 2019).
studied the energy evolution law of lithology and loading rate on the
whole process from deformation to failure. They then analysed the
micro-mechanism of accumulation and dissipation of rock energy,
and proposed a non-linear evolution model (Logistic equation) to
provide theoretical support for an early warning system for
engineering disasters (Wang C. L. et al., 2020). analysed the
energy dissipation, energy conversion mode and stress-energy
mechanism of rock failure induced by cyclic loading and
unloading, and demonstrated the laws of stress release and
energy dissipation during rock failure from the energy
perspective (Liu G. L. et al., 2021). summarised the damage
evolution model of rock, revealed the failure and instability
mechanism of rock under load, analysed the relationship between
crack development, damage evolution and energy evolution, and
proposed a more specific understanding of the rock failure process.

At present, researchers paid more attention to the crack
extension in rocks under different stress circumstances, and less
attention is paid to the overall stability of the tunnel induced by the
crack extension. There were few studies establishing the correlation
of energy evolution with the failure at tunnel wall. In this paper,
using a true triaxial experimental machine to simulate the
underground stress environment, and use an embedded micro
camera to capture the failure inside the tunnel, which can better
obtain the crack propagation. Then the failure behavior inside the
tunnel and energy evolution characteristic are correlated.
Combining chaos theory with the energy evolution process
clarifies the advantages and disadvantages of applying chaos
theory to evaluate tunnel stability, and it provides further
theoretical support for understanding the internal failure of
tunnels from the perspective of energy evolution.

The innovation of this article is highlighted as follows: 1) Under
true triaxial conditions, failure characteristics at the tunnel wall and
energy evolution are correlated, and 2) Combined chaos theory with
the energy evolution process, and use it to evaluate the damage
degree inside the tunnel.

2 True triaxial tests on sandstone
samples with tunnel

2.1 Specimens preparation

True triaxial tests of rock specimens with the tunnel were done
by cutting out cubic specimens from the centre with a high-pressure
water jet. The dimensions of the specimens were 100 mm ×
100 mm × 100 mm, which was suggested by the ISRM (Muralha
et al., 2014). The dimensions of the horseshoe-shaped tunnel and the
surrounding rock conditions of the specimens are shown Figure 1.
The uniaxial compressive strength (UCS) of sandstone is 73.52 MPa,
elastic modulus is 5.6 GPa and Poisson’s ratio is 0.12. The
prefabricated flaw was made to penetrate the entire cubic
specimen along the x-axial direction (Figure 1A). And the flaws
were filled with gypsum, with a water to gypsum ratio of 1:5 and The
UCS was 7.5 MPa. In terms of surrounding rock integrity, Group
Intact displayed more integrity than Group Filled-flaw.

2.2 Stress path

The QKX-ZSZ-4000 rigid servo loading system was used in this
research. In this system, the maximum vertical load can reach 4,000 kN
and the maximum lateral load can reach 2,400 kN. The stress path in
this test is shown in Figure 2. The stress path has two stages: an initial
stage and a step stage. The initial stress for this test is the burial depth of
500 m and step loading is used to simulate the tunnel excavation
process. Before arriving the initial pressure, the σx, σy, and σz loading
rate was 0.5 kN/s. When the stress in all three directions reached
11.5 MPa, the directions of X and Y continued to be loaded at a
rate of 0.5 kN/s, while σZ remained unchanged. When σX and σY
reached 17MPa, the direction of X continued to be loaded at a rate of
0.5 kN/s, while σY and σZ remained unchanged. When σX reached
29MPa, σX was maintained for 30 s when the stress reached the initial
pressure (σx=29MPa; σy=17MPa; σz=11.5 MPa), the loading method
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changed to 0.1 mm/min. In the step-loading stage, the σZ was
maintained 60 s for every 10 MPa increase. For example, when σZ
was 11.5 MPa at the beginning, it was loaded to 21.5 MPa at a loading
rate of 0.1 mm/min, and maintained the resulting stress for 60 s. When
σZ decreased to 90% of the peak stress, the experiment was terminated.

To ensure that the sample was not damaged during the unloading,
it was done in stages unloading was employed. First, σx and σy stresses
remained unchanged, while σz was decreased to 29MPa. Then σy
remained unchanged while reducing σx and σz stress to 17MPa. Finally,
the three stress were unloaded to 0 at the same time.

2.3 Test results

The triaxial test results of the three specimens are shown in
Figure 3. The peak stress of specimens with intact surrounding rock

was 89.63 MPa, with open-flaw it was 81.05 MPa and with filled-flaw
it was 85.59 MPa. Peak stress decreased continuously due to defects
in the surrounding rocks.

Figure 4 shows the failed tunnel under true triaxial loading.
Symmetrical V-shaped grooves appear on both sides of the intact
specimens. In open-flaw specimens, the open-flaw appears at the
upper right of the tunnel, and the V-shaped grooves on the right
become a particle spray line. In the filled-flaw specimens, the
V-shaped grooves on the right are bigger than on the left. This
phenomenon means that the surrounding rock conditions affects
the stability of tunnel.

3 Bifurcation and chaotic
characteristics of rock energy evolution

3.1 Chaos theory and logistic system

Chaos theory implies that systems evolve from an ordered state
to a disordered state and outlines the mechanism of the formation of
random processes in a deterministic system. Logistic systems are
simple chaotic systems (Zhang and Gao, 2012; Zhang, 2021). The
Logistic equation is as follows:

dx

dt
� f x, μ( ) � μx 1 − x( ) (1)

The different form is obtained by continuous time discretisation.

xn+1 � f xn, μ( ) � μxn 1 − xn( ), n � 1, 2, 3 . . . (2)
Where xn is the state of x at time tn, xn+1 is the state of x at time tn+1;
μ is a dimensionless parameter.

Figure 5 is a diagram of the Logistic equation. It shows that this
equation divides the process into stability area, Bifurcation and
chaos through μ. Table 1 shows the relationship between the state of
x and the eigenvalue of μ (Zhang et al., 2000; Zhuang et al., 2017).

FIGURE 1
Test specimens: (A) distribution of tunnel and flaws; (B) intact specimens; (C) open-flaw specimens; (D) filled-flaw specimens; (E) QKX-ZSZ-
4000 test equipment.

FIGURE 2
Stress path used in the test.
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3.2 Chaos theory and stress

This research explores the relationship between maximum
principal stress and energy density. We can write Eq. 1 in the
following formula (Zhang, 2021):

Ue
i+1 � μUe

i 1 − Ue
i

k
( ) (3)

Where Ue
i is the elastic energy corresponding to time ti; Ue

i+1 is the
elastic energy corresponding to time ti+1; μ is the iterative growth
factor of energy, and k is the maximum value of energy
accumulation in the rock. Based on this equation, the
relationship between the increase of maximum principal stress
and the internal energy accumulation of the rock was studied,

and the effect of different surrounding rock conditions was
considered.

Figure 6 shows the relationship between the iterative growth
factor μ and maximum principal stress. Under the three surrounding
rock conditions, the value of μ increased exponentially with the
increase of the maximum principal stress. This process can be
divided into three stages: 1) Before μ approaches 3.0000, the
surrounding rock is in the stability stage, and surrounding rock is
continuously compressed. 2) When μ approached 3.0000 (Point A),
the surrounding rock became unstable and the μ increased rapidly. 3)
When μ reached 3.5699 (Point B), the bifurcation process ended, and
the surrounding rock entered the chaos stage. When μ is at 3.0000 is
usually considered to be the crack initiation stress. Beyond this point,
the surrounding rock begins to fail.

FIGURE 3
Test results: (A) intact specimens; (B) open-flaw specimens; (C) filled-flaw specimens.

FIGURE 4
Internal images of the tunnel before and after debris cleaning: (A)
intact specimens; (B) open-flaw specimens; (C) filled-flaw specimens.

FIGURE 5
Solution graph of Logistic equation.

TABLE 1 Critical value of each area.

μ

Stability μ <3.0000

Bifurcation 3.0000≤ μ <3.5699

Chaos 3.5699≤ μ <4.0000
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Comparing the intact specimens, the open-flaw specimens and
the filled-flaw specimens showed that the decrease in the
surrounding rock integrity does not directly affect the crack

initiation stress of the surrounding rock. The crack initiation
stress of intact specimens, open-flaw specimens and filled-flaw
specimens are 72.76, 65.61, and 77.47 MPa respectively.

4 Energy evolution characteristics in
the rock deformation process

4.1 Energy calculation principle

In the process of rock compression, the deformation of rock usually
includes elastic deformation and plastic deformation. The process of
energy transformation can also be divided into elastic strain energy and
dissipated energy. Elastic strain energy is stored in the rock mass and
energy is dissipated by damage to the rock mass. In the true triaxial test,
the specimen is deformed due to compression. Assuming that there is
no heat exchange in the process (Xie et al., 2009), the energy input by
external work is the total energy U0.

U0 � Ue + Ud (4)
Where Ue is the elastic energy, and Ud represents the dissipated
energy.

But a true triaxial test would consider not only the maximum
principal stress acting on the rock but also the confining pressure
applying energy to the rock. So, the total energy U0 can be
understood as:

U0 � Uz + Ux + Uy (5)
Where U0 is the total energy, Uz, Ux and Uy are the energy
generated by the deformation in three directions, respectively.
UZ, UX and UY can be expressed as:

Uz � ∫ σzdεz � ∑n
i�0

1
2
εzi+1 − εzi( ) σzi + σzi+1( ) (6)

Ux � ∫ σxdεx � ∑n
i�0

1
2
εxi+1 − εxi( ) σxi + σxi+1( ) (7)

Uy � ∫ σydεy � ∑n
i�0

1
2
εyi+1 − εyi( ) σyi + σyi+1( ) (8)

Where σz and εz are maximum principal stress and maximum
principal strain; σx and εx are intermediate principal stress and
intermediate principal strain; σy and εy are minimum principal
stress and minimum principal strain.

According to Eqs 6–8, the elastic strain energy is:

Ue � 1
2E0

σz2 + σx2 + σy2 − 2ν 2σzσx + σzσy + σxσy( )[ ] (9)

Where E0 and ν are the elastic modulus and Poisson’s ratio,
respectively.

4.2 Analysis of energy evolution
characteristics

The loading plate was modified to observe the crack
development in the tunnel. The loading plate in the axial
direction of the tunnel is grooved, and a micro camera was

FIGURE 6
Variation of μ with maximum principal stress under the three
surrounding rock conditions: (A) intact specimens; (B) open-flaw
specimens; (C) filled-flaw specimens.
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placed in the loading plate to record the crack propagation in the
tunnel (Figure 7). The resolution of the micro camera is 3,840 ×
2,160 pixels, capture 30 photos per second. The diameter of the
observation hole of the micro camera is 20 mm, which is smaller
than the diameter of the opening in the sample. The effects of the
observation hole of the micro camera on the stress calculation are
not incorporated in the current study.

Figure 8 shows the relationship between energy evolution and
stress, and the captured image shows the crack propagation state in
the tunnel at different periods.

Energy evolution means the elastic energy stored in the rock is
transformed into dissipated energy. The accumulation rate of energy
in the surrounding rock is correlated with the loading rate. It is also
obviously related to the structure of the surrounding rock (Figure 8).
Furthermore, there are also many factors affecting the energy
evolution in rocks.

In this research, the elastic energy under the three surrounding
rock conditions has the same trend. Before the initial stage of
loading, the surrounding rock is in the stage of pore compaction.
The storage speed of elastic energy is slow. With the increase of
stress, energy is continuously accumulated in the surrounding rock.
At the same time, because the pores in the surrounding rock are
compacted, a little elastic energy is transformed into dissipated
energy. When the surrounding rock enters the elastic stage, the
trend of energy accumulation is consistent with the trend of stress
loading. It shows that elastic energy increases rapidly. However, with
the rapid drop of stress, the elastic energy also decreases rapidly.

Dissipated energy shows some differences under different
surrounding rock conditions. The dissipated energy increases
slowly with the increase of stress at the initial stage. As the rock
enters the elastic stage, the dissipated energy decreases slightly.
The dissipated energy rises rapidly at the moment before the
surrounding rock becomes unstable. There are some differences
in the evolution characteristics of dissipative energy. When the
rock enters the elastic stage, there is only a small decrease of
dissipated energy in Group Open-flaw, which means that the
open-flaw group continues to fail when the surrounding rock
enters the elastic stage.

Internal images of some feature points are captured to better
observe crack propagation in tunnels, which are divided into
stages according to the level of dissipated energy. Point a
represents the end of the first rise of dissipated energy, Point
b represents the end of the linear segment after the dissipation
energy first reaches the peak, and Point c represents the turning
point where the dissipated energy rises again. At Point A
(μ =3.0000) the surrounding rock is close to the limit of
energy storage, representing the transition of the surrounding
rock from a state of stability to bifurcation, and at Point B
(μ =3.5699) the surrounding rock enters the chaotic stage.

Compare the images captured at each feature point and
observe the image features at each stage. Point a and Point b
are in the stable period (before Point A). In the characteristic
point, no obvious damage is found in the surrounding rock but
there is damage in the surrounding rock at Point A. This
phenomenon is caused by the work that was done outside the
surrounding rock, and energy is stored in the rock. The
deformation of the surrounding rock concentrates the stress to
a certain point in the tunnel. Point b shows the surrounding rock
that is always between Point A and Point B. At Point c, the
surrounding rock is damaged, and the damage at this stage is
spalling. After Point B, the surrounding rock enters the chaos
stage, and the damage becomes buckling failure.

So, the next step in the tunnel is particle injection. Before the
surrounding rock enters the bifurcation process, the particle
ejection phenomenon will occur inside the tunnel. When the
surrounding rock enters the bifurcation process, there will be a
spalling failure in the tunnel. V-shaped grooves on both sides of
the tunnel are characteristic of spalling damage. Large buckling
deformation of the tunnel occurs when the surrounding rock is in
the chaos stage.

Compare captured images under different surrounding rock
conditions. There is no crack generation at Point a or Point b in
the stability stage. The surrounding rock is often damaged close
to Point A, which represents the surrounding rock entering the
bifurcation process. It is obvious that the damage of Group Intact
and Group Filled-flaw in the bifurcation process seems to be

FIGURE 7
Micro cameras and capture sample.
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more serious but the dissipative energy of the two groups in the
bifurcation process is in a lower value. The dissipative energy of
Group Open-flaw rises continuously. This means that the
surrounding rock of Group Intact and Group Filled-flaw in
the bifurcation process is stable but the surrounding rock of
Group Open-flaw may be unstable in the bifurcation process.

In addition, the dissipative energy at the bottom (Point c) is
always between Point A and Point B. This phenomenon can
prove that the bifurcation process is a continuation of the
previous stage. It belongs to the process in which the
surrounding rock is in the stage of stability and failure. This is
the same as the stage after Point B. After Point B, the dissipative
energy will increase rapidly.

In this work, the energy limit of Group Intact is 0.697 MJ/m3,
Group Filled-flaw is 0.635 MJ/m3 and Group Open-flaw is
0.486 MJ/m3. As the integrity of the surrounding rock
decreases, the energy stored in the surrounding rock also
decreases significantly.

4.3 Dissipated energy ratio under the three
surrounding rock conditions

Figure 9 shows the evolution of the dissipated energy ratio. The
dissipated energy rate is the ratio of dissipated energy to total energy.
This ratio can reflect the rate at which elastic energy is transformed
into dissipated energy at each moment. When the dissipated energy
ratio rises, more damage occurs to the surrounding rock.

Before the initial stress, the rock is in the stage of pore
compaction, and a large number of pores are compacted with a
high dissipated energy ratio (Figure 9) but a low dissipation energy
value (Figure 6). In this step-loading process, loose pores in the
surrounding rock have compacted. After the initial stress, with the
increase in stress, the energy dissipation gradually decreases in a
linear phase with different slopes under different surrounding rock
conditions. It was found that the integrity of the surrounding rock
decreased with the higher dissipation energy ratio in the whole
loading process.

FIGURE 8
Energy evolution characteristics under the three surrounding rock conditions: (A) intact specimens; (B) open-flaw specimens; (C) filled-flaw
specimens.
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Another interesting phenomenon is that the dissipated energy
ratio of Group Filled-flaw (0.645 MJ/m3) near the initial stress is
close to that of Group Open-flaw (0.648 MJ/m3). However, the
dissipated energy ratio of Group Filled-flaw (0.064 MJ/m3) is
closer to Group Intact (0.034 MJ/m3) at the later stage of loading.
This may reflect that the damage to Group Filled-flaw was similar to
that of Group open-flaw in the early stage (Figure 8 open-flaw
specimens (c) and Figure 8 filled-flaw specimens (c)) and similar
damage to Group intact in the later stage (Figure 3). The same
particle ejection phenomenon occurs in Group Open-flaw and
Group Filled-flaw in the early stage because of the prefabricated
flaws in the surrounding rock. The flaws of Group Filled-flaw are
filled with gypsum but gypsum is not very strong and there will
always be some spaces between the gypsum and the surrounding
rock. These can cause cracks extending from the prefabricated flaw
to the inside of the tunnel. When the stress is about to reach peak
value, the gypsum filled in the prefabricated flaw inhibits the further
collapse of the prefabricated flaw, and new damage is generated in

the tunnel. Filling the open flaw brings different forms of failure to
the tunnel. This complex failure results in more fragments in the
tunnel, but it also significantly increases the peak stress of the
surrounding rock.

5 Discussion

The compression failure of rock is a complex process with a
strong unpredictability (Hirata and Imoto, 1991; Zhang, 2021).
Through chaos theory and energy evolution, the current stress
state can be analysed, and the current state of the surrounding
rock can be quickly and accurately predicted.

There are also different forms of failure inside the tunnel under
different surrounding rock conditions. When open flaws appear
around the tunnel, only particle spray failure occurs in the tunnel,
but the surrounding rock may be close to instability damage. When
open flaws are filled, spraying particles and spalling fragments in the
tunnel will increase, but the peak stress will rise.

Figure 10 shows the characteristic strain energy under different
surrounding rock conditions. The characteristic strain energy of
different groups is significantly different. As the integrity of
surrounding rock increases, the total elastic strain energy
(0.660 MJ m-3, 0.778 MJ m-3, 0.834 MJ m-3) and elastic strain
energy (0.486 MJ m-3, 0.635 MJ m-3, 0.697 MJ m-3) increase.
However, there is no significant difference in the dissipative
energy (0.312 MJ m-3, 0.306 MJ m-3, 0.328 MJ m-3) by surrounding
rock during final failure.

These phenomena indicates that the fracture of tunnel
surrounding rock mainly affects the elastic strain energy
accumulated in the surrounding rock. The dissipative energy
after the ultimate failure of the surrounding rock is not affected
by these fractures. But the rate of energy dissipation is different
during the elastic process. Group F and Group I showed a downward
trend and Group O showed a slow upward trend during the elastic
process (Figure 8). It indicates that the main function of fracture
filled is to suppress the deformation of surrounding rock and
improve the ability of surrounding rock to store energy. Then, it

FIGURE 9
Dissipated energy ratio under the three surrounding rock conditions.

FIGURE 10
Comparative analysis of characteristic strain energy.

Frontiers in Earth Science frontiersin.org08

Li et al. 10.3389/feart.2023.1184589

24

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1184589


explains the impact of fractures around tunnels on the stability of
tunnel surrounding rocks from the energy perspective.

The application of chaos theory to rock is still being explored. In
this study, chaos theory has been verified as able to determine
whether the surrounding rock is stable or unstable, but it cannot
accurately predict particle spray and spalling failure. In this research,
we use chaos theory to analyse the damage inside the tunnel. The
surrounding rock is in a stable stage, which does not mean that there
is no failure in the tunnel. It only means that the surrounding rock
will not lose stability, but the particle spray and spalling failure will
still occur. However, we can use shotcrete support and other
methods to prevent spray and spalling failure. When the
surrounding rock is in the bifurcation process (μ =3.0000),
spalling failure becomes more frequent. At this stage, the
surrounding rock will not be unstable, and we should pay
attention to this phenomenon and reinforce the tunnel. When
the surrounding rock is in the chaos stage (μ =3.5699), the
tunnel should be reinforced immediately because the surrounding
rock can become unstable at any time.

It should be noted that the failure characteristics in the tunnel
analysed in this paper are generated under conditions of increasing
maximum principal stress, which may be different from practical
engineering. However, analysing the current state of the tunnel and
the surrounding rock by energy evolution and chaos theory is a
reliable way to understand the failure characteristics of the
surrounding rock.

6 Conclusion

In this paper, the true triaxial load is applied to a tunnel with a
four-centre arch, and the internal failure characteristics of the tunnel
are analysed from the perspective of energy evolution.

In this research, we changed the conditions of the rock
surrounding the sample tunnel. Surrounding rock conditions
include intact surrounding rock, open-flaw surrounding rock and
filled-flaw surrounding rock. We found that the peak stress of the
surrounding rock of the tunnel increased significantly after filling
the open flaw, but it was slightly lower than that of the intact
surrounding rock.

There are remarkable differences between the failure
characteristics and mechanisms for the surrounding rock under
different conditions. The different conditions of the surrounding
rock also affected the process of energy evolution. As the integrity of
surrounding rock increases, the dissipation energy of surrounding
rock in the elastic stage becomes lower and led to the increases in the
energy stored in the surrounding rock (0.486 MJ/m3, 0.635 MJ/m3

and 0.697 MJ/m3).

The energy dissipation ratio can reflect the process of failure.
The same failure behaviour has the same energy dissipation ratio. At
the initial stage of step loading, the dissipated energy ratio of Group
Filled-flaw (0.645 MJ/m3) and Group Open-fl0.697aw (0.648 MJ/
m3) was similar and both had the same trends in failure. In addition,
both Group Filled-flaw (0.064 MJ/m3) and Group Open-flaw
(0.034 MJ/m3) have V-shaped grooves on both sides of the final
failure characteristic.
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Influence of coplanar double
fissures on failure characteristics
of sandstone and fracture
mechanics analysis

Dechao Zhang, Haicheng She* and Taoli Xiao*

School of Urban Construction, Yangtze University, Jingzhou, Hubei, China

The influence of fissure angles and bridge lengths on rock mechanical properties
and failure was analyzed using the uniaxial compression test and the Digital Image
Correlation (DIC) technique. The research findings are as follows: 1) Peak stress
and elastic modulus of the samples exhibited an obvious change trend with the
change in fissure angle. The fissure angle has a more significant effect on a rock’s
mechanical properties than the length of the rock bridge. 2)With an increase in the
fissure angle, the number of surface cracks, main failure cracks and surface
spalling decreased, whereas the area of the falling blocks significantly
increased. However, with an increase in bridge length, the characteristics of
crack propagation and spalling are essentially the same. During crack
propagation, the connection of the rock bridge is related to its fissure angle
and length. 3) At a low fissure angle, the failuremode of rock samples is dominated
by tensile-failure cracks; with an increase in fissure angle, the tension-damage to
shear-damage crack transformation will form a mixed tensile-shear damage
mode; at the same time, with an increase in bridge length, the rock bridge
becomes more difficult to connect, and the local crack expansion failure
changes from tensile-shear cracks to tensile cracks. 4) Stress on the coplanar
double-fissured rock sample was simplified and analyzed to explain the behavior
of fractures on the sample. These research results have an important guiding value
for engineering optimal designs.

KEYWORDS

sandstone-like, coplanar double fissures, fissure angle, rock bridge length, DIC technique

Highlights

1. The influence of bridge length on mechanical properties was weaker than that of the
fissure angles’ influence.

2. With the increase of the fissure angle, the failure mode changes from tension to shear.
3. The increase of the length of the rock bridge affects its connection.
4. The bridge connection occurs only at a high fissure angle.
5. The failure behavior was affected by the normal stress double-clamped beam model and

shear stress.
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1 Introduction

The fissured rock mass is a common engineering medium in
water conservancy and hydropower projects. Such fissure defects not
only impact the mechanical properties of rock masses, but also
increase the risk of engineering accidents, since more cracks may
sprout and expand from internal cracks upon experiencing external
disturbance (Lajtai et al., 1990; Hoek and Martin., 2014; He et al.,
2022; Wong et al., 2022; Ren et al., 2023). It is therefore of great
theoretical significance to investigate the influence of the geometric
distribution of cracks on rock mass mechanical properties, crack
propagation, and damage of rock masses. Lajtai (1969) believed that
simulating real rock by using rock-like material to precast fissures,
thus greatly simplifying sample preparation, was feasible; this is now
widely accepted. Since then, Park and Bobet (2009) (Wong and
Einstein., 2009; Yang and Jing., 2011) assigned a uniform name to
the precast fissure. The terms “fissure” or “flaw” are used to describe
a man-made pre-existing crack or fracture. In addition, the names of
the cracks caused by the load in the rock samples are unified. Wing
crack, anti-wing crack and secondary crack are unified Bobet (2000)
determined the tensile and shear properties of the wing and
secondary cracks. Previous studies mostly focused on Intact rock
sample (Liang et al., 2022; Tang et al., 2022) and single-fracture rock
samples (Wong and Einstein, 2009; Yang, 2011; Liang et al., 2012;
Xiao et al., 2012; Xu et al., 2013; Jin et al., 2017), while current
research on fissured rock masses has developed towards multiple
fissure; many achievements have been made in double-fissured rock
mass research. Zhang et al. (2006) conducted uniaxial compression
tests on 45°, 55°, 65° coplanar double fissured sandstone specimens
and observed that the secondary coplanar crack is easy to occur in
the inner end of coplanar double fissure, forming coplanar shear
through. Yang and Jing. (2011) studied coplanar double fissures with
different dip angles and found that the degree of peak strength
reduction in fissure samples was related to coplanar double fissures,
ultimate failure modes are obviously dependent to coplanar fissure
angle. Sun et al. (2018) conducted uniaxial compression tests on rock
samples with different dip angles, fissure forms, and rock bridge
spacings and discovered that peak strength showed a downward
concave trend with increasing fissure dip angle; the smaller the rock
bridge distance, the easier it is to connect and the smaller the peak
strength. The length of coplanar double-fissure rock bridge becomes
longer, and wing cracks and anti-wing cracks are easy to occur at the
fissure tip. Wasantha et al. (2012) used cement mortar to make
single-fissure cylindrical specimens with different angles and fissure
lengths and studied the effects of fissure length and angle on the
mechanical properties and fracture modes of the specimens under
uniaxial compression. Specimens with longer partially-spanning
joints, failure was seeded at the pre-existing fissure tip, whereas
for specimens with shorter partially-spanning joints, failure was not
associated with the pre-existing fissure. Xiao et al. (2015) conducted
triaxial compression tests on two parallel fissured cylindrical rock
samples and observed that when the fissures are arranged in coplane,
the failure mode is X-type shear failure formed by coplane
propagation crack and anti-wing crack. In the non-superimposed
arrangement, the failure modes range from tensile shear failure at
medium and low confining pressures to anti-wing crack penetration
failure at high confining pressures. Yang et al. (2022) used a
conventional triaxial compression test to study granite samples

with two non-coplanar open fissures, and defined five modes of
crack penetration. The results from Yang et al. (2022)’s investigation
show that, under uniaxial and low confining pressure conditions, the
rock bridge angle has a significant influence on the crack evolution
behavior. However, under high confining pressure, with the
propagation of the anti-wing crack, a shear will lead to final
failure. Yin et al. (2014) studied the bonding mechanism between
surface cracks of two parallel fissures in granite samples under
uniaxial compression and found that the anti-wing crack initiation
process is tensile, and the penetration of the precast fissure occurs on
both the surface and internally. Wang et al. (2018) conducted a
biaxial test on prefabricated double-fissure rock samples and divided
the rock bridge connection into three categories: the influence of
lateral stress caused by the original fissure angle, rock bridge angle,
and crack propagation in the coalescence mode. Cao et al. (2015)
produced rock samples with two and three fissures and analyzed the
effect of prefabricated fissures on the crack formation process. Wang
et al. (2018) studied rock samples with parallel-fissure clusters and
obtained four damage modes for jointed rock samples under
compression-shear loading; dip angle had a significant effect on
the damage mode. With increasing fissure angle, the coalescence
mode changes from the propagation of two wing cracks that
coalesces to form a single wing crack coalescence mode. Research
on cracks has become more increasingly complicated, including
fissure groups (Prudencio and Van., 2007; Wang et al., 2018; Zhang
et al., 2020), fissures in the form of pores (Zhang et al., 2006; Pu et al.,
2010; Zhao et al., 2013; Chen et al., 2017; Yang et al., 2017; Gong
et al., 2020), and non-parallel irregular cracks (Park and Bobet, 2010;
Janeiro and Einstein, 2010; Yang et al., 2013; Cao et al., 2015).
Although the fissure tendency is complicated, the core of the
research is always the influence of defects on the specimen and
the form and propagation of the cracks generated by loading.

Many studies on double fissures have primarily focused on
parallel fissures, and mainly on the fissure and rock bridge dip
angles on rock damage mode, crack extension, and rock bridge
penetration. Conversely, fewer studies address coplanar double
fissures and the length of the rock bridge between two fissures.
At the same time, study of rock sample failure tends to focus on the
final failure mode, lacking the summary of the law of rock sample
failure characteristics and failure mechanism in the whole loading
process. Therefore, this study considers sandstone specimens of the
special coplanar double fissures in parallel cracks as the research
objective to explore the influence of different coplanar double
fissures angle and bridge length on the mechanical properties
and failure characteristics of sandstone. In addition, this paper
summarizes the fracture mechanics model, explains the fracture
behavior of each rock sample and reveals the failure mechanism of
rock sample.

2 Test apparatus and test program
design

The main instrument consisted of a loading system and a DIC
system, as shown in Figure 1. Figure 2 shows the physical picture
of the instrument; the loading system included WAW-1000B
Microcomputer Servo-controlled Universal Testing Machine and
data acquisition system, and the DIC system included both a
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shooting system and a digital image calculation system with a
maximum load of 1,000 kN. The loading system not only
controlled the force or displacement of the sample, but also
conducted uniaxial compression, tensile and cyclic loading,
and creep tests. The loading system adopted a displacement
control, and the displacement loading rate was 0.2 mm/min.
The DIC system was comprised of non-contact, optical, and
three-dimensional measurement equipment for material
displacement, strain measurement, and analysis. The system
was primarily composed of a computer control system (DIC
software, control box), a support system (tripod, platform,
beam), and a measurement system (camera and light source).
Double cameras at both ends of the beam were used for
monitoring. The resolution, frame rate, lens focal length,
light-source focal length, and pixel size were 4096 px ×
3000 px, 30 fps, 12 mm, 10 mm, and 3.45 μm, respectively.

Owing to the difficulty of sampling in the field to obtain coplanar
double-fissured sandstone specimens of similar size, the required
samples needed to be made manually. In recent years, laboratory
simulation tests with similar materials have been applied to jointed

fissured and layered rock masses. Many scholars have developed
rock-like materials and have achieved substantial results.

The mass ratio of the rock sample was 32.5R ordinary silicate
cement: quartz sand: pure water: polycarboxylate acid early strength
water reducing agent: defoamer = 1:1:0.28:0.002:0.003. A cuboid
mold with dimensions of 70 mm × 70 mm × 143 mm was adopted,
as shown in Figure 3, and the steel sheet was pre-inserted into the
mold before pouring. After the initial setting, the steel sheet was
removed, creating a perforating crack without filling.

The schematic diagram of the fissure distribution of the rock
sample is shown in Figure 4 below. In Figure 4B, a is the fissure
length, mm; 2b is the rock bridge length, mm; α is the fissure dip
angle, (°); β is the rock bridge dip angle, (°); and α = β. In the uniaxial
compression test, the WAW-1000B was used for loading at a rate of
0.2 mm/min. The whole process of rock surface crack evolution was
monitored by the DIC system; the camera frame rate was 1 frame/s.

To investigate the effects of the fissure angle and rock bridge
length on the mechanical strength properties and damage mode of

FIGURE 1
Schematic diagram of the test system.

FIGURE 2
Test instrument physical picture.

FIGURE 3
Mold diagram.
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coplanar double-fissured sandstone, the two fissure lengths (a)
prefabricated in the rock samples were 10 mm, and the fissure
thickness was 0.5 mm. The fissure dip angles (a) were taken as
0°, 30°, 45°, 60°, and 90°, and the rock bridge lengths (2b) were taken
as 7 mm, 14 mm, 21 mm, and 28 mm. The rock sample numbers
were named in α-2b format, and the test protocol and specimen
numbers are listed in Table 1.

3 Test results and analysis

3.1 Effects of fissure dip angle and rock
bridge length on the mechanical properties
of rock samples

Uniaxial compression tests were performed on each rock sample
according to the test scheme presented in Table 1, and the stress-
strain curves of the rock samples were obtained, as seen in Figure 5.

As shown in Figure 5, the stress-strain curve obtained from the test
contains three stages: compression-density, elastic, and yield. There is
no obvious plastic deformation before the peak stress of the stress-strain
curve, where a long elastic stage is seen, indicating that the rock sample

has a strong brittle characteristic. There is a slight stress drop appearing
in the stage before reaching peak stress, that is, a sudden change in slope,
which indicates that new cracks sprouted in-between prefabricated
fissures within the rock sample. Statistical analysis of the test data shows
that the peak stress and elastic modulus of each rock sample vary with
the fissure angle and length of the rock bridge, as shown in Figures 6, 7.

From Figure 6A, it can be seen that the peak stress tends to increase
significantly with the increase of fissure angle at the same rock bridge
length. When α = 0°, the peak stress of the rock sample is between
51.5 and 53.1 MPa, which is a serious weakening of the rock sample’s
mechanical strength when compared with 74.0 MPa of the intact rock
sample, with a weakening degree of 30.4%–28.2%. When α = 90°, the
peak stress of the rock sample is between 68.7 and 73.0 MPa, with a
weakening degree of 7.3%–1.3%, which is very close to the strength of
the intact rock sample. From Figure 6B, it is observed that under the
same fissure angle, peak stress increases with the length of the rock
bridge, and its value is more similar in magnitude. Demonstrating the
law of increasing first and then decreasing or decreasing in a small way.
Overall variation range of peak stress is small, and the difference
between the maximum and minimum value of peak stress of rock
samples with different bridge lengths is between 1.5 and 5.7 MPa under
five fissure angles. Bridge length has little influence on the peak strength
of rock samples. As can be seen fromFigure 7, the elasticmodulus of the
rock sample displays an increasing trend with the increase in the fissure
angle, but the growth rate varies widely, with amaximum growth rate of
30.4% and a minimum growth rate of 3.4%. The elastic modulus of the
rock sample shows a concave trend of decreasing and then increasing,
with an increase in bridge length, and an elastic modulus change rate of
between −8.8% and 10.5%. In summary, coplanar double-fissure
specimen mechanical properties increase with an increase in fissure
angle, and the influence of rock bridge length on the mechanical
properties of rock samples is small, and the degree of influence on
the mechanical properties of rock samples is weaker than fissure angle.

FIGURE 4
Distribution diagram of coplanar double fissures. (A) Three-dimensional diagram; (B) Two dimensional diagram; (C) Speckle pattern of sample.

TABLE 1 Test plan and specimens’ number.

α/(°) 2b/mm 0 30 45 60 90

7 0–7 30–7 45–7 60–7 90–7

14 0–14 30–14 45–14 60–14 90–14

21 0–21 30–21 45–21 60–21 90–21

28 0–28 30–28 45–28 60–28 90–28
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3.2 Influence of fissure dip angle and bridge
length on the damage characteristics of rock
samples

In the uniaxial compression test, the strain cloud map
generated by the DIC system was used to assist in the analysis
of the crack expansion process on the surface of the rock samples.
The sequence of crack generation at different stress levels in rock
samples was captured by the camera, as displayed by
specimens 0–14 in Figure 8. Crack generation speed is

extremely high. The moment when a large number of cracks
suddenly occur is defined as a batch of crack generation.
Numbers ①, ②, ③, and ④ in the figures represent successive
batches of cracks generated at different stress levels. The main
rupture crack at the time of damage is indicated by a solid black
thick line. Surface spalling is indicated by the gray variegated
color in the interior of the rock sample; simultaneous spalling
blocks are indicated in black.

The surface crack propagation law of the rock sample is as
follows: at low-stress levels, as seen in Figure 8A, ① appeared near

FIGURE 5
Axial stress-strain curve of rock specimens with different fissured angles. (A) 2b = 7 mm; (B) 2b = 14 mm; (C) 2b = 21 mm; (D) 2b = 28 mm.

FIGURE 6
The variation of peak stress with fissured angles and rock bridge lengths. (A) Fissure dip angle VS. Peak stress; (B) Rock bridge length VS. Peak stress.
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the upper face and left edge of the rock sample, and belonged to far-
field cracks, which are caused by uneven upper and lower end faces
of the rock sample, or uneven force on the end faces. At medium
stress levels, cracks appeared at the tips of the precast fissures and
expanded towards the ends of the rock sample. In Figures 8B, C,②
is a wing crack and③ possesses both a wing crack and an anti-wing

crack. In both Figures, ② and ③ are fused with the ① far-field
cracks. They are mainly concentrated at both ends of the right
prefabricated fissure, which indicates that the force on the end face is
not uniform. At high-stress levels, cracks occurred at the two
prefabricated fissure tips, rapidly propagated to the end of the
rock sample, and integrated with other batches of cracks,

FIGURE 7
The variation of elasticity modulus with fissured angles and rock bridge lengths. (A) Fissure dip angle VS. Elastic modulus; (B) Rock bridge length VS.
Elastic modulus.

FIGURE 8
Crack propagation and failure of rock samples with α = 0° and 2b = 14 mm.
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forming an obvious main failure crack composed of wing cracks and
anti-wing cracks, as well as spalling off the falling block. As shown in
Figures 8D, E failure diagram, ④ were still mainly wing cracks and
anti-wing cracks. At this point, the stress dropped abruptly,
damaging the rock sample.

By combining the cracks of each batch marked in the rock
sample failure diagram with the stress-strain curve of the rock
sample failure process, owing to small stress that does not reach
the crack initiation levels in the compression-density stage. The
cracks in batches ① and ② appear in the elastic stage as the stress
increases. When the yield damage stage, the stage where most cracks
are produced, is reached, the cracks expand rapidly to form ③, ④,
ultimately reaching peak strength and destroying the rock sample.
From the damage diagram of each rock sample, the ① and ②

batches of cracks are identified as the far-field cracks near the end, as
well as the wing cracks at the tip of the crack. The③ and④ batches
are easily identified as: the new cracks expanding onto the path of①
and ②, the far-field cracks that further break the rock sample, the
wing cracks at the tip of the fissure, and the tensile cracks in the
middle of the fissure. However, batches ③ and ④ were not all
formed by the deepening of the crack growth caused by batches ①
and②. With the increase in stress level, cracks generated by batches
① and② continued to expand, and new cracks were simultaneously
generated. The new crack expansion caused the crack closure
phenomenon in the original ① and ② batches. As shown in
Figure 9, the crack closure of batch ② was caused by the crack
expansion of batch ③ in rock samples 0–7, but the closure of the
crack did not affect the development of the main crack at the failure
stage of the rock samples. The closed crack in the failure diagram of
rock samples 0–7 eventually forms the main fracture crack.
Meanwhile, the formation and development of the main cracks
were not determined by the batch of cracks.

Besides illustrating the law of crack propagation with stress
increase, the failure diagram can also reveal the failure
characteristics of rock samples. Therefore, the failure diagram is
used below to explore the failure characteristics of rock samples with
the angle of fissure and the length of the rock bridge, as shown in
Figure 10.

As can be seen from Figure 10, 1) with the influence of fissure
angle on the damage characteristics of rock samples, and under

the same rock bridge length combined with an increase in fissure
angle, i) the number of cracks trended towards being significantly
reduced, and the number of main damage cracks changed from
two to one, thus indicating that the damage mode of the specimen
has changed from tension damage to shear damage; ii) surface
spalling usually occurs where the crack manifests, which is a sign
of large deformation and a large number of cracks. With an
increase in the fissure angle, the number of surface spalling
dropped blocks decreased, and the area of the falling blocks
increased significantly. This is because under a high fissure angle,
the number of cracks on the sample surface is small, and the block
area formed between cracks or surrounded by the sample edge is
large; thus, the area of the falling blocks is large. Figure 6 also
shows that the number of cracks decreased and the failure mode
changed from tensile failure to shear failure. Some rock samples
exhibited severe failure, with rock blocks collapsing and spalling
along the cracks. This phenomenon occurred mostly on both
sides of the rock samples, which is a manifestation of the severe
energy dissipation of the rock samples. iii) Whether the rock
bridge is connected is shown as follows. First, three rock bridge
connecting modes are defined, as shown in Table 2. When the
fissure angle was low (α = 0° and α = 30°), rock bridge penetration
did not occur. When the fissure angle was high (α = 45°, 60°, and
90°), rock bridge penetration occurred. 2) The influence of bridge
length on the damage characteristics of rock samples: Under the
same fissure angle, with the increase in rock bridge length, i)
damage characteristics, such as a crack extension or spalling
block on the surface of rock samples, are the same. ii) the longer
the bridge, the more difficult it is to connect at the fissure dip
angle. 3) From the point of view of the fine damage mechanism, i)
at a low fissure angle (α = 0° or 30°), the cracks produced on the
surface of the rock sample are mainly tension cracks; there are
few shear cracks. At a low fissure dip angle, a large shear stress
cannot be formed locally, and the stress concentration at the
fissure tip instead forms a local tension stress, which causes
tension cracks and expands in the direction of maximum
principal stress, extending from the tip to the end of the
sample, and forming a “butterfly shape” failure of two main
cracks on its surface; the failure mode is similar with the
change of rock bridge length. ii) When α = 45° and α = 60°,
and the length of the rock bridge is relatively small, the rock
bridge is connected, forming an elongated shear zone,
increasing the proportion of shear damage of the specimen.
The cracks generated on the surface are mixed shear and
tension cracks, which manifest as a mixed tension-shear
failure, causing the surface of the specimen to form a main
rupture crack of “single-wing butterfly”-like damage. When
α = 60°, the shear stress was larger because this angle was
closer to the fracture surface 45°+ φ/2 (φ is the internal
friction angle) of the sample. When α = 45°, and 2b = 14 mm,
the rock bridge can be connected, which is consistent with the
analysis results of the Mohr-Coulomb criterion. As rock bridge
length increases, the bridge does not connect, and the proportion
of tension cracks increases, ultimately creating a “butterfly”
failure with two main cracks formed on the surface of the
rock sample. iii) When α = 90°, the cracks generated on the
rock surface were mixed shear and tension cracks, and the
specific gravity of the two was similar. Similarly, with an

FIGURE 9
Crack closure.
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increase in the length of the rock bridge, the rock bridge does not
connect, which shows a mixed failure of tension-shear, increased
tensile failure and decreased shear failure. The failure
characteristics and mechanism of each rock sample were
analyzed and summarized in Table 3.

As can be seen from Table 3, the fissure angle and length of the
rock bridge jointly affect the rock bridge connection and failure
mode of the rock samples. The bridge connection occurred only at a
high fissure angle. With an increase in the fissure angle, when the
rock sample failed, the rock bridge between the two prefabricated

FIGURE 10
Crack propagation and failure diagram of various rock samples. (A) 2b = 7 mm; (B) 2b = 14 mm; (C) 2b = 21 mm; (D) 2b = 28 mm.
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fissures changed from disconnected to indirectly connected, and
then directly connected, further indicating that the failure
mechanism of the rock sample has changed from tension crack
to tension-shear crack. The length of the rock bridge is directly
proportional to the difficulty of connecting the rock bridge. As the
length increases, the rock bridge between two prefabricated fissures
becomes increasingly difficult to connect, especially when α = 45°,
60°, and 90°, and the rock bridge changes from directly connected to
indirectly connected or completely disconnected. This change also
indicates that the failure mechanism of the rock sample changes
from tension-shear mixed cracks to tensile cracks. This observation
is consistent with the mechanical properties of the rock samples.

The effect of the fissure angle on the mechanical properties of
rock samples with double fissures is similar to that of single fissures,

but there are differences in the crack growth and failure modes.
When fissure lengths are the same, the two fissures indicate that the
proportion of defects is larger. Furthermore, whether the rock bridge
is connected or not changes the failure mode of the sample between
tensile or shear. Conversely, this relationship between rock bridge
connectivity and changing failure mode is not present for single-
fissured rock samples.

3.3 Simplified analysis of force on coplanar
double-fissured sandstone

A series of tests were carried out on coplanar double-fissured
rock samples, and the data was collated and analyzed to obtain the

TABLE 2 Three kinds of rock bridges through modes of coplanar double-fissured sandstones.

Mode Ⅰ Ⅱ Ⅲ

Description No coalescence Indirect coalescence Direct coalescence

Pattern

Image of
coalescence

Crack
characterization

There are no cracks between the fissures to
connect the rock bridge

The rock bridge is connected by a wing crack and an
anti-wing crack

Shear cracks connect directly through the
rock bridge

TABLE 3 Failure characteristics and mechanism of rock samples.

α/(°)
2b/mm

0 30 45 60 90

7 Rock bridge is not connected,
mainly tensile failure

Rock bridge is not connected, mainly tensile
failure

Rock bridge directly
through

Rock bridge directly
through

Rock bridge directly
through

Pull-shear mixed failure Pull-shear mixed
failure

Pull-shear mixed
failure

14 Rock bridge is not connected,
mainly tensile failure

Rock bridge is indirectly connected, with more
tensile failure and less shear failure

The rock bridge is
indirectly connected

Rock bridge directly
through

Rock bridge directly
through

Pull-shear mixed failure Pull-shear mixed
failure

Pull-shear mixed
failure

21 Rock bridge is not connected,
mainly tensile failure

Rock bridge is indirectly connected, with more
tensile failure and less shear failure

The rock bridge is not
connected

The rock bridge is
not connected

Rock bridge directly
through

More tension failure,
less shear failure

Pull-shear mixed
failure

Pull-shear mixed
failure

28 Rock bridge is not connected,
mainly tensile failure

Rock bridge is indirectly connected, with more
tensile failure and less shear failure

The rock bridge is not
connected

The rock bridge is
not connected

The rock bridge is not
connected

More tension failure,
less shear failure

Pull-shear mixed
failure

More tension failure,
less shear failure
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mechanical properties and failure laws of the coplanar double-
fissured sandstone samples. The fracture behavior of the coplanar
double-fissured rock sample was analyzed after the force was
simplified (Xiao et al., 2022). As shown in Figure 11, the external
force analysis diagram of the fissure sample indicates that the upper
and lower ends of the rock sample are subject to a uniformly
distributed load σ. In the rock sample, the fissure length is a and
the angle is α; therefore, the fissure surface can be decomposed into
normal stress σn and shear stress τ.

Thus, the normal stress σn shear stress τ on fissure surface 2 is:

σn � σcos 2 α + f12σcos
2α (1)

τ � σ sin α cos ασn+f12σ sin α cos ασn (2)
f12 is the fissure interaction coefficient (Chen, 1984; Xi et al.,

2015), which is inversely proportional to rock bridge distance. The
smaller the distance of the rock bridge, the larger the interaction
coefficient.

When the fissure is pressed to closure, the effective shear force
acting on the crack surface is (Horii and NematNasser., 1986; Li
et al., 2007; Sun et al., 2018)

τe � a τ − μσn( ) (3)
Where μ is the friction coefficient of the fissured surface.
Substituting Eqs 1, 2 into Eq. 3 to obtain the effective shear force

equation, see Eq. 4.

τe � aσ 1 + f12( ) sin α cos α − μcos 2α( )[ ] (4)
The normal stress on the fissured surface can be simplified into a

double-clamped beam model (Zhang et al., 2018; Zeng et al., 2020;
Sun et al., 2022), as shown in the figure for the analysis.

According to structural mechanics, the torque of the fixed end is:

M1 � −σa2/12 (5)
The torque at the center is:

M2 � σa2/24 (6)
The maximum deflection in the middle is:

δ max � σa4/384EI (7)
The tensile stress at the middle of the section under the action of

the bending moment is

σ1 � σa2/4bh2 (8)

The tensile stress at both ends of the section under the action of
the bending moment is

σ2 � σa2/2bh2 (9)

Considering the influence of crack 1 on crack 2, the tensile
stresses at both ends are:

σ2 � 1 + f12( )σa2/2bh2 (10)

When α = 0°, there is no shear stress at the crack tip, and the
fracture behavior can be explained by the double-clamped beam.
For the four groups of rock samples with α = 0°, as shown in
Figure 6, cracks can easily appear at either the tip or middle of the
fissure. When the double-clamped beam is subjected to a uniform
vertical load, the mid-span experiences the greatest bending
moment and deflection, causing cracks to form in the middle
of the fissure. However, cracks in the α = 0° rock are mostly
generated at the fissure tip, on the one hand, the tensile stress of
the fissure tip is larger. In addition, the upper and lower crack
surfaces first contact and produce closure when the crack is
deformed, hindering the generation of tensile cracks in the
middle of the crack. This is related to the crack opening

FIGURE 11
Double-clamped beam model.

FIGURE 12
Shear stress wear zone.
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degree. In this test, the thickness of the cracks is 0.5 mm thick. If
the thickness of the cracks is increased, the deflection
deformation of the fissure surface will induce cracks in the
middle of the crack to increase (Zeng et al., 2020).

When α = 30°, 45°, and 60°, shear stress exists between the cracks.
The shear slide along the shear plane of the generated shear crack
occurs during the loading process, as shown in Figure 12. The white
wear zone caused by the shear slide is also shown.

According to the force analysis diagram in Figure 13, after the
fissure is pressed to close, the shear force generated is composed of the
shear stress and the friction formed by the normal stress on the fissure
surface. When the crack is not pressed to closure, there is only shear
stress and no friction, which can be regarded as μ = 0. During the
experiment, the internal friction coefficient of the rock sample was μ =
0.42, and the friction coefficient fluctuated slightly owing to the different
degrees of fracture. However, the friction coefficient cannot affect the
relationship between fissure angle α and effective shear force τe, as
shown in Figure 14. In this case, f12 = 0.3 is taken. The figure clearly
shows that the effective shear force τe is themaximumwhen α= 45° and
60°, which occurs when there is no friction force in the early loading
stage and when there is a friction force after the fissure is closed since

that provides the external conditions for rock bridge connection. The
theoretical fracture angle of the pure type II crack model under uniaxial
compression calculated in fracture mechanics is 70°32′, which is
consistent with the experimental results. The first crack in the
fissure tip of the rock sample was the wing crack, and the crack that
continued to expand was tensile, resulting in local volume expansion.
However, shear failure occurred during the late loading stage, caused by
a large shear plane that formed when the fissure tip had a sufficiently
large shear force and the middle material of the two cracks was small
enough to be connected by the shear force. The tensile and shear failures
of the rock samples were ultimately determined by the different shear
forces of the fissure tips. When the crack angle increased from α = 0°,
incidences of failure caused by normal stress decreased, changed into
shear failure caused by shear force.

When α = 90°, it can be seen from the above model that when the
effective shear force is τe � 0, the fissure tip does not produce shear,
shear slide does not occur, and the model cannot be simplified into the
double-clamped beam force model. The deformation and failure of the
mechanical parameters of the rock sample were similar to those of the
intact rock sample; α = 90° had the least influence on rock samples.

4 Conclusion

(1) The peak stress and elastic modulus increased when the fissure
angle increased. With an increase in the rock bridge length, the
change in the peak stress of the rock sample is smaller, the elastic
modulus shows a trend of decreasing and then increasing, with a
small variation range. The influence of bridge length on rock
samples was weaker than that of the fissure angles’ influence.

(2) Rock sample damage characteristics are as follows: under the
same bridge length, the number of cracks tends to decrease
significantly with an increase in the fissure angle, and the main
damage crack changes from two to one; the number of surface
spalling blocks decreases and the area of spalling blocks

FIGURE 13
Force analysis diagram of fissure sample.

FIGURE 14
The relation between τe and α under different friction
coefficients μ.

Frontiers in Earth Science frontiersin.org11

Zhang et al. 10.3389/feart.2023.1180636

37

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1180636


increases; the bridge connection occurs only at a high fissure dip
angle; Under the same fissure angle, with the increase of the
length of rock bridge, the surface crack propagation and spalling
block failure characteristics are basically the same. The difficulty
of the rock bridge to connect at the fissure angle increases as the
length of the bridge itself increases. (3) The damage mechanism
primarily manifests as follows: at a low fissure angle, tensile
damage cracks are dominant, and shear damage cracks are rare.
With an increase in the fissure angle, the damage mode changes
from tensile damage cracks to shear damage cracks to form a
mixed tensile-shear damage mode. With an increase in the rock
bridge length, the bridge changes from a direct connection to
either an indirect connection or no connection. Simultaneously,
the damage mechanism of the rock sample changes from mixed
tensile-shear cracks to increased tensile cracks.

(4) Based on a simplified analysis of the force on the coplanar
double-fissured rock sample, the failure behavior of the rock
sample was affected by the normal stress double-clamped beam
model and shear stress. The rock sample was dominated by
tensile failure, and the proportion of shear failure increased as
the fissure angle also increased.
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The structural face of rock plays a decisive role in the stability of geotechnical
engineering, and themechanismof failure destabilization of layered rockmasses is
still unclear. By preparing rock-like materials, shear failure tests on layered rock
masses were carried out under different bedding dip angles, different rock bridge
width, different normal forces, and forward and reverse shear effects. With the
increase in the rock bridge width, the influence of the joint inclination angle on the
shear failure process of the rock sample decreases; the peak shear strength of the
specimen is the largest when the joint inclination angle is 60°, followed by 90°, 30°

and 0° from large to small; the failure mode in forward shear is mainly tensile
failure, and the failure mode in reversed shear is mainly shear failure; the peak
number of acoustic emission events is proportional to the joint inclination angle
and the rock bridge width of the specimen, and the number of acoustic emission
events is proportional to the joint inclination angle and the rock bridgewidth of the
specimen. The number of acoustic emission peak events is proportional to the
bedding angle of the sample and the width of the rock bridge. The peak number of
acoustic emission events in the reverse shear of the layered rock mass is greater
than that in the forward shear. The angle of the lamina and the width of the rock
bridge are both important factors affecting the strength of the rock. The results of
this study provide a basis for identifying the shear failuremechanism of rock bridge
in layered rock masses.

KEYWORDS

geotechnical engineering, layered rock, shear failure, rock bridge width, failure
mechanism

1 Introduction

The angle of laminations and the extension of fractures in rock masses have always been
a hot spot and focus of research in geotechnical stability analysis, and rock bridge penetration
often becomes a key factor in rock slides (Sun et al., 2020). The failure of layered rock masses
is determined by the physical and mechanical properties of the structural body and the
structural face, and research focuses mainly on the strength of the structural face and the
destabilization of the failure regularity (Zhu and Zeng, 2005). The strength of a jointed rock
mass is between the strength of the rock material itself and the strength of the joint surface,
and its failure mechanism and failure mode are very complicated (Liu et al., 2019).

Many scholars have analyzed the stability of slopes by studying empirical expressions for the
shear strength and joint inclination of layered rock masses under different normal force
conditions and relating them to the geometrical mechanics of the layered rock masses
themselves to invert the effect of the joint inclination of layered rock masses on some
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mechanical parameters, such as the shear and compressive strength of
the rock masses (Zhang and Liu., 2001; Liu and Zhang, 2002; Ran et al.,
2016). Researchers at home and abroad have studied the effect of
bedding direction on the strength and failure mode of layered rock
masses through Brazilian splitting tests (Debecker and Vervoort, 2009;
Tavallali and Vervoort, 2010a; Cho et al., 2012; Vervoort et al., 2014;
Tan et al., 2015). Xia et al. (2020) concluded from extensive simulations
that the shear strength of the rock mass is lowest when the laminae dip
at 0° and highest at 30°. Tavallali and Vervoort (2010b) concluded from
their study that the tensile strength of laminated sandstone increases
with increasing quartz grains. Song et al. (2020) combined indoor tests
and numerical simulations to conclude that variations in the dip angle
of the rock joints lead to different forms of failure in through-jointed
rock masses. Heng et al. (2019) obtained from direct shear tests that
when laminated shale laminae were sheared at 30° and 60° angles, a wild
goose column of fractures along the laminae was formed. Wang et al.
(2017) analyzed the fracture pattern around the shear surface of jarosite
with different laminae orientations and observed different degrees of
laminae cracking and wild goose column fractures, which showed
obvious laminae orientation effects. Li et al. (2019) found that the
sample can be divided into four failure modes: tensile failure, shear
failure, mixed failure, and shear failure. Liang et al. (2023) obtained
through experiments that the increase of confining pressure will
promote the development of shear cracks. Bao et al. (2023) obtained
by numerical simulation that the sliding failure of layered rock mass is
layered. Wang et al. (2022) found that CREAC showed advantages in
impact deformation and energy absorption.

Rock bridges also play a very important role in the stability of the
rockmass. Zhang et al. (2015) concluded that as the rock bridge becomes
narrower and wider, the failure mode of the rock mass transforms from
shear failure to extensive shear failure. Zhang et al. (2018) and Qin et al.
(2019) showed that the direct shear failure of rock bridges exhibited three
failure modes: tension failure, tension-shear failure and shear failure.
Lajtai (1969) classified the failure of rock bridges into tension, shear and
extrusion failure according to the magnitude of normal stress. It was
concluded from the tests that the shear resistance of the shear failure
surface composed of the structural surface and the rock bridge showed a
good linear growth relationship, the breakage of the rock bridge
originated from the tip of the joints, and the failure process was
characterized by obvious stages (Savilabti et al., 1990; Shen et al.,
1999; Zhao et al., 2014). Zhu et al. (2020) verified the formation of
stress concentration and tensile stress zones at the joint ends from the
perspective of flow fields. Gehle and Kutter (2003) carried out large
deformation direct shear tests and concluded that the mechanisms that
govern the different shear phases could be identified as 1) tensile
rupturing. 2) rolling and sliding friction of dilatant joint zones and 3)
sliding within the joint filling composed of brecciated material. Zhang et
al. (2005) found that the propagation of wing cracks depends on the joint
separation and the joint azimuth angle, and the connection of wing
cracks dominates the eventual failure pattern and determines the peak
shear load of the rock specimens. Yuan (2020) used numerical
simulation to derive that there are three types of rock bridge failure
in the locked section: tension through failure, tension shear through
failure, and no through failure. Qi et al. (2021) concluded that when the
shear displacement of the rock bridge reached 2.0–3.9 mm, the specimen
started to generate a large number of acoustic emission events with the
rapid growth of shear stress. Chen et al. (2017) concluded from indoor
direct shear tests that, with the variation of normal stress and

connectivity, the failured surface of the rock body showed “一”, “X”,
“sawtooth”, “Z” and composite type “Z” and composite failure forms.

In summary, domestic and foreign researchers have conducted a lot
of research on the shear failure mechanism of layered rock mass and
rock bridge, and have achieved guiding research results. However, there
are few studies on the shear failure of rock under the condition of
multiple factors. In this paper, by making layered rock mass samples
and conducting direct shear tests, the effects of different bedding angles,
different normal forces, different rock bridge widths and forward and
reverse shear factors on the shear effect are systematically studied. At the
same time, the energy release process in the shear process of the sample
is reflected by the acoustic emission device during the experiment,
which provides a theoretical basis for further understanding the
propagation and evolution mechanism of rock shear failure cracks
under the condition of multiple factors.

2 Test scheme

2.1 Specimen preparation

The test rock was prepared as similarly as possible to the natural
rock, using a high-strength cement mortar with cement: fine sand:
water = 1:1:0.35. The uniaxial compressive strength and uniaxial tensile
strength of the sample are 64.31 MPa and 3.62MPa, respectively, and
the elastic modulus is 6.00 GPa. The mold used for the test was a
modified mold with a special angled steel plate in the middle of the
ordinary mold to create different lamellar angles when pouring, with a
mold size of 100 mm × 100 mm × 100 mm, as shown in Figure 1.

The cement and sandwere weighed in proportion, put into amixer,
and mixed well. Then, water was slowly added to make it well mixed,
and the mixed mortar was poured into the mold. The test is poured in
layers, half of which is poured first, vibrated, and compacted. Then, after
two and a half hours, the other half is poured, after which the steel plate
is withdrawn, vibrated, and compacted, and the surface is smoothed.
The cast specimens were placed in the maintenance room and
demolded after 24 h. The demolded specimens were maintained for
28 days, and finally, the maintained specimens were taken to the
fabrication plant for seam cutting.

2.2 Test program

The test equipment used is the KYZW-100 Rock Weak Face
Straight Shear Instrument manufactured by Jinan Mining and Rock
Testing Instruments Co. The DS-2 acoustic emission instrument was
used to monitor the crack expansion within the specimen and to reflect
the stability of the material deformation or rupture. To observe the
crack extension of the specimen more visually, a camera was used to
take pictures of the whole process of specimen failure during the test,
and the test equipment is shown in Figure 2.

2.3 Test program

Considering the four conditions of bedding inclination, normal
force, rock bridge width and positive and negative shear,
23 specimens were made, and the bedding inclination was
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divided into four groups: 0°, 30°, 60° and 90°, where the width of the
rock bridge at 0°, 30° and 90° was 80 mm, the positive and negative
shear tests were carried out at 30°, and the width of the rock bridge at
60° was 60 mm, 70 mm, 80 mm and 90 mm. Four normal forces of
10 kN, 20 kN, 30 kN and 40 kN were applied for the shear tests, and
the specific test protocols are listed in Table 1.

2.4 Test procedure

1) Before the specimen is tested in shear, the acoustic emission
probe is arranged on the surface of the specimen to prevent the acoustic
emission probe from falling off during the test, and the probe and the
specimen are taped together with adhesive tape. To achieve better test
results, two acoustic emission probes were used during the test, one on
each side of the shear surface, numbered 1 and 2, and the acoustic
emission probes were arranged as shown in Figure 3.

2) Place the specimen arranged for acoustic emission on the
shear apparatus, first load the normal force at a rate of 2 kN/s to
the design value and stabilize it, then apply the shear force at a
rate of 0.004 mm/s, turn on the acoustic emission apparatus at
the same time and collect data from both apparatuses
simultaneously until the specimen is damaged and the data
are stabilized to end the test.

Normal stress during shear failure of a specimen and shear stress
can be expressed as

σ � P
A
, τ � T

A
(1)

Where P denotes the normal phase pressure to which the
specimen is subjected during the straight shear test. T denotes
the shear force to which the specimen is subjected during
the straight shear test. A denotes the effective shear area of the
specimen.

FIGURE 1
Mold of the sample.

FIGURE 2
Test equipments. (A) Straight shear. (B) Acoustic emission instrument.
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3 Test results

3.1 Shear displacement-shear stress analysis
under different normal force conditions

To investigate the effect of normal force on the shear failure of
layered rock bridges, the shear failure process of four bedding dip
specimens with the same rock bridge width (80 mm) and different
normal forces was analyzed, and the variation in shear stress and
shear displacement is shown in Figure 4, where the failure pattern of
30° bedding dip specimens is shown in Figure 5.

From Figure 4, it can be seen that the specimen shear failure has
obvious brittle characteristics, and the trends of the shear stress and
shear displacement curve characteristics under different normal
force conditions are basically the same. In the initial stage of
loading, the shear displacement increases relatively quickly, and
the shear stress increases relatively slowly. With increasing shear
force, the shear stress increases rapidly, and the shear displacement
increases slowly. When the shear stress increases to the maximum

value, the specimen is sheared off, and the curve will appear to fall off
a cliff and finally tend to stabilize. The peak shear strength of the
specimen increases with the increase in normal force.

It can be seen from Figure 5 that when the normal force is 10 kN,
tiny tensile cracks are produced in the specimen initially, the main
crack is produced by the tip of the joint, and the crack extends and
penetrates along the rock bridge (Figure 4A).When the normal force
increases to 20 kN, the specimen is subjected to tensile stresses
during shear, and tensile cracks appear in the specimen. With the
increase in shear displacement, the tensile cracks expand, and
eventually, the specimen is failured (Figure 4B). When the
normal force exceeds 20 kN, before shear is applied, the
specimen has already produced compression tensile cracks
because of the normal force. The tensile cracks mainly appear at
the weak corner at the bottom of the specimen, accompanied by the
application of shear. The shear cracks are also produced by the tip of
the joint and shear the rock bridge off (Figures 4C,D). As the normal
force increases, the shear failure of the layered rock bridge goes
through three stages: shear failure, shear-tension failure, and

TABLE 1 Test scheme.

Number of samples Bedding angle/° Positive pressure/kN Crack length/mm

0–10 0 10 20

0–20 20

0–30 30

0–40 40

30–10 30 10 20

30–20 20

30–30 30

30–40 40

30–10-r 10

30–20-r 20

30–30-r 30

30–40-r 40

60–10 60 10 20

60–20 20

60–30 30

60–40 40

60–20-d1 20 10

60–20-d3 30

60–20-d4 40

90–10 90 10 20

90–20 20

90–30 30

90–40 40

Note: No. 0–10 represents bedding inclination of 0°, positive pressure 10 kN forward shear; 30–10-r represents bedding angle 30, positive pressure 10 kN reverse shear; 60–20-d1 represents

bedding angle 60, positive pressure 20 kN, fracture length 10 mm forward shear.
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compression-shear failure. This is different from the literature
(Lajtai, 1969), because the existence of the bedding plane has an
effect on the shear failure of the sample, which is different from the
shear failure of the ordinary rock bridge.

3.2 Shear displacement-shear stress analysis
under different bedding dip angles

To study the effect of the joint inclination angle on the shear
failure of layered rock bridges, the same rock bridge width (80 mm)
was used to analyze the shear failure process under four normal
forces and different joint inclination angles. The variation law of
shear stress and shear displacement is shown in Figure 6, and the
shear failure pattern of the specimen with a normal force of 20 kN is
shown in Figure 7.

As shown in Figure 6, the overall characteristics of the shear
stress and shear displacement curves under different bedding dip
angles are basically the same as those under different normal
force conditions. The maximum shear strength of the rock
sample is the shear strength of the lamina surface when the
joint inclination angle is 0°, and the lamina surface has the least
effect on the shear failure of the specimen when the joint
inclination angle is 90°, so the maximum shear strength is the
shear strength of the specimen material itself. The peak shear
strength of the specimen at 60° of bedding inclination is the
greatest and is greater than the maximum shear strength of the
rock sample, which is consistent with the conclusions obtained in
the literature (Heng et al., 2014) using laminated shale shear.
With the exception of the 60° case, the peak shear strengths were,
in descending order, 90°, 30°, and 0°.

As shown in Figure 7, at a normal force of 20 kN, the shear
cracks for specimens with different bedding dip angles all arise and

extend from the tip of the joints, and the shear failure surface for
specimens with a bedding dip angle of 0° arises along the bedding
face, forming a through shear failure surface. For specimens with a
bedding dip angle of 30°, the shear failure cracks arise from the joints
and extend along the rock bridge, and when the cracks extend to the
bedding face, they then form shear failure along the bedding face. In
specimens with a joint inclination of 60°, the main shear failure crack
forms a through crack along the shear face bridge and forms a tiny
crack in the lamina face. This mode of failure is one of the reasons
for the maximum shear strength of this lamina face. In specimens
with a joint inclination of 90°, the main shear failure crack forms a
through crack along the shear face bridge perpendicular to the
lamina face.

3.3 Analysis of forward shear versus reverse
shear

The specimens were subjected to forward and reverse shear tests
at a specimen rock bridge width of 80 mm and a joint inclination
angle of 30°. The variation pattern of shear stress and shear
displacement is shown in Figure 8.

Figure 8 shows that the peak shear strength of forward shear is
greater than the peak shear strength of reverse shear for specimens
with the same joint inclination angle under different normal force
conditions, and the peak shear strength increases with increasing
normal force, both of which are proportional to the law of variation
of shear strength with normal force in rock shear tests.

In the comparison analysis of Figure 5B and Figure 7B, the
normal force is 20 kN, the bedding dip angle is 30°, and the specimen
is damaged for forward shear and reverse shear. In the case of
forward shear, the failure mode of the specimen is mainly tension
failure, and in the case of reverse shear, the main failure mode of the
specimen is shear failure. The shear strength in forward shear is
greater than the peak shear strength in reverse shear.

3.4 Shear displacement-shear stress analysis
for different rock bridge widths

To study the effect of different rock bridge widths on the shear
failure of layered rock, shear failure tests were carried out at the same
bedding dip angle (60°) and constant positive pressure (20 kN),
varying the widths of the rock bridges of the specimens to 90 mm,
80 mm, 70 mm and 60 mm, and the various patterns of shear stress
and shear displacement are shown in Figure 9, and the failure
patterns are shown in Figure 10.

Analysis of Figure 9 shows that the shear failure results for
different rock bridge widths under the same conditions of the same
normal force and bedding dip angle reveal that the specimens have
basically the same characteristics of shear stress and shear
displacement curves during shear failure, with the peak shear
strength of the specimens increasing with the increase in rock
bridge width and the shear displacement of the specimens
increasing with the increase in rock bridge width.

As shown in Figure 10, as the width of the rock bridge increases,
the influence of the joint inclination angle on the shear failure of the
rock sample decreases. At 60 mm and 70 mm rock bridge widths, the

FIGURE 3
Acoustic emission probe arrangement.
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FIGURE 4
Shear stress and shear displacement curves under different normal forces. (A) Bedding dip of 0°. (B) Bedding dip of 30°. (C) Bedding dip of 60°. (D)
Bedding dip of 90°.

FIGURE 5
Shear failure pattern of specimens with different normal forces at a bedding dip angle of 30°. (A) 10 kN. (B) 20 kN. (C) 30 kN. (D) 40 kN.
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main fracture from shear failure of the specimen extends and breaks
along the laminae. In contrast, for rock bridge widths of 80 mm and
90 mm, the main fracture runs through the bridge of the specimen,

and the laminae face is less affected by the failure. This indicates that
the rock bridge width is one of the important factors affecting the
strength of the rock.

FIGURE 6
Shear stress vs. shear displacement curves for different bedding inclination angles. (A) 10 kN. (B) 20 kN. (C) 30 kN. (D) 40 kN.

FIGURE 7
Shear failure pattern of specimens with different bedding dip angles for a normal force of 20 kN. (A) 0°. (B) 30°. (C) 60°. (D) 90°.
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4 Nomenclature analysis of acoustic
emission monitoring results

In the early stage of shear force application, the specimen is in the
elastic deformation stage, and the number of acoustic emission events is
low. With increasing shear force, the crack continues to expand, and
after the shear force reaches its peak, the specimen is suddenly damaged,
and the shear stress will show a cliff-type drop. At this time, the number
of acoustic emission events will increase considerably. The number of
acoustic emission events under different test conditions are shown in
Figure 11, Figure 12 and Figure 13.

As shown in Figure 11, when the normal force is 20 kN and the
bedding angle is 60°, the acoustic emission characteristics of different
rock bridge widths are analyzed. When the rock bridge width is
90 mm, 80 mm and 70 mm, the number of instantaneous acoustic
emission events of shear failure of the sample is basically the same,
which is about 3,250 times. However, when the rock bridge width is
60 mm, the number of instantaneous acoustic emission events of
shear failure of the sample is large, which is about 4,200 times. This
is because when the rock bridge width is 60 mm, the sample will be
destroyed instantaneously along the bedding plane during the shear

FIGURE 8
Plots of positive and negative shear stress and shear displacement of specimens under different normal forces. (A) 10 kN. (B) 20 kN. (C) 30 kN. (D) 40 kN.

FIGURE 9
Shear stress versus shear displacement curves for specimens
with different rock bridge widths.
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FIGURE 10
Shear failure pattern under different rock bridge width conditions. (A) 90 mm. (B) 80 mm. (C) 70 mm. (D) 60 mm.

FIGURE 11
Acoustic emission counts over time during shear at different rock bridge widths. (A) 90 mm. (B) 80 mm. (C) 70 mm. (D) 60 mm.
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process. With the increase of the width of the rock bridge, the peak
value of the cumulative number of acoustic emission events in the
whole process of shear shows an increasing trend. This is because the
width of the rock bridge is larger, the energy accumulated inside the
sample during shear failure is larger, and the energy released at the
moment of failure is relatively larger.

As shown in Figure 12, when the normal force is 20 kN and the
width of the rock bridge is 80 mm, the acoustic emission
characteristics under different bedding dip angles are analyzed.
With the increase of the bedding dip angle, the number of
instantaneous acoustic emission events and the cumulative
number of acoustic emission events in the whole process of
sample shearing are increasing. Although the peak shear strength
is the largest when the bedding angle is 60°, the number of acoustic
emission time is not the largest. The maximum is 90° and the
minimum is 0°. Because when the bedding angle is 0°, in the process
of shear failure of the sample, the cracks are generated and
developed along the weak plane of the bedding, the shear failure
ability of the sample is low, the energy accumulated inside the

sample is the smallest, and the peak value of the acoustic emission
event is the smallest. When the bedding angle is 90°, the cracks are
perpendicular to the weak plane of the bedding, and the energy
accumulated inside the sample is the largest, so the peak value of the
acoustic emission event is the largest.

From the comparative analysis of 3.3 forward shear and reverse
shear, it can be seen that the failure mechanisms of forward shear
and reverse shear of layered rock are different, and the number of
acoustic emission events generated by the two shear methods also
differs significantly. Figure 13 and Figure 12B show the
characteristic curves of the acoustic emission events of the
specimens in forward and reverse shear at 30°, respectively. In
the process of forward shear, the specimens are mainly damaged
by tension, there is less energy accumulated inside the specimens,
and the number of peak acoustic emission events is small when they
are damaged. Conversely, when the specimen is in reverse shear, it is
mainly shear failure, the energy accumulated inside the specimen is
large, and the number of peak acoustic emission events at the time of
failure is relatively large.

FIGURE 12
Acoustic emission counts with time for shear processes at different bedding dip angles. (A) 0°. (B) 30°. (C) 60°. (D) 90°.
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5 Discussion

During shear failure of rocks, the angle of laminae and joints
can have a dramatic effect on the extension of cracks. When the
angle of shear to the laminae was greater than 90°, similar
phenomena were observed when it was less than 90° (Ikari
et al., 2015). For specimens with different laminae inclination
angles, cracks generated at the tips of the joints caused local
failure to the specimens under shear, and as the shear force
continued to increase, the cracks continued to expand, eventually
forming a through shear failure zone, which was consistent with
the literature (Savilabti et al., 1990; Shen et al., 1999; Zhao et al.,
2014). During the shear failure process, the pre-cracking of the
specimen will tend to close due to the action of the normal force
at the joint tip. Coupled with the increasing shear force, the
specimen will produce tension cracks, and the joint tip will
appear to be broken, slagged and spalled. The width of the
rock bridge has a great influence on the crack extension of the
laminated specimen. When the width of the rock bridge is
relatively large, the shear force of the specimen is mainly
provided by the rock bridge, and the specimen has tension
cracks in the shear failure process. The failure surface presents
a certain angle and eventually forms through failure. The failure
process of the weak side of the lamina has less influence on the
failure. When the width of the rock bridge of the specimen is
small, before the application of shear force, because of the action
of the normal force. When the specimen rock bridge width is
small, before the shear force is applied, because of the normal
force, the specimen produces a compression pull crack at the tip
of the joint. With the shear force applied, the specimen produces
a shear crack. When extended to the laminated weak surface, the
specimen eventually breaks along the laminated surface. In this
process, the laminated surface plays a major role in the
destruction of the specimen.

For specimens with bedding inclinations of 0° and 90°, the
presence of the joints has relatively little effect on crack
extension during shear failure. For 0° specimens, shear failure is

mainly in the form of slip along the bedding surface; for 90°

specimens, it is mainly shear fracture perpendicular to the
bedding surface. For the 30° and 60° specimens, there is a clear
difference between the crack extension in forward and reverse shear.
In forward shear, the specimen is sheared by a tensile crack
perpendicular to the bedding surface from the tip of the joints,
and the tensile crack expands during the shear process and
eventually penetrates; in reverse shear, a tensile crack first
appears at the tip of the joints, and with increasing shear force,
the crack expands and eventually penetrates along the bedding
surface. The specimen undergoes shear failure.

Shear strength weakening with sliding is an important property of
intact and fractured rocks, a mechanism for landslides or collapse
tipping of rocky slopes containing fractures, and an important model
for analyzing earthquake mechanisms and precursor phenomena in
seismology (Heng et al., 2019). The angle of the lamina and the width of
the rock bridge are both important factors affecting the strength of the
rock. Through the indoor direct shear test, the shear failure of the rock
under different working conditions is simulated, the crack generation
and expansion pattern of the specimen during the shear failure is
observed, and the mechanical properties of the specimen before and
after the failure are analyzed, which is of great significance for the study
of the collapse of layered rocky slopes containing joints and the slip
movement of faults in the event of earthquakes.

6 Conclusion

To analyze the shear failure characteristics of layered rock
bridges, an indoor shear test was carried out by preparing similar
rock materials. Combined with acoustic emission monitoring, shear
tests under different bedding dip angles, different normal forces,
different rock bridge widths and positive and negative shear were
analyzed. The main conclusions are as follows.

(1) Under different normal force conditions, the specimen shear
damage has obvious brittle characteristics, the peak shear
strength is proportional to the normal force, the peak shear
strength of layered rock is influenced by the width of the rock
bridge, and the greater the width of the rock bridge is, the greater
the peak shear strength.

(2) Under different joint inclination angle conditions, the
maximum shear strength of the rock sample is the shear
strength of the lamina face when the joint inclination angle
is 0°; when the joint inclination angle is 90°, the lamina face has
the least effect on the shear failure of the specimen, and the
maximum shear strength is the shear strength of the specimen
material itself; the peak shear strength is 60°, 90°, 30° and 0° in
descending order.

(3) When the joint inclination angle is the same, the shear stress and
shear displacement curves of the specimens under forward and
reverse shear conditions are basically the same, and the peak shear
strength is proportional to the normal force. The failure mode of the
specimens in forward shear ismainly tension failure, while the failure
mode of the specimens in reverse shear is mainly shear failure.

(4) Acoustic emission has an obvious phase, the peak number of
acoustic emission events is proportional to the width of the rock
bridge and the dip angle of the lamina, and its peak time and the

FIGURE 13
Acoustic emission counts over time during forward shear.

Frontiers in Earth Science frontiersin.org11

Yu et al. 10.3389/feart.2023.1209259

50

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1209259


peak time of shear stress are basically the same; the peak number
of acoustic emission events of reverse shear is greater than that
of forward shear.

(5) Bedding angle, normal force and rock bridge width are
important factors affecting rock strength.
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Tunnels are commonly excavated using drilling and blasting methods, and the
surrounding rock is greatly affected by the vibration of surrounding hole blasting.
To study the influence of the number of free surfaces on the energy distribution
and attenuation law of surrounding hole blasting vibration signals, on-site
experiments and numerical simulation experiments were conducted. The
research results indicate that the higher the number of free surfaces, the
smaller the peak vibration velocity. The longitudinal Fourier main frequency
decreases with the distance from the monitoring point. The more free surface,
the greater the centroid frequency and zero crossing frequency. In addition,
numerical simulation shows that the degree of rock fragmentation after blasting
increases with the increase of the number of free surface of rock.

KEYWORDS

tunnel excavation, controlled blasting method, peripheral holes, vibration, free surface

1 Introduction

As an efficient and economical construction technology, a blasting process is widely
applied to mining, basic engineering construction and hydropower engineering (Xia et al.,
2018). Nonetheless, only 20%–30% of the energy generated by an explosion can contribute to
rock fragmentation, while the rest is dissipated as vibrations, noise, and flying rocks (Trivedi
et al., 2014). There is a direct correlation between blasting-induced vibrations and damage to
the surrounding structure in these manifestations (Ma et al., 2000; Xia et al., 2013). The
researchers mainly describe the blasting-induced vibration through three parameters to
establish the relationship it and structural damage, namely, particle peak vibration velocity
(PPV), frequency and energy. A convenient measurement, intuitive and easy-to-operate
characteristic of PPV makes it a popular criterion for blasting-induced vibration control in
practical engineering (Noret et al., 2012). In recent years, researchers have found that it is
unreliable to simply use PPV as the criterion of blasting-induced vibration, and the different
frequency spectrum structures induced by blasting vibration are also an important cause of
structural damage (Aldas, 2010). When the vibration frequency of a structure reaches a
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certain relationship with its natural frequency, it will cause the
amplitude of the structure to amplify, increasing the probability of
damage. In general, a structure’s natural frequency is below 10 Hz,
so vibration at lower frequencies will cause more structural damage
than vibration at higher frequencies (Singh and Roy, 2010). As
people’s requirements for blasting vibration control become more
and more stringent, two-factor blasting vibration safety criterion
based on vibration velocity-frequency has gradually become the
mainstream. A detailed understanding of the propagation law of
blasting-induced frequency and vibration velocity is a prerequisite
for safety evaluation. A blasting vibration’s frequency and velocity
depend on many factors (Yilmaz and Unlu, 2013; Qiu et al., 2018;
Yang et al., 2019; Peng et al., 2021), including the millisecond time,
propagation medium, type of explosive, etc.

Tunnel blasting requires drilling a circle of blast holes along the
excavation section, with the spacing of the blast holes matching the
minimum load and the depth being the same as the pre advance
depth. These holes are called peripheral holes. The significant
distinction between smooth blasting and presplit blasting is the
order in which the peripheral hole and the main blasting area are
detonated. Smooth blasting refers to the blasting that occurs before
the peripheral hole is detonated relative to the main blasting area.
Otherwise, it is called presplit blasting. According to previous
literature, researchers have conducted extensive research on
smooth blasting and presplit blasting. Li et al. (2017) reported
the smooth blasting technology under the condition of
decoupling charge by numerical simulation, the results indicated
by using smooth blasting technology, damage to reserved rock can
be reduced effectively. An optimized model for smooth blasting
parameters has been proposed by Liu and Liu (2017). There has been
a comparison between these two blasting techniques from different
perspectives by some scholars. From the perspective of contour
formation, Lu et al. (2012) compared presplit blasting with smooth
blasting. Their research illustrated when the in-site stress is greater
than 10~12 MPa, presplit blasting cannot form contour cracks well.
Hu et al. (2014) compared the two blasting techniques from the
point of view of over-excavation and under-excavation, and the
results demonstrated that Pre splitting blasting is inferior to smooth
blasting in terms of effectiveness in excavation profile effect. Zhou
et al. (2019) compared the two blasting techniques from the
characteristics of blasting-induced vibration. Results showed that
smooth blasting produces a vibration signal with a higher PPV and
dominant frequencies than presplit blasting. To meet the blasting
safety standards, tunnel excavation often uses millisecond delay
blasting to reduce the amount of single explosive. It is worth noting
that when different detonator sections do are detonated, the blasting
of the former section do will usually provide a new free surface for
the latter section do to reduce the restriction of the blast hole. In the
two different controlled blasting methods of presplit blasting and
smooth blasting, the constraint degree of the peripheral holes are
different when they are detonated. The rock fragmentation and
vibration intensity induced by explosion are significantly affected by
the number, location and range of free surfaces. Some researchers
have investigated the impact of the number of free surfaces to
blasting-induced vibration. In terms of numerical simulation and
on-site experiments, Lu et al. (2018) investigated the influence of free
surface on blasting-induced PPV. Results stated that the PPV
induced by blasting decreases nonlinearly as the number of free

surfaces increases. However, through a field test, Uysal et al. (2007)
discovered that burden significantly affects blasting-induced
vibration and that the velocity of the vibration reduces as burden
increases. Blair and Armstrong (2001) conducted a detailed
statistical analysis of blast vibration data from a series of stone
harvesting fields monitored and the statistical results found that
whether the blasthole is constrained or not has no significant effect
on the vibration intensity induced by blasting. Through the field test
and related numerical simulation analysis, Yang et al. (2016)
revealed that when the distance of the measuring point is fixed,
the mean frequency induced by blasting decreases with the increase
of burden. However, at present, field experimental studies on the
impact of the number of free surfaces on the vibration signals and
energy distribution rules induced by peripheral hole blasting are
insufficient, and the failure mechanism needs further research.

Up to now, blasting vibration’s influence on free surfaces is not
well understood.

Compared with the research results of blasting-induced PPV,
research on the frequency of blasting-induced vibrations is
insufficient. The vibration induced by the peripheral holes have a
obvious influence on the rock mass in millisecond delay blasting
technique. In this research, the vibration blasting-induced by the
peripheral holes in presplit blasting method and smooth blasting
method is taken as the research background, and the relationship
between the vibration characteristics induced of peripheral holes
under different blasting conditions and PPV, frequency and energy
is analyzed, and then the potential influence mechanism is further
revealed. This study plays a substantial guiding role in blasting
parameter optimization and vibration control.

2 Field experiments for the excavation
of tunnel

In this section, taking the excavation of a mountain highway
tunnel by drilling and blasting as an example, the tunnel excavation

FIGURE 1
The field experiment site.
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is carried out by smooth blasting and presplit blasting, respectively.
Moreover, the vibration velocity, frequency and energy distribution
induced by peripheral holes blasting are monitored and analyzed, its
propagation law is analyzed and summarized.

2.1 Project background

As shown in Figure 1, the site of the field test is selected as a
mountain highway tunnel under construction in Guangxi Zhuang
Autonomous region. In the double-hole, cross-ridge tunnel, the
buried depth is 358.724 m and the design length is 2,791 m. The
tunnel’s left and right lines are both long, and the study was
conducted on the right line during all on-site tests. The strata in
the tunnel area are mainly composed of lower Permian bedrock,
mainly composed of moderately weathered limestone, gray-white,
cryptocrystalline structure and hard rock.

2.2 Implementation of the field experiments

The step method is used for the tunnel drilling and blasting
excavation, and the upper section is tested by the smooth blasting
method. To conduct comparative experiments and reduce workload,
the peripheral holes at the two waists are set as a separate section.
The blasting parameters are arranged as shown in Figures 2A, B,
there are 14 blastholes in total, 42 mm is the diameter of the
blasthole, the hole spacing of peripheral holes are 0.6 m, all
blastholes are filled with 2# rock emulsion explosive, cartridge
diameter 32 mm. Decked charge structures are used in axial
direction of peripheral holes, and eccentric decoupling charge
structure is adopted in the radial direction, the charge structure
of the hole is shown in Figure 2C, to ensure accuracy of the test, the

industrial digital electronic detonator is used to detonate each hole,
and the advance per round is 3 m.

To better compare the differences in vibration signals caused by
peripheral hole blasting with different number of free surfaces, the
layout, geometric shape, charging structure, and initiation method
of blast holes with different number of free surfaces are consistent.
The portable data acquisition instrument and three-dimensional
velocity sensor shown in Figure 3A are used to monitor blasting
vibration signals. Figures 3B, C show the on-site physical map of the
monitoring location and the layout diagram of the monitoring
location, respectively. A total of four monitoring locations have
been set, with monitoring locations set at distances of 18, 24, 27, and
30 m from the excavation face. Monitor the blasting vibration
velocity in the longitudinal, lateral, and vertical directions.

3 Field experiment results

3.1 PPV analysis

As a general rule, a PPV predictor derived from the
United States Bureau of Mines (USBM) can be used to estimate
blasting probabilities (Duvall and Fogelson, 1962):

PPV � K SD( )−β with SD � R/Q1/2( ) (1)
where, β is the attenuation coefficient, K is the field geology
coefficient and blast design, R represents the distance between
the monitoring point and the blasting source, SD represents the
scaled distance, and Q represents the explosive amount per delay.

According to above theoretical analysis, the main factors
affecting PPV are the explosive amount per delay, the
arrangement of blasting parameters, the distance between the
monitoring point and the blasting source, and engineering

FIGURE 2
Schematic diagram of blast hole arrangement for peripheral hole blasting with different number of free surfaces: (A) number of free surfaces 1, (B)
number of free surfaces 2, (C) charge structure of peripheral holes.
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geological conditions. Considering that although the two groups of
the tests are conducted in the same tunnel, the geological conditions
may not be exactly the same, so allow differences in test results
between the two groups. Because the two groups of tests are carried
out in two adjacent tunnel excavations, and there is little difference
in geological conditions, therefore the influence of geological
conditions is ignored. Figure 4 shows the evolution rule of
blasting vibration velocity with time monitored at different
monitoring positions under different number of free surfaces.
According to the signals at different monitoring points, the PPV
curves induced by blasting under different number of free surfaces
are plotted, as shown in Figure 5. It can be found that regardless of
the free surfaces number being 1 or 2, the PPV induced by peripheral
hole blasting decreases as the propagation distance increases. It is
worth noting that at the same distance from the source of the
explosion, the larger the number of free surfaces, the smaller the
PPV caused by peripheral hole blasting. This is different from the
theoretical analysis results of the PPV prediction formula. The
longitudinal PPV caused by peripheral hole blasting with 2 free
surfaces is defined as PPV1. The longitudinal PPV generated by
peripheral hole blasting with a number of free surfaces of 1 is defined
as PPV2. In order to quantitatively analyze the characteristics of

longitudinal PPV caused by peripheral hole blasting with different
number of free surfaces, the mathematical expression for the
amplitude attenuation coefficient P is defined as:

P � PPV1 − PPV2

PPV1
( ) × 100% (2)

The results show that the longitudinal PPV induced by
peripheral hole blasting with 2 free surfaces is significantly lower
than that with 1 free surface, with an average amplitude attenuation
of 22%.

3.2 Frequency analysis

Another way to evaluate vibration signals besides blasting
velocity is to determine the frequency (Yang et al., 2016b).
Favreau (1969) proposed a theoretical solution for the
phenomenon of elastic waves excited by spherical cavities in
elastic media. On this basis, Lu et al. (2013) introduced the
expression of vibration velocity spectrum in viscous rock mass
during blasting by adding medium damping term:

FIGURE 3
Monitoring points implementation scheme: (A) Blasting vibration measurement instrument, (B) Blasting vibration monitoring point, (C) schematic
diagram of measuring points.
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where λ, μ is the Lame coefficient, re is radius of elastic cavity, Cp is
the longitudinal wave velocity, Sσ(jω) represents the load spectrum

in the elastic cavity,Qr is the geological quality factor of rock,ω is the
angular velocity, r is the distance between the monitoring point and
the blasting point.

Among them, it is assumed that the triangular blasting load is
acting in the elastic cavity, and the blasting load spectrum is as
follows:

Sσ jω( )∣∣∣∣ ∣∣∣∣ � {1 + a2e + b2e + 2aebe cos ωτ( ) − 2 ae cos beωτ( )[
+ be cos aeωτ( )]}1/2 σ max

aebeτω
2

(4)

where τ and σ max are the duration load and the peak load,
respectively. ae � τ1/τ, be � τ2/τ, τ1 and τ2 are load rising time
and the time when the load decreases from peak to zero, respectively.

From the expression of blasting vibration velocity spectrum
Fn(ω), it can be found that the main influencing factors of blasting
vibration velocity spectrum Fn(ω) are the distance between the
measuring point r and the explosion source, physical and
mechanical parameters of rock λ, μ, Cp and Qr, and radius of
elastic cavity re, load rising time τ1 and the time when the load
decreases from peak to zero τ2, the peak load σ max. Under the
condition that the factors affecting Fn(ω) are all the same, the
vibration velocity spectrum induced by blasting should be the same
in theory.

According to the spectrum analysis of blasting vibration, in
general, some characteristic frequencies will be used to describe the

FIGURE 4
A longitudinal velocity-time history of the two sets of blasting tests.

FIGURE 5
Comparison of the PPV-distance curves in the two sets blasting
test.
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main characteristics of the frequency spectrum. This paper mainly
describes the spectrum characteristics in three aspects as shown in
Figure 6. Dominate frequency, Centroid frequency and Zero-
crossing frequency. The blasting vibration signal undergoes
Fourier transform to obtain the amplitude spectrum of the
vibration velocity, where the frequency corresponding to the
maximum amplitude of the vibration velocity amplitude
spectrum is the Fourier dominant frequency, and the
mathematical expression of the Fourier transform is as follows:

F ω( ) � ∫+∞

−∞
v t( )e−jωtdt (5)

where F(ω) is the Fourier amplitude spectrum. v(t) and ω are the
vibration velocity of blasting and is the angular velocity, respectively.

Figure 7 shows the spectrum characteristics generated by
peripheral hole blasting with different free surface number. In
order to better compare the results of the tests, a ratio of the
current amplitude to the maximum amplitude is represented on
the Y-axis. But a change in Fourier dominant frequency occurs with
an increase in propagation distance, and there is no good linear
relationship with the propagation distance, which could not well
show the attenuation law of the frequency.

Except to the Fourier dominant frequency, the spectral
characteristics can also be described by the Fourier centroid
frequency proposed by Trivino et al. (2012). Blasting vibration
signals have a centroid frequency that corresponds to the
centroid of their velocity amplitude spectrum curves, and the
mathematical expression of the centroid frequency is as follows:

fc � ∑n

i�1Aifi/∑n

i�1Ai (6)

where Ai is the amplitude corresponding to fi in the amplitude
spectrum, fi is any frequency in the amplitude spectrum andfc is
the Fourier centroid frequency. The left half of Figure 8 shows
the centroid frequencies of vibrations generated by peripheral hole
blasting with different number of free surfaces.

Both the Fourier centroid frequency and the Fourier dominant
frequency need to be calculated to obtain the spectral characteristics,
while the value of the Zero-crossing frequency can be directly
obtained according to the abscissa of vibration velocity-time
curve monitored during blasting. The Zero-crossing frequency is
calculated by selecting the time corresponding to velocity-time curve
of blasting vibration peak velocity as half a cycle, the Zero-crossing
frequency is convenient to calculate and easy to obtain, which is a
method for preliminary estimation of blasting vibration frequency.
The right half of Figure 8 shows the Zero-crossing frequency of
vibration generated by peripheral hole blasting with different
number of free surfaces. The mathematical expression is:

fv � 1
2Δt

(7)

FIGURE 6
Schematic diagram of characteristic frequency definition.

FIGURE 7
Comparing the amplitude-frequency spectra of vibration signals
collected at different monitoring sites.

FIGURE 8
Comparisons of the Centroid frequency and the Zero-crossing
frequency of vibration signals at different monitoring points.
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where Δt is the time corresponding to the peak velocity andfv is the
Zero-crossing frequency.

According to the above test results, the longitudinal Fourier
dominant frequency induced by peripheral hole blasting in different
numbers of free surfaces decreases with increasing distance from
monitoring point, and its centroid frequency and zero-crossing
frequency also exhibit a attenuation rule. The smaller the number
of free surfaces, the smaller the centroid frequency and zero crossing
frequency at the same distance from the explosion source.

3.3 Energy analysis

By analyzing the blasting signal’s PPV and frequency, we can
have a clear understanding of the instantaneous change of the
blasting signal. The analysis of blasting signal energy can
comprehensively evaluate the velocity and duration of blasting
signal. In this paper, wavelet transforms are used to analyze the
energy of each frequency band of blasting signals. Using wavelet
transform, the blasting signal is first decomposed into two
components: High-frequency and low-frequency, and then the
low frequency part is further decomposed into two parts, and so
on. If the blasting signal has frequency 0~X, it can be decomposed
into two parts: 0~X/2 and X/2~X high-frequency and low-
frequency, and then the low-frequency part 0~X/2 is continue
decomposed into 0~X/4 and X/4~X/2 until it is decomposed to a
suitable frequency.

After the blasting signal is decomposed in n layers by wavelet
transform, calculating the energy coefficient of each reconstructed
signal is as follows:

EN,j t( ) � ∑m

t�1 fN,j t( )∣∣∣∣2∣∣∣∣∣ (8)

where fN,j(t) represents the reconstruction energy of the j
frequency band in the N layer and EN,j(t) represents the energy
coefficient of reconstructed signal.

Following are the characteristics of energy distribution in
different frequency bands under blasting vibration:

WN,j � EN,j t( )/∑2N−1
j�0 EN,j t( ) (9)

where the energy percentage of different frequency bands under
blasting vibration is given by WN,j.

Wavelet transform is used to calculate the energy distribution of
blasting signals in different frequency bands, to obtain the best
decomposition effect, the appropriate number of decomposition
layers and wavelet basis must be determined (Ling and Xi-Bing,
2004). Decomposition layers is determined according to the specific
blasting signal and blasting vibration measurement instrument’s
minimum working frequency, in this experiment, the signal
sampling frequency of the blasting vibration measurement
instrument is 4,800 Hz. Nyquist’s sampling theorem states, the
highest frequency that can be recorded by this blasting vibration
measurement instrument is 2,400 Hz. According to the minimum
working frequency of the blasting vibration measurement instrument
in this test and avoiding the distortion in the process of
decomposition, the decomposition layers number is determined to

be 8 layers and the minimum frequency band is 0~9.77 Hz. Due to the
diversity of wavelet basis types, the selection of wavelet basis
determines the quality of signal decomposition, the Daubechies’
wavelets have the characteristics of biorthogonality, tight support,
approximate symmetry and fast calculation, which makes it effective
in blasting signal processing, therefore, according to the characteristics
of blasting signal and the requirements of wavelet basis determination,
8th-order Daubechies is used in the previous research.

Taking monitoring point 1 as an example, Figure 9 shows the
energy distribution in different longitudinal frequency bands induced
by peripheral hole blasting under different free surface number. In the
case of 1 free surface, the frequency band of blasting vibration induced
by peripheral hole blasting is mainly concentrated in 78.1 Hz–156.3 Hz,
accounting for 56.3% of the total energy, and the energy in the
156.3 Hz–312.5 Hz frequency band accounts for 18.5% of the total
energy. In the case of 2 free surfaces, the frequency band of blasting
vibration induced by peripheral hole blasting is also mainly
concentrated in 78.1 Hz–156.3 Hz, accounting for 51.6% of the total
energy. The energy in the 78.1 Hz–156.3 Hz frequency band accounts
for 4.1% of the total energy, and the energy in the 312.5 Hz–625 Hz
frequency band accounts for 39.4% of the total energy. According to the
results, the ratio of high-frequency energy induced by peripheral hole
blasting with 2 free surfaces is greater than with 1 free surface.

Through comparative analysis of test results from the field, this can
be found that under the condition that the blasting parameters and
geological conditions are approximately the same, the higher the number
of free surfaces, the lower the vibration velocity induced by peripheral
hole blasting, the higher the vibration frequency, and the higher the
proportion of high-frequency vibration energy in the total energy.

When the number of free surfaces is 2, the crushing resistance
and movement resistance of the rock mass in the blasting layer are
relatively small, which makes it easier for the explosive gas to escape
from the cracks and stay in the blast hole for a shorter time, resulting
in a decrease in the rise time and duration of pressure on the rock
mass. As the working time decreases, the spectrum of blasting load

FIGURE 9
The monitoring point 1 percentage of energy distribution in
different frequency bands.
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FIGURE 10
Numerical model.

FIGURE 11
The failure characteristics of rock after blasting with different number of free surfaces: (A–D) indicate that the number of free surfaces is 1, 2, 3, and
4 respectively.
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will move towards high frequencies, which naturally leads to high
frequency vibration. During the propagation process of blasting
induced stress waves, when the stress waves propagate to the free
surface, they are reflected as sparse waves that propagate in a reverse
direction. The superposition of the reflected waves and the initial
stress waves results in a decrease in the intensity of the stress waves, a
decrease in the blasting load pressure, and a decrease in the blasting
load pressure resulting in a decrease in the induced vibration
intensity. Therefore, when the number of free surfaces is 2, the
vibration speed is lower than when the number of free surfaces is 1.
On the other hand, due to the greater resistance to rock mass
breakage and movement when the number of free surfaces is 1,
explosive gas is not easy to escape from the cracks. A large amount of
explosive gas exists in the blast hole for a long time, and more energy
is converted into vibration energy, which can induce higher
vibration velocities. The results show that the vibration induced
by peripheral hole blasting with a number of free surfaces of 1 is
higher than that with a number of free surfaces of 2. In addition, at a
certain frequency, the greater the velocity of blasting induced
vibration, the greater the damage to the structure. At a certain
speed, due to the lower natural frequency of buildings, low-
frequency vibration is more likely to cause structural damage.
When the number of free surfaces is 2, from the perspective of
vibration caused by peripheral hole blasting, it can reduce the
vibration speed caused by blasting, move the spectrum structure
towards high frequency, and effectively reduce the damage to the
structure caused by blasting vibration.

4 Numerical simulation results

As shown in Figure 10, a single hole numerical model was
established to analyze the fragmentation effect of rock mass after
blasting. Because the blast hole’s length is much larger than its
diameter, in order to improve the computational efficiency, a
simplified two-dimensional model of plane strain was
established, using an uncoupled charge structure with a blast
hole diameter of 45 mm and an explosive diameter of 22 mm.
The interaction of air, explosives, and rock mass was simulated by
combining the Fluid-Structure Interaction algorithm with the
Arbitrary Lagrangian-Eulerian method. The number of free
surfaces is controlled by setting the boundaries of the rock as
free boundary conditions and non reflective boundary conditions.
Riedel Hiermaier-Thoma (RHT) model is used as a material model
for rock masses in this paper due to its excellent ability to simulate
rock fragmentation and fracture using cumulative damage
indicators (Wang et al., 2021). For more detailed information
on RHT model parameters in this article, refer to references (Xie
et al., 2016; Liu et al., 2018; Li et al., 2021).

Figure 11 shows the failure characteristics of rock mass after
blasting with different number of free surfaces. Figures 11A–D
display the failure characteristics when the number of free
surfaces is 1, 2, 3, and 4, respectively. The darker the red color,
the more obvious the damage characteristics are. From the research
results in Figure 11, it can be found that the rock mass with a free
surface has more obvious damage near the free surface after blasting,

FIGURE 12
The number of blasting induced cracks under different number of free surfaces: (A–D) indicate that the number of free surfaces is 1, 2, 3, and 4,
respectively.
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possibly due to the formation of tensile stress waves after the stress
waves generated after blasting are reflected on the free surface, and
the tensile strength of the rock is often much smaller than the
compressive strength, so the rock is more prone to damage under the
action of tensile stress waves. From the research results, it can also be
found that with the increase in the number of free surfaces of rock,
the degree of fragmentation of rock after blasting increases
significantly. Figure 12 shows the number of cracks in rock
masses with different number of free surfaces after blasting. It
can also be found that the more free surfaces, the more cracks in
the rock mass after blasting.

5 Conclusion

The damage of structures under blasting is directly related to the
vibration caused by blasting. A detailed understanding of the
propagation law of blasting vibration can better evaluate the
harm of blasting vibration. This article studies the propagation
law of vibration induced by blasting in the surrounding holes of
tunnels with the number of free surfaces through on-site
experiments and numerical simulation experiments, and draws
the following main conclusions:

(1) The number of free surface has a significant impact on PPV caused
by peripheral hole blasting. Under the same blasting parameters
and propagation medium, the fewer the number of free surfaces,
the higher the PPV caused by peripheral hole blasting.

(2) The number of free surface has a significant influence on the
frequency of vibration signals caused by peripheral hole
blasting. The smaller the number of free surface, the smaller
the centroid frequency and zero crossing frequency.

(3) The number of free surface has a significant impact on the
frequency band energy caused by the peripheral hole blasting.
The higher the number of free surfaces, the greater the high-
frequency energy ratio of peripheral hole blasting.

(4) The number of free surface has a great influence on the degree of
rock fragmentation after blasting. With the increase of the
number of free surface of rock, the degree of rock
fragmentation becomes more obvious after blasting.
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Laminar argillaceous limestone continental shale is an important oil reservoir in
Jiyang Depression, Bohai Bay Basin of China. Affected by the laminar structure, the
spatial propagation morphology of hydraulic fracturing is not clear. To reveal the
propagation law of hydraulic fracturing pathway in laminar marl continental shale,
the mineral content and basic rock mechanics test are firstly carried out on the
cores from thewells in Jiyang Depression. Secondly the similarmaterial cores with
standard-size and large-size are manufactured and processed. Finally, combined
with physical model experiments, acoustic emission andmoment tensor inversion
techniques, the hydraulic fracturing experiments on the large-size cores under
different stress differences are conducted. The experimental results show that the
in situ stress (confining stresses), laminar structure, and lithological distribution
jointly affect the propagationmode of fractures. As the horizontal stress difference
increases, the stimulated reservoir volume gradually decreases, and the number of
shear fractures decreases accordingly. Macroscopically, the pump pressure curve
shows obvious fluctuation in the case with lower horizontal stress difference,
which is the external performance of hydraulic fracture initiation–obstruction–
turning–penetrating–obstruction–turning. The content of brittle and plastic
minerals has a significant impact on the fracture complexity, particularly the
layers with high argillaceous content have a significant inhibitory effect on
fracture propagation. The weakly cemented lamination or bedding plane is
easy to capture the fracture and make it propagate along the bedding plane,
thereby increasing the complexity of fracture network. The research results are
expected to provide a theoretical reference for design and optimization of
hydraulic fracturing parameter in continental shale oil exploration and
development.

KEYWORDS

continental shale, hydraulic fracturing, fracture propagation, acoustic emission
monitoring, true triaxial experiment

1 Introduction

The favorable lithofacies of the continental shale in Jiyang depression mostly consists of
laminated argillaceous limestone. The reservoir is mainly located in Es2, Es3, and
Es4 sections with carbonate content as the primary brittle mineral. The brittle mineral
generally incorporates brittle mineral more than 60% in content. The test development of
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FIGURE 1
Laminar argillaceous limestone cores.

FIGURE 2
XRD mineral content characteristic value d of cores (A) Core form well X1, (B) Core form well X2, (C) Core form well X3, and (D) Core form well X4.

Frontiers in Earth Science frontiersin.org02

Zhang et al. 10.3389/feart.2023.1193205

65

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1193205


continental shale reservoir in the early stage in Shengli Oilfield
showed that the pump pressure in field fluctuated significantly, and
there is also a significant difference in the amount of sand added to
each fracturing section. The reason for these phenomena has not yet
been fully clarified.

As a complex lithofacies, shale shows significant anisotropy,
with a complex failure pattern greatly impacted by stress
difference (Vasin et al., 2013; Wu et al., 2016; Weijermars
et al., 2020). Stanchits et al. (2015); Li et al. (2018); Jiang et al.
(2020) adopted acoustic emission (AE) and tracer to conduct the

hydraulic fracturing test on the thick interlayer, and analyzed the
pump pressure curve and AE signal from the perspective of
energy. Based on the analysis of the mineral content in shale,
(Zhang et al., 2016; Hattori et al., 2017) found that the high
brittleness were more likely to lead to more multi-branch and
turning fractures under the external load. Zhao et al. (2014); Dan
et al. (2015) investigated the sensitivity of each influencing factor
due to the pattern of hydraulic fracture propagation when the
process pipeline and shale lamination formed different angles.
Taghichian et al. (2014); Garcia-Teijeiro et al. (2016); Ju et al.

TABLE 1 Mineral content analysis of the cores.

Well Depth
(m)

Content (%)

Quartz Potassium
feldspar

Plagioclase Calcite Dolomite Iron
dolomite

Pyrite Anhydrite Total
clay

Siderite

X1 4221.0 9.1 0.0 0.7 0.0 68.2 0.0 1.5 0.3 1.2 19.1

X2 3653.1 23.5 0.1 1.5 30.7 0.0 0.0 4.0 1.1 17.6 21.4

X3 3678.0 7.2 0.0 0.2 86.0 0.0 0.9 1.6 0.0 3.9 0.3

X4 3054.2 7.3 0.0 0.3 85.8 1.6 0.0 2.7 0.0 2.3 0.0

FIGURE 3
Limestone cores (low clay content) and argillaceous cores (high clay content) (A) The cores for uniaxial compression experimental test, and (B)
Stress-strain curves.
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FIGURE 4
Shale cores before and after Brazil splitting.

TABLE 2 Brazilian splitting test results of shale core.

Number Well Depth (m) Peak load (kN) Tensile strength (MPa) Average strength (MPa)

1 X2 3653.1 0.78 1.59 1.76

2 X2 3653.1 0.94 1.92

3 X2 3653.1 0.86 1.76

FIGURE 5
Standard size artificial cores (A) before demoulding (B) after demoulding.
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(2020) studied the cracking behaviors such as the approaching,
shearing, penetrating, and steering of the hydraulic fractures
caused by the induced stress in the crack tip. It has been
pointed out that the mechanical parameters and brittleness
difference resulting from the physical anisotropy of shale
reservoir had a significant impact on the selection of
fracturing block and optimization of hydraulic fracturing
parameter (Rogers et al., 2010; Thomsen, 2013; Almutairi,
2014; Ghahfarokhi, 2017). Weijers et al. (2000); McClure and
Horne (2013); Lu et al. (2015); Ju et al. (2019) optimized the
fracturing parameter using numerical simulation and found that
the stimulated reservoir volume (SRV) and oil–gas production
after fracturing are closely positively correlated. With the
improvement of experimental technology, some scholars have
carried out many new experiments on hydraulic fracturing in
recent years, including experiments with new similar materials
(Abe et al., 2021; Wang et al., 2021; Zhai et al., 2021; Yang et al.,
2022; Zheng et al., 2022).

To further reveal the influence of the laminar structure on spatial
morphology of fracture propagation, in this study, the mineral
content and basic rock mechanics test are firstly carried out on
the cores from the wells in Jiyang Depression. Secondly the similar
material cores with standard-size and large-size are manufactured
and processed. Finally, combined with physical model experiments,
acoustic emission and moment tensor inversion techniques, the
hydraulic fracturing experiments on the large-size cores under
different stress differences are conducted.

2 Mechanical parameters analysis of
rock core

The continental shale cores in this study were taken from well
X1 4221 m in depth, well X2 3653.1 m in depth, well X3 3678 m in
depth and well X4 3054.2 m in depth in Shengli Oilfield. The marl
content of each core was calculated by XRD technique. Uniaxial

FIGURE 6
Artificial rock cores after experiment (A) Uniaxial compression (B) Brazilian splitting.

TABLE 3 Comparison of mechanical parameters between natural core and artificial core.

UCS (MPa) Tensile strength (MPa) Elastic modulus (GPa)

Natural cores argillaceous rock 33.4 1.59 17.4

Limestone 50.2 1.92 23.5

Artificial cores argillaceous rock 23.2 1.41 13.5

Limestone 35.5 1.85 18.2
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compression strength and tensile strength of cores were tested by
Rockman rock mechanics experimental machine.

2.1 Mineral content of cores

X-ray diffraction (XRD) technology was used to test the mineral
content of typical cores as shown in Figure 1. According to the 2θ-d
conversion table, as shown in Figure 2, the corresponding minerals
of d value at each peak point were found in order to determine the
mineral composition content, and the whole-rock mineral analysis
results were obtained. The content of each argillo–calcareous core

are shown in Table 1. Although the mineral composition of rock
core is not a mechanical parameter, the experiment in this section
provides a basic reference for the subsequent preparation of artificial
rock cores, as the content of brittle and plastic minerals in the
argillaceous limestone continental shale has a significant impact on
the complexity of fracturing fractures. When preparing artificial
rock cores in subsequent Section 3, it is necessary to refer to the
proportion of clay and limestone mineral content.

Calcareous minerals were mainly dolomite and calcite, with few
other carbonate materials, while argillaceous minerals were mainly
clay, with a small amount of quartz, potassium feldspar, and
plagioclase. A higher content of calcareous minerals leads to

FIGURE 7
Pouring process of similar material cores for hydraulic fracturing test.
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stronger brittleness, making it more likely to be fracture initiation
and thus form complex fracture network; a higher content of
argillaceous minerals leads to stronger plasticity, making it less
likely to be fracture initiation and thus form simple flat fracture.
As observed, the calcareous content could be as large as 50%–80%
and each core had great difference in its mineral content. Thus,
relying on merely the mineral content would be helpful to fully
classify and assess the brittleness and compressibility core or
reservoir.

2.2 Uniaxial compression strength and
tensile strength

The above shale cores were processed into cylindrical cores with
50 mm in diameter and 25 mm in height in the laboratory. Four

cores were selected to conduct uniaxial compression test. Figure 3 is
the cores and the corresponding stress-strain curves. The
experimental results show there is a good consistency between
the strength characteristics of rock cores and mineral content.
The strength of limestone is significantly higher than that of clay
rock, and its brittleness is also significantly better than that of
argillaceous rock, which indicates that the complexity of
hydraulic fractures in limestone may be higher. The purpose of
the mechanical parameters analysis of rock core is to provide a basic
reference for subsequent artificial core parameters, to ensure that the
mechanical parameters of artificial cores do not deviate significantly.

The core was also processed into a standard cylinder with
25 mm in diameter and 12.5 mm in height. Corresponding to the
uniaxial compression test above, three cores from Well X2 in
3653.1 m depth were selected to conduct Brazilian splitting test.
The test results are shown in Figure 4 and Table 2. As shown in

FIGURE 8
True triaxial hydraulic fracturing test system (A) the general machine configuration, (B) attaching AE probes, and (C) placing the specimen into triaxial
servo loading system.
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Figure 4, the core tensile failure occurred along the bedding plane.
Shale cores all showed multiple fracture surfaces, implying that most
lamina or bedding plane has low cementation strength. During
hydraulic fracturing, weakly cemented stratification tended to
“capture” fractures and cause them to spread along the
stratification interface, thus increasing fracture bandwidth and
constraining fracture propagation in the direction of fracture
height. If the hydraulic fracture was needed to effectively connect
the reservoir area longitudinally, it was suggested to adopt
construction measures with large pump rate and high viscosity to
promote the propagation of the fracture height.

3 Experimental test of hydraulic
fracture in similar material cores

Due to the difficulty in collecting large-size deep cores in situ
(Sharifigaliuk et al., 2021), this study utilized similar materials to
setup rock cores and perform hydraulic fracturing test.

3.1 Artificial cores production

Before pouring large-sized rock cores, standard cylindrical
rock cores were also poured to determine the mechanical
parameters of similar materials. In general, 32.5 Portland
cement, 20–40 mesh quartz sand, 325 mesh Kaolin (China
Clay), and water were used for artificial core production.
Figure 5 shows the standard cylindrical rock cores of similar
materials poured. Correspondingly, their rock mechanics
parameters are tested on the Rockman rock mechanics
machine. Cores of similar materials after testing are shown in
Figure 6. The summarized mechanical parameters of similar
material cores and in situ continental shale cores are listed in
Table 3. The modulus and strength parameters of the two types of
rock cores basically meet the similarity criteria. After several times
of matching, the ratio of cement, sand, and Kaolin in the similar
materials for limestone is 2:2:1, and the ratio of cement, sand, and
Kaolin in the similar materials for argillaceous rock is 1:1:3. In
addition, the antifoaming agent accounted for about 1%.

FIGURE 9
The acoustic emission monitoring system (A) AE workstation and (B) amplifier.

FIGURE 10
Core configuration and acoustic emission detection point layout.
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After determining the ratio of similar materials, large-sized
rock cores are poured. The cubic laminated core with the size of
300 × 300 × 300 mm3 was poured. The bottom of the material
required a shaking table while the upper part of the vibrator to
remove foam. The casting process and parameters of the core are
presented in Figure 7. The experimental process includes the
following steps, i.e., oiling the mold surfaces, filling the mold,

vibrating inside, vibrating outside, smoothing the surfaces, and
presetting the wellbore. In the actual pouring process, the
limestone layer and argillaceous layer are alternately laid, which
means a certain thickness of ash layer is laid first, followed by a
1 cm thickness of argillaceous layer, and then a limestone layer is
laid, repeating the above process. In the whole process, controlling
the overall volume content of mudstone (about 30%) is needed.

FIGURE 11
Inversion of acoustic emission moment tensor of the cases under different stress differences (A) Group A with confining pressure 10,8,2 MPa, (B)
Group B with confining pressure 10, 6, 2 MPa, and (C) Group C with confining pressure 10, 4, 2 MPa.
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Moreover, the laying time interval between layers should not
exceed 10 min, which not only prevents complete hardening
and layering between the layers, but also allows for slight
intrusion of adjacent layers, making them to be a complete
entity. A total of 6 cores were poured.

3.2 Experimental equipment and procedures

The hydraulic fracturing simulation test was conducted on a
self-developed true triaxial hydraulic fracturing test system, as
illustrated in Figure 8. The system consists of three main parts,
i.e., 1) a true triaxial servo loading system, 2) a fluid injection servo
control system, and 3) a automatic data acquisition and processing
system, as shown in Figure 8A. A cubic specimen with maximum
allowable dimensions of 300 mm is placed in the test frame
surrounded by pressurizing pistons. The confining stresses were
loaded independently using the true triaxial assembly. The
confining stresses could be loaded up to 10 MPa. The fiuid
injection servo control system was used to accurately determine
the injection rate and injection pressure. The maximum injection
rate and injection pressure are 10 mL/min and 40 MPa,
respectively. Figures 8B,C shows how to attach AE probes and
placing the specimen into triaxial servo loading system. The
acoustic emission (AE) monitoring system, manufactured by an
American acoustic company, was applied to analyze the focal
mechanism of hydraulic fracture, as presented in Figure 9.

Triaxial confining pressures were set as vertical stress σv,
maximum horizontal principal stress σH, and minimum
horizontal principal stress σh, respectively. In this study, the
confining pressures were 10-8-2 MPa in group A, 10-6-2 MPa
in group B, and 10-4-2 MPa in group C, respectively. Each
group contains two cores. There are a total of six cores in this
experiment. To simulate fluid injection, a single cluster perforating
fracture pipe was embedded with an inner diameter of 20 mm. The
fracturing fluid was water and the pump inject rate is 10 mL/min
until the pump was stopped without a significant change in

pressure. In the whole process, 8 AE probes were used in the
AE monitoring system to obtain the AE signals associated with the
initiation and extension of the HFs. In this study, AE monitoring
was conducted for each core in the fracturing test. AE probes were
laid out, as shown in Figure 10. The lower left corner was the
coordinate origin (0, 0, 0), and the coordinate points were (200,
200, 300), (100, 100, 300), (200, 0, 200), (100, 0, 100), (200, 100, 0),
(100, 200, 0), (200, 100, 300), (100, 200, 300). The coordinate unit
is mm.

3.3 Experimental results

With the application of the AE test system to collect the
information and comparing probe information triggered at the
same time, it helps to better understand damage, fracture
initiation, and propagation in the core. Through the effective AE
event loci and waveform analysis, the initial amplitude is calculated.
Then moment tensor Inversion is used to analyze specific tensile and
shear failure patterns. Considering the similarity with seismology, the
moment tensor theory is introduced into acoustic emission test to
judge the fracture failure mode in the rock core. The force at the
rupture source is decomposed into an isotropic source, a dual couple
source, and a compensated linear dipole. Based on moment tensor
inversion, the various components of the source mechanism are
obtained. Consequently shear and tensile failure are judged based
on the corresponding components and their proportions (Shi et al.,
2018). AE monitoring results after hydraulic fracturing were inverted
by moment tensor, as shown in Figure 11. In these figures, blue dots
represent shear failure, red dots represent tensile failure, and green
dots represent mixed failure. As the horizontal stress difference
decreased, AE events increased, and the fracture modes became
more complex. Besides, the fracture types (shear, tensile and
mixed failure) also reflect a trend, i.e., with the increase in the
horizontal stress difference, the shear fracture ratio significantly
decreased. The volume enveloped by AE event points in the
fracturing process was regarded as the reconstructed volume SRV,
and the relationship between stress difference-SRV-shear fracture
ratio is shown in Figure 12. SRV is a statistical value, specifically, SRV
is the three-dimensional envelope space of each discrete acoustic
emission event. Due to the fact that the SRV is significantly small in
physical model experiments, normalization was performed on the
SRV. The curves show that, although the experimental data has slight
discreteness, the trend of changes in SRV is consistent. As the
horizontal stress difference increases, the SRV gradually decreases,
and the number of shear fractures decreases accordingly.

The corresponding hydraulic fracturing pump pressure curves
are given in Figure 13. As observed, with the decrease in the
horizontal stress difference, the pressure shows multiple peaks,
the fracture becomes more complex, and the pressure curve
shows obvious fluctuation. The intrinsic reason could be that the
fracture keeps repeating the propagation process of
“initiation–obstruction–turning–penetrating–obstruction–turning”.
Once the initiating fracture encounters argillaceous rock layer, the
fracture is obstructed and has to propagate along the interface. After
propagating a certain distance along the argillo–calcareous laminate
interface, the hydraulic fracture could turn again and continue to
propagate along the direction of maximum horizontal principal

FIGURE 12
The relationship among stress difference, SRV and shear fracture
ratio.
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stress. Small fluctuations in pump pressure curve were caused by
fracturing fluid passing through the lamina. In the calcareous or
limestone layer, the permeability was relatively high. As the
fracturing fluid was injected, the pressure gradually increased and

reached the pressure required for crossing the layer again, which
would propagate again. If there is more fracture turning, there will be
more shear fractures, which is consistent with the acoustic emission
response in Figure 11.

FIGURE 13
Hydraulic fracturing pump pressure curves under different stress differences (A) Group A with confining pressure 10,8,2 MPa (B) Group B with
confining pressure 10, 6, 2 MPa and (C) Group C with confining pressure 10, 4, 2 MPa.
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To confirm the above conjecture, one core from Group B was
manually cut into slices. Figure 14 shows that the tracer magenta has
obvious diffusion in the fracture development zone. After fracture
reconstruction, the fracture morphology exhibits multiple groups of
parallel fractures, and deflection occurs at the heterogeneous point at
the interface of argillo–calcareous material, particularly the rock
layers with high argillaceous content have a significant inhibitory
effect on fracture propagation. Therefore, the height of fracture is
relatively small. These observed fracture propagation modes in
laboratory tests were the internal cause of obvious pressure
fluctuation in different marl sections.

3.4 Discussions

In situ stress (confining stresses in the experimental test)
definitely has an important impact on fracture propagation, but
it is not the only factor affecting fracture formation. In addition to
the injection rate and viscosity of the fracturing fluid, from the data
of this experiment alone, it can be reflected that the following factors
also have a significant impact on fracturing mode.

(1) Based on the fluctuation characteristics of fracture types and
pressure curves, it can be recognized that the content of
argillaceous rock and limestone may have a significant
impact on the fracture path, especially in the case of high
limestone content, which may be more conducive to the
complexity of fractures. Argillaceous layer are generally
believed to have strong plasticity and are not conducive to
fracture propagation.

(2) The lamination or bedding plane has a significant impact on
fracture propagation. Although it is not possible to achieve high-
density bedding when making the similar materials rock cores,
the influence of bedding on fractures has been fully
demonstrated, especially with a significant inhibitory effect
on fracture height, as shown in Figure 14. In subsequent
research, it can be attempted to use full-size natural cores to
conduct experiment on the influence of high-density interlayers
on fracture propagation paths.

(3) Multiple perforation clusters may slightly alter the overall
pattern of fracture network. Although the stress shadow
effect has become less important in the current popular
design of close cut fracturing, the injection energy and its

FIGURE 14
Hydraulic fracture reconstruction (A) manually cut slices, and (B) fracture reconstruction.
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distribution of fracturing fluid in the case of multiple cluster
perforations can change the ability of fractures to propagate
along the bedding plane and pass through the argillaceous layer.

4 Conclusion

Based on hydraulic fracturing experiments with artificial rock
cores, the following conclusions can be drawn.

In situ stress (confining stresses in the experimental test) definitely
has an important impact on fracture propagation. As the horizontal
stress difference increases, the SRV gradually decreases, and the number
of shear fractures decreases accordingly. In the case with higher
horizontal stress difference, the fractures are not easy to slide and
turn. If there ismore fracture turning, there will bemore shear fractures,
which is consistent with the acoustic emission response.

Although the mineral composition of rock core is not a
mechanical parameter, the content of brittle and plastic minerals
in the argillaceous limestone continental shale has a significant impact
on the fracture complexity, particularly the rock layers with high
argillaceous content have a significant inhibitory effect on fracture
propagation. In addition, with the characteristics of high permeability
and low cementation strength, the lamination or bedding plane also
combines with lithology to jointly affect the propagation mode of
fractures, especially the evolution of fracture height.
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Evolution of residual strain and
strain energy in rocks under
various types of uniaxial cyclic
loading-unloading

Zhixi Liu and Xiaodie Liu*

School of Architectural Engineering, Tongling University, Tongling, Anhui, China

In the process of roadway excavation, the rock mass around the roadway is often
subjected to cyclic loads, and the rock mechanical properties and strain energy
evolution under cyclic loads are obviously different from those under compression, so
it is urgent to carry out research on rock mechanical properties and strain energy
evolution under cyclic loads. This study aims to investigate the evolution of residual
strain and strain energy in rocks under uniaxial cyclic loading-unloading experiments
(UCLUE). Four types of rocks, namely coal, white sandstone, red sandstone, and
granite, were subjected to uniaxial compression experiments (UCE) and various
uniaxial cyclic loading-unloading experiments (UEACLUE). The findings are as
follows: analysis of UEACLUE revealed a gradual decrease in residual strain with an
increasing number of cycles, leading to its eventual disappearance. However, if the
cyclic loading-unloading (CLU)was continuedbeyond this point, the rocksdisplayeda
reappearance of residual strain. The number of cycles required to eliminate residual
strain was found to be inversely proportional to the peak strength of the rocks, while
directly proportional to the upper limit value of UCLUE. Among the different stages of
the uniaxial cyclic loading and unloading test, the plastic stage of white sandstone
exhibited the largest disparity in dissipated strain energy, followed by the plastic stage
of red sandstone, with coal displaying the smallest difference. Analysis of dissipated
strain energy in the four types of uniaxial cyclic loading and unloading tests revealed
differences of 0.00348mJ▪mm−3, 0.03488mJ▪mm−3, 0.02763mJ▪mm−3, and
0.01619mJ▪mm−3 in the plastic stage for the respective rock types. Furthermore,
examination of the input strain energy density (ISED) and dissipated strain energy
density (DSED) during the CLU process showed a linear relationship between these
variables. Additionally, the investigation of ISED and DSED in other types of UCLUE
demonstrated adherence to the cyclic-linear dissipation law (CLDL). The study of
mechanical properties and strain energy evolution under CLU is of positive
significance for the development of rock fatigue damage and rock damage
mechanics.

KEYWORDS

rock, residual strain, cyclic linear dissipation law, strain energy evolution, uniaxial cyclic
loading-unloading
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1 Introduction

Themechanical properties and evolution of strain energy in rock
masses subjected to CLU present distinct characteristics in
comparison to those under UCE (Yang et al., 2018; Arora et al.,
2019; Stavropoulou et al., 2021). To achieve a comprehensive
understanding of the failure mechanism and ensure the long-
term stability of rock masses, it is crucial to investigate the
mechanical properties and strain energy evolution specifically
under CLU conditions. Extensive research conducted by various
scholars has yielded substantial achievements in the study of
mechanical properties under UCLUE. Liu et al. (2022) studied
the mechanical properties of rock under triaxial multistage CLU,
and the results showed that the elastic modulus, damping ratio, and
damping coefficient of the sample generally reduced with the
increase of the cycle. Liu et al. (2018) used random sinusoidal
waves simplified from Wenchuan seismic waves to study the
mechanical properties of rock mass with discontinuous joints.
Ding et al. (2022) conducted UCLUE experiments on coal mass
and found that the mechanical behavior of coal mass showed cyclic
hysteresis under cyclic load, and the failure mode was more serious.
Meng et al. (2021) conducted rock experiments under CLU, and the
research results showed that the stress-strain curve of rock under
CLU showed a hysteretic effect, and discussed the evolution law of
strength, deformation characteristics, and expansion characteristics
with the change of confining pressure. He et al. (2015) and He et al.
(2017) used CLU experiments to analyze rock deformation and
strain energy characteristics and studied rock damping ratio and
damping coefficient under different conditions. In the research of
rock damping under CLU, Liu et al. (2008) and Liu et al. (2010)
studied the damping and damping coefficient of triaxial CLU
experiment and proposed that these increase linearly with the
increasing of cyclic load cycles. Zhang et al. (2011) found that
the hysteresis ring was not a closed ring by analyzing the hysteresis
ring in the conventional triaxial experiment of rocks, and redefined
the calculation method of the hysteresis ring. Chang et al. (2019)
conducted a study on the mechanical properties of rock-concrete
subjected to cyclic loads. The results revealed the occurrence of three
typical failure modes, namely, shear cracking, tensile cracking, and
combined shear and wing cracking, in all specimens subjected to
cyclic and static loads. Guo et al. (2022) performed impact dynamics
tests on rock-concrete materials, providing a detailed analysis of
failure modes, mechanical properties, and energy dissipation
characteristics, thereby contributing to the existing research on
the dynamics of rock-concrete materials. Ali et al. (2016)
investigated the shear mechanism of rock joints under pre-peak
cyclic load and identified two categories of influences: shrinkage and
degeneration. Momeni et al. (2015) examined the effect of cyclic
loads on the mechanical properties of granite and observed that
fatigue damage analysis under different load levels indicated crack
nucleation during a significant portion of the fatigue life span, with
crack growth occurring under higher stress levels. Manoj and Petroš
(2009) found that the microstructure of rock specimens has an
impact on the fatigue characteristics of rock under dynamic cyclic
loads. Yoshinaka et al. (1997) investigated the change in pore
pressure and related failure modes through triaxial cyclic load
tests on soft rock. Some scholars have studied the mechanical
properties of rocks under unilateral unloading under true triaxial

compression and analyzed their failure forms (Liu et al., 2020a; Liu
et al., 2023).

The study of strain energy evolution in rocks is a prominent
topic in rock mechanics, garnering significant attention from
scholars both domestically and internationally, resulting in
extensive research and fruitful outcomes (Xie et al., 2005; Xie
et al., 2008). Investigations into the strain energy evolution of
rocks primarily focus on understanding the laws governing strain
energy under UCE, conventional triaxial loading, impact loads,
and the distribution of strain energy throughout the loading
process (Justo et al., 2018; Rashidi Moghaddam et al., 2018).
ZHANG and GAO (2012a), ZHANG and GAO (2012b), and
ZHANG and GAO (2015) analyzed the strain energy of red
sandstone by examining the elastic strain energy at each
unloading point. They further explored nonlinear theories of
rock behavior. Meng et al. (2015) utilized strain energy
calculation formulas to study the dissipation and accumulation
of strain energy in rocks, considering factors such as size effect
and loading rate. They obtained strain energy data from rock
UCE experiments conducted with various sizes and loading rates.
Building upon the study of strain energy evolution under UCE,
Gong et al. (2018), Gong et al. (2019a), and Gong et al. (2019b)
conducted uniaxial loading-unloading experiments to investigate
strain energy accumulation and dissipation throughout the entire
loading process. They proposed linear rules governing strain
energy storage and dissipation, contributing to the theoretical
understanding of rock strain energy evolution. Additionally, they
improved the calculation formula for the peak strain energy
impact index and established a rockburst tendency criterion
based on the residual elastic strain energy index (the
difference between pre-peak elastic strain energy density and
post-peak failure strain energy density). Through an examination
of the elastic properties of rocks in UCLUE, Liu et al. (2020b)
observed that the elastic strain energy of rocks remained
constant. Furthermore, Liu et al. (2021) postulated that the
load at each unloading point in uniaxial fractional loading-
unloading experiments was equal to that in UCE. They then
proposed a method for analyzing the strain energy law in UCE.

The existing studies primarily focus on the damping
characteristics and strain energy evolution of rocks under
UCLUE. However, there is a relative dearth of research on the
residual strain of rock mass and its internal relationship with
different forms of energy. Investigating the internal relationship
between residual strain and strain energy during UCLUE is crucial
for effectively preventing and predicting rock fatigue damage and
dynamic disasters. Therefore, it is imperative to conduct
investigations to explore the correlation between the residual
strain of rock masses and strain energy under UCLUE.

2 UCLUE method and curve analysis

2.1 UCE curve analysis

The experimental study involved four materials: coal, white
sandstone, red sandstone, and granite. Both UCLUE and UCE
were conducted using the RMT-150B rock mechanics test
system.

Frontiers in Earth Science frontiersin.org02

Liu and Liu 10.3389/feart.2023.1243909

79

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1243909


In accordance with internationally recognized standards in rock
mechanics, standard rock specimens were prepared using cutting
and polishing techniques. These procedures were performed to meet
the specified dimensional requirements for precise and dependable
testing. Figure 1 provides a visual representation of the specimens.
The uniaxial compressive strength values for coal, white sandstone,
red sandstone, and granite are 10.24, 39.40, 60.94, and 80.71 MPa,

respectively. Additionally, the elastic moduli for the four rocks are
5.01, 9.72, 10.22, and 19.21 GPa, respectively. The corresponding
peak strains for each rock are 0.05930, 0.01038, 0.00773, and
0.00915, respectively. Figure 2 illustrates the stress-strain curves
of the investigated rocks, showcasing the correlation between
applied stress and resulting strain for each rock type. These
curves enable the visualization of the different stages experienced

FIGURE 1
Four rock samples. (A) Coal sample. (B) White sandstone sample. (C) Red sandstone sample. (D) Granite sample.

FIGURE 2
Uniaxial compression curve of rock. (A) Coal. (B) White sandstone. (C) Red sandstone. (D) Granite.

Frontiers in Earth Science frontiersin.org03

Liu and Liu 10.3389/feart.2023.1243909

80

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1243909


during the loading process. Specifically, the stress-strain curve can
be divided into three distinct stages based on the rate of stress-strain
growth: compaction, elastic, and plastic stages. During the
compaction stage, the strain growth rate increases in relation to
the applied stress. The elastic stage is characterized by a linear stress-
strain relationship. Finally, in the plastic stage, the strain growth rate
gradually diminishes as the stress increases.

2.2 Analysis of UEACLUE curve

In order to facilitate the analysis of residual strain in the
UEACLUE experiments for different rock specimens, it is
assumed that the upper stress limits for each type of rock are
within the load range corresponding to the compaction stage,
elastic stage, and plastic stage. The lower stress limits are set to
0. The upper limits for coal in the uniaxial cyclic loading and
unloading tests are 5, 10, and 15 kN, respectively. For sandstone,
the upper limits are 20, 40, and 60 kN, respectively. Red sandstone
has upper limits of 30, 60, and 90 kN in the single-axis cyclic loading
and unloading tests. As for granite, the upper limits are 40, 80, and
144 kN, respectively. The loading rate for the experiments is set at
0.5 kN/s, and a total of 20 cycles are conducted. Following the

completion of the cyclic loading and unloading process, the
specimens are not subjected to any further experiment.

From the visual representation presented in Figure 3, it is
evident that the loading stress-strain path of sandstone under
cyclic load is different from the unloading stress-strain. In
particular, the nonlinearity of the unloading curve indicates
that the rock has the hysteretic effect, and the initial loading-
unloading will produce large residual strain. The residual strains
has produced by the first loading-unloading of coal are 7 × 10−5,
4.89 × 10−4, and 6.36 × 10−4, respectively. The residual strains
produced by the first loading-unloading of white sandstone are
9.3 × 10−4, 1.77 × 10−3, and 2.3 × 10−3, respectively. The residual
strains produced by the first loading-unloading of red sandstone
are 1.1 × 10−3, 2.02 × 10−3, and 2.63 × 10−3, respectively. The
residual strains produced by the first loading-unloading of
granite are 3.1 × 10−4, 4.11 × 10−4, and 4.8 × 10−4, respectively.
The residual strain of the four rock types exhibits a positive
correlation with the upper limit of the applied uniaxial cyclic
loading and unloading stress. This correlation demonstrates that
cracks can develop in the rock during the elastic stage, while the
subsequent propagation of cracks remains stable. Notably, high-
strength rocks exhibit relatively lower levels of residual strain
during the initial loading and unloading processes.

FIGURE 3
UEACLUE stress-strain of four rock. (A) UEACLUE stress-strain of coal. (B) UEACLUE stress-strain of white sandstone. (C) UEACLUE stress-strain of
red sandstone. (D) UEACLUE stress-strain of granite.
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3 The evolution law of rock residual
strain

3.1 Uniaxial cyclic loading-unloading
experiment

Figure 4 illustrates the gradual reduction in residual strain
observed for the four rock types as the cycle number increases
during the experiment. Eventually, a point is reached where a non-
residual strain phenomenon is observed.

The UEACLUE yielded distinct stress limits at which non-
residual strain phenomena all will occurred for different rock
types. Specifically, the coal sample exhibited non-residual strain
at the 8th, 14th, and 15th cycles in the compaction, elastic, and
plastic stages, respectively. Likewise, white sandstone demonstrated
non-residual strain at the 7th, 12th, and 14th cycles in the
compaction, elastic, and plastic stages, respectively. Similarly, for
red sandstone, the stress limit was observed at the 6th, 10th, and 10th
cycles in the compaction, elastic, and plastic stages, respectively.
Finally, granite displayed non-residual strain at the 5th, 7th, and 8th
cycles in the compaction, elastic, and plastic stages, respectively.

During the experimental procedure, the residual strain of the
rocks exhibited a gradual decrease until reaching a state of non-
residual strain. However, if the loading-unloading process was
continued beyond this point, the residual strain reappeared. The
occurrence of the non-residual strain phenomenon was found to be
directly related to the applied stress, showing a proportional
relationship. Among the four types of rocks investigated in this
study, it was observed that higher-strength rocks experienced fewer
occurrences of the non-residual strain phenomenon during the
UEACLUE experiments.

3.2 Uniaxial variable upper cyclic loading
limit experiment

To further investigate the non-residual strain phenomenon in
sandstone under UEACLUE, a series of uniaxial variable upper
cyclic loading limit experiments were conducted. The experiments
consisted of three grades, each consisting of 20 cycles, with the upper
limit values of CLU set at 20, 40, and 60 kN, respectively. The
experiments followed a lower limit of 0 and a loading rate of 0.5 kN/

FIGURE 4
Non-residual strain of the four rocks. (A) Coal. (B) White sandstone. (C) Red sandstone. (D) Granite.
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s. At the end of each cycle, the sample was compressed until failure.
Figure 5 illustrates the stress paths observed during the experiments.

Figures 6, 7 show the curve of stress-strain and non-residual
strain in the uniaxial equal amplitude cyclic loading experiment. In
the uniaxial equal amplitude cyclic loading experiment of sandstone,
the residual strains produced in the first cycle of the first stage,
second stage and third stage are 1.34 × 10−3, 0.55 × 10−3, and 0.44 ×
10−3, respectively. After the non-residual strain phenomenon of rock
appears in the first stage of CLU, residual strain will appear again if
the loading-unloading experiment has continued. The second stage
and third stage cycles have the same evolution law, indicating that
after the occurrence of non-residual strain phenomenon, if the
upper limit of CLU stress has increased, residual strain
phenomenon will appear again. To sum up, in the UCLUE, after
the non-residual strain phenomenon of rock appears, increasing the

upper limit value of UCLUE stress and continue to carrying out
CLU, the rock will appear non-residual strain again.

4 Rock strain energy evolution

4.1 Strain energy calculation method

Based on the principles of thermodynamics, it is observed that
when the rock is subjected to loading, a certain amount of strain
energy is stored within the rock and can be reversed under specific
conditions. This stored energy is referred to as elastic strain energy.
However, during the loading process, another portion of the strain
energy is dissipated and cannot be reversed. This dissipated energy is
known as dissipative strain energy.

FIGURE 5
Uniaxial variable upper cyclic loading limit experiment stress
paths.

FIGURE 6
Uniaxial equal amplitude cyclic loading experiment.

FIGURE 7
Non-residual strain.

FIGURE 8
Schematic diagram of strain energy.
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The relationship is as follows (Meng et al., 2015):

u � ud + ue

Where u is the total strain energy density generated by the work
of external load on the rock specimen; ue is the elastic strain energy
density stored in the rock; ud is the DSED. The distribution has
shown in the Figure 8.

As shown in Figure 8, the area under the unloading curve
represents the elastic strain energy ue, and the area enclosed by
the loading curve, unloading curve, and horizontal coordinate
represents the dissipated strain energy ud of the rock.

ud � ∫ε
0

σ′dε′ − ∫ε
ε″

σ1
″dε1

″

ue � ∫ε
ε″

σ1
″dε1

″

Where ε is axial strain; σ’ and ε’ represent loading stress and
strain. σ" and ε" represent unloading stress and strain. Figure 8
shows the stress-strain curve of rock under axial load σ1. The total
ISED of the experimenting machine is u, the DSED is ud, and the
elastic strain energy density is ue.

4.2 Strain energy dissipation evolution under
cyclic load

Using the strain energy analysis method, the stress-strain curve
obtained from the UCLUE is integrated.

As depicted in Figure 9. In the UEACLUE, the DSED of rock
decreases non-linearly as the number of cycles increases, the strain
energy dissipation increasing when the number of cycles is the same
with the increase of the upper limit value of UCLUE. The DSED
produced by the first loading-unloading of rock is much greater than
that produced by the subsequent loading-unloading. Previous

FIGURE 9
Curves of rock strain energy dissipation and cycle numbers under UEACLUE. (A) Coal. (B) White sandstone. (C) Red sandstone. (D) Granite.
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studies have suggested that a strong correlation between DSED and
the generation of damage in rocks. By understanding the evolution
law of DSED, it is possible to establish a theoretical foundation for
more precise assessments of rock fatigue damage. By comparing the
dissipative energy generated by uniaxial cyclic loading and
unloading of four kinds of rocks, it can be seen that in the
plastic stage, the dissipative strain energy-cycle curve of coal
evolves in an approximate horizontal direction with the increase
of cycle times after the 7th cycle, while the dissipative strain energy
curve of sandstone fluctuates to a certain extent with the increase of
cycle times. The dissipative strain energy of granite and red
sandstone in plastic stage decreases linearly with the increase of
cycle times. The dissipative strain energy of the four kinds of rocks in
the compaction stage, elastic stage and plastic stage is inversely
proportional to the peak strength. In the cycle process of the
compaction stage, the dissipative strain energy density of coal,
red sandstone and white sandstone fluctuates little, while that of
granite fluctuates greatly. In the comparison of dissipative strain
energy of the four rocks, it can be found that the dissipative strain
energy of the white sandstone in the elastic stage has little difference
with that of the plastic stage, which indicates that the dissipative
strain energy of the sandstone in the elastic stage is relatively large,
while the dissipative strain energy of the other three rocks increases

significantly from the elastic stage to the plastic stage. In the uniaxial
cyclic loading and unloading test of coal, the maximum difference of
dissipated strain energy density generated by each cyclic loading and
unloading is 0.00348 mJ·mm−3. In the uniaxial cyclic loading and
unloading test of white sandstone, the maximum difference of
dissipated strain energy density produced by each cyclic loading
and unloading is 0.03488 mJ·mm−3. In the uniaxial cyclic loading
and unloading test of red sandstone, the maximum difference of
dissipated strain energy density produced by each cyclic loading and
unloading is 0.02763 mJ·mm−3. In the uniaxial cyclic loading and
unloading test of granite, the maximum difference of dissipated
strain energy density produced by each cycle loading and unloading
is 0.01619 mJ·mm−3.

4.3 Cyclic-linear dissipation law (CLDL)

Through a comprehensive investigation of the quantitative
relationship between DSED and ISED, a linear functional
relationship between the two has been established. This finding
confirms the existence of a CLDL in rocks.

ud � au + b

FIGURE 10
(A) is the fitting result of the compaction stage, (B) is the fitting result of the elastic stage, and (C) is the fitting result of the plastic stage.
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Where ɑ and b represent the fitting parameters in the linear
functional relationship between DSED and ISED. The fitting results
for white sandstone are exemplified and illustrated in Figure 10.

Figure 10 presents the fitting results for white sandstone as an
example. Based on Table 1 and Figure 10, the input strain energy and
dissipated strain energy of the four types of rocks were fitted during
the experiment. The fitting correction coefficients for all four types
of rocks are above 0.98, indicating a good fitting effect. It indicates
that there is a linear functional relationship between the input strain
energy and dissipated strain energy of rocks under UEACLUE,
which is independent of the load level of CLU. Based on the cyclic -
linear dissipation law, it is evident that the evolution trend of
dissipation strain energy is consistent with that of input strain
energy during experiment.

5 Application range of CLDL

5.1 Uniaxial variable upper and lower cyclic
loading limit experiment

To validate the aforementioned hypothesis, a uniaxial variable
upper and lower with constant amplitude (UVULCLUE)
experiment was conducted using the RMT-150B apparatus. The
experiment consisted of multiple stages, with each stage
characterized by different upper and lower limits of cyclic
loading. In the first stage, the upper limit was set at 10 kN, while
the lower limit was 0. After completing 20 cycles in the first stage, the
experiment progressed to the second stage, where the upper limit
was increased to 20 kN, while the lower limit remained the same as

TABLE 1 Fitting results of CLDL.

Sample Cyclic stress upper limit/kN a b Expression Adj. R-Square

Coal

5 0.87586 −0.00060 ud=0.87586u-0.00060 0.99280

10 0.79233 −0.00171 ud=0.79233u-0.00171 0.98477

15 0.94684 −0.00524 ud=0.94684u-0.00524 0.98776

White sandstone

20 0.96439 −0.00860 ud=0.96439u-0.00860 0.99475

40 0.91385 −0.02151 ud=0.91385u-0.02151 0.99044

60 0.99053 −0.04743 ud=0.99053u-0.04743 0.99880

Red sandstone

30 0.67349 −0.01801 ud=0.67349u-0.00060 0.99270

60 0.91905 −0.06641 ud=0.91905u-0.06641 0.99501

90 0.92363 −0.13430 ud=0.92363u-0.13430 0.99933

Granite

40 0.83383 −0.01269 ud=0.83383u-0.01269 0.98539

80 0.80422 −0.03634 ud=0.80422u-0.03634 0.94949

144 0.90324 −0.10077 ud=0.90324u-0.10077 0.99575

FIGURE 11
Uniaxial variable upper and lower cyclic loading limit experiment. (A) Stress path of UVULCLUE. (B) Stress-strain curve of UVULCLUE.
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the previous stage’s upper limit. The difference between the upper
limit values of cyclic loading and unloading stress of adjacent grades
is 10 kN. “Stress path of UVULCLUE” as shown in Figure 11A.

As shown in Figure 11B. In the UVULCLUE, the residual strain
of 0.55 × 10−3 is generated by the initial loading-unloading in the first
stage cycle, which is larger than that generated by other cycles in the
first stage cycle, indicating that the initial loading-unloading is
caused by the compaction of the internal defects in the
sandstone, resulting in a more residual strain than that in other
cycles. The residual strain of the rocks from Grade 2 to Grade
7 under initial loading are 2.18 × 10−3, 0.99 × 10−3, 0.55 × 10−3, 0.73 ×
10−3, 0.38 × 10−3, and 0.35 × 10−3, respectively.

The strain energy evolution law of UVULCLUE has shown in
Table 2. The strain energy calculated at the beginning of the second
stage of the UVULCLUE is the strain energy density within the load
range of the second level cycle. In other words, the ISED, DSED, and
elastic strain energy density of the second level cycle is the strain
energy density under 10–20 kN, rather than the strain energy
density of the rock under 20 kN.

The quantitative relationship between the DSED and the total
ISED was investigated respectively in the UVULCLUE, and it was
found that there was also a linear functional relationship between
them. It shows that the CLDL not only applies to UEACLUE, but

also applies to other types of CLU experiments, which introduces a
novel perspective on the evolution of strain energy in rock during
loading-unloading.

5.2 Uniaxial stage loading-unloading
experiment

Uniaxial stage loading-unloading adopts the loading-
unloading method of increasing load. The loading stage of
the experiment is 10 kN, that is, 0→10→0→20→0→30 kN.
The uniaxial stage loading-unloading curve as depicted in
Figure 12.

The phenomenon of “hardening” in rock specimens under
loading-unloading, where the peak load exceeds the uniaxial
compressive strength, has been observed consistently in
previous studies. For instance, Zuo et al. (2011) investigated
the cyclic load behavior of coal and rock mass, while You and Su
(2008) studied marble specimens. Building upon the findings of
these researchers, it is believed that the “hardening” phenomenon
is attributed to the presence of cracks within the rock specimens.
Local contact stress between these cracks is significantly higher
than the stress induced by axial compression loading. As a result,

TABLE 2 Fitting results.

Sample Load limit value/kN a b Expression Adj. R-Square

White sandstone

10 0.93764 −0.00234 ud=0.93764u-0.00234 0.99501

20 0.97807 −0.00126 ud=0.97807u-0.00126 0.99842

30 0.98925 −0.0028 ud=0.98925u-0.0028 0.99911

40 0.99867 −0.00564 ud=0.99867u-0.00564 0.9926

50 0.94967 −0.00611 ud=0.94967u-0.00611 0.99298

60 0.49886 −0.00357 ud=0.49886u-0.49886 0.99772

70 1.04044 −0.00809 ud=1.04044u-0.00809 0.98535

FIGURE 12
Uniaxial stage loading-unloading curve. FIGURE 13

Linear energy storage law.
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the specimens exhibit substantial strain and even localized failure
under axial load. Debris formed during the loading-unloading
process may detach and fill adjacent cracks, thereby increasing
friction and enhancing the bearing capacity of the rock. It is
important to note that “hardening” should not be confused with
an increase in overall strength, which encompasses tensile,
compressive, shear, and torsional resistance. Instead,
“hardening” primarily refers to the augmentation of friction
and bearing capacity.

As shown in Figure 13. The relationship between the ISED and
the DSED with the increase of the unloading level in uniaxial stage
loading-unloading is analyzed. And a linear functional relationship
between the DSED and the ISED is obtained. When the input strain
energy increases, the strain energy dissipating also increases in the
same proportion. Meng et al. (2015) believed that the strain and
failure of rock is a process of the generation, expansion, connection,
penetration, and sliding of micro-cracks within the rock. Strain
energy needs to be absorbed to generate new fractured surfaces,
while the sliding friction between fractured surfaces dissipates strain
energy. In other words, the strain energy density absorbed by rocks
is a linear function of the sliding friction strain energy density
between fractured surfaces. To sum up, the CLDL applies to various
loading-unloading methods in this manuscript and is able to better
reflect the strain energy evolution law during the loading-unloading
process of rocks.

6 Discussion

Based on the hypothesis proposed regarding the “hardening”
phenomenon in rock specimens, several important implications can
be derived. Firstly, it is crucial to consider the presence and behavior
of cracks in rock specimens when studying their mechanical
response under loading-unloading conditions. The high local
contact stress between cracks highlights the significance of crack
initiation, propagation, and interaction in determining the overall
deformation and failure characteristics of the rock.

Secondly, the formation of debris and its subsequent filling
between cracks should be taken into account. The accumulation
of debris can enhance the frictional contact between cracks, leading
to an increase in the bearing capacity of the rock. This phenomenon
implies that the mechanical behavior of rocks is not solely governed
by the intrinsic properties of the rock material, but also influenced
by the interactions and interplay between cracks and debris.

Furthermore, the “hardening” phenomenon challenges the
conventional understanding that loading and unloading
inherently result in damage to rock mass. Instead, it suggests that
under certain conditions, cyclic loading and unloading can actually
contribute to the strengthening of rock specimens. This finding
underscores the need for a more comprehensive and nuanced
understanding of the fatigue and damage processes in rocks,
considering the complex interrelationships among stress,
deformation, crack evolution, and debris behavior.

Overall, this hypothesis provides a framework for further
investigations into the underlying mechanisms of the “hardening”
phenomenon and opens up avenues for exploring innovative
approaches to enhance the mechanical properties and stability of
rock materials.

7 Conclusion

By analyzing the mechanical characteristics and strain energy
evolution in UCLUE, we have identified the evolution law of residual
strain in rock mass under loading-unloading conditions.
Furthermore, through the analysis of strain energy evolution, we
have discovered the CLDL. To validate the applicability of the CLDL,
we have conducted studies using two additional loading-unloading
schemes. The results obtained from these studies are as follows:

(1) In the process of UEACLUE, the residual strain of rock
gradually decreases until non-residual strain occurs. If the
loading-unloading continues, the residual strain will appear
again. In the process of UEACLUE, the occurrence times of
non-residual strain phenomenon is proportional to the upper
limit value of UEACLUE. Among the four kinds of rocks in this
paper, the higher the strength of the rocks, the fewer the
occurrence cyclic numbers of non-residual strain
phenomenon in the UEACLUE.

(2) In the UCLUE, after the non-residual strain phenomenon of
rock occurs, increasing the upper limit value of UCLUE stress
and continuing to carry out CLU, the non-residual strain
phenomenon of rock will appear again.

(3) The presence of cracks in rock specimens leads to high local
contact stress between the cracks, exceeding the stress under
axial compression loading. This results in significant strain and
even local failure phenomena in the specimens under axial load,
with the formation of debris that can fall off and fill nearby
cracks. The debris filling between the cracks enhances friction
and increases the load-bearing capacity of the rock.

(4) In terms of the different stages of uniaxial cyclic loading and
unloading tests, the largest dissipated strain energy difference
was observed in the plastic stage of white sandstone, followed by
the plastic stage of red sandstone, and the smallest in the plastic
stage of coal. By analyzing the dissipated strain energy from four
types of uniaxial cyclic loading and unloading tests, it was
observed that the dissipated strain energy differences within
the same group varied as follows: 0.00348, 0.03488, 0.02763, and
0.01619 mJ·mm−3.

(5) By analyzing the dissipated strain energy and input strain
energy in uniaxial cyclic loading and unloading test, there is
a linear relationship between ISED and DSED of CLU. The
applicability of the CLDL has been verified by other loading-
unloading experiment schemes. A new law of rock strain energy
evolution in UCLUE is found.
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During the tunnel construction process using the drilling and blasting method, the
induced blasting vibration always poses a great threat to the stability and safety of
the adjacent tunnel supporting structure. To improve the efficiency and safety of
tunnel blasting construction, the vibration propagation and peak particle velocity
(PPV) distribution of the lining of an excavated tunnel were investigated during the
blasting of an adjacent tunnel located in Guangxi province. The evolution process
and distribution characteristics of the PPV of the lining of adjacent tunnels were
monitored and analyzed. The results show that the maximum blasting vibration
velocity of the lining of the adjacent tunnel can be shown as: PPVx > PPVz > PPVy;
hence, the PPVx plays a significant role in the vibration of the adjacent tunnel.
According to the tensile stress failure criterion, the PPV threshold was determined
to be 12.7 cm/s in this study. To control the damage of surrounding rock induced
by the blasting vibration, compound wedge-shaped cutting technology, stress
wave dislocation superposition technology, and pre-splitting blasting technology
were employed to reduce the impact of blasting vibration on the excavated tunnel.

KEYWORDS

blasting vibration, propagation characteristics, vibration control, cutting technology,
pre-splitting blasting

1 Introduction

When a highway is constructed in a mountain area, the neighborhood tunnel is used
frequently, and it is restricted by terrain conditions and environmental factors (Editorial
department of China Journal of Highway and Transport, 2022). As the most widely used and
efficient method for rock excavation in engineering practice, the drilling and blasting
technique is widely used in mountain tunnel excavation (Chen et al., 2023; Liang et al.,
2023). However, the dynamic load induced by blasting can easily damage the bearing
capacity of the surrounding rock and supporting structure, leading to cracking, spalling, and
even collapse of existing tunnel (Li et al., 2014; Xue et al., 2019; Liang et al., 2023). For
instance, on 10 September 2020, during the construction at 540 m of the left tunnel of Leye
Avenue in Leye County, Guangxi, a sudden rock collapse occurred on top of the tunnel. Nine
workers who were working on the tunnel were trapped. The blasting vibration caused by the
explosion always poses a great threat to the stability and safety of a tunnel structure (Zhou
et al., 2020; Cheng et al., 2021; Yu et al., 2021; Xue et al., 2023). Consequently, the influence of
blasting on the stability of adjacent tunnels has attracted wide attention.

At present, the research on the vibration characteristics of tunnel induced by blasting
load can be divided into three categories: theoretical analysis, field test, and numerical
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analysis (Cao et al., 2016; Yang et al., 2022; Xu et al., 2023). (1)
Theoretical analysis: the stress wave theory and tensile stress
criterion are the theoretical basis for the analysis of vibration
response of tunnels (Jiang and Zhou, 2012; Xie et al., 2016). Li
et al. (2013) established the motion equation of an adjacent tunnel
structure according to the propagation of the blasting stress wave
and theory of energy conservation, calculating the stress distribution
of a tunnel. They then proposed a theoretical method for predicting
the dynamic response of this tunnel. Chen et al. (2017) employed the
separation of variables method to solve the displacement potential
function for the propagation of blasting-induced vibration waves.
They discussed the peak particle velocity law in surrounding rock
under different blast loads and surrounding rock parameters. Luo
et al. (2022) derived the frequency domain expression and vibration
velocity spectrum expression for the equivalent blasting load in
porous media through theoretical analysis, and the propagation and
attenuation of the primary frequency of blasting vibration of
multiple cutting holes and caving holes in infinite rock mass
were explored. (2) Field test: the vibration characteristics of the
tunnel structure can be evaluated by the field blasting vibration
monitoring test. Zhang et al. (2008) analyzed the blasting vibration
characteristics of middle rock and concrete lining of bifurcation
tunnel under different modes of cutting blasting. Fu et al. (2011)
carried out vibration monitoring on the vault and side wall near a
tunnel working face, analyzing the blasting vibration characteristic
of the surrounding rock near the blasting source. Dang et al. (2018)
arranged three-dimensional velocity sensors in the bottom foot and
arch waist of an adjacent tunnel, obtaining the blasting vibration
velocity of the lining. Lin (2011) carried out long-term blasting
vibration monitoring, investigating the relationship between the
PPV and charge, and the stability of the tunnel, which was
disturbed by blasting vibration, was then assessed by the dynamic
stress ratio method. (3) Numerical analysis: the numerical analysis
method is being gradually applied to investigate tunnel engineering
with the rapid development of computing technology. Kim et al.
(2006) used the PFC 2D software to simulate the blasting of tunnel
contour holes, and numerical models with different joint angles and
joint spacing were established to analyze the failure mechanism of
tunnel blasting, considering the angle and spacing of discontinuous
interfaces. Liang et al. (2013) used the three-dimensional numerical
analysis method to comprehensively analyze the influence of tunnel
static stress and dynamic stress caused by blasting on the existing
tunnel lining. Shin et al. (2011) studied the influence of blasting
vibration on the performance of existing tunnels from the
perspectives of vibration velocity, displacement, and stress of
lining. Yu et al. (2014) used ABAQUS software to analyze the
blasting vibration characteristics of adjacent tunnels on soft soil
foundation, evaluating the safety of tunnels. Liu et al. (2020)
established the three-dimensional numerical model using
ANSYS/LS-DYNA, analyzing the distribution characteristics of
vibration velocity and stress of adjacent tunnels; the relationship
between vibration velocity and tensile stress of the tunnel lining was
then established. Yang et al. (2015) conducted a three-dimensional
numerical simulation study on rock damage evolution during the
excavation of deeply buried tunnels using LS-DYNA software. The
impact of practical millisecond delay blasting on damage extension
was discussed, and the mechanisms of rock damage and evolution
were then explored during the excavation process of deeply buried

tunnels. Zhou et al. (2016) established a numerical model for an
existing tunnel and an adjacent tunnel under construction at
different spacing values, and the vibration response of the
existing tunnel to the adjacent blasting construction was
analyzed. Yang et al. (2019) employed a three-dimensional
dynamic finite element model to validate field monitoring results,
and the mechanisms that cause the difference between the surface
and inside vibration were discussed in detail.

In general, the vibration criteria of tunnel blasting often simply
refers to the degree of safety allowed for the PPV in the tunnel
construction process. In the safety regulations for blasting, the
allowable range is specified from 10 cm/s to 20 cm/s. However, as
research advances, scholars have discovered a critical defect in that
the peak vibration velocity is used as the unique criterion for
assessing the safety of blasting-induced vibrations in many
practical engineering cases (Chen et al., 2023). In fact, the
vibration response of the tunnel is determined by objective
factors, such as the blasting load and the tunnel’s properties
(Ling et al., 2021; Song, 2022). It is difficult to control blasting
disasters only by referring to the safety regulations for blasting or
similar engineering experiences. Therefore, it is important to analyze
the propagation characteristics of blasting vibration and the
vibration response law of adjacent tunnels, and it is necessary to
explore vibration control technology for reducing blasting vibration.
Blasting disasters can be effectively controlled, and the safety
construction efficiency can be improved.

2 Engineering condition and blasting
vibration monitoring

2.1 Engineering condition

A double-line tunnel was excavated using drilling and blasting
method in Guangxi. The maximum width of the excavation section
is approximately 16.0 m. The minimum horizontal distance between
the tunnels is also approximately 16.0 m. That can be considered a
small clear distance tunnel. The layout of tunnels is shown in
Figure 1. The tunnel passes through the mountain with thin
covering soil, and the large area of bed rock is exposed. The
surrounding rock is slightly or moderately weathered limestone.
However, the rock is hard and complete, and the unconfined
compression strength of part rock sample can exceed 100 MPa.
Physical and mechanical tests were carried out on the moderately
weathered limestone stones collected from the tunnel, and the main
physical and mechanical parameters are summarized in Table 1.

The double-line tunnels were excavated step by step. The right
line was excavated, followed by the left tunnel. Therefore, the right-
line existing tunnel would be disturbed by the vibration caused by
the blasting excavation of the left line. The left tunnel was excavated
by the bench method, and the upper bench profile was excavated by
smooth blasting. The width and height of the excavation section are
16.0 m and 6.6 m, respectively. The design of the excavation footage
is 2.0 m, 2.5 m, and 3.0 m, respectively. Under different footage
conditions, the charge of each blast holes increased slightly with the
increase of footage, and the main parameters, such as the number of
blast holes and delay time, were almost kept the same. The blasting
parameters are listed in Table 2 and Figure 2, respectively. The type
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of hole was defined according to the function of the hole in the
tunnel blasting. The symbols of MS1 and x# were used to represent
the detonation time. The layout of the blasting holes is shown in
Figure 2. Furthermore, to control the blasting vibration, the contour
blasting was divided into two parts. The wall was blasted using the
MS13, followed by the vault blasting at the MS15.

2.2 Monitoring scheme and technology

Based on the propagation theory of stress wave and the
principle of blasting vibration monitoring, the blasting
vibration monitoring test was carried out on the adjacent
right-line tunnel. The layout of monitoring points is shown in
Figure 3. Five monitoring points were arranged on the lining
close to the blasting tunnel, which were numbered as 1#, 2#, 3#,
4#, and 5#, respectively. The vertical position of the monitoring
points was 1.2 m away from the tunnel floor, and the distance
between the monitoring points was 5 m. Monitoring point 3# was
parallel to the working face of the excavating tunnel at the
tunneling direction. Monitoring points 1# and 2# were located
in front of the working face section. The area of the left tunnel
parallel to those measuring points is not excavated yet.
Monitoring points 4# and 5# were located at the rear of the

working face section, where both the tunnels have been
excavated, forming the middle rock. Three-dimensional
velocity sensors were installed at each monitoring point to
monitor the blasting vibration velocity on the lining of the
right excavated tunnel.

In order to comprehensively consider the influence of rock
characteristics, mountain structure, geological structure, and
other factors on blasting vibration, the intelligent blasting
vibration meters are shown in Figure 3, which is composed of
the NUBOX-8016 acquisition equipment and TP3V-4.5 three-
dimensional speed sensor. The measurement range was from
0.0047 cm/s to 35 cm/s, which can simultaneously measure the
vibration signals in the X-horizontal radial, Y-horizontal
tangential, and Z-vertical direction. In order to obtain
accurate and detailed blasting vibration signals, the frequency,
trigger level, acquisition time, and delay time of the instrument
were set to 5 kHz, 0.1 cm/s, 1s, and 20 ms, respectively. The
blasting vibration meter was installed before detonation, as
shown in Figure 3, and this must be activated to await the
trigger and store the vibration data when the vibration
velocity exceeds 0.1 cm/s.

2.3 Monitoring results

Three kinds of field blasting tests with different maximum
charge quantities of a single section were carried out. A total of
15 sets of data were obtained. The vibration velocity data of the
monitoring points in the nearby tunnel are listed in Table 3.

Taking the blasting vibration results at the section of the ZK356
+ 262 as an example, the curve of vibration velocity and time is
shown in Figure 4. It can be seen that eight segments of the blasting
vibration wave were monitored during the blasting. As the charge
amount of the cutting section (MS1) is the maximum, the PPV is
also significantly higher than other segments. Hence, the blasting
vibration of the MS1 influence on the adjacent tunnel lining is
discussed.

FIGURE 1
Position relationship of double-line tunnel.

TABLE 1 Main physical mechanical parameters of moderately weathered
limestone.

Parameters Minimum Maximum Average

Natural density (g/cm3) 2.67 2.67 2.67

Uniaxial compressive
strength (MPa)

40.0 98.5 62.9

Elastic modulus (GPa) 2.68 4.02 3.46

Wave velocity (m/s) 4305 5236 4691

Poisson 0.18 0.23 0.21
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In order to analyze the vibration characteristics of the
adjacent tunnel, the PPV induced by the maximum charge of
28.8 kg, 36.0 kg, and 42.0 kg have been drawn in Figure 5. The
position 0 m on the abscissa represents the blasting working
position, the positive value represents the unexcavated
direction, and the negative value is the excavated direction.
The PPV-x of the adjacent tunnel is the largest, followed by the
PPV-z, and the PPV-y is the smallest; these results indicate that
the horizontal vibration wave plays a significant role in the
vibration of the adjacent tunnel. With the increase of explosive

dosage, the PPV of the monitoring points gradually increased.
In the longitudinal direction of the adjacent tunnel, the PPV at
the blasting location is the largest, and then decays in both
directions of the tunnel. However, when the distance from the
monitoring section is the same, the PPV on the unexcavated side
is slightly higher than that on the excavated side; these results
indicate that the PPV attenuation rate on the unexcavated side is
slower than that on the excavated side. Therefore, more
attention should be paid to the blasting vibration on the
unexcavated side.

TABLE 2 Main parameters of blasting.

Blast hole Time Explosive

Type Number Length (m) Angle (°) Segment Delay (ms) Single hole (kg) Total (kg) Sum (kg)

Cutting hole 12 3.4 41 MS1 0–50 2.4 28.8 28.8

Auxiliary Cutting hole 8 2.6 51 MS3 50–100 1.8 14.4 14.4

Caving hole #1 8 2.4 58 MS5 100–150 1.8 14.4 14.4

Caving hole #2 8 2.2 66 MS7 150–200 1.5 12.0 19.2

Floor hole #1 4 2.1 90 MS7 150–200 1.8 7.2

Caving hole #3 4 2.1 74 MS9 200–250 1.5 12.0 21.9

Floor hole #2 4 2.0 90 MS9 200–250 1.8 3.6

Caving hole #4 7 2.1 90 MS9 200–250 0.9 6.3

Floor hole #3 2 2.0 90 MS11 250–300 1.8 3.6 9.6

Caving hole #5 4 2.1 83 MS11 300–350 1.5 6.0

Contour hole #1 20 2.0 90 MS13 350–400 4.5 27.0 27.0

Contour hole #2 22 2.0 90 MS15 400–450 0.6 13.2 16.8

Bottom foot hole 2 2.1 90 MS15 400–450 1.8 3.6

FIGURE 2
Layout of blasting hole.
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In order to further analyze the difference of the vibration
velocity attenuation characteristic between the unexcavated side
and the excavated side of the adjacent tunnel, the fitting formula
based on the detonation center distance (R) and the single maximum

charge quantity (Q) was used to investigate the PPV of the adjacent
tunnel. The fitting formula can be described as follows:

PPV � K R/Q1/3( )−α � K SD[ ]−α (1)

TABLE 3 Blasting vibration monitoring data of nearby tunnel.

Monitoring
position

Footage
(m)

The maximum
charge (kg)

Segment Monitoring
point

Blasting center
distance (m)

Peak particle velocity (cm/s)

PPVX PPVY PPVZ Resultant
velocity

ZK356 + 262 2.0 28.8 MS1 1# 26.0 6.53 2.90 5.80 9.20

2# 24.5 10.44 3.47 7.29 13.20

3# 24.0 11.29 4.69 8.70 15.03

4# 24.5 6.54 3.01 6.09 9.43

5# 26.0 3.77 2.44 3.97 5.99

ZK356 + 275 2.5 36.0 MS1 1# 26.0 7.50 3.58 3.97 9.21

2# 24.5 12.12 6.47 7.76 15.78

3# 24.0 14.19 7.57 10.05 18.96

4# 24.5 9.31 4.92 6.54 12.40

5# 26.0 6.02 3.04 5.35 8.51

ZK356 + 303 3.0 42.0 MS1 1# 26.0 9.36 2.13 4.65 10.67

2# 24.5 12.12 6.47 7.76 15.78

3# 24.0 17.13 6.54 12.67 22.29

4# 24.5 10.11 3.01 9.43 14.15

5# 26.0 7.26 3.58 3.97 9.02

FIGURE 3
Layout of blasting vibration monitoring points.
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whereR is the linear distance from the explosion source to themonitoring
point (m), Q is the maximum charge quantity (kg), K and α are the
blasting vibration coefficient, which is dependent on rock characteristics
and geological conditions, and SD is the scale distance (m/kg1/3).

Taking the logarithms of formula (1), formula (2) can be
expressed:

lnPPV � lnK − ln SD (2)

FIGURE 5
The PPV distribution of adjacent tunnel.

FIGURE 4
Vibration velocity–time curve.
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Let y � lnPPV, x � ln SD, b � lnK, and formula (2) will be:

y � b − ax (3)
As shown in Figure 6, according to Eqs 1–3, the PPV is fitted

with the proportional distance, and the fitting results of the
unexcavated side and excavated side are obtained.

The stress wave propagation attenuation parameters of the K
and α are determined. The formula of vibration velocity attenuation
(4) is described as follows:

PPVunexcavated � 340.4 · SD−1.55

PPVexcavated � 487.8 · SD−1.90{ (4)

The attenuation law of the blasting vibration in the excavating
direction and excavating section is different. The values of α are 1.90 and
1.55, respectively. Those are relatively close, indicating that the geological
conditions of the rockmass in the tests had tiny differences. The values of
K are 487.8 and 340.3, respectively; the difference between the two values
is obvious, indicating that the excavation state in the excavating direction
and excavated section had a significant impact on the propagation and
attenuation of the blasting vibration.

3 Safety criterion of blasting vibration

3.1 The relationship between PPV and tensile
stress

During blasting excavation, the blasting disturbance generated
by the blasting energy released will eventually propagate outward in
the form of elastic waves. On the wave vibration surface, the
relationship of the peak vibration velocity of the particle and
stress can be expressed as

σ � vρCP (5)
where σ is the dynamic stress on the wave surface (Pa), v is the peak
particle vibration velocity (m/s), ρ is the density of the vibration
medium (kg/m3), and CP is the elastic longitudinal wave velocity of
the vibration medium (m/s).

3.2 The PPV threshold

The damage of the adjacent tunnel lining can be judged according
to the maximum tensile stress criterion. When the tensile stress on the
lining exceeds the tensile strength of the concrete material, it can be
judged that the lining structure has been destroyed.

According to the code for the design of concrete structures, the
design value of the tensile strength of the C25 concrete is 1.27Mpa.
Considering the strain rate effect, the dynamic tensile strength
improvement coefficient of rock is 1.24 (Jiang et al., 2023). The
permitted dynamic tensile stress can be obtained using Formula (5),
and then, the PPV threshold of the adjacent tunnel is calculated. Hence,
the critical value is 12.7 cm/s in this study. In comparison with Table 1,
the blasting vibration is smaller than that of the threshold value. Hence,
it is necessary to employ useful technology to reduce the vibration.

4 Blasting vibration reduction
technology

4.1 Compound wedge-shaped cutting
technology

During tunnel blasting, the satisfactory cutting blasting effect can be
realized using the single-stage large-wedge cutting blasting method
(Zhong et al., 2022). However, the vibration intensity is very strong in
the cutting blasting process as a great quantity of explosives is necessary.
Moreover, the blasting effect is limited by the impact of stress clamping,
andmost of the energy is converted into vibration rather than being used
to break the rock (Tian et al., 2019). Fortunately, as shown in Figure 7, the
compound wedge-shaped cutting can reduce the charge as the additional
free surface will be provided by the middle hole. When the middle hole is
used to break the rock, the stress of the remaining cutting holes will be
released, reducing the clamping effect. The explosive energywill be used to
break the rock effectively as the energy of vibration is reduced.

4.2 Stress wave dislocation superposition

From the vibration monitoring analysis of the blasting test area, it
could be found that the maximum vibration velocity was caused by the
cutting holes. Hence, it is necessary to control the maximum single-
segment charge of the cut blasting. As shown in Figure 8, if the stress
wave generated by the single blasting hole can be superimposed on the
staggered peaks, this can effectively decrease the strength of the seismic
waves resulting from the superposition of the total charge of the blasting
hole. Fortunately, with the development of electronic detonator
technology, the precision of the hole initiation time can be
controlled in 1 m (Iwano et al., 2020). The delay time of each
cutting blasting hole can be controlled to control the blasting effect.

4.3 Pre-splitting blasting

The propagation of blasting seismic waves mainly depended on
the wave impedance of the medium. As shown in Figure 9, when the
tunneling contour is formed with pre-splitting crack, and the
blasting vibration wave reaches the crack, the vibration wave will

FIGURE 6
Blasting vibration velocity attenuation of the adjacent tunnel.
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generate reflection and transmission. The tensile wave will return to
the blast zone, and a portion of the damped compression wave will
be transmitted. The transmitted wave intensity will be weakened,
reducing the vibration behind the pre-splitting crack.

4.4 Analysis of damping effect

The blasting vibration reduction technology is provided and
used in the blasting control area. When the compound wedge-

shaped cutting technology is used, the blasting vibration can be
reduced by about 15%. If the delay time of the cutting blasting hole is
set from 3 m to 5 m, the blasting vibration can be reduced by about
20%. When the pre-splitting holes are arranged at the wall of the
tunnel, the blasting vibration can be reduced by about 20%–30%.
This can reach 60% if the all the contour holes are set as pre-splitting
holes. In engineering practice, the blasting vibration must be
controlled to reduce the risk. It is necessary to analyze the
engineering condition and technical level so that the appropriate
technical methods can be employed.

FIGURE 7
Compound wedge-shaped cutting.

FIGURE 8
Stress wave dislocation superposition mechanism. (A) Simultaneous detonation, (B)Millisecond delay detonation superposition and (C) Dislocation
superposition.

FIGURE 9
The layout of pre-splitting blasting holes.
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5 Conclusion

In this article, the vibration of blasting excavation of a double-
line tunnel project in Guangxi is investigated. The blasting vibration
propagation is analyzed by field monitoring. The relationship
between the maximum stress and the PPV is analyzed, and a
reasonable PPV threshold is proposed. Then, blasting vibration
reduction technology is provided. The research results have been
successfully applied to guide field construction.

(1) The blasting vibration of the adjacent tunnel can be shown as:
PPVX > PPVZ > PPVY, in which the PPVX plays a significant
role in the vibration of the adjacent tunnel.

(2) When the distance from the blasting center to the monitoring
points is the same, the PPV located at the unexcavated side is
slightly higher than that of the excavated side, which
indicates that the attenuation rate of the PPV of the
unexcavated side is slower than that of the excavated side.
Attention should be paid to the blasting vibration of the
unexcavated side.

(3) The relationship between the maximum tensile stress and
PPV of the adjacent tunnel lining is analyzed. According to
the ultimate tensile stress failure criterion, the PPV threshold
of the adjacent tunnel is determined to be 12.7 cm/s in this
study.

(4) Compound wedge-shaped cutting technology, stress wave
dislocation superposition technology, and pre-splitting
blasting technology are employed to reduce the blasting
vibration. The blasting vibration can be reduced from 20% to
60%. The blasting vibration must be controlled to reduce the
risk. It necessary to analyze the engineering condition and
technical level so that the appropriate technical methods can
be employed.
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Mechanical properties and
acoustic emission evolution of
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Liaoning Technical University, Fuxin, China

Accidents occur frequently in underground chambers owing to the high-stress
environment, poor stability of rocks, and unreasonable mining and construction
layout. Significant damage to the deep surrounding rock mass by confined water
can result in water inrush and flooding accidents. This study numerically
investigated the mechanical properties and acoustic emission (AE) signal
evolution mechanism of water-bearing sandstone in deep high-stress mining
environments. The results showed that, the lower the confining pressure, the
lower is the compressive strength of the specimen, resulting in evident failure. The
confining pressure inhibited the radial strain and enhanced the strength of the
specimen. Furthermore, under the same confining pressure and different water
pressure, the higher the water pressure value, the more evident was the failure
phenomenon, and the lower was the peak stress. The water pressure decreased
the strength of the specimen and its ability to resist damage. Moreover, for the
same water pressure, the smaller the confining pressure, the larger was the
maximum AE number and the total cumulative amount of acoustic emissions.
When the specimen reached the peak stress and produced macroscopic failure,
the AE number reached the maximum value. Finally, the AE activity decreased as
the water pressure increased, and the higher the water pressure, the smaller was
the cumulative AE number. Owing to the existence of water pressure, the internal
structure of the model specimen was affected by the softening effect, which
decreased the model strength, thereby suppressing the AE activity of the
specimen. Our findings can provide a basis for numerical simulation research
on mechanical properties and AE evolution mechanism of water-bearing
sandstone under three-way stress state.

KEYWORDS

triaxial stress, water-bearing rock, acoustic emission, mechanical properties, numerical
calculation

1 Introduction

As science and technology in China’s coal mine development advances, the deep well
development in the country also increases, resulting in an increase in the number of
underground chambers built in each deep shaft. Major accidents occur frequently in
underground chambers owing to high-stress environments, poor stability of surrounding
rocks, and unreasonable layout of mining construction sites, which can endanger the life of
workers as well as cause property loss. Therefore, it is necessary to conduct in-depth study on
the mechanical characteristics of water-bearing rocks affected by multiple factors as well as
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the mechanical mechanism reflected by acoustic signals, which have
important practical significance and engineering value for
monitoring and predicting the occurrence of disasters (Shoufeng
et al., 2010; Liu et al., 2012; Shan et al., 2014; Ding et al., 2023a).

As a complex geological structure, there is certain amounts of
moisture inside the rock mass. This moisture erodes the internal
structure of the rock, which deteriorates the mechanical properties
of the rock such as elastic modulus and compressive strength and
enhances the plastic deformation. Therefore, studies have been
conducted on the mechanical properties of aqueous rocks. Bao
et al. (2020) studied the mechanical properties of fine sandstone,
mudstone, coal, and medium sandstone in different aqueous states
through conventional mechanical experiments. The results showed
that the tensile strength of each group of specimens decreased
significantly as the moisture content increased. Furthermore, the
tensile strength of fine sandstone, mudstone, coal, and medium
sandstone decreased in the saturated state of water. Qiao et al. (2017)
studied the mechanical effect of water-rock chemistry on the
deformation and failure of rock mass. The research status of this
mechanism of action is systematically summarized. Zilong et al.
(2016) used FLAC3D numerical simulation software to conduct
numerical simulation tests under unidirectional stress loading
conditions. Furthermore, they compared the numerical analysis
results with the test data under uniaxial compression test
conditions to investigate the influence of water on rock damage.
Chen et al. (2022) focused on the erosion of rocks around chemical
elements and conducted a three-axis compression test with ash
sandstone. The result showed that the different erosion effects
impacted the mechanical properties of ash sandstone. Gui and
Lin (2016) analysed the high -pressure underwater bottom plate
prominent mechanism and prevention, as well as the control
technology, prominent mechanism, and prevention technique of
abandoned mines while developing deep coal resources. Evaluated
the impact of different moisture contents on the intensity of gypsum
ore pillars. The larger the moisture content of the plaster test piece
from a single -axis test result, the smaller was the single -axis
compressive strength and elastic modulus. Ma et al. (2021), Liu
et al. (2018) set up argillaceous siltstone specimens with different
moisture content to study the influence of moisture content on the
strength of argillaceous siltstone. The results preliminarily analysed
the influence of moisture content on the mechanical properties of
argillaceous siltstone. Lin et al. (2022) studied the effect of different
moisture content on the mechanical properties and creep behaviour
of rocks by taking argillaceous siltstone. In recent years, several
studies have been conducted on the acoustic signal and induced
charge monitoring technology of this technology. Chuanming et al.
(2020) elaborated the application prospect of acoustic emission
technology in geotechnical engineering and evaluated its
application effect in geotechnical research. Several results on the
use of acoustic emission techniques in scientific research such as
seismic sequences and rupture mechanisms were achieved. Ding
et al. (2023b) discussed the effects of stress degree and load loading
time on the acoustic emission activity of rock specimens to study the
factors that affect the acoustic emission activity of rock specimens.
Serdyukov et al. (2022) used the particle flow software PFC2D to
study the evolution law of acoustic emission signals on non-uniform
granite rock samples. The results showed that the peak intensity of
granite sample failure increased as the confining pressure increased.

The form of destruction gradually changed from sudden instability
to progressive destruction. Li et al. (2018) studied the evolution
mechanism of limestone acoustic emission and the mechanical
properties of limestone under three-way stress. Triaxial
compression test was conducted on limestone specimens. Based
on the experimental results, the mechanical properties and acoustic
emission signal evolution of limestone under triaxial compression
conditions were summarized. Wang et al. (2022) designed a research
experiment on the evolution of rock acoustic emission under
periodic loading with fine-grained sandstone. Kong et al. (2017)
conducted uniaxial compression experiments to study the influence
of temperature changes on the acoustic emission activity and
mechanical properties of sandstone. The results showed that
different temperatures played a significant role in the increase of
the acoustic emission frequency of rocks. (Moradian et al., 2016; Lai
et al., 2022; Gu et al., 2023; Li et al., 2023). studied the relationship
between the acoustic emission mechanism of rock and the evolution
of cracks by conducting acoustic emission experiments using brittle
rocks.

The monitoring equipment developed according to the
relevant technical and theoretical research institutes has been
widely used in coal rock dynamic disaster monitoring and early
warning system; however, only a few studies have been conducted
on the acoustic emission characteristics of water-bearing rocks
under three-way stress-loading conditions, the mechanical
properties of water-bearing rocks, and the shortcomings of
numerical simulation technology. In this study, RFPA2D-Flow
was used to simulate the models with different moisture cuts,
observe the distribution of acoustic signals after the model was
deformed and damaged, and analyse the influence of rocks with
different moisture content on the distribution of acoustic signals
under the same loading conditions. Then, the model with the
same moisture content was simulated with different confining
pressure values, and the acoustic signal distribution was
simultaneously measured. Furthermore, the acoustic emission
signal distribution law of water-bearing rocks under different
confining pressure conditions was analysed.

2 Expected results, numerical
modelling and parameters

Considering at the engineering problems of large deformation,
the instability of the surrounding rocks of many underground
engineering chambers, and the unclear monitoring of the
precursor information of the surrounding rock catastrophe, this
study investigated the triaxial mechanical properties and failure
characteristics of water-bearing rocks, while taking the mechanical
response and acoustic signal of rocks with different moisture content
under confining compression conditions as the starting point and
focusing on the two influencing factors of confining pressure and
moisture content. Furthermore, the physical signal response of the
instability process was obtained by combining acoustic emission
signal monitoring technology to explore the rock failure
characteristics affected by moisture content and confining
pressure. Finally, the precursor information identification of its
destruction process was obtained, and the research proceeded as
follows:
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(1) study on triaxial mechanical properties of water-bearing
sandstone;

(2) study on the evolution of acoustic signals of sandstone samples
with different moisture cuts; and

(3) study on the evolution law of acoustic signal of sandstone
specimens with moisture content under different confining
pressure

This numerical simulation uses RFPA2D-Flow as the platform
for stress-seepage coupling numerical simulation and evaluates the
influence of different moisture contents and confining pressure
values on the mechanical properties and acoustic-charge signal of
rocks under three-way stress by discretizing the model into units
whose mechanical properties follow the Mohr–Coulomb
distribution, which is Mainly based on finite element method for
calculation. The RFPA2D-Flow analysis system applies the elastic
finite element method to calculate the stress and displacement of the
element. If the mechanical properties such as elastic modulus,
Poisson’s ratio, and tensile strength of the numerical simulation
object material meet the specific elastic damage constitutive
relationship, and the damage critical value of the constitutive
relationship meets the Mohr–Coulomb criterion and the
maximum tensile stress criterion, the damage failure of the unit
will occur when the stress (strain) of the element reaches the damage
critical value. Considering the defects inside the rock mass are
randomly distributed and independent of each other, it is
assumed in RFPA that the mechanical properties of the
discretized mesoprimitives follow the statistical distribution law
(as shown in Weibull distribution, Eq. 1), as a result, the
relationship between the mechanical properties of macroscopic
media and mesoscope is established (Tang, 1997).

ϕ α( ) � m

α0
· α

α0
( )m−1

· e α
α0
( )m (1)

The mechanical properties and permeability characteristics of
the rock mass are affected by the large number of natural pores,
cracks, and other defective structures in the rock mass. During
instability failure, the degree of crack distribution inside and on the
surface of rock mass expands, resulting in the formation, expansion,
and penetration of new cracks. The permeability of the rock before
the failure is extremely low (almost impermeable), and the coupling
effect of seepage stress is not evident. Furthermore, under the
influence of water pressure and stress, the degree of
damage changes, migration of stress field, seepage field,
and damage evolution process affects the instability process of
rock mass.

Porosity is an important physical property indicator for
measuring the quality of rock engineering. The porosity of a rock
reflects the percentage of pores and cracks in the rock; the greater the
porosity, the greater is the number of cracks in the rock and the
impact on the mechanical properties of the rock mass. The porosity
in rock is usually denoted by n. Sandstone was selected as the
simulation object in this study, considering the porosity description
of sandstone is roughly the same as that of the soil mass, according to
the porous medium.

n � VP

V
(2)

where n is the porosity of the rock, Vp is the volume occupied by
pores and fissures in the rock, and V is the total volume of rock. The
water in the rock mass can only penetrate along the connecting
pores and cracks. Furthermore, the permeability in a rock can be
measured by the permeability coefficient, which is mainly
determined by the size, direction, and interconnection of the
rock pores.

Where k is the seepage rate of porous medium, d is the effective
particle size of geotechnical particles, and c is the proportionality
constant.

When the stress or strain states of the element meets a given
damage threshold, the elastic modulus of the damaged element is
expressed as follows:

E � 1 −D( )E0 (3)
where E and E0 are the elastic modulus of the damaged and non-
destructive units, respectively, and D is the damage variable.

For elements in uniaxial compression-loaded form, the failure
criterion for this element adopts the Mohr–Coulomb criterion
given as

F � σ1 − σ3
1 + sin ϕ
1 − sin ϕ

≥fc (4)

where is internal friction angle and fc is uniaxial compressive
strength. When the shear stress reaches the Moir-Coulomb
damage threshold, the loss variable D is expressed as

D �
0 ε< εc0

1 − fcr

E0ε
εc0 < ε

⎧⎪⎪⎨⎪⎪⎩ (5)

where fcr is the compressive residual strength of the uniaxial axis.
εc0 is the maximum pressure strain. and ε is residual strain.

The numerical model adopts a two-dimensional thin flat plate
strain model, divided into 100×100 elements. The model size is
100 mm×100 mm and the axial load P1 is applied to the upper
boundary of the model. P1 is loaded in the form of controlled
displacement, and the displacement increment is ΔS=0.005 mm. A
confining load P2 is applied to the model side boundary. P2 is
constantly loaded in the form of stress, and four sets of confining

FIGURE 1
Model loading diagram.
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pressure values, 2 MPa, 4 MPa, 6 MPa, and 8 MPa, are designed. The
seepage boundary load P3 is set at the upper boundary of the model,
and the water pressure is set to 0.5 MPa, 1 MPa, 2 MPa, and 4 MPa.
The numerical model is shown in Figure 1.

2.1 Parameter selection

To study the mechanical properties of rocks with different
moisture cuts, this numerical simulation uses the method of
applying different water pressures to the model boundary to
increase the water content of rock mass to simulate different
moisture content conditions. The seepage parameters (such as
porosity, coupling coefficient, etc.) that conform to the
mechanical properties of sandstone are set for the discrete
unit to simulate the water content of sandstone in a real
environment.

The mechanical parameters required for each numerical model
element, such as elastic modulus and Poisson’s ratio, are assigned
according to the Mohr–Coulomb distribution. Herein, m is the
homogeneity coefficient, which is used to indicate the uniformity of
the sample, considering the special structure of the sandstone of the
simulated object. The homogeneity coefficient is selected as 3 for
numerical simulation. Table 1 summarizes the hydraulic parameters
of this numerical simulation.

In this study, PFPA2D-Flow was used to numerically simulate
the mechanical properties and the evolution of acoustic signals
under three-way pressure of rocks with different moisture cuts.
The specific embodiments are as follows:

(1) Set the number of elements of the model and the model size. The
model is shown in Figure 2. The lower left corner of the model is
the positive coordinate axis, and the horizontal and longitudinal
axes are the positive X- and Y-axes, respectively.

(2) Set the mechanical parameters of the model and inflow
coefficient.

(3) Perform the static load on the model. The application method is
the axial compression and peripheral compression, and the
formation form is a constant loading. The effect of the load
is shown in Figures 3, 4.

(4) The seepage boundary load is applied to the model and the
application form is head loading. The initial value is set
according to different water pressure sizes.

(5) Set the solution control information. The total loading step is
50 steps, the model calculation type is conventional data solving,
the plane simplification model is the plane stress model, and the
solution problem type is fluid-structure interaction.

(6) Start solving and observe the changes in the stress distribution of
the model.

(7) Stop solving after the model shape fails and the stress value no
longer changes. The data in the simulation process is output and
a curve is formed.

3 Mechanical properties of water-
bearing sandstone

3.1 Failure characteristics of water-bearing
sandstone under triaxial conditions

Owing to the internal structural defects and the existence of pore
fractures, the mechanical properties of rocks are more complicated;
as a result, the existence of water further complicates the mechanical
properties of rocks. We evaluated the failure process diagram and
stress–strain curve of the model specimen under the influence of
different confining pressure and water pressure values by

TABLE 1 Hydraulics parameters.

Parameter name Numeric value Parameter name Numeric value

Homogeneity coefficient m 3 Horizontal permeability 0.01

Poisson’s ratio 0.25 Vertical permeability 0.01

Internal friction angle φ/° 30 Pore pressure coefficient 0.5

Pressure ratio 10 Coupling factor 0.2

Maximum tensile strain coefficient 1.5 Damage penetration multiplies 5

Maximum compressive strain coefficient 200 Pore pressure terminal coefficient 1

Average modulus of elasticity E/MPa 36000 Separation permeation multiplies 100

FIGURE 2
Model design.
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performing triaxial compression simulation tests on the water-
bearing rock simulation specimens. Then, the failure
characteristics and stress–strain characteristics of the water-
bearing sandstone in the three-way stress state were analysed.

As shown in Figures 4, 5, the stress–strain curve of the model
specimen showed evident phased changes as the loading steps
increased, and different stages correspond to the increase in
stress. The acoustic emission number (AE number) of the model
specimen was small at the beginning of loading, increased
significantly after 30 steps, and peaked at 32 steps before
decreasing. After 40 steps, almost silent emission activity occurs.
As the AE number accumulation increases, the curve shows an
upward trend, reaching a maximum at 34 steps and flattening after
34 steps.

As shown in Figure 6, the loading process of the model specimen
exhibited an evident crack as the loading step gradually increased. In
the early stages of loading, a failure point appeared inside the model
specimen between steps 15 to 17. The failure points inside the model
specimen from steps 23 to 27 gradually increased, and the stress
distribution of the internal elements of the model specimen changed

significantly. Cracks began to appear inside the model specimen at
steps 28 to 31, it has been widely expanded inside the model.

As shown in Figure 7, the acoustic emission degree of the model
specimen at different loading stages exhibited a significantly
different distribution. At steps 15 to 17, random and irregular
acoustic emission signals appeared inside the model specimen.
Most of the acoustic emission signals were in the form of
compression and shear failure (white circle in the figure),
accompanied by a small amount of pull failure signal (red signal
in the figure). From steps 23 to 27, the acoustic emission signal inside
the model specimen increased significantly compared to steps
15 and 17, and the distribution showed randomness. From steps
28 to 31, the acoustic emission signal of the model specimen
concentrated at the crack generation and crack growth surface,
whereas the pressure failure signal was concentrated on the crack
growth surface.

FIGURE 3
Applying loading on the model.

FIGURE 4
Stress–strain curves of model specimens under triaxial stress.

FIGURE 5
Stress–acoustic emission number curve of model specimen
under triaxial stress.
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The entire stress–strain process of the model specimen can be
divided into: linear deformation stage, nonlinear deformation stage,
and softening stage, as shown in Figures 5–7.

(1) Linear deformation stage (steps 1–22): Affected by
mechanical properties such as rock non-uniformity,
anisotropy, etc., a small number of failure points appear in
the initial loading stage of the model specimen, and the
principal stress distribution is random and scattered. The
stress–strain behaviour of the model specimen is
characterized linearly.

(2) Nonlinear deformation stage (step 23–27): As the load increases,
the failure points inside the model gradually increases. Cracks
begin to develop at the bottom of the model, near the boundary,
and in the middle. A large number of acoustic emission signals
in the form of shear damage are generated where the crack is
formed. In the nonlinear deformation stage, the stress–strain
curve of the model specimen has nonlinear characteristics and
the Y stress peaks at 27 steps.

(3) Softening stage (steps 28–50): In the softening stage, the crack
further begins to expand, the overall trend is upward, and a large
number of shear-damaging acoustic emission signals are
generated at the crack. After 35 steps, the crack penetrates
the entire model specimen. Some of the cracks have bifurcation
and stress concentration on the crack surface. After the peak
stress in the Y-direction, the stress gradually decreases as the
loading steps increases and the strength of the specimen
decreases.

3.2 Mechanical properties of water-bearing
sandstone affected by different confining
pressures

Figure 8 shows that the maximum principal stress of the model
under the condition of 8 MPa confining pressure value is higher
than that of the model under the confinement pressure condition of
6 MPa, 4 MPa, and 2 MPa at 35 loading steps, and the lower the
confining pressure value, the lower is the corresponding maximum
principal stress. At 35 steps, evident cracks appeared in four groups
of models with different confining pressure values, among which the
8 MPamodel had failure points andmicro-cracks at the bottom, and
the 6 MPa confinement pressure model had evident cracks and that
can penetrate the model. The crack of the 6 MPa model has a greater
degree of expansion than the 8 MPa model, and stress concentration
occurs in the middle of the crack. The crack development degree of
the 4 MPa confining model was expanded further, and the
bifurcation phenomenon occurred in the propagation direction of
the main crack, and the trend of multiple cracks began to emerge.
The model under 2 MPa confining pressure has multiple cracks on
the basis of the main crack and runs through the entire model, and
the failure phenomenon appears in the lower right corner of the
model specimen.

Figures 1–3 indicates that the presence of confining pressure
under the same water pressure conditions affects the compressive
strength of the model, and the larger the confining pressure value,

FIGURE 6
Failure process diagram of triaxial loading model specimen.

FIGURE 7
AE process diagram of triaxial loading model specimen.
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FIGURE 8
Stress distribution at loading step 35 under 4 MPa water pressure.

FIGURE 9
Stress–strain curves under different confining pressures at 4 MPa water pressure.
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the greater is the compressive strength of the model, thereby
decreasing the chances of failure. When the water pressure is
fixed, the increase in confining pressure presses the cracks inside
the model, which limits the radial deformation of the model.
Therefore, the stiffness of the model increases, which in turn
strengthens the compressive strength of the model specimen.

Figure 9 shows that the peak stress under 8 MPa and 6 MPa
confining pressure is 33.9 MPa and 33.4 MPa, respectively. The peak
stress at 4 MPa and 2 MPa confining pressure is 31.9 MPa and
31.3 MPa, respectively. Four sets of model specimens with different
confining pressure values under loading conditions had different
peak intensities. The larger the confining pressure value, the greater
is the stress peak considering the existence of confining pressure
value inhibits the radial strain of the model. The higher the confining
pressure value, the more evident is the compression closure
phenomenon of the fracture in the model. As a result, the
stiffness of the model is improved.

Simultaneously, that the residual stress under 8MPa confining
pressure condition is 9.2 MPa, which reduced to 27% of the peak stress.
The residual strength under 6 MPa confining pressure condition is
7.8 MPa, which reduced to 23% of the residual stress. The residual
strength is 7.6 MPa and 7.49 MPawhen the confining pressure is 4 MPa
and 2MPa, respectively. Evidently, the larger the confining pressure
value applied to the model, the higher is its residual strength,
considering the model is constantly affected by confining pressure
after a large number of cracks. The model elements re-contact at the
fracture surface, and the stress concentration and stress redistribution
phenomenon occur between the fracture surfaces. The higher the
confining pressure value, the greater is the strength of the model
after stress redistribution. Therefore, the stress–strain curve has an
upward characteristic.

3.3 Mechanical properties of water-bearing
sandstone affected by different moisture
cuts

As shown in Figure 10, t the maximum principal stress of the
model specimen at the 35th loading step under the condition of
0.5 MPa water pressure was higher than that of the other three
groups. The larger the water pressure value, the smaller is the
maximum principal stress value at 35 loading steps. A small
number of cracks appeared at the bottom of the specimen under
0.5 MPa water pressure, which developed upward, and a large
number of failure points appear in the middle of the model. The
stress distribution around the failure point was more concentrated,
resulting in crack germination. The specimen under 1 MPa water
pressure exhibited a single crack in the upper left corner of the
specimen, which expanded to the lower right corner, resulting in
cracks penetrating the model. Furthermore, there is stress
concentration around the crack. The model under 2 MPa water
pressure exhibited a single crack in the upper right corner of the
model developing towards the lower left corner, and the crack
fracture surface interval was larger than that of the specimen
under 1 MPa water pressure. The specimen under 4 MPa water
pressure exhibited cracks penetrating the specimen; there were
multiple cracks, and the failure phenomenon occurred in the
lower right corner of the specimen.

Under the condition that the confining pressure value is
constant, the different water pressure values applied to the model
lead to different effects of moisture in the pore structure inside the
rock on the rock strength. The larger the water pressure value, the
more evident is the penetration softening effect of water on the rock.
Therefore, the compressive strength of the rock decreases. The
damage phenomenon of specimens with high water pressure
value is more severe.

Figure 11 shows that the stress–strain curves of the model
specimens are essentially the same in the linear and nonlinear
deformation stages when the four groups of different water
pressure values are different. The peak stress of the model at
0.5 MPa, 1 MPa, 3 MPa, and 2 MPa water pressures was
33.9 MPa, 33 MPa, 31.7 MPa, and 31.3 MPa, respectively.
Therefore, the greater the water pressure value applied to the
model specimen, the lower is the peak stress.

The afore described phenomenon can be attributed to the fact
that the action of pore water destroys the micropores and cracks in
the model specimen, thereby consuming more energy. As the pore
water pressure increases further, the cracks in the model specimen
were further developed. The greater the water pressure, the more
pronounced is the crack propagation (see Figure 10), which
significantly reduces the compressive strength of the model
specimen.

4 Acoustic signal evolution of water-
bearing sandstone specimens under
different confining and water pressures

4.1 Acoustic signal distribution of sandstone
samples with moisture content affected by
different confining pressures

There are many acoustic emission characterization parameters,
and this numerical simulation selects the acoustic emission ringing
count (CNT) and the acoustic emission cumulative ringing count to
study the influence of different confining pressure values and
moisture content on the evolution of acoustic emission signals in
water-bearing sandstone. To explore the influence of different
confining pressure values on the evolution mechanism of
acoustic emission in water-bearing sandstone, the results of this
numerical simulation on the law of acoustic emission signal and
mechanical properties are as follows, and the simulation results are
shown in the figure below.

In comparing Figures 12A, B, it was found that the stress in the
linear deformation stage was linearly distributed as the loading step
increased, and the AE number gradually increased. In the nonlinear
deformation stage, the peak stress of the specimen under the 8 MPa
confining pressure condition was 33.9 MPa, which was higher than
that of 33.4 MPa under the 6 MPa confining pressure condition. The
AE number was further accumulated at this stage, and the AE
number produced by the specimen under the 6 MPa confining
pressure condition was significantly more than that under the
8 MPa confining pressure. In the softening phase, the stress value
gradually decreased with the loading step, the AE number reaches
the maximum, and the AE number accumulation curve flattened.
The cumulative amount of acoustic emission under 6 MPa confining

Frontiers in Earth Science frontiersin.org08

Zhang et al. 10.3389/feart.2023.1212095

108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1212095


pressure condition was 1338, which was higher than 1112 under
8 MPa confining pressure condition.

When the confining pressure values were 4 MPa and 2 MPa,
the peak stress of the model specimen was lower than that under
the 8 MPa and 6 MPa confining pressure conditions. The peak
stress under 4 MPa and 2 MPa confining pressure was 31.9 MPa

and 31.3 MPa, respectively. In the linear and nonlinear
deformation stages, the change trend of stress with loading
step was essentially the same as that under 8 MPa and 6 MPa
confining pressure conditions. The AE number and the
cumulative amount of acoustic emission were significantly
higher than those of model specimens with 8 MPa and 6 MPa
confining loads applied. The cumulative amount of acoustic
emission under the confining pressure conditions of 4 MPa
and 2 MPa was 1627 and 1849, respectively. The stress-loading
step curves and AE number curves when 4 MPa and 2 MPa
confining pressure values were applied to the model specimen
under the condition of 4 MPa water pressure value, as shown in
Figures 14, 15.

Figure 12 show that the stress-loading step curve
corresponding to the four groups of confining pressure values
in the linear deformation stage tends to be linear, and the AE
number gradually increases. The larger the confining pressure
value, the denser is the acoustic emission phenomenon. The
application of axial loading and confining pressure loading
leads to initial cracks inside the model specimen being
gradually compacted and closed, leading to less acoustic
emission in the first 10 steps of the model specimen.
Furthermore, the AE number increases significantly as the
axial load increases owing to the gradual increase of stress on
the model elements and the beginning of failure points.

Entering the nonlinear deformation stage, a large number of
cracks are generated at the failure point of the model specimen as the
loading step increases. The stress-loading step curve shows a linear

FIGURE 10
Stress distribution at loading step 35 under 2 MPa confining pressure and different water pressure.

FIGURE 11
Stress–strain curves under different water pressure conditions at
2 MPa confining pressure.
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phenomenon, and the stress in the Y-direction peaks. The acoustic
emission phenomenon of the model under 8 MPa confining
pressure condition was more active than that of the other three
groups, and the AE number was distributed more at steps 23 to 27,
considering the accumulated strain energy inside the model
specimen under the influence of 8 MPa confining pressure was
more; therefore, the acoustic emission activity at the failure point
and the crack generation was more active than that of the other three
groups of specimens. All four groups of specimens released strain
energy at this stage, and hence, the AE number increased
significantly.

The axial load further increased, and the model specimen
entered the softening stage. The stress-loading step curve in the Y
stress began to decrease. The maximum AE number of the
specimens under the action of 2 MPa confining pressure was
greater than that of the other three groups of model specimens
under the action of confining pressure. The larger the confining
pressure value, the smaller was the maximum value of sound
emission. The original crack in the specimen developed further,
and the new crack converged and penetrated, generating
macroscopic fracture surface. As a result, the AE number
increases rapidly. After the model specimen reaches peak
stress and macroscopic failure, the AE number reaches a
maximum.

Figure 13 show that the stress-loading step and AE number
curves under 2 MPa water pressure exhibited similar stress
curve characteristics as those under 4 MPa water pressure, the
peak stress of the model under 8 MPa and 6 MPa confining
pressures was 33.5 MPa and 33 MPa, respectively.
Furthermore, the peak stress of the model specimen under
the action of 4 MPa and 2 MPa confining pressures was 32 MPa
and 32.7 MPa, respectively. The four groups of specimens
showed that the larger the confining pressure value, the
greater was the peak stress, which was the same as the afore
described analysis results. It shows that the cumulative amount
of acoustic emission corresponding to different confining
pressure values under the same water pressure has the
following situation: the larger the confining pressure value,
the smaller is the cumulative amount of AE number.
Compared with the other three groups of confining pressure
values, the 2 MPa confining pressure value reduces the
suppression of the model failure phenomenon, and the
acoustic emission activity of the model is more active in the
three stages; therefore, the total cumulative amount of acoustic
emission under the 2 MPa confining pressure condition was
significantly higher than the cumulative amount of acoustic
emission under the other three groups of confining pressure
conditions.

FIGURE 12
Stress-loading step and sound emission number curve of sample at 4 MPa water pressure. (A) confining pressure is 8 Mpa, (B) confining pressure is
6 Mpa, (C) confining pressure is 4 Mpa, and (D) confining pressure is 2 Mpa.
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Under the action of four different confining pressure values, the
time lag of the maximum AE number of the model specimen lags
behind themaximum stress time andmacroscopic failure time of the
model, considering the existence of confining pressure inhibits the
failure of the model specimen, and the slippage phenomenon of the

fractures in the model is hindered under the influence of confining
pressure. The occurrence of these two phenomena improves the
shear strength and post-peak bearing capacity of the model
specimen, and the acoustic emission activity of the specimen
rupture has an overall backward shift.

FIGURE 13
Stress-loading step and sound emission number curve of sample at 2 MPa water pressure. (A) confining pressure is 8 Mpa, (B) confining pressure is
6 Mpa, (C) confining pressure is 4 Mpa, and (D) confining pressure is 2 Mpa.

FIGURE 14
Stress-loading step and sound emission number curve of sample at 8 MPa confining pressure. (A) water pressure is 1 MPa (B) water pressure is
0.5 MPa.
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4.2 Acoustic signal distribution of sandstone
specimens with moisture content affected
by different water pressure

Comparing Figures 12–14, it can be observed that the
smaller the water pressure value of the model specimen

under the confinement pressure condition of 8 MPa, the
greater is the maximum value of AE number and the AE
number. The maximum cumulative amount of acoustic
emission at 0.5 MPa, 1 MPa, 2 MPa, and 4 MPa water
pressures is 1802, 1500, 1550, and 1112, respectively. The
maximum cumulative amount of visible acoustic emission
decreases as the water pressure increases. Water inhibits the
acoustic emission activity of the model specimen.

We compared Figures 15–17 in the AE number effected by water
pressure and confining pressure conditions. The following analyses
can be made:

The action of water reduces the strength of sandstone;
therefore, the peak strength of the model specimens with
different water pressure of the same confining pressure
decreases as the water pressure increases (consistent with the
analysis results of 3.3). As the peak intensity of sandstone
decreases, the ability of the model specimen to resist
deformation and damage weakens, and a large number of
failure units appear in the model specimen, resulting in a
rapid increase in AE number. In the three destruction stages
of the model, the following phenomena occur:

(1) In the linear deformation stage, the axial stress increases as
the loading steps increase, showing linear characteristics. The
micro-cracks in the model are gradually compact, a small
number of failure points appear inside the model specimen,

FIGURE 15
Stress-loading step and AE number curve of sample with 1 MPa water pressure. (A) confining pressure is 8 Mpa, (B) confining pressure is 6 Mpa, (C)
confining pressure is 4 Mpa.

FIGURE 16
Stress-loading step and AE number curve for 0.5 MPa water
pressure at 4 MPa confining pressure.
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and the acoustic emission activity gradually becomes active.
The test pieces under different water pressure conditions
gradually increase in the AE number. On comparing the AE
number curves under the condition of 0.5 MPa and 1 MPa
water pressure, it was found that the AE number of the
specimen under the influence of 0.5 MPa water pressure at
10 to 22 steps was significantly more than that of 1 MPa water
pressure. Furthermore, on comparing the AE number curves
of 1 MPa and 2 MPa water pressure and the AE number curve
of 2 MPa and 4 MPa water pressure conditions, it was found
that the larger the water pressure value in the linear
deformation stage, the lower was the AE number. It has
been explained that water has a certain softening effect on the
internal microstructure of the rock, which inhibits the
acoustic emission activity of the rock.

(2) In the nonlinear deformation stage, the axial stress of the
four groups of model specimens with different water
pressure values all appeared nonlinear and reached the
maximum value as the loading steps increased. The axial
stress reached the maximum value at 27 steps. A large
number of failure points in the model specimen begin to
occur, and cracks begin to develop from the failure point.
The AE numbers of the four groups of specimens increase
rapidly; however, the AE numbers of the specimens under
the evident condition of 0.5 MPa water pressure was more
than that of the other 3 groups, considering that the
presence of water pressure value strengthens the
softening effect on the model and the acoustic emission
activity begins to decrease.

(3) In the softening stage, cracks occur in the model specimen
that penetrate the specimen, and new cracks are generated,
and there is a phenomenon of intersection between cracks.
The AE number increased rapidly and reached the
maximum value, among which the AE number under
the water pressure value of 0.5 MPa was higher than the
maximum AE number under the other three groups of

water pressure conditions. On comparing the maximum
values of the AE numbers of the four groups separately, it
was found that the larger the water pressure value, the
smaller was the maximum AE number. With the increase
of loading steps. The softening effect of water on the model
specimen was further strengthened, resulting in a decrease
in the compressive strength of the model and a weakening
of acoustic emission activity.

The cumulative AE number at the water pressure value of
4 MPa was significantly lower than that of the model specimen
when the other three groups of water pressure values; the lower
the water pressure value, the greater was the cumulative
amount of AE number owing to the increase in the pore
water pressure and decrease in the AE number activity at
the moment of rupture of the model specimen. The action
of pore water transforms the model from brittle tension to
plastic slip during loading, so that the fracture
characteristics of the model change from brittle to ductility.
Therefore, in the three stages of destruction, the acoustic
emission activity of the model decreased as the water
pressure increased, and the acoustic emission accumulation
of the model specimen under 4 MPa water pressure was
significantly lower than that of the other three groups under
water pressure.

4.3 Acoustic signal evolution process of
water-bearing sandstone specimens under
different confining pressures and different
water pressures

A comparative analysis of Tables 2, 3 shows that the AE number
in the linear deformation stage gradually increased as the confining
pressure under the condition of certain water pressure decreased
and is randomly distributed. In the later stage of linear deformation,

FIGURE 17
Stress-loading step and AE number curve for sample at 2 MPa confining pressure. (A) water pressure is 1 MPa (B) water pressure is 0.5 MPa.
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the AE number under the condition of 8 MPa confining pressure
was significantly less than that of the other three groups, and the
distribution was densely distributed at the boundary of the model. In

the nonlinear deformation stage, the AE number further increased
the acoustic emission signal begins to concentrate at the crack in
large quantities, the smaller.

TABLE 2 Evolution process of AE signals under different confining pressures at 4 MPa water pressure.

Frontiers in Earth Science frontiersin.org14

Zhang et al. 10.3389/feart.2023.1212095

114

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1212095


Is the confining pressure value and the greater is the number of
acoustic signals generated. In the softening stage, cracks through the
model began to appear on the surface of the model specimen, and

the acoustic emission activity was mainly concentrated on the crack
surface. Therefore, the acoustic signal appeared in steps 29 and 34 at
the crack.

TABLE 3 AE signal evolution process of models with different confining pressures under 2 MPa water pressure.
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Tables 2–5 indicate that different water pressure values
affect the acoustic emission activity of the model specimen.
The lower the water pressure value, the more active is the

acoustic emission activity, considering the presence of water
reduces the brittle characteristics of the rock, thereby
weakening the strength of the rock. Rocks are less resistant

TABLE 4 Evolution process of AE signals in different confining pressure models under 1 MPa water pressure.
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to deformation and damage, becoming more prone to failure.
Therefore, under the action of axial load and confining
pressure, the acoustic emission activity of the model is less

active than that of the other three groups when 4 MPa water
pressure is applied. The acoustic emission activity is the most
active at 0.5 MPa water pressure, and the model produces a

TABLE 5 Evolution process of AE signals under different confining pressures at 0.5 MPa water pressure.

Frontiers in Earth Science frontiersin.org17

Zhang et al. 10.3389/feart.2023.1212095

117

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1212095


large number of irregularly distributed acoustic signals in the
three deformation and failure stages. Furthermore, the
acoustic signals distributed at the cracks are denser than
those of the other three groups.

5 Conclusion

(1) In the case of different confining pressures of the same water
pressure, the lower the confining pressure, the lower is the
compressive strength of the model, and the more evident is the
failure phenomenon. This can be attributed to the fact that the
cracks inside the model are pressed owing to the increase in the
confining pressure value applied, which limits the radial
deformation. As a result, the stiffness of the model increases,
which strengthens the compressive strength of the model
specimen. In the case of different water pressures of the same
confining pressure, the higher the water pressure value, the more
evident is the failure phenomenon of the model, and the lower is
the peak stress in the stress–strain curve. This is because the higher
the water pressure value applied to the model, the more evident is
the permeation effect of water on the specimen.

(2) The larger the water pressure value, the more evident is the
softening effect, which reduces its compressive strength.
Furthermore, increased water pressure promoted the
development of cracks in the model and reduced the
compressive strength of the model. Owing to the different
confining pressure, the accumulated strain energy inside the
specimen was different, as a result, the resulting acoustic
emission activity was different. The smaller the confining
pressure value with the same water pressure value, the larger
was the maximum AE number o of the model, and the larger
was the total cumulative AE number. After the model specimen
reaches peak stress and macroscopic failure, the AE number
reached a maximum. The larger the confining pressure value,
the smaller was the maximum number of sound emissions. The
slippage phenomenon of the fractures in the model improved
the shear strength and post-peak bearing capacity of the model
specimen, and the acoustic emission activity of the rupture of
the specimen shifted backward as a whole.

(3) Water has a certain softening effect on the internal
microstructure of the rock, which inhibits the acoustic
emission activity of the rock. The action of pore water
transforms the model from brittle tension to plastic slip

during loading; therefore, the fracture characteristics of the
model changed from brittle to ductility. The acoustic
emission activity of the model decreased as the water
pressure increased, the larger the water pressure value, the
smaller was the cumulative AE number.
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Long-term cyclic tests for different frequencies were carried out on remolded soft
clay with different sand contents, investigating how the frequency impacted the
stress–strain, the dynamic shear modulus, and the damping ratio of the remolded
samples. Accordingly, when the sand content of the remolded specimenwas 1.7%,
the slope of the hysteresis curve of the remolded specimen tended to increase
gradually with the increasing frequency, the hysteresis circle was slender, and the
area of the hysteresis circle tended to decrease gradually; when the sand content
of the remolded specimen was 20%, the cumulative deformation of the specimen
presented a gradual increase with the loading frequency, and the slope of the
hysteresis curve decreased gradually. The hysteresis curve shows a gradually
decreasing slope, and the enclosed hysteresis circle area also tends to
decrease. In addition, the higher the loading frequency, the stronger the
deformation-resistant ability held by the specimen, particularly because the
pore water pressure between soils’ internal particles is not discharged in time,
which makes the contact between the internal particles of the soil close, and the
closer the structure of the soil, the smaller the compressive deformation of the
soil, and the more stable the soil.

KEYWORDS

soft clay, sand interlayer, hysteresis curve, dynamic shear modulus, damping ratio

Introduction

Soft clay is a special soil mass formed by marine and lacustrine sediments in coastal, lake,
swamp, and river bay areas in modern times. It features high water content, strong
compressibility, weak strength, low permeability, strong sensitivity, and rheology
(Andersen, 1977; Talesnick and Frydman, 1992; France and Sangrey, 1997; Guo et al.,
2013; Sangrey et al., 1997; Guo et al., 2016; Qian et al., 2016; Patel et al., 2017; Qian et al.,
2017; Ecemis, 2021). Among them, according to the survey results of Ningbo Metro, there is
a large number of loose sand interlayers, with a thickness of approximately 10 cm in the soft
clay of metro tunnel engineering. According to the design code, this kind of interlayer has
almost no influence on the evaluation of foundation liquefaction; however, its seismic
liquefaction can cause dramatic changes in stratum deformation, which will cause the
subway tunnel to bear huge additional horizontal thrust and cause damage to the subway
tunnel. Therefore, there is a contradiction between the evaluation results of foundation
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liquefaction and the potential damage to subway tunnels. It is of
great significance for engineering investigation and subway tunnel
design to fully consider the seismic liquefaction of such sand
interlayers, deeply study the dynamic characteristics of soft clay
with different sand contents, and propose relevant engineering
reinforcement measures for its failure form.

Tasiopoulou et al. (2018), Zhao et al. (2018), and Jain et al.
(2023) have performed corresponding experimental studies on
the dynamic characteristics exhibited by the mixed soil with sand
particles in the clay. Yamada, S, et al. (2008) mixed quartz sand
with medium-plastic clay in different proportions, measured the
dynamic characteristics exhibited by the clay–sand mixture
through a cyclic torsion single shear test, and proposed the
empirical formula of the dynamic shear modulus (DSM),
damping ratio (DR), and shear strain (SS) relationship curve
of the remolded clay–sand mixture. Li et al. (2013) paid attention
to how confining pressure affected the dynamic characteristics
exhibited by remolded red clay through a resonant column test
and pointed out that when SS is the same, DSM presents an
uptrend and DR presents a downtrend with the confining
pressure. Zhao et al. (2015) comparatively examined the DR of
undisturbed and remolded sandy mudstone weathered soil
through a dynamic triaxial test, finding that when the shear
strain value is the same, undisturbed soil shows a larger DR
value than plastic soil. Huang et al. (2015) focused on how the
fines content affected the dynamic characteristics exhibited by
remolded loess using a resonance column test. Research shows
that the increase in the fines content is accompanied by decreased
DSM and DR of remolded loess. Guo (1998) studied and analyzed
a large number of engineering research results and pointed out
that in the case of the coarse particle content being less than 30%,
a larger coarse particle content reports a smaller permeability
coefficient of the mixed soil, and its permeability characteristics
are determined by the soil mass and conform to Darcy’s law. In
the case of a coarse particle content over 75%, the permeability
coefficient increases with the coarse particle content, and its
permeability characteristics are determined by the coarse
particles but not in accordance with Darcy’s law. The rock
content has a significant impact on its hydraulic damage. Xu

(2008) further studied the permeability of the mixture and found
that its permeability coefficient was between KME (calculated
value of the Maxwell–Eucken model) and KEME (calculated
value of the effective medium theoretical model). Miller and
Sowers (1958) took the maximum dry density as the control
factor, carried out consolidated undrained triaxial shear tests on
clay–sand mixtures with different sand contents, and pointed out
that the impact of sand content on mixed soils’ shear strength has
a limit value. Vallejo and Zhou (1994) studied the strength law of
soil–sand mixed soil through a direct shear test and reached the
conclusion that the limit sand content range is 50%–80%. Vallejo
and Mawby (2000) further calculated the porosity of soil–sand
mixed soil through theory and finally corrected its limit sand
content to 40%–75%. Yamamuro and Covert (2001) and
Prakasha and Chandrasekaram (2005) studied the effect of the
effective void ratio of the clay–sand mixture on its mechanical
properties. Bolton (2000) studied the clay–sand mixed soil and
believed that its permeability was closely related to the effective
stress and consolidation state. Shi et al. (2011) conducted some
indoor tests on laterite with different sand contents and pointed
out that the laterite mixed with sand reduced the cohesion,
increased the internal friction angle, increased the shear
strength, and had an optimal range of the sand content.
Zhang et al. (2010) prepared the mixed soil by adding 0%–

50% quartz sand to bentonite, found that its cohesion and
internal friction angle decreased as the sand mixing rate
increased, and statistically estimated that its limit sand mixing
amount was 54%–79%. Deng et al. (2012, 2014) designed the
indoor direct shear test for the clay–sand mixture, analyzed how
the sand content and water content impacted its shear strength,
and reached the conclusion that the limit sand content is
50%–70%.

Above all, scholars have conducted little research on the physical
and mechanical properties exhibited by soil–sand mixed soil, and
even less on muddy soil–sand mixed soil. However, with the
continuous progress of rail transit, the treatment of muddy
soil–sand mixed soil in tunnel excavation and soft foundation
becomes more common; therefore, further research shall be
conducted on the soft soil geology.

FIGURE 1
GDS bidirectional dynamic triaxial test system.
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Research contents and methods

Sample equipment and materials

The British Global Digital Systems (GDS) bidirectional
dynamic triaxial test system was adopted (Figure 1). The
experimental system has the following six parts: the axial
power system, triaxial pressure chamber, dynamic confining
pressure loading system, confining pressure controller,
backpressure controller, and signal control system (DCS). The
GDS test system collects the axial stress, strain, pore pressure,

and other data during the vibration process of the sample
through the computer (GDS-LAB) and converts DEM, DR,
and other indicators through data analysis. The system bears
dynamic load, deformation, and stress of up to 10 Hz. The axial
load is driven by the base screw driven by a motor, and the axial
force and axial deformation are applied from the base of the
pressure chamber.

Preparation of remolded samples
1) First, a wooden hammer is used to break up the dried soil

sample; then, the soil sample is allowed to pass through a 1-mm

FIGURE 2
Preparation of soft clay specimens with different sand content remodeling samples.

Frontiers in Earth Science frontiersin.org03

Wang et al. 10.3389/feart.2023.1265131

122

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1265131


sieve. The screened soil sample is reserved for standby. 2) The
screened air-dried soil is then sieved using a 0.075-mm sieve, and
the soil sample obtained after sieving is muddy silt. 3)
Preparation of sand is performed as follows: the air-dried soil
is sieved using a 0.075-mm sieve and washed with water, and the
muddy silt is fully dissolved in water by continuous shaking
during the washing process. The washing time should be no less
than 20 min, then the washed sand is air-dried for standby. 4)
Preparation of remolded samples that have the same moisture
content and dry density as the undisturbed soil samples,
according to the samples with different sand contents required
for the test. 5) Following the Code for Geotechnical Testing (GB/
T50123-1999), the dry broken soil with different sand contents
should be prepared with distilled water in a soil sample with the
same moisture content as the undisturbed sand soft clay and then
sealed with a fresh film. In order to make the soil sample fully
absorb water and evenly distribute water in the drawing, the
prepared remolded soil sample shall be placed in a cool and
humid environment for more than 24 h. 6) Vaseline is applied on
the inner wall of the three valves to make them fully smooth and
reduce the friction between the soil sample and the ring knife
inner wall during the test. 7) The mass M of the soil sample is
filled into the three valves in five layers into the ring knife, and it
is compacted layer by layer. 8) The prepared sample is put into
the vacuum cylinder for vacuum saturation, and the sample is
prepared. 9) The prepared remolded soil samples with different
sand contents are tested on the dynamic triaxial apparatus.
Figure 2 demonstrates the process of preparing the remolded
soil sample.

The soil sample is taken from the remolded sample of Ningbo
Metro Line 6 in Zhejiang province, with a depth of 5 m–10 m.
Table 1 lists soil samples’ basic physical parameters.

Test procedure

The prepared remolded soil sample is placed into the vacuum
saturator for vacuum pumping. When the vacuum pressure is
expressed to negative pressure, the vacuum pressure is kept in
the cylinder for no less than 1 h and it is allowed to stand for
more than 10 h. In order to ensure that the saturation reaches more
than 95%, if it fails to meet the requirements, the sample is saturated
by backpressure before the test until the sample saturation meets the
requirements.

After saturation, the sample is under effective confining
pressure σ. The isotropic consolidation is carried out at
σ3′=100 kPa, and the consolidation is considered to be
completed when the B-t curve tends to be flat and the pore
pressure drops to equal to the back pressure. The cyclic loading
mode is stress-controlled loading, and the dynamic stress
waveform is the sine wave. The frequency range of the dynamic
wave loaded on a soft soil foundation is 0.1–10 Hz, but mainly
1~2 Hz. For investigating how vibration frequency impacted
saturated soft clay with the sand interlayer, the vibration
frequency of this experiment is 0.5 Hz, 1.0 Hz, 1.5 Hz, and
2.0 Hz. In order to measure the cyclic axial bias stress, the axial
cyclic stress ratio rc is introduced, as shown in Table 2.

During the test, axial deformation, axial stress, pore
pressure, and other data are collected and processed by a
computer. When the double-amplitude axial strain of the
sample reaches 5% or the loading times reach the set loading
times, the test is terminated.

TABLE 1 Soil samples’ basic physical parameters.

Property Value

Density ρ/ (g·cm-3) 1.82

Plastic limit Ip 15.6

Liquid limit wL/% 40.1

Dry density ρd/ (g·cm-3) 1.36

Moisture content ω (%) 34.22

Cohesion c (kPa) 18.2

Internal friction angle φ (°) 26.64

TABLE 2 Pilot scenarios.

ID Sand content (rs/%) Cyclic stress ratio/rc Confining pressure (σ3’/kPa) Frequency (f/Hz)

1 0 0.1 100 0.5, 1.0, 1.5, and 2.0

2 1.7 0.1 100 0.5, 1.0, 1.5, and 2.0

3 10 0.1 100 0.5, 1.0, 1.5, and 2.0

4 20 0.1 100 0.5, 1.0, 1.5, and 2.0

5 30 0.1 100 0.5, 1.0, 1.5, and 2.0

FIGURE 3
Schematic diagram of the hysteretic curve.
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In addition, DSM serves as a significant parameter of soil
mechanics, referring to soils’ non-deformability under dynamic
load, i.e., the size of stiffness. In the data file automatically
collected by the computer, the data are selected, the stress–strain
hysteresis curve at different stages is drawn, and the slope of a
vibration cycle is calculated, which is the dynamic elastic modulus
(Gd) of the soil given as follows:

Gd � σd
εd

� σmax − σmin
εmax − εmin

. (1)

The damping ratio denotes the nature of dissipation of soil
energy due to internal resistance under dynamic stress, which is
usually calculated by the following equation:

λ � 1
4π

ΔW
W

� 1
4π

×
Area of hysteresis loop
Area of triangle OAB

, (2)

where ΔW represents the energy lost by the soil under a
cyclic vibration, equal to the area surrounded by the
hysteretic curve (Figure 3); and W is the total energy stored
under one cycle of vibration, i.e., the triangle OAB area shown in
Figure 3.

Test result analysis

Cumulative plastic deformation of samples
with different sand contents

Figure 4 shows the cumulative axial deformation regarding
remolded soft clay under different sand contents at the same
frequency as the change curve of vibration times. The dynamic
characteristics and deformation exhibited by remolded soft clay with
different sand contents under a long-term cyclic load are analyzed by
drawing.

Under the same frequency, when rs<20%, when the samples’
cumulative strain increases with the sand content, the influence of
the sand particles inside the sample on the samples’ skeleton is not
notable, and the deformation of the soil is mainly borne by fine-
grained soft clay; when rs>20%, the content of sand particles in the
sample will make the mechanical properties of the sample unstable,
resulting in large cumulative axial deformation. At the same time,
the influence of the sand content of the sample in the critical state
(i.e., rs =20%) on the cumulative axial deformation will increase with
the increase in frequency.

FIGURE 4
Axial cumulative strain of soft clay with cycles for different frequencies.
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FIGURE 5
Axial cumulative strain with cycles of soft clay for different sand contents.
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Cumulative plastic deformation of samples
at different frequencies

Figure 5 shows the cumulative axial deformation of remolded
soft clay under the same sand content at different frequencies versus
the number of vibrations. The dynamic characteristics and
deformation of remolded soft clay under a long-term cyclic load
at different frequencies are analyzed by drawing.

According to Figure 5, for remolded soil samples with different
frequencies, when the sand content is 0%, the influence of frequency
on the vertical strain is not significant. Figure 5A shows that there is
little difference in strain development when the frequency is 0.5 Hz
and 1 Hz. When the frequency is 1.5 Hz and 2 Hz, the strain
development is basically the same, but the strain is relatively
large; when the sand content is 1.7%, it can be seen from
Figure 5B that the strain at f =2 Hz is the highest, while the
strain development at the other three frequencies is basically the
same; when the sand content is 10%, it can be seen from Figure 5C
that the strain is the highest at f =1.5Hz, the strain development is
basically the same at f=2 Hz and f =1Hz, and the strain is the lowest
at f =0.5Hz; when the sand content is 20%, it can be seen from
Figure 5D that the higher the frequency, the greater the strain; when

the sand content is 30%, it can be seen from Figure 5E that the
difference in strain development is very small and basically the same
when the frequency is 0.5Hz and 1 Hz, implying that the greater the
frequency, the greater the strain. Therefore, the frequency is not
significant for the strain development pattern under different sand
content rates. However, it also shows that the sand content has a
great influence on the cumulative axial deformation of the sample.

Effect of vibration frequency on the
stress–strain curve of soft clay with different
sand contents

Figure 6 and Figure 7 demonstrate the hysteretic curves of
remolded soft clay with different sand contents at different
frequencies, in which the sand contents of 1.7% and 20% are
taken as representative for comparative analysis.

According to Figure 6 and Figure 7, the hysteresis curve of
saturated remolded soft clay shows a series of closed hysteresis loops
when the sample sand is 1.7%. When the cyclic loading begins, the
hysteresis loop is relatively narrow and steep, indicating that the
slope is relatively large and dense. As the number of cycles increases,

FIGURE 6
rs=1.7% dynamic stress–strain relationship graph.
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FIGURE 7
rs=20% dynamic stress–strain relationship graph.

FIGURE 8
Final DSM of soft clay for different sand contents.

FIGURE 9
Final damping ratio of soft clay for different frequencies.
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the hysteresis loop slowly shifts to the positive direction of the x-axis,
that is, to the direction of strain increase, which indicates a gradual
increase in remolded samples’ cumulative plastic strain. At the same
time, as the number of cycles increases, the hysteresis loop is
gradually lengthened, the slope is gradually reduced, and the area
enclosed by the hysteresis loop is also gradually reduced. This shows
the attenuation of DSM and the increase in the DR of remolded soil
samples under cyclic action.

In addition, when the sand content of the remolded sample is
1.7% of that of the undisturbed sample, the hysteresis curve slope of
the remolded sample presents a slow increase with the frequency, the
enclosed hysteresis loop is thin and long, and the hysteresis loop area
has a trend of gradually decreasing; when the sand content of the
remolded sample is 20%, the cumulative deformation of the sample
gradually increases with the loading frequency, the hysteresis curve
slope gradually decreases, and the enclosed hysteresis loop area also
decreases. The test shows that the remolded soft clay’s DSM and DR
are related to the sand content. The relationship between sand

content and DSM and DR is examined by drawing the change curve
of the two parameters under different conditions.

Curve of DSM and DR of soft clay with the
sand content at different frequencies

According to Figure 8, the DSM of remolded samples at different
frequencies presents different change rules. When f=0.5Hz, the DSM of
samples presents a non-linear increase with the sand content and
reaches the maximum value when rs=20%. As the frequency increases,
DSMat initial vibration approaches theDSMat the final cycle; when the
load frequency f=2.0 Hz and rs<10%, the DSM of the remolded sample
increases with the sand content. When rs>10%, the DSM of the sample
is reduced gradually and tends to be stable.

According to Figure 9, the change in DR at different frequencies
is similar to the change in DSM, with different change trends. The
change trend of the DR of the remolded sample is just opposite to
that of the DSM. When f=0.5Hz, the DR of the sample changes non-
linearly with the increased sand content and reaches the lowest
critical value when rs=30%. At the same time, as the frequency
increases, the DR of the initial vibration of the sample is closer to
that of the final cycle; when the load frequency f=2.0 Hz and rs<10%,
the DR of the remolded sample increases with the sand content.
When rs>10%, DR decreases gradually and tends to be stable.

The influence mechanism of frequency on remolded mixed
clay–sand can be concluded as follows: when the confining
pressure and cyclic dynamic stress are the same, the higher the
loading frequency and the stronger the sample’s ability to resist
deformation. This is mainly because the higher the loading
frequency, the shorter the time taken to discharge the pore water
pressure between soil particles, rendering the particles in the soil in
close contact, the closer the soil structure, the smaller the
compression deformation of the soil, and the more stable the
soil. When the load is the same, a higher frequency reports a
smaller final DR, primarily because with the increase in
frequency, the particle contact in the sample becomes closer,
there are fewer pores, the propagation path of the wave is also
increased, and the propagation speed is faster; so, the energy
consumed during wave propagation is reduced so that the DR of
the energy loss parameters of the remolded sample with different
sand contents will also be reduced after the vibration.

Variation curve of DSM and DR of soft clay

Figure 10 shows the change curve of the final DSM of remolded
soft clay with frequency under different sand contents. In samples
with a stable sand content, DSM increases with the frequency
because the higher the load frequency, the shorter of time for
which the dynamic stress of the same size acts on the soil, the
shorter of time for which axial deformation occurs. According to the
formula of DSM, the smaller the strain value per unit time, the
greater the DSM. In the case of the sand content rs < 20%, the DSM
of the sample presents a significant increase trend; when rs=20%, the
final DSM decreases as the frequency increases. However, when
rs =30%, the final DSM tends to increase first, then decrease, and
then increase again.

FIGURE 10
Final DSM of soft clay for different frequencies.

FIGURE 11
Final DR of soft clay for different frequencies.

Frontiers in Earth Science frontiersin.org09

Wang et al. 10.3389/feart.2023.1265131

128

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1265131


Figure 11 shows the change curve of the final DR of remolded
soft clay with frequency under different sand contents. The changes
in the DR and DSM of samples that have various sand contents also
have similar changes, reaching the critical value when the sand
content rs=20%, that is, when rs<20%, the resistance ratio of the
sample has a significant downward trend; when rs>20%, the DR of
remolded samples has a significant upward trend.

According to Figure 10 and Figure 11, when the sand content in the
soil is high, soft soil particles are mainly filled in the pores of sand
particles and slightly affect the soil skeleton composition; when the sand
content in the soil is small, the soft soil particles are wrapped with sand
particles to form the skeleton of the soil, and the way sand particles
affect the skeleton of the soil can be ignored. During the gradual increase
in the sand content, there is a critical state of rs=20%. At this time, the
soft soil particles in the soil body not only do not participate in the
formation of the soil skeleton but also reduce the content of sand
particles that constitute the soil skeleton, exacerbating the instability of
the macroscopic mechanical characteristics exhibited by the soil body,
resulting in a small dynamic stress corresponding to the same dynamic
strain, a decrease in DSM, and an increase in DR.

Conclusions

A large number of soft clay samples with different sand contents
were conducted; the effects of frequency, sand content on shear
modulus, and damping ratio were studied. The following
conclusions can be drawn:

1) When the sand content of the remolded sample is 1.7% of that of
the undisturbed sample, the hysteretic curve slope of the
remolded sample increases slowly with the frequency, the
enclosed hysteretic loop becomes thin and long, and the area
of the hysteretic loop has a trend of gradual decrease; when the
sand content of the remolded sample is 30%, the cumulative
deformation of the sample will gradually increase with the
loading frequency, the hysteresis curve slope will decrease
slowly, and the enclosed hysteresis loop area will also decrease.

2) When the confining pressure and cyclic dynamic stress are the same,
the higher the loading frequency, the stronger the sample’s ability to
resist deformation. This is mainly because the higher the loading
frequency, the less time taken to discharge the pore water pressure
between the soil particles, rendering the particles inside the soil in
close contact, the tighter the soil structure, the smaller the
compression deformation of the soil, and the more stable the soil.

3) When the sand content in the soil is small, the soft soil particles are
wrapped with sand particles to form the skeleton of the soil, and the
way sand particles affect the soil skeleton can be ignored. When the
sand content is gradually elevated, there is a critical state of rs=20%.
At this time, the soft soil particles in the soil body not only do not
participate in the formation of the soil skeleton but also reduce the
content of sand particles that constitute the soil skeleton, exacerbating
the instability of the macroscopic mechanical properties of the soil
body, resulting in a small dynamic stress corresponding to the same
dynamic strain, a decrease in DSM, and an increase in DR.
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