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Editorial on the Research Topic

Physics and Seismicity of Rocks

Understanding the physical mechanisms of rock and exploring the characteristics of seismicity have
attracted worldwide attention in solid earth geophysics. Due to the anthropogenic activities such as
deep mining and tunneling, large-scale collapses and seismicity frequently occur leading to serious
casualties and economic losses. Thus, it is extremely important to prevent the occurrence of disasters
or minimize the risk and loss of accidents.

In the past, a great number of experiments have been carried out in an attempt to explain the
underlying mechanisms of rocks for various geological phenomena [1, 2]. For bringing new
breakthroughs of seismicity-related research, innovative experimental techniques, simulation
methods, data mining, and geophysical methods are used to extract useful knowledge from the
data collected in both experiments and site practices [3–7].

However, the surging demand for space and resources prompts the environment and methods we
face to constantly change. The new background, new challenges, and new methods appearing in the
physics and seismicity of rocks require further research. Therefore, the main goal of this issue is to fill
an essential gap that is greatly missed in this field. We sincerely hope that this issue will be beneficial
to the readers to present the recent findings in the field and shed some light on the physics and
seismicity of rocks.

Zhao et al. selected a complex of sandstone and C40 concrete mortar to carry out the freeze-thaw
cycles test and the uniaxial compression test. The sample water content, the freezing temperature,
and the number of freeze-thaw cycles were analyzed based on the factorial design principle. The
results showed that the freeze-thaw treatment can significantly reduce the uniaxial compressive
strength (UCS) of the sample. The impact of main effects and secondary interaction on unconfined
compressive strength was revealed.

Zhang et al. selected the sericite quartz schist coarse-grained soil to carry out the large-scale
triaxial consolidated-drained (CD) and consolidated-undrained (CU) shear tests. In order to obtain
the stress-strain, deformation, and strength of the sericite quartz schist coarse-grained soil, four
different confining pressure conditions were designed in this experiment. They found the stress-
strain curve of sericite quartz schist was nonlinearity, compressive hardening and elastic-plastic.
Furthermore, the failure mechanism of the samples changed from shearing shrinkage at first and
later dilatancy to shearing shrinkage.

Yang et al. designed a shaking table test that a bedding rock slope with weak structural plane was
taken as the prototype for studying the acceleration and displacement responses at different positions
of the slope. The seismic response and instability mechanism of rock bedding slope under different
seismic amplitudes, frequencies and durations are analyzed by adjusting the amplitude and the type
of the seismic wave in the experiment. With the increase of the amplitude of the seismic wave, the
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peak ground acceleration (PGA) values of the monitoring points
on both sides of the sliding surface showed an opposite trend. The
impact of seismic waves on the acceleration response of the
bedding rock slope was closely related to its excellent
frequency and the natural frequency of the slope.

Li et al. conducted the Brazilian split tests on granite, marble,
sandstone, and limestone. The electron microscope system also
was employed to carry out the analysis of fracture morphology.
They analyzed the experiment results and found that rock
characteristics such as mineral composition may have
influence on the b-value and the fracture characteristics of
rock. The relationship between acoustic emission signal
frequency of rock fracture and the fracture scale was proposed
based on the rock characteristics and the distribution
characteristics of the frequency spectrum of acoustic emission
signals.

Li et al. carried out three cyclic loading and unloading tests
with different loading rates and initial cyclic peak stresses for
researching the acoustic emission evolution characteristics of
saturated limestone under different loading and unloading
paths. They analyzed the distribution of signals in different
frequency, the development form of the ringing count, and the
law of energy evolution. The conclusion summarized in this paper
advocated that the roadway should be quickly excavated in the
early stage for delaying the most period of fracture behavior.

Chen et al. measured the masses and sizes of the specimens
and the pH values of the acidic solution after saturating the diorite
specimens in neutral water and acid solutions. They carried out
the triaxial compression tests under the solutions with different
pH values. The mass damage features and mechanical properties
of diorite specimens saturated in solutions with different pH
values were analyzed. On this basis, a damage strength model
considering acidification was established.

Zhang et al. designed the shaking table experiment on the
background of the rock bedding slope with a weak structural
plane. The Hilbert-Huang transform (HHT) method was applied
to obtain the characteristics of the seismic signal in the Frequency
domain. They analyzed the distribution of the energy and the
predominant frequency. Finally, the change of the peak value of
the marginal spectrum was recognized as an important sign
reflecting the development process of the earthquake damage
inside the slope.

Li et al. proposed an analytical model to simulate the abutment
pressure distribution over the coal in front of the mining face
under elastic and inelastic conditions. And a new theoretical
formula was derived to discuss the influences of UCS, residual
strength, mining height, softening modulus, and deformation
angle on the abutment pressure distribution. The field data was
applied to verify the validity of the analytical model. The
calculated abutment pressure distribution and the widths of
the elastic and inelastic zones were compared with the
monitoring data. The results showed that the proposed model
have high accuracy, which can provide guidance for engineering
applications.

Tu et al. proposed a two-stage constitutive model of cemented
tailings backfill (CTB) under uniaxial compression based on the
Weibull distribution density function, the strain equivalence

principle and the damage mechanics theory. In order to verify
the theoretical model, the CTB samples with different solid
contents and cement-sand ratios were subjected to uniaxial
compression tests. As far as the material itself is concerned,
the two variables have a great influence on the sample
especially prominent at the peak stress. By comparing the
experiment results with the established model, it is found that
the failure model of the CTB specimens was mainly tensile failure,
and the constitutive model was similar to that of ordinary cement
mortar M5. The above research results are helpful to improve the
theory of uniaxial compression characteristics of CTB.

Wang et al. selected six parameters including the uniaxial
compressive strength, the uniaxial compressive strength, elastic
deformation energy index, the ratio of the maximum tangential
stress to the uniaxial compressive strength, the depth of the
roadway, the integrity coefficient of the rock mass indicators
as indicators for rock burst propensity predictions. A finite-
interval cloud model based on the CRITIC algorithm was
proposed, which was applied to evaluate the relationships
between indicators. By comparing the prediction results of the
established model with the monitoring data, the accuracy of the
model was verified.

Dong et al. analyzed the stress wave transmission in the course
of a single joint and the propagation law of a reflection wave. They
treated the joints as rocks in the calculation and proposed the
analysis model of stress waves passing through single-joint rock.
In view of the above researches, the macro-joint model of stress
waves passing through a group of parallel jointed rocks was also
established. Finally, the reliability of the models were verified by
several tests.

Xie et al. analyzed the blast vibration waveforms from a single-
deck blast test and proposed an improved method for multihole
blasting seismic wave prediction. The method was applied in the
practice and the results showed that it can predict the blast
waveforms. The above achievement can provide a new way for
design to control blast vibration.

Jing et al. established a model of the high rockfill (HRF)
embankment based on the actual project. The construction
and operation of the HRF embankment were simulated by a
centrifuge test for obtaining the deformation laws of HRF
embankment. According to the simulation results, the
evolution law of the deformation value and velocity in
embankment top and the slope foot during the operation was
revealed.

Zhang et al. simulated the support process of tunnel
excavation. And they compared simulation results and
monitoring data to study the deformation behavior of the
surrounding rock and the variation of the stress field in the
support structure. The rock occurrence was an important factor
that affected the asymmetric deformation behavior in the tunnel
with large cross section passing through the soft rock of the coal
seam. Several engineering treatment measures such as increasing
support structure stiffness were summarized.

Su and Shen established the deep coal mine stope model
containing section coal and rock pillars using the ANASYS
software. The response physical characteristics of coal pillars
with different widths under the roof shock disturbance
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intensity and frequency from goaf were analyzed based on the
dynamic structural systemmodel. Since themodel was affected by
different shock disturbances, the vertical deformation and the
plastic zone occupation ratio of the coal pillar were researched.
The results showed that the closer the shock disturbance
frequency was to the natural frequency of the model, the more
unstable the coal pillar was.

Zhou et al. adopted the discrete element method (DEM) to
simulate the SHPB results of acoustic emission (AE) and AE
moment tensor. They found that the simulation results were
feasible in analyzing the microscopic mechanism of dynamic
tensile simulation in rock dynamics. The results showed that the
AE simulation was consistent with the macroscopic cracking
shown by HS photography. They believed that the ratio of
isotropic and deviatoric components of the moment tensor
can explain the evolution process of main axial crack and the
shear failure zones, which will be different with the traditional
method to understand the rock failure mechanism.

Liu et al. simulated the failure process in punch-through shear
tests using the discrete element method. By comparing the results
of the simulation and experiments, they studied the crack

propagation sequence and the influence of confining stress on
effective shear fracture toughness.

The analysis of the physical and mechanical characteristics of
the rock requires multiple test and monitoring technology such as
acoustics, displacement, and force. Especially in the research of
the mechanical property of rock fracture, it is necessary to
combine the methods of source location, source identification,
and focal mechanism inversion for analysis. As the field of rock
engineering becomes more extensive and the problems are more
complicated, the research of the physics and seismicity of rocks
which considers rock structures [8] and velocity variation [9] will
be the trend of the future research, which can provide the
assistance for disaster early warning and risk control in
practical engineering.
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Physical Characteristics of Section
Coal and Rock Pillars Under Roof
Shock Disturbances From Goaf
Ronghua Su* and Hongshuang Shen

School of Mechanics and Engineering, Liaoning Technical University, Fuxin, China

The stability of a rock strata structure is closely related to its response physical

characteristics under external shock disturbance. The roof shock disturbance from goaf

is usually one of the important factors that cause coal and rock pillar instability. It is

necessary to study the dynamic physical characteristics of coal and rock pillars under

roof shock disturbance from goaf. The dynamic structural systemmodel of elastic-plastic

finite element was established for the formation of surrounding rock and coal pillars in a

deep stope. The response physical characteristics of coal pillars with different widths

were analyzed under the roof shock disturbance intensity and frequency from goaf.

The natural vibration characteristics of the stope model were calculated and the first

10-order natural frequencies were extracted. The calculations indicated that the vertical

displacement and the plastic zone occupation ratio of the coal pillar increased with the

increase of the shock disturbance intensity, decreased with the increase of the shock

disturbance frequency, and decreased with the increase of the coal pillar width. The

influence of the vertical deformation and the plastic zone occupation ratio of the coal pillar

under shock disturbance frequency was more obvious compared with that of the shock

disturbance intensity, especially at low frequency. The closer the shock disturbance

frequency was to the natural frequency of the model, the larger the plastic zone of the

coal pillars was, with the bearing capacity of the coal pillar decreasing significantly. It is

significant that more attention should be paid to monitoring the frequency of roof shock

disturbance signal when designing coal pillars width in the coal mine.

Keywords: rock physics, dynamic characteristics, shock disturbance intensity, shock disturbance frequency, roof

goaf, coal and rock pillars

INTRODUCTION

Owing to the layout of the mining operation for underground coal mining, a large number of coal
and rock pillars are needed [1–4]. The coal and rock pillars havemany different functions, including
protecting the tunnels, isolating goafs, and avoiding surface subsidence [5–9]. The stability of coal
and rock pillars will directly affect the safe production of mines and the safety of surface buildings.
The stress conditions of coal and rock pillars are complex [10]. These pillars are subjected to
various kinds of shock disturbances caused by mining operations, such as blast vibrations, periodic
pressure disturbances, and mine earthquakes, while being subjected to gravity loads [11–14]. The
periodic fault–slip burst of a roof is a common phenomenon triggered by a shock disturbance
during cave mining; this phenomenon has the characteristics of a short action time and a great
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shock disturbance force [15]. Shock disturbances have a great
influence on the stability of coal pillars. A strong shock
disturbance is one of the main factors that induce dynamic
disasters of deep coal mine stopes. The determination of the
section coal pillars width in a high-strength mine with a fully
mechanized top-coal caving working face should consider many
factors, such as repeated and intensive mining, basic roof
fractures, large tunnel sections, and other shock disturbance
factors [16, 17]. The rational design and the stability analysis
of the coal and rock pillar size have caused a great concern
in the field of mining at home and abroad and have become
important research topics [18–24]. An understanding of the
mechanical response characteristics of coal and rock pillars under
complex loading conditions is expected and is the premise of the
abovementioned analysis.

External shock disturbance must be taken into account when
selecting the section coal and rock pillar widths. Thus, it has
been very important to study the stability of section coal
and rock pillars and determine the width of section coal and
rock pillars. A mechanical model of section coal pillars with
different widths during working face extraction was established
by fast Lagrangian analysis of continua in three dimensions
[25]. Comparing the differences in the distribution laws of the
stress and deformation and plastic zones in the surrounding
rock, a reasonable width of the section coal pillars was obtained.
Generally, the reasonable width of a coal and rock pillar under
dynamic simulation was much larger than that under static
simulation [26]. The stress state of coal bodies subjected to
the effect of roof strata was investigated, and the shock risk of
the roof fracture vibration on coal was studied by numerical
simulation [27]. The results showed that the shock risk of the coal
body increases during roof shock disturbance. Crack initiation,
development, and propagation in the coal were one cause of coal
body instability [28]. The deformation of coal and rock pillars
during excavation could be determined by on-site monitoring,
and better monitoring results were obtained by using a 3D laser
scanner [29]. To effectively reduce the shock disturbance on
coal and rock pillars due to the dynamic pressure of mining,
the stability of coal pillars in a bilateral goaf was analyzed by
theoretical analyses and numerical simulations, and the stress
distribution characteristics of section coal pillars were obtained
[30]. Previous researches have also studied the microcrack
development, structural damage, and energy transformation of
coal and rock mass to the failure rules of coal and rock mass and
revealed the mechanism of coal and rock dynamic disasters [31–
33]. Acoustic emission technique and moment tensor analysis
were used to evaluate the temporal–spatial evolution and damage
of micro-cracks of schist [34]. The study of energy conversion
and failure mechanism of coal mass under repeated loads was
beneficial to the risk assessment of dynamic disasters [35].
It is necessary to reveal the principle of the dynamic shock
disturbance effect of the roof under high-strength mining. The
conditions, mechanism, and influencing factors that induced the
dynamic load shock effect of the roof in high-strength mining
stopes were investigated [36]. The study of the dynamic physical
characteristics of coal and rock structure under shock disturbance
intensity is a hot topic. The stability of the section coal and

rock pillars also depends on whether the design of the coal
and rock pillars is in line with the actual situation and whether
the construction is in place. To investigate the reasonable size
of coal and rock pillars, field monitoring and analyses [37,
38], similar simulation experiment analyses [39, 40], numerical
simulations [22, 41], and other means have been applied to
study the mechanism of section coal and rock pillar-induced
dynamic disasters.

Roof shock disturbance from goaf, which affectsmining safety,
is one of the important factors to study on the dynamic physical
characteristics of section coal and rock pillars. A dynamic
structural system model of elastic-plastic finite element was
established for the formation of surrounding rock and coal pillars
in a deep stope. The physical characteristics of section coal and
rock pillars in the model were investigated mainly by varying
the shock disturbance frequencies and the intensities in the
research. The variation characteristics of the vertical deformation
and plastic zone of different section coal pillar widths, under
a combination of different shock disturbance intensities and
frequencies, were discussed. The vibration characteristics of
the stope model were analyzed. The relationship between
the physical characteristics of coal pillars under roof shock
disturbance frequency and the natural vibration characteristics
of the stope was discussed and analyzed. This study could
provide a theoretical reference for the rational design and stability
analysis of section coal and rock pillars used in deep coal
mine stopes.

BASIC ASSUMPTIONS AND MODEL
ESTABLISHMENT

Engineering Background and Basic
Assumptions
The coal field of the underground coal mine is 850m in depth.
It belongs to the North China-type carboniferous Permian coal-
bearing strata, which is located in the north margin of the
syncline and is a monoclinal structure. The average thickness of
the coal seam is 4m, and the coal seam is a nearly horizontal
structure. The dip angle of the maximum principal stress in
the in situ stress field of the mining area is close to the
horizontal direction. The in situ stress in the mining area is
mainly horizontal tectonic stress. The bearing of the maximum
principal stress is north by west. The roof is composed mostly
of mudstone and sandy mudstone, and the floor is composed
mostly of dark gray sandy mudstones. Using the method of
longwall mining, the full height is immediately mined. According
to the actual situation of the field, the basic hypothesis of the
model is as follows: the rock stratum is regarded as a horizontal
rock layer. The section coal and rock pillars (section coal pillar;
hereafter sometimes referred to as the pillar) and the surrounding
rock strata in the deep coal mine stope (hereafter sometimes
referred to as the stope) are established by an elastoplastic model
to analysis. The section coal and rock pillars, direct roof rock,
and direct bottom rock of the coal seams are treated as elastic-
plastic bodies, while the other layers adopt an elastic model.
The Drucker–Prager (D–P) yield criterion is satisfied. The yield
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condition of the D–P criterion is:

αI1 + (J2)
1
2 − k = 0 (1)

where I1 is the first invariant of the stress tensor, J2 is the second

invariant of the strain tensor, α = 2 sinφ√
3(3- sinφ)

, k = 2
√
3c cosφ

3- sinφ
, c is

the cohesion of the material, and φ is the friction angle.
A schematic diagram of the section coal pillar arrangement

in the profile of a fully mechanized mining face is shown in
Figure 1. It is the profile along the strike of the vertical working
face. The changes of vertical deformation and plastic zone (the
region where deformation occurs under roof shock disturbance)
of section coal and rock pillars are analyzed by adopting the plane
strain model.

Figure 1 presents the schematic diagram of the section coal
pillar arrangement. The figure shows the stratal relationships.

The width of the section coal pillars (represented by symbol
B) of the stope model can be designed with different values on
the working face. B refers to the solid section coal pillar width, q
is the uniformly distributed vertical stress, and Q(t) is the shock
disturbance. The physical and the mechanical parameters of the
coal and rock are obtained through laboratory experiments, and
they are shown in Table 1. The computed strength of coal is
equivalent strength, which considers the supporting conditions.

Finite Element Model
Adopting the ANSYS software, the deep coal mine stope model
containing section coal and rock pillars is established, which is
628m in length and 364.7m in height. The Plane 82 unit (plane
strain mode) is adopted. There are 27 layers of coal and rock, the
thickness of each coal and rock stratum is different, and the coal
is mined from the 18th layer. In this layer, the goaf is 200m in
length, the width of the section coal pillars is set as a variable
quantity, and the tunnel is 4m in length. Using the mapping
grid, the key parts are processed by encrypted grids. For example,
when 24m of section coal pillars is left, 7,504 units and 7,684
nodes are divided into finite element models. To eliminate the
influence of boundary effects, a 200-m boundary remains at the
left and at the right ends of the model. The constraint conditions
include a horizontal displacement constraint on the left and
the right boundaries and a vertical displacement constraint on
the lower boundary. The stress of the overlying strata, with a
thickness of 750m, is simplified as a uniformly distributed load
on the top of the model. The finite element model of the deep
stope with section coal pillars is shown in Figure 2.

According to the Ginnick hypothesis named after the Soviet
scholar, the stress boundary conditions are as follows:

q = γH (2)

FIGURE 1 | Schematic diagram of the section coal pillar arrangement in profile of fully mechanized mining face.
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TABLE 1 | The physical and the mechanical parameters of coal and rock.

Lithology Moduli of

elasticity (GPa)

Density

(kg m−3)

Poisson’s

ratio

Friction

angle (◦)

Cohesive force

(MPa)

Uniaxial compressive

strength (MPa)

Mudstone 2.86 2,280 0.28 28.19 2.99 6.32

Siltstone 20.31 2,660 0.18 33.46 3.06 9.83

Mudstone 2.57 2,150 0.27 29.27 1.97 4.35

Coarse-grained sandstone 34.72 2,550 0.22 33.38 4.92 26.73

Medium-grained sandstone 27.81 2,470 0.16 38.63 6.57 16.25

Mudstone 2.78 2,250 0.25 31.52 2.89 3.97

Siltstone 18.83 2,450 0.16 32.15 2.98 8.93

Medium-grained sandstone 27.11 2,570 0.18 38.53 3.59 16.58

Mudstone 2.88 2,265 0.26 31.41 1.64 4.52

Coarse-grained sandstone 36.32 2,675 0.23 33.46 7.03 27.18

Mudstone 2.86 2,230 0.27 31.31 2.95 4.14

Siltstone 19.31 2,650 0.17 33.11 3.02 9.21

Sandy mudstone 5.75 2,470 0.26 34.63 2.07 4.20

Siltstone 20.11 2,570 0.16 33.23 2.03 9.49

Sandy mudstone 5.63 2,440 0.25 35.62 0.82 4.68

Coarse-grained sandstone 35.22 2,540 0.21 32.34 1.89 28.61

Mudstone 2.87 2,190 0.25 31.27 1.65 4.43

#7 coal seam 2.04 1,270 0.29 22.76 1.31 4.53

Mudstone 2.86 2,210 0.26 31.21 1.96 4.42

Sandy mudstone 5.73 2,470 0.25 35.22 3.15 4.76

Fine sandstone 23.41 2,570 0.15 32.57 4.97 30.64

Siltstone 19.91 2,560 0.16 32.87 2.95 9.17

Coarse-grained sandstone 35.83 2,520 0.20 30.78 5.87 27.13

Fine sandstone 23.26 2,560 0.14 32.44 3.88 30.25

Sandy mudstone 5.75 2,510 0.27 35.53 0.98 4.61

Fine sandstone 21.25 2,530 0.14 32.55 3.92 30.72

Mudstone 2.86 2,180 0.28 31.47 1.27 4.34

FIGURE 2 | Finite element model of the deep stope with section coal pillars.
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FIGURE 3 | Vertical displacement contour maps and vertical stress contour maps of the deep stope with 16 and 24m section coal pillar width. (A) Vertical

displacement and Local amplification of the displacement of the section coal pillar (16m). (B) Vertical displacement and Local amplification of the displacement of the

section coal pillar (24m). (C) Vertical stress and local magnification of the stress of the section coal pillar (16m). (D) Vertical stress and local magnification of the stress

of the section coal pillar (24m).
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where q is the uniformly distributed vertical stress, γ is the
average bulk density of the rock mass, which is set as 24.96
kN/m3, and H is the thickness of the overlying strata of the
coal seam.

In the finite element model, the thickness of the overlying
strata of the coal seam is 750m. Using formula (2), the vertical
stress is calculated to be 18.75 MPa, i.e., q= 18.75 MPa.

The shock disturbance from the overlying strata has a
significant effect on the lower rock layer or coal seam, such as
the sudden breaking of the main roofs, which is much more than
the effect of gravity. Q(t) is the shock disturbance produced by
the main roof fracture. The shock disturbance mainly propagates
in the lower rock by the form of stress waves [42]. Almost all the
elastic waves are superimposed by several simple harmonic waves
with different amplitudes and frequencies. It is assumed that the
elastic wave from the goaf roof satisfies the following relationship:

Q (t) =
{

1
2F

(

1− cos 2π ft
)

t < t0
0 t ≥ t0

(3)

where Q (t) is the shock disturbance, F is the amplitude of the
shock disturbance intensity, f is the shock disturbance frequency,
and t is time; t0 = 1/ω , ω is the dynamic load frequency and t0
is the dynamic load period.

According to the actual geological conditions and a large
number of field monitoring datapoints, F is selected as 20, 30, or
40 MPa, and f is selected as 5, 8, 10, 25, or 40Hz in this research.
The physical characteristics of section coal pillars are analyzed.

RESPONSE CHARACTERISTICS OF COAL
PILLARS UNDER SHOCK DISTURBANCE

Mechanical Analysis After Working Face
Excavation
By simulating the coal mining process, the physical
characteristics of section coal pillars are analyzed after
excavation, the widths of which are B1 = 16m, B2 = 24m,
B3 = 30m, or B4 = 40m. According to these four coal pillar
widths, the vertical displacement and the vertical stress are
obtained. Figure 3A shows the displacement contour map of
the stope, where the 16-m section coal pillar is located, and
the local enlarged displacement contour map of the section
coal pillar. Figure 3B shows the displacement contour map of
the stope, where the 24-m section coal pillar is located, and
the local enlarged displacement contour map of the coal pillar.
The displacement of the section coal pillar is asymmetrically
distributed. The displacement of the left side of the section coal
pillar next to the goaf is larger than that of the right side next
to the tunnel. The maximum displacement occurs at the upper
of the section coal pillar next to the goaf. With the increase
of the section coal pillar width, the change tendency of the
displacement on both sides of the section coal pillar decreases.
The results show that the wider the section coal pillar is, the safer
the section coal pillar is.

Figures 3C,D show the contour maps of the potential stress
distribution in the stope. Figure 3C shows the stress contour map
of the stope, where the 16-m section coal pillar is located, and

the local enlarged stress contour map of the section coal pillar.
Figure 3D shows the stress contour map of the stope, where the
24-m section coal pillar is located, and the local enlarged stress
contour map of the coal pillar. The maximum vertical stress of
the section coal pillar decreases with the increase of the section
coal pillar width.When the section coal pillar width is>24m, the
stress distribution law of the section coal pillar has no obvious
change with the increase of the section coal pillar width. The
stress concentration of the section coal pillar decreases gradually
with the increase of the coal pillar widths.

Vertical Deformation Characteristics of
Pillars Under Shock Disturbance
In order to get the vertical deformation characteristics of pillars
under roof shock disturbance, the shock disturbance from goaf
is set to F1 = 20 MPa, with f = 25Hz and t = 40ms. The
transient nonlinear dynamic response is calculated, the analysis
pillar widths selected of which are B1 = 16m, B2 = 24m, B3 =
30m, or B4 = 40m, respectively.

The displacement observation points (represented by the
symbol wi) are arranged in pairs at the top and the bottom of
the pillar at 1-m intervals, that is, B1 = 16m, i= 16; B2 = 24m, i
= 24; B3 = 30m, i = 30; and B4 = 40m, i = 40. The numbering
of the displacement observation points of the pillar starts from
the side of the goaf. The layout diagram of the measuring points
is shown in Figure 4. The vertical displacement is represented by
the symbol Uy. The vertical displacement of the different width
pillars are monitored by observation points, and the deformation
between each pair of observation points is calculated by:

Uyi = Uyi,up − Uyi,bottom (2)

where Uyi is the vertical displacement of the i-th pair of
observation points, Uyi,up is the vertical displacement of the i-th
observation point at the top of the coal pillar, and Uyi,bottomis the
vertical displacement of the i-th observation point at the bottom
of the coal pillar.

By using formula (2), the vertical deformation of coal
pillars is obtained, and the deformation curves of the different

FIGURE 4 | Layout diagram of the displacement observation points of the

24m section coal pillar.
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widths coal pillar are shown in Figure 5. On the one hand,
there is no effect of the shock disturbance intensity on the
section coal pillar. On the other hand, the effect of the shock
disturbance intensity and the frequency are considered. Clearly,
the trends of the vertical deformation curves of the different
widths coal pillar are similar, and the vertical deformation Uyi

is related to coal pillar widths B. By comparison, the vertical
deformation Uyi on the left side of the section coal pillar

obviously increases under shock disturbance, and the vertical

deformation Uyi on the right side of the section coal pillar
changes slightly. The larger the section coal pillar width is, the

smaller the deformation of the right side of the section coal
pillar is. It is revealed that the deformation of the section coal

pillar decreases with the increase of coal pillar widths under

shock disturbance.

Development Characteristics of the Plastic
Zone in the Coal Pillar
The plastic strain distribution (plastic strain is represented by
the symbolεp) in section coal pillars with different widths are
analyzed under the following shock disturbances: F1 = 20 MPa,
f = 25Hz, and t = 40ms. Figure 6 shows the distribution cloud
charts of εp, considering the 24-m section coal pillar. As shown
in Figure 6A, the shock disturbance is not considered, and in
Figure 6B, the model considers the shock disturbance conditions
of F1 = 20 MPa, f = 25Hz, and t = 40ms. It was found
that εp is related to B, and εp on the left of the section coal
pillar, near the goaf, is more sensitively affected by the shock
disturbance. Compared with the strain cloud charts of the coal
pillar under shock disturbance and without shock disturbance, it
shows that shock disturbance causes a sudden increase of strain

FIGURE 5 | Vertical deformation curves of the observation points of section coal pillars with different widths. (A) Without shock. (B) With shock.
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FIGURE 6 | Plastic strain distribution cloud charts of the 24m section coal pillar. (A) Without shock. (B) With shock.

on the top of the coal pillar and an obvious increase of the
plastic zone.

The percentage of plastic zone in the coal pillar is represented
by the symbol 1R (herein referred to as the plastic zone
occupation ratio), which satisfies the following relation:

1R =
R

A
× 100% (3)

where R is the plastic zone area in the coal pillar, A is the area
of the coal pillar, 1R is a function of F, f, and B in this research,
which is 1R=1R

(

F, f ,B
)

.
Table 2 displays the data of 1R in coal pillars under shock

disturbance or without shock disturbance. The plastic zone
occupation ratio of the coal pillar under shock disturbance
intensity F is represented by the symbol1RS , and the plastic zone
occupation ratio of the coal pillar under without F is represented
by the symbol1RN . Clearly,1RS is higher than1RN of the section
coal pillars, and 1RS > 1RN is true for all section coal pillar
widths. Furthermore, 1R is related to B. Usually, 1R is used to
evaluate the damage of the coal pillars.

TABLE 2 | Plastic zone occupation ratio with different section coal pillar widths.

Section coal pillar width Plastic zone occupation ratio/%

Without shock With shock

16m 36.7 42.9

24m 21.9 25.3

30m 14.6 20.0

40m 10.3 15.0

PHYSICAL CHARACTERISTICS OF
PILLARS UNDER DIFFERENT SHOCK
DISTURBANCE INTENSITIES

Vertical Deformation of Section Coal Pillars
Under Different Shock Disturbance
Intensities
The model is disturbed by different shock disturbance intensities.
The shock disturbance intensities are F1 = 20 MPa, F2 = 30
MPa, or F3 = 40 MPa, where the shock disturbance frequency
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FIGURE 7 | Vertical displacement curves of the coal pillar varying with different pillar widths and shock disturbance intensities. (A) Vertical displacement curves of the

16m section coal pillar. (B) Vertical displacement curves of the 24m section coal pillar. (C) Vertical displacement curves of the 30m section coal pillar. (D) Vertical

displacement curves of the 40m section coal pillar.

is f = 25Hz and the coal pillar widths are B1 = 16m, B2
= 24m, B3 = 30m, or B4 = 40m. The vertical deformation
Uy(F, f ,B) (F ∈ [F1, F2, F3], and B ∈ [B1,B2,B3,B4]) of
coal pillars is obtained. Figure 7 shows the vertical deformation
curves varying with the observation points position wi in the coal
pillar. In Figure 7, the vertical deformation increases with the

shock disturbance intensity, which creates a greater deformation
at the goaf side (the left side of the coal pillar). On the left
side of the coal pillar, the vertical deformation Uy

(

F, f ,B
) ∣

∣

F=F3

of the observation point under shock disturbance intensity F3
is obviously greater than that of Uy

(

F, f ,B
) ∣

∣

F=F1 under shock
disturbance intensity F2. With the increase of the coal pillar
width, the middle position of the coal pillar is formed, the
deformation invariable area (where no plastic strain occurs in
the section coal pillar), and the external shock disturbance

intensity is not obviously affected on the deformation of coal
pillar. The deformation of both sides of the coal pillar is
changed under the shock disturbance intensity, of which there
is always

Uy

(

F, f ,B
) ∣

∣

F=F1 < Uy

(

F, f ,B
) ∣

∣

F=F2 < Uy

(

F, f ,B
) ∣

∣

F=F3 ,

at f= 25Hz with the same coal pillar width.

Plastic Deformation Characteristics of
Pillars Under Different Shock Disturbance
Intensities
The maximum plastic strain εpmax of the section coal pillars
under different shock disturbance intensities are shown in
Table 3, considering that F1 = 20 MPa, F2 = 30 MPa, or
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TABLE 3 | Maximum plastic strain of section coal pillars varying with different

widths.

Section coal pillar width Maximum plastic strain

20 MPa 30 MPa 40 MPa

16m 0.04459 0.04758 0.05158

24m 0.04320 0.04612 0.04993

30m 0.04295 0.04582 0.04960

40m 0.04274 0.04560 0.04934

F3 = 40 MPa and f = 25Hz, that is, F ∈ [F1, F2, F3]
and B ∈ [B1,B2,B3,B4]. The maximum plastic strain
εpmax

(

F, f ,B
)

of the coal pillar increases with the increase of
shock disturbance intensity F, when the coal pillar width is fixed,
that is:

εpmax

(

F, f ,B
)
∣

∣

F=F1 < εpmax

(

F, f ,B
)
∣

∣

F=F2 < εpmax

(

F, f ,B
)
∣

∣

F=F3 ,

under shock disturbance frequency f= 25 Hz.
The more serious the plastic deformation of the

coal pillar is, the more serious the damage of the coal
pillar is.

The plastic zone occupation ratio 1R

(

F, f ,B
)

of the coal
pillar is calculated under different shock disturbance intensities,
where, and f = 25Hz. The corresponding histogram of the plastic
zone occupation ratio is shown in Figure 8. The plastic zone
occupation ratio 1R

(

F, f ,B
)

of the coal pillar increases and the
damage probability of the coal pillar increases with the increase
of shock disturbance intensity under the same shock disturbance
frequency, that is,

1R

(

F, f ,B
) ∣

∣

F=F1 < 1R

(

F, f ,B
) ∣

∣

F=F2 < 1R

(

F, f ,B
) ∣

∣

F=F3 ,

while the coal pillar width is fixed.
The plastic zone occupation ratio 1R

(

F, f ,B
)

of the
coal pillar decreases with the increase of coal pillar widths
when the shock disturbance intensity of the coal pillar is
fixed; thus:

1R

(

F, f ,B
) ∣

∣

B=B1 > 1R

(

F, f ,B
) ∣

∣

B=B2 > 1R

(

F, f ,B
) ∣

∣

B=B3

> 1R

(

F, f ,B
) ∣

∣

B=B4 at f = 25 Hz.

The dynamic physical characteristics of the section coal pillars
under the shock disturbance intensity do not change significantly
when the coal pillar width is >24 m.

PHYSICAL CHARACTERISTICS OF
PILLARS UNDER DIFFERENT SHOCK
DISTURBANCE FREQUENCIES

Vertical Deformation of Pillars Under
Various Shock Disturbance Frequencies
The vertical deformation of the section coal pillars is obtained
under different shock disturbance frequencies. The shock

FIGURE 8 | Plastic zone occupation ratio chart of section coal pillars varying

with different widths and shock disturbance intensities.

disturbance frequency is f 1 = 5Hz, f 2 = 8Hz, f 3 = 10Hz,
f 4 = 25Hz, or f 5 = 40Hz applied to the model, while the
shock disturbance intensity is F1 = 20 MPa, and the coal pillar
width is set to B1 = 16m, B2 = 24m, B3 = 30m, or B4 =
40m, that is, f ∈

[

f1, f2, f3, f4, f5
]

,B ∈ [B1,B2,B3,B4]. The
vertical deformation Uy

(

F, f ,B
)

of section coal pillars changed
with displacement observation points wi, as shown in Figure 9.
Figure 9 shows that the larger the shock disturbance frequency
is, the smaller the vertical deformation Uy

(

F, f ,B
)

, while the
shock disturbance intensity is constant. The change of the
vertical deformationUy

(

F, f ,B
)

of the section coal pillars is more
significant under shock disturbance frequency compared with
that of shock disturbance intensity. The low shock disturbance
frequency causes a large vertical deformation Uy

(

F, f ,B
)

to
the coal pillar. Specifically, the deformation Uy

(

F, f ,B
)

of both
sides of the 16-m section coal pillar is more obvious under a
condition of f = 5Hz shock disturbance, where the Uy

(

F, f ,B
)

of the coal pillar is obviously affected by the shock disturbance
frequency f.

Plastic Deformation Characteristics of
Section Coal Pillars Under Various Shock
Disturbance Frequencies
Figure 10 shows a histogram of the plastic zone occupation ratio
1R

(

F, f ,B
)

in the section coal pillars with different coal pillar
widths, wheref ∈

[

f1, f2, f3, f4, f5
]

, B ∈ [B1,B2,B3,B4], and F is
a constant.

It can be seen from Figure 10 that the plastic zone occupation
ratio 1R

(

F, f ,B
)

decreases with an increase in the shock
disturbance frequency f for the same shock disturbance intensity
F, while the coal pillar width is a constant. When the shock
disturbance frequency is f = 5Hz, the plastic zone occupation
ratio of B1 = 16m accounts for more than 50%, that is,
1R

(

F, f ,B
) ∣

∣

f=f1 ,B=B1 > 50.0%, and there is a potential safety
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FIGURE 9 | Vertical displacement curves of the section coal pillar varying with different widths and shock disturbance frequencies. (A) Vertical displacement curves of

the 16m section coal pillar. (B) Vertical displacement curves of the 24m section coal pillar. (C) Vertical displacement curves of the 30m section coal pillar. (D) Vertical

displacement curves of the 40m section coal pillar.

hazard, which is if the coal pillar loses its carrying capacity. When
the width of the coal pillar is B2 = 24m, 1R

(

F, f ,B
)
∣

∣

f=f1 ,B=B2 =
39.0%. When the coal pillar width is B3 = 30m or B4 = 40m
and the plastic zone occupation ratio 1R

(

F, f ,B
)
∣

∣

f=f1 ,B=B3 or

1R

(

F, f ,B
)
∣

∣

f=f1 ,B=B4 is <35.0%, then the coal pillar has a better
bearing capacity. It turns out that the smaller the frequency f
is, the larger the plastic zone occupation ratio 1R of the coal
pillar is.

Under different shock disturbance intensities and
frequencies, in the case of the same section coal pillar
width, it turns out that the plastic zone occupation ratio
increases with increasing shock disturbance intensity,
that is:

1R

(

F, f ,B
) ∣

∣

F=F1 < 1R

(

F, f ,B
) ∣

∣

F=F2 < 1R

(

F, f ,B
) ∣

∣

F=F3 ,

and decreases with the increase of the shock disturbance
frequency, that is:

1R

(

F, f ,B
) ∣

∣

f=f1 > 1R

(

F, f ,B
) ∣

∣

f=f2 > 1R

(

F, f ,B
) ∣

∣

f=f3

> 1R

(

F, f ,B
) ∣

∣

f=f4 > 1R

(

F, f ,B
) ∣

∣

f=f5 .

The change of the dynamic physical characteristics of coal
pillars is more obvious under shock disturbance frequency than
that of shock disturbance intensity. Especially the plastic zone
proportion ratio of the section coal pillars is changed obviously
under shock disturbance frequency. When the shock disturbance
frequency is

f1 < f2 < f3 < f4 < f5,
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FIGURE 10 | Plastic zone proportion ratio chart of section coal pillars varying

with different widths and shock disturbance frequencies.

TABLE 4 | Natural frequency of the stope of section coal pillars varying with

different widths.

Order 16 m/Hz 24 m/Hz 30 m/Hz 40 m/Hz

1 2.537 1.601 1.600 1.597

2 2.672 1.670 1.663 1.652

3 2.970 2.054 2.050 2.044

4 3.249 2.374 2.363 2.346

5 3.416 2.613 2.598 2.573

6 3.534 2.623 2.612 2.594

7 4.271 2.879 2.863 2.839

8 4.458 3.183 3.171 3.150

9 4.489 3.249 3.237 3.216

10 4.593 3.296 3.287 3.274

there are always

1R

(

F, f ,B
)
∣

∣

f=f1 > 1R

(

F, f ,B
)
∣

∣

f=f2 > 1R

(

F, f ,B
)
∣

∣

f=f3

> 1R

(

F, f ,B
)
∣

∣

f=f4 > 1R

(

F, f ,B
)
∣

∣

f=f5 ,

regardless of the coal pillar width.

NATURAL VIBRATION CHARACTERISTICS
OF THE STOPE

The natural vibration characteristics of the deep coal mine stope
are simulated, and the natural vibration frequencies and modal
shapes are obtained. The natural frequencies of the stope model
with different section coal pillars widths are listed in Table 4. The
first three-ordermodes of the stope with a 16-m section coal pillar
and a 24-m section coal pillar are shown in Figure 11.

In Table 4, the natural vibration frequencies of the first 10-
order modes of the stope model are <5Hz. The natural vibration
frequencies decrease with the increase of the section coal pillar
width, the magnitude of the decrease of which varies.

The above analysis reveals that the effect of the shock
disturbance frequency is more sensitive than that of the shock
disturbance intensity under the given calculation conditions.
According to the analysis of the natural vibration characteristics
of the coal pillars of the stope, the deformation of the roof or
the floor in the goaf is remarkable, and the deformation of the
adjacent sides of the coal pillar and goaf is also significant. The
first 10 natural frequencies of the stope are all low frequency.
If the shock disturbance frequency is lower than 5Hz, the
development of the plastic zone of the section coal pillars is
inevitably accelerated. The mechanical response of the section
coal pillars under a shock disturbance is closely related to the
natural vibration characteristics of the stope with pillars.

The 24-m coal pillar was used to the mine. The deformation
of the coal pillar had been monitored. The results were consistent
with the numerical calculation results. The model and the results
obtained are credible and meaningful. In conclusion, the 24-m
section coal pillar retained can meet the design requirements
on the working face of the deep coal mine stope with section
coal pillars.

CONCLUSION AND DISCUSSION

A dynamic structural system model of elastic-plastic finite
element is established for the formation of surrounding rock and
coal pillars in a deep stope. Based on the model, the dynamic
physical characteristics of coal pillars are analyzed under the
roof shock disturbance from goaf. The results show that under

certain conditions, the roof shock disturbance from goaf has a
significant effect on the dynamic physical characteristics of coal
pillars, which increases the risk of instability of coal pillars:

(1) When the roof shock disturbance intensity from goaf
increases, the vertical deformation of coal pillar increases.
The plastic zone occupation ratio of the section coal pillar
increases with increasing shock disturbance intensity and
decreases with increasing coal pillar widths.

(2) The roof shock disturbance frequency from goaf has an
obvious different effect on the physical characteristics of coal
pillars compared with that of shock disturbance intensity.
When the roof shock disturbance frequency from goaf
increases, the vertical deformation and the plastic zone of
coal pillars decrease. The plastic zone of the coal pillar
increases with decreasing coal pillar widths.

(3) Throughout the comparison of the dynamic physical
characteristics of coal pillars under shock disturbance
frequency and intensity, when the shock disturbance
frequency is closer to the natural frequency of the stope,
the shock disturbance frequency has a significant influence
on the dynamic physical characteristics of coal pillars. The
dynamic physical characteristics of coal pillars are more
sensitive to shock disturbance frequency.

The dynamic physical characteristics of coal and rock pillars
should be paid close attention relative to the natural vibration
characteristics of the stope. In the design of coal and rock
pillars, the natural vibration characteristics of the stope structure
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FIGURE 11 | Cloud charts of the stope vibration mode of the 16m section coal pillar and the 24m section coal pillar. (A) First-order mode. (B) Second-order mode.

(C) Third-order mode.

system are adequately considered. The frequency of the shock
disturbance signal monitored should be paid attention.
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Constitutive model is the foundation describing the mechanical properties of materials.

Cemented tailings backfill (CTB) plays an important role in goaf filling. However, a

universally applicable constitutive model for CTB has not been proposed yet. In

this paper, a two-stage constitutive model of CTB under uniaxial compression was

established, based on the Weibull distribution density function, the strain equivalence

principle and the damage mechanics theory. Eight groups of CTB samples with a

diameter of 50mm and a height of 100mm prepared with different solid contents

(70–78 wt%) and cement-sand ratios (1/4–1/10) were subjected to uniaxial compression

tests to verify the validity of the theoretical model. The compared results showed that

the predictions of the proposed constitutive model agreed well with the experimental

results. The following conclusions were also obtained: (i) Solid content and cement-sand

ratio had a significant effect on the basic mechanical parameters of the CTB samples,

especially at the peak stress; (ii) The constitutive model of CTB was similar to that of

the ordinary cement mortar M5, but with obvious residual stress; (iii) The failure mode

of the CTB specimens under uniaxial compression was mainly tensile failure. The results

presented in this paper contribute to a better understanding of the uniaxial compression

characteristics of CTB and lay an important foundation for future research.

Keywords: cemented tailings backfill, constitutive model, strain equivalence principle, Weibull distribution,

uniaxial compression strength

HIGHLIGHTS

- A constitutive model for CTB under uniaxial compression was established.
- Influences of solid content and cement-sand ratio were analyzed.
- The failure mode of CTB specimens under uniaxial compression was mainly tensile failure.

INTRODUCTION

As one of the most commonly used filling aggregates for goaf filling, cemented tailings backfill
(CTB) plays an important role in the safe, green, and efficient mining of metals [1]. CTB can
effectively solve the problems related to deep rock pressure control and surface subsidence above
the goaf, and can also avoid the environmental pollution caused by the accumulation of tailings
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[2–4]. Typically, CTB consists of dewatered tailings, a hydraulic
binder and mixing water [5, 6]. Since its first use for the Bad
Ground Mine (Germany) in the late 1970s, CTB has been widely
used in many metal mines worldwide [7–12].

Many factors affect themechanical properties of CTB samples,
such as the filling parameters (filling times, filling interval times,
and filling surface angles) [13–15], curing conditions [16–19],
binding materials, admixtures (superplasticizers, organosilanes,
and limestone powders) [20–23], solid contents, and cement-
sand ratios [24–26], which have been considered in previous
studies. Meanwhile, the strength properties of CTB under a
frozen state and with different fiber reinforcements [27–31] have
been analyzed. Moreover, numerous experimental studies have
been carried out, especially uniaxial compression tests, which
provide the most important parameters for underground mine
backfill design [32–35].

The abovementioned research mainly focused on the strength
properties of CTB. However, the constitutive model of CTB,
which is very important for assessing and predicting its
mechanical properties, has not been adequately addressed.

Only a few studies have been performed to investigate the
constitutive relation of CTB in the literature. For example, several
multiphysics models have been presented to describe and predict
the temperature-time behavior [36] and the thermo-hydro-
mechanical-chemical behavior of CTB [37, 38]. Evolutive elasto-
plastic models based on the D–P yield criterion [39] have been
developed to capture the mechanical behavior of CTB. Moreover,
intelligent constitutive models have been proposed, based on
boosted regression trees (BRT), particle swarm optimization
(PSO), random forest (RF), firefly algorithm (FA), machine
learning (ML) algorithm, genetic algorithm (GA), and genetic
programming (GP), to predict the uniaxial compressive strength
of CTB [40–42].

However, the existing studies on constitutive models have
mainly focused on experimental data and give stress-strain
relationships for a specific situation, but no universally applicable
constitutive model has been proposed.

When the tailing cement filling method is used to mine
underground mineral resources, before the end of ore mining
at the middle level, CTB often acts as a pillar to support the
surrounding rocks. At this point, the CTB pillar is under uniaxial
compression and its stability plays an important role in stope
safety [43, 44]. Therefore, the study on the mechanical properties
of CTB under uniaxial compression has a great significance to
ensure construction safety of ore mining used the tailing cement
filling method.

In this paper, we propose a universally applicable constitutive
model to accurately describe and predict themechanical behavior
of CTB under uniaxial loading conditions. Meanwhile, the
influences of solid content and cement-sand ratio are analyzed.

DAMAGE VARIABLE

It is assumed that the correlated variables of the CTB element
follow the Weibull distribution [45, 46], and the probability

density function can be expressed as [47]:

P(F) =
m

F0
(
F

F0
)
m−1

exp[−(
F

F0
)
m

], (1)

where F is a random variable, and m>0 and F0 >0 are the shape
parameter and the scaling parameter, respectively.

The damage variable D under a certain load is defined as
follows [48]:

D =
Nt

N
, (2)

where Nt is the number of broken elements, and N is the total
number of elements.

In an interval of [F, F + dF], the number of broken elements
is NP(F)dF. When the external force is equal to F, the number of
broken elements can be described as:

Nt(F) =

F
∫

0

NP(F)dF = N

{

1− exp[−(
F

F0
)
m

]

}

. (3)

Substituting Equation (3) into Equation (2) gives:

D =
Nt

N
=1− exp[−(

F

F0
)
m

]. (4)

Equation (4) is established using the general theory of continuous
damage and statistics. The random variable F can be replaced by
other physical quantities to establish different damage models.
The axial linear strain ε is defined as the random variable in this
paper. Then, Equation (4) can be rewritten as:

D = 1− exp[−(
ε

F0
)
m
]. (5)

CONSTITUTIVE MODEL

According to the strain equivalence principle proposed by
Lemaitre [49], the constitutive relation of damaged materials can
be derived from undamaged materials, but the nominal stress is
replaced by the effective stress of the damaged materials under
uniaxial stress. Then, the constitutive relation can be defined [50]:

σ = Eε(1− D). (6)

Substituting Equation (5) into Equation (6) gives:

σ = Eε exp[−(
ε

F0
)
m
]. (7)

Considering the effect of the residual stress, Equation (7) is
redefined as a two-stage function:

σ=

{

Eε exp[−( ε
F0
)m], ε < εm

Eεm exp[−( εm
F0
)m], ε ≥ εm

. (8)
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FIGURE 1 | Two-stage constitute model for CTB.

In this paper, the elastic modulus E of the CTB is defined as
follows, considering the influence of solid content and cement-
sand ratio.

E = E(x1, x2), (9)

where x1 is the solid content, and x2 is the cement-sand ratio.
Then, Equation (8) can be rewritten as:

σ=

{

E(x1, x2)ε exp[−( ε
F0
)m], ε < εm

E(x1, x2)εm exp[−( εm
F0
)m], ε ≥ εm

. (10)

The corresponding constitutive model is shown in Figure 1,
where σ e, σ pk, and σm represent the elastic stress, the peak stress,
and the residual stress, and the corresponding strains εe, εpk, and
εm are the elastic strain, the peak strain, and the starting strain of
the residual stage, respectively.

DETERMINATION OF MODEL
PARAMETERS

To determine the unknown parameters m and F0 in the first
formula of Equation (10), the following boundary conditions
are given:

(i) σ = σpk, ε = εpk, (ii) ε = εpk, dσ/dε = 0 .
Based on the given boundary conditions (i), the following

equation can be obtained:

E(x1, x2)εpk exp[−(
εpk

F0
)
m

]=σpk. (11)

Then, according to the boundary conditions (ii), the following
equation can be obtained:

dσ

dε
=E(x1, x2)[1−m(

ε

F0
)
m
] exp[−(

ε

F0
)
m
], (12)

E(x1, x2)[1−m(
εpk

F0
)
m

] exp[−(
εpk

F0
)
m

]=0, (13)

where E(x1, x2) and exp[−(
εpk
F0
)
m
] cannot be equal to zero, then

Equation (13) can be simplified as:

1−m(
εpk

F0
)
m

=0. (14)

Equation (11) and Equation (14) are solved simultaneously, and
then the unknown parametersm and F0 can be obtained:

m = −
1

ln
{

σpk�[

E(x1 ,x2)εpk
]

} , (15)

F0 =
εpk

m
√
1/m

. (16)

Substituting Equation (15) and Equation (16) into Equation
(10) gives:

σ=







E(x1, x2)ε exp[−(
ε m√1/m

εpk
)
m
], ε < εm

E(x1, x2)εm exp[−(
εm

m√1/m
εpk

)
m
], ε ≥ εm

(17)

UNIAXIAL COMPRESSION TESTS

Characteristics of the Tailings
The tailings used in this paper are from a copper mine located
in northwest China, and the particle size distribution is shown
in Figure 2. The average particle size d50 is 80.41µm, the
uniformity coefficient Cu is 8.57, and the curvature coefficient
Cc is 1.71. As shown in Figure 2, the particle grading curve
is smooth and continuous, and Fits grade is mild. Therefore,
the tailings selected here have good gradation, compaction, and
mechanical properties.

The chemical compositions of the tailings used in this paper
are shown in Figure 3, which indicates that the main chemical
compositions of the tailings are Fe2O3 and SiO2, accounting for
79% of the total solid weight. The content of CaO is less than 10%,
which shows that the used tailings are low-calcium tailings.

Specimen Preparation and Experimental
Equipment
CTB is composed of gelling agents, aggregates and water. The
gelling agent used in this experiment is ordinary Portland cement
P.O42.5, the aggregates are the tailings mentioned above and
the water is ordinary city tap water from Xi’an in China’s
Shaanxi Province. Eight groups of CTB cylinder specimens
with dimensions of 50 and 100mm in diameter and height,
respectively, were made to perform uniaxial compression tests.
Three specimens were in each group, and a total of 24 specimens,
contained five groups with a constant cement-sand ratio of 1/4
and solid contents of 70, 72, 74, 76, and 78 wt% and three groups
with a constant solid content of 76 wt% and cement-sand ratios of
1/6, 1/8, and 1/10. The curing environment was set at a constant
temperature of 20◦C with a relative humidity of 95%, and the
curing period was 28 days. Then, the average value of each group
was taken as the final result for the relevant quantities.

The experimental equipment is LRT-300 electric-fluid servo
triaxial compression machine (see Figure 4) and the sample
is loaded as Figure 5. The loading process was controlled by
displacement at the rate of 1× 10−5 m/s.

Frontiers in Physics | www.frontiersin.org 3 July 2020 | Volume 8 | Article 17325

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Tu et al. Constitutive Model for Cemented Tailings Backfill

FIGURE 2 | Particle size distribution of the used tailings.

FIGURE 3 | Chemical components of the used tailings.

FIGURE 4 | LRT-300 electric-fluid servo triaxial compr-ession machine.

FIGURE 5 | Experimental process.

FIGURE 6 | Initial compaction stage and value of elastic modulus defined in

this paper.

Model Parameters
Through experimental investigation, it is found that at the
initial stage of loading, when the stress is less than 10% of
the peak value, the CTB has a compaction phase, especially for
the low strength specimens [51]. At this stage, the stress-strain
curve is concave, and the initial cracks are closed under axial
pressure. For convenience in application, the constitutive model
is simplified into two stages in the theoretical part of this paper,
without considering the initial compaction stage. Therefore, the
initial compaction stage of the material is ignored in this paper,
assuming that the material starts directly from the elastic stage
after loading, as shown in Figure 6. σ ’-ε’ and σ ’pk represent the
original coordinate system and the true peak stress, and σ -ε and
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TABLE 1 | Model parameters and constitutive models.

Group

number

Solid content

/wt%

Cement-sand

ratio

E

/GPa

σpk

/MPa

εpk

/%

m εm

/%

Constitutive model

(ε < εm)

1 70 1:4 0.74 3.80 0.74 2.74 1.60 740ε exp[−(93.54ε)2.74]

2 72 1:4 1.32 5.59 0.61 2.74 1.39 1320ε exp[−(113.48ε)2.74]

3 74 1:4 1.53 6.59 0.6 3.02 1.15 1530ε exp[−(115.58ε)3.02]

4 76 1:4 1.98 7.2 0.49 3.35 0.89 1980ε exp[−(142.26ε)3.35]

5 78 1:4 2.26 7.51 0.47 2.88 0.95 2260ε exp[−(147.37ε)2.88]

6 76 1:6 1.11 3.88 0.5 2.79 0.93 1110ε exp[−(138.46ε)2.79]

7 76 1:8 0.49 2.04 0.64 2.33 1.57 490ε exp[−(108.70ε)2.33]

8 76 1:10 0.21 1.37 0.78 5.60 1.33 210ε exp[−(94.25ε)5.60]

The parameters of each group in the table are the average values.

σ pk represent the coordinate system selected in this paper and the
corresponding peak stress, respectively.

The elastic modulus E is defined as the tangent of the secants
corresponding to 45–55% of the peak stress [52]. The average
stress-strain curve of the specimens with a cement-sand ratio of
1/4 and a solid content of 76 wt% was taken as an example to
show the value of the elastic modulus E defined in this paper (see
Figure 6).

Table 1 lists the values of σ pk and the model parameters
involved in the constitutive model of Equation (17). Meanwhile,
the first stages of the corresponding constitutive models are
given. The average stress-strain curve of the three CTB cylinder
specimens for each group was obtained. Then, the variables of E,
σ pk, εpk, and εm in Table 1 were gained from the average stress-
strain curves. The value of E was defined as Figure 6, σ pk and
εpk are the peak stress and strain of the average curves, εm is
the starting strain of the residual stage, and m was calculated

according to Equation (15).

RESULTS AND DISCUSSION

Effects of Solid Content and Cement-Sand
Ratio
Different solid contents (70, 72, 74, 76, and 78 wt%) and cement-
sand ratios (1/4, 1/6, 1/8, and 1/10) were considered in the tests
to analyze the effects of solid content and cement-sand ratio
on the mechanical properties of CTB. The change in the mean
stress-strain curves and the basic mechanical variables with solid
contents and cement-sand ratios are shown in Figures 7, 8. The
values of all the relevant variables in each group are the mean
values of the three specimens.

It can be seen from Figure 7 that the solid content gradually
increases from 70 to 78 wt% or the cement-sand ratio gradually
increases from 1/10 to 1/4, the peak points of the stress-strain
curves rise and shift to the left relative to the axis, which indicates
that the strength (σ pk and σm), the elastic modulus E and the
energy dissipation capacity of the CTB specimens increases, while
εpk decreases. Meanwhile, with the increase of the solid content
or the cement-sand ratio, the descending part of the curves
gradually steepens, which indicates that the ductility decreases
and the friability increases.

FIGURE 7 | Stress-strain curves for different solid contents and cement-sand

ratios: (A) solid contents, (B) cement-sand ratios.

From Figure 8A, it can be observed that when the solid
content ranges from 70 to 78 wt%, the corresponding value of
E varies between 0.5 and 2.0 GPa, σ pk varies between 4.0 and 7.5
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FIGURE 8 | Basic mechanical variables for different solid contents and

cement-sand ratios: (A) solid contents, (B) cement-sand ratios.

MPa, εpk varies between 0.5 and 0.8% and σm varies between 0.5
and 1.5 MPa. Then, if the initial compaction stage is considered,
the value range of σ pk is from 4.5 to 8.5 MPa and the value range
of σm is from 1.0 to 2.5 MPa.

From Figure 8B, it can be observed that when the cement-
sand ratio ranges from 1/4 to 1/10, the corresponding value of
E varies between 0.5 and 2.0 GPa, σ pk varies between 1.5 and 7.5
MPa, εpk varies between 0.5 and 0.8% and σm varies between 1.0
and 2.0 MPa. Then, if the initial compaction stage is considered,
the value range of σ pk is from 2.0 to 8.5 MPa, and the value range
of σm is form 0.3 to 3.0 MPa.

As shown in Figure 8, the influence of the solid content and
cement-sand ratio on σ pk is more obvious than that of the other
quantities (E, εpk and σm), and the variation gradients of E
and σm increase with the increase of solid content and cement-
sand ratio are approximately equal. From Figures 7, 8, it can be
seen that the increasing gradient of σ pk gradually decreases with
the increase of solid content but increases with the increase of
cement-sand ratio.

Verification and Comparison of the
Constitutive Model
To verify the validity of the constitutive model of CTB established
in this paper, the experimental results are compared with those
calculated using the theoretical model. The calculated and
experimental results are in good agreement, especially in the pre-
peak region (see Figure 9). Therefore, the proposed constitutive
model can be used to describe the mechanical properties of CTB
under uniaxial compression.

Ordinary cement mortar is also composed of gelling agents,
aggregates and water, which is similar to the composition of
CTB except that the aggregates are river sand and not tailings.
To compare and illustrate the performance difference between
the two materials under uniaxial compression, the peak point
of the stress-strain curves for ordinary cement mortar M5 in
reference [53] was scaled by the average peak value of each
group of specimens in this paper. Then, the uniaxial compression
stress-strain curves of the CTB and ordinary cement mortar
M5 are compared in Figure 9. It can be seen that before the
residual stress, the curves of the two materials are similar
in shape. However, the CTB exhibits obvious residual stress,
but the ordinary cement mortar M5 does not. Furthermore,
the ordinary cement mortar M5 is slightly stronger than
CTB at the pre-failure stage, but slightly weaker at the post-
failure stage.

Meanwhile, it can also be seen from Figure 9 that under
uniaxial compression, the CTB cylinder specimens are subjected
to axial compression and transverse tension. The major failure
mode is columnar splitting failure caused by tensile stress.

Limitations and Future Work
The results of the two-stage constitutive model for CTB proposed
in this paper is in good agreement with the experimental
results and can be used to predict the constitutive relation
of CTB under uniaxial compression. The constitute model
provided here is generally applicable, but the model parameters
need to be specifically determined by testing the tailings from
different sources.

Meanwhile, the long-term stress state of the CTB is
constrained in three directions rather than in one direction.
Therefore, our future work will investigate the mechanical
properties of CTB under triaxial compression by triaxial
compression tests and provide a simple and universally applicable
triaxial compression constitutive model.

CONCLUSIONS

In this paper, the constitutive model for low-calcium copper
mine tailings under uniaxial compression has been studied. The
validity of the proposed two-stage constitutive model for CTB
was verified by a comparison with the test results. Meanwhile, the
effects of solid content and cement-sand ratio on the mechanical
properties of CTB were also analyzed. The results are described
as follows:

i) With the increase of solid content or cement-sand ratio, the
strength (σ pk and σm), E and energy dissipation capacity of
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FIGURE 9 | Comparison of theoretical and experimental results for stress-strain curves (cement-sand ratio = C/S, solid content = SC): (A) C/S = 1/4 and SC = 70

wt%, (B) C/S = 1/4 and SC = 72 wt%, (C) C/S = 1/4 and SC = 74 wt%, (D) C/S = 1/4 and SC = 76 wt%, (E) C/S = 1/4 and SC = 78 wt%, (F) C/S = 1/6 and SC

= 76 wt%, (G) C/S = 1/8 and SC = 76 wt%, (H) C/S = 1/10 and SC = 76 wt%.
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the CTB increased, but εpk and the ductility decreased. The
influence on σpk is more obvious than that on the other
quantities (E, εpk and σm).

ii) Regardless of the initial compaction stage, for CTB specimens
with solid contents of 70–78 wt% and cement-sand ratios of
1/4–1/10, the corresponding value of E remained between 0.5
and 2.0 GPa, σ pk remained between 1.5 and 7.5 MPa, εpk
remained between 0.5 and 0.8% and σm remained between
0.5 and 2.0 MPa. Then, if the initial compaction stage was
considered, σ pk ranged from 2.0 to 8.5 MPa and σm ranged
from 0.3 to 3.0 MPa.

iii) The stress-strain curve of CTB is similar to that of ordinary
cement mortar M5 but exhibits obvious residual stress. The
failure mode of the CTB samples under uniaxial compression
is mainly columnar splitting failure caused by tensile stress.
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The coal in front of the mining face presents strain softening deformation characteristics.

An analytical model is proposed to simulate the abutment pressure distribution over the

coal in front of the mining face under elastic and inelastic conditions. A new theoretical

formula is derived from calculating the abutment pressure distribution and its width

in elastic and inelastic regions of the coal under the limit equilibrium condition. The

influences of UCS, residual strength, mining height, softening modulus, and deformation

angle on the abutment pressure distribution are discussed. The study results show

that (1) the stress gradient in the plastic area is larger than that in the crushed zone;

(2) the width of the plastic region is independent of the peak abutment pressure,

but it is dependent on UCS, residual strength, mining height, softening modulus, and

deformation angle; (3) the width of the crushed zone in the inelastic area is closely related

to the peak abutment pressure, coal-floor interface cohesion, and friction coefficient; (4)

the width of the elastic zone is dependent on the mining height, coefficient of horizontal

pressure, coal-floor interface friction coefficient, and peak abutment pressure, where the

coefficient of horizontal pressure has the highest impact, in that the width of the elastic

zone undergoes logarithmic decrease with the increase in the coefficient of horizontal

pressure. A case study was carried out at longwall panel 07 of No. 5 coal seam in

Dongjiahe Coal Mine to verify the analytical model. The abutment pressure distribution

and the widths of the elastic and inelastic zones under the limit equilibrium condition

are calculated based on the relevant parameters. The theoretical results are compared

with the field monitoring data and show a very good fit. It is proved that the proposed

analytical model has high accuracy, and the feasibility of the model is verified. The study

results can provide guidance for similar engineering applications.

Keywords: abutment pressure distribution, elastic-plastic strain-softening model, coal limit equilibrium zone,

influencing factor, case verification

INTRODUCTION

As mining goes deeper and deeper, the engineering and geological conditions of mining entries
become more and more complicated. Low coal strength and high deformation at ribs are the key
points of difficulty for the control of the surrounding rock mass at mining entries. Much in-depth
research has been done on the deformation and failure of the rock surrounding mining entries.
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Yuan and Chen analyzed the mechanical behavior at the plastic
and crushed zones of mining entries based on the rock strain-
softening characteristics and elastic-plastic softening model [1,
2]. Hou and Ma determined the coal interface stress and the
depth critical stress equilibrium zone of mining entries with
loose medium stress equilibrium theory [3, 4]. Ma calculated the
plastic zone radius and stress of mining entries with a mechanic
model based on the full strain-stress curve [5, 6]. Zheng and
Yang calculated the width of the coal rib damaged zone with
a simplified rib stress distribution [7, 8]. Li, Pan, and Wang
studied the influence of the support zone on the plastic zone
of the coal with grouting-bolting combined support on coal
ribs [9–11]. In addition, the coal rib stress and displacement
distribution have been discussed by many researchers [12–18].
However, the impacts of the abutment pressure in the elastic
zone on the limit equilibrium zone have been neglected. It
is hard to determine the relevant mechanical parameters for
use in practical engineering applications. Actually, rib coal is a
special rock mass that exists deep underground and is rich in
cracks. Its mechanical characteristics under abutment pressure

FIGURE 1 | Full stress–strain curve of coal.

are different from those of shallow rocks [19–31]. In this study,
the elastic foundation beam theory is adopted to study the load
distribution and width of the limit equilibrium zone of mining
entries. A case study was conducted for the verification of the
model, which provides a theoretical basis for the design of
rib support.

ELASTIC-PLASTIC STRAIN-SOFTENING
MODEL

Coal Deformation and Failure
Characteristics
Coal is a rock mineral that forms during the sedimentary
evolution of surface plants from the ancient past. The
deformation and ring breaking process of the coal body is
manifested by the compaction, generation, and development
of fissures. Figure 1 shows the stress–strain relation of coal
under different confining pressures. Under different confining
pressures, the failure process and residual strength of coal
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show remarkable differentiation, normally showing elastic–
plastic softening characteristics.

The coal failure process with an elastic–plastic softening
characteristic can be represented by five sections of the stress–
strain curve, as shown in Figure 1.

The OA section is the compaction phase that occurs during
the initial loading stage of the coal sample; the strain rate is larger
than the stress rate, the in-situ cracks are compacted, and the
curve trends upward.

The AB section is the stage of linear elastic deformation; the
stress–strain relationship of the coal body is linear. B is the elastic
limit point, and new cracks form after point B.

The BD section is the strain-hardening section. Due to the
generation, expansion, and transfixion of the new cracks in coal,
the strain rate increases, which is represented by remarkable
dilatation. Before the stress achieves critical strength, cracks are
expanding relatively slowly in the BC section. After point C,
cracks develop very rapidly in the CD section, the coal volume
is expanded, and many vertical cracks occur, and at point D, the
critical strength is reached.

The DE section is the plastic softening section, in which
stress decreases rapidly along with crack development. The
deformation increases, cracks connect and cut through the coal,
and the coal sample is crushed by compression. The deformation
characteristics of the coal sample are closely related to the internal
crack compaction, expansion, and evolution.

The EF section is the flow deformation section, in which coal
still has certain residual strength after failure due to lateral stress
and internal friction.

Constitutive Model and Yield Criterion
A simplified perfect linear elastic-plastic softening model shown
in Figure 2A is proposed based on the coal stress-strain curve
discussed in the above section. The deformation process is
divided into elastic deformation before critical strength, plastic

softening after critical strength, and flow deformation. The
degree of plastic softening can be represented by α (α 6= 0).

Elastic Deformation

Coal deformation in this section is in accordance with
Hooke’s Law, and the yield condition satisfies the Mohr-
Coulomb criterion.

σ1 = kpσ3 + σc (1)

where kp = 1+sinϕ
1−sinϕ

, σc is the critical uniaxial compression

strength of coal (MPa), σc = 2C cosϕ
1−sinϕ

, and C and ϕ are the

cohesion (Mpa) and friction angle (◦) of coal, respectively.

Plastic Deformation

In this section, the cohesion C decreases remarkably while
the cohesion angle ϕ has insignificant change. Assuming that
the cohesion angle is constant, coal strength decreases with the
deformation. Coal strength under plastic softening is derived in
Equation (2).

σ1 = kpσ3 + σ
p
c (2)

where σ
p
c is the plastic softening coal strength (Mpa), which can

be derived from Equation (3).

σ
p
c = σc −M0

(

ε1 − εe1
)

(3)

M0 is the slope of the strain softening section, i.e., the softening
modulus (MPa),M0 = tanα, and εec is the major principal strain
when coal achieves critical strength, i.e., the major principal
strain at the junction between elastic and plastic deformation.

Flow Deformation

In this section, the coal strength decreases to the residual value
and the yield condition during flow deformation satisfies the

FIGURE 2 | Elastic-plastic strain-softening model and abutment pressure distributions. (A) Elastic-plastic strain-softening model. (B) Distribution law of advance

bearing pressure on the working face.
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Mohr-Coulomb criterion.

σ1 = k∗pσ3 + σ ∗
c (4)

where k∗p = 1+sinϕ∗

1−sinϕ∗ , σ ∗
c is the residual strength (MPa) with

uniaxial compression, σ ∗
c = 2C∗ cosϕ∗

1−sinϕ∗ , and C∗ and ϕ∗ are the

residual cohesion (Mpa) and friction angle (◦) of coal. It is
assumed that the internal friction angle is constant during the
flow deformation section, i.e., ϕ∗ = ϕ, k∗p = kp.

ABUTMENT PRESSURE DISTRIBUTIONS

The elastic deformation stage, plastic strain softening, and flow
deformation stage of the elastic-plastic strain-softening model
correspond to the elastic zone, plastic zone, and crushed zone
of the coal rib, respectively. The strain-softening rules can be
adopted here to study the abutment pressure distribution, as
shown in Figure 2B. The z-axis in this figure represents the
inclined length of the working face.

Inelastic Mechanics Model
In the inelastic zone, based on the ground control theory and the
practical conditions of floor deformation, the roof stratum in the
inelastic zone deforms linearly. Figure 3A shows the mechanics
model in the inelastic condition. The abutment pressure
in the inelastic zone under limit equilibrium condition can
be derived.

In Figure 3A, taking differential unit dx, the normal stress,
lateral stress, and the coal-roof and coal-floor interface friction
resistance acting on the differential unit satisfy the stress
limit equilibrium condition. Neglecting gravity, the equilibrium
equations of the differential unit are as follows.

∑

FX = 0 (5)
∑

FY = 0 (6)

T1 = C1 + f1σy (7)

T2 = C1 + f1σyg (8)

The equilibrium equation in lateral direction is (see Appendix),

σx
(

h2 + x tan θ
)

−
(

σx + dσx
) [

h2 +
(

x+ dx
)

tan θ
]

+ T1 cos θ
dx

cos θ
+ σy sin θ

dx

cos θ
+ T2dx = 0 (9)

where σy is the normal stress from the roof (MPa), C1 is the
cohesion between coal and roof, floor (MPa), f1 is the friction
coefficient between coal and roof, floor (◦), H is the height of the
coal seam (m), H = h1 + h2, h1 is the coal deformation at the rib
(m), and h2 is the height of the coal seam at the rib (m).

The equilibrium equation in the vertical direction is,

σygdx+ T1 sin θ
dx

cos θ
− σy cos θ

dx

cos θ
= 0 (10)

where σyg is the normal stress from the floor (MPa).

Crushed Zone

The deformation angle θ of the real coal seam is pretty small. The
stress condition of the differential unit is similar to in the coal
sample experiment. Therefore, σ1 and σ3 in Equations (1), (2),
and (4) can be substituted by σyg and σx in the inelastic stress
limit equilibrium condition. The coal failure critical condition is

σyg = k∗pσx + σ ∗
c (11)

The boundary condition is

σx|x=0 = 0 (12)

With Equations (7)–(11), the following equations can be derived,

σy =
k∗pσx + σ ∗

c + C1 tan θ

1− f1 tan θ
(13)

dσx

dx
+

σx

h2 + x tan θ

[

tan θ − k∗p f1 −
k∗p

(

f1 + tan θ
)

1− f1 tan θ

]

−
1

h2 + x tan θ

[

2C1 + f1σ
∗
c +

(

σ∗
c + C1 tan θ

) (

f1 + tan θ
)

1− f1 tan θ

]

= 0

(14)

FIGURE 3 | Coal mechanics model in inelastic and elastic condition. (A) Inelastic mechanics model. (B) Elastic mechanics model.
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Assuming

A = tan θ − k∗pf1 −
k∗p

(

f1 + tan θ
)

1− f1 tan θ

B = 2C1 + f1σ
∗
c +

(

σ ∗
c + C1 tan θ

) (

f1 + tan θ
)

1− f1 tan θ

Equation (14) can be simplified,

dσx

dx
+

A

h2 + x tan θ
σx =

B

h2 + x tan θ
(15)

Equation (15) is a linear first-order differential equation. By
substituting the boundary condition in Equation (12), the lateral
stress σx, vertical stress σyg , and abutment pressure σy can be
calculated as follows.

σx =
B

A
−

B

A

(

h2

x tan θ + h2

)
A

tan θ

(16)

σyg =
Bk∗p

A
−

Bk∗p

A

(

h2

x tan θ + h2

)
A

tan θ

+ σ ∗
c (17)

σy =
BC

A
−

BC

A

(

h2

x tan θ + h2

)
A

tan θ

+ D (18)

where C =
k∗p

1−f1 tan θ
, D = σ ∗

c +C1 tan θ

1−f1 tan θ
.

As coal seam deformation h1 at the rib is very small comparing
to the width of the inelastic zone, i.e., the deformation angle θ

of the coal seam is very small, the coefficients A, B, C, and D
in Equations (16)–(18) can be expanded in a Taylor Series on
deformation angle θ as follows.

A =
[

1− k∗p
(

1+ f 21
)

]

θ − 2k∗pf1

B = 2C1 + 2f1σ
∗
c + θ

(

C1f1 + σ ∗
c + σ ∗

c f
2
1

)

C = k∗p
(

1+ f1θ
)

D = σ ∗
c +

(

C1+σ ∗
c f1

)

θ

Substituting the above coefficients into Equations (16)–
(18), the equations for calculating lateral stress σx, vertical
stress σyg , and abutment pressure σy can be simplified
as follows.

σx =
C1 + f1σ

∗
c

k∗pf1





(

1+
θ

h2
x

)

2k∗p f1
θ

− 1



 (19)

σyg = σy =
C1 + f1σ

∗
c

f1

(

1+
θ

h2
x

)

2k∗p f1
θ

−
C1

f1
(20)

Plastic Zone

The plastic zone in the plastic strain-softening stage of the
elastic-plastic strain-softening model is very small. The roof
also has very little compression deformation in the plastic
zone. The stress analysis can be conducted under the inelastic

condition, and the plastic strain ε1 can be derived in the
following equation.

ε1 = ε
p
1 + εe1 =

x0 − x

H
tan θ + εe1 (21)

where ε
p
1 is plastic strain; ε

e
1 is elastic strain; x0 is the width of the

inelastic zone; x is the width of the crushed zone.
In the plastic softening stage, σ1 and σ3 in Equations (1)

and (2) can be substituted by σyg and σx in the inelastic
stress limit equilibrium condition. The critical condition for coal
failure is

σyg = kpσx + σ
p
c (22)

Substituting Equations (3) and (21) into Equation (22),

σyg = kpσx + σc −M0
x0 − x

H
tan θ (23)

As the plastic zone and the crushed zone are continuous, when
x = x1, the width of the plastic zone is,

x2 =
σc − σ ∗

c

M0tanθ
H ≈

σc − σ ∗
c

M0θ
H (24)

where ϕ∗ = ϕ, k∗p = kp.
With the stress continuous condition, the lateral stresses at

x = x1 for the plastic zone and crushed zone are equal. The
boundary condition is

σx|x=1 =
C1 + f1σ

∗
c

k∗pf1





(

1+
θ

h2
x1

)

2k∗p f1
θ

− 1



 (25)

Substituting Equation (25) at boundary condition
(x = x1) into the differential equation derived from
Equations (9), (10), and (23), the lateral stress σx, vertical
stress σyg , and abutment pressure σy can be calculated
as follows.

σx =
σc − σ ∗

c

kp

(

θx+ h2

θx1 + h2

)

2kpf1
θ

+
C1 + f1σ

∗
c

kpf1

(

θx

h2
+ 1

)

2kpf1
θ

−
C1 + f1σc

kpf1
(26)

σyg = σy =
(

σc − σ ∗
c

)

(

θx+ h2

θx1 + h2

)

2kpf1
θ

+
(

C1

f1
+ σ ∗

c

) (

θx

h2
+ 1

)

2kpf1
θ

−
M0θ

H
(x0 − x) −

C1

f1
(27)

Since the deformation angle θ is small, it is two orders of
magnitude different from h2, and it is reasonable to assume that
θx+h2
θx1+h2

≈ 1, Equations (26) and (27) can be simplified to

σx =
C1 + f1σ

∗
c

kpf1

(

θx

h2
+ 1

)

2kpf1
θ

+
σc − σ ∗

c

kp
−

C1 + f1σc

kpf1
(28)
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σyg = σy =
(

C1

f1
+ σ ∗

c

) (

θx

h2
+ 1

)

2kpf1
θ

+ σc − σ ∗
c

−
M0θ

H
(x0 − x) −

C1

f1
(29)

To find the width of the inelastic zone (x0), we assume that
the peak abutment pressure P at the elastic and plastic interface
(x = x0) is

P = KγH1 (30)

where K is the peak abutment pressure coefficient, γ is the
average overburden density (N/m3), and H1 is the coal seam
depth (m).

Based on the stress continuous condition, the abutment
pressures at the elastic and plastic interface (x = x0) are equal;
substituting Equation (30) into Equation (29), the width of the
inelastic zone can be derived as follows.

x0 =
H

θ

{

[(

KγH1 +
C1

f1
− σc + σ ∗

c

) (

f1

C1 + f1σ ∗
c

)]
θ

2kpf1
− 1

}

(31)
The width of the crushed zone (x1) is,

x1 =
H

θ

{

[(

KγH1 +
C1

f1
− σc + σ ∗

c

) (

f1

C1 + f1σ ∗
c

)]
θ

2kpf1
− 1

}

−
σc − σ ∗

c

M0θ
H (32)

Elastic Mechanics Model
Coal in the elastic zone has a single elastic stress distribution
that shows high peak stress at the peak abutment pressure
location. The ratio of lateral stress to abutment pressure is
constant. In the whole elastic zone, coal is under an elastic
compression condition. Therefore, as shown in Figure 3B, the
stress equilibrium condition with

∑

FX = 0 and shearing stress
T′ = fσy of a differential unit in the elastic zone of coal is

(

σx + dσx
)

H + 2
(

fσy
)

dx− σxH = 0 (33)

The lateral stress and vertical stress in the elastic zone have the
following relationship

σy = βσx (34)

where β is the lateral stress coefficient.
For consideration of the friction resistance, T′

∣

∣

x=x0
= KγH1

andT′
∣

∣

x=x0+x3
= 0, it is reasonable to assume that

f =
(x0 + x3 − x) f1

x3
(35)

where x3 is the width of the elastic zone (m).
Substituting Equations (34) and (35) into Equation (33) and

substituting the boundary condition σx|x=x0 = KγH1
β

, the

abutment pressure in the elastic zone can be derived by the
following equation.

σy = KγH1e
βf1
Hx3

(x0−x)(2x3+x0−x)
(36)

When x = x0 + x3, substituting σy
∣

∣

x=x0+x3
= γH1 into

Equation (36), the width of the elastic zone can be calculated by
the following equation.

x3 =
H

βf1
lnK (37)

PARAMETRIC ANALYSIS OF ABUTMENT
PRESSURE

Underground coal ribs at a certain depth present remarkable
strain-softening characteristics. Coal in front of the mining face
will have an inelastic zone (crushed zone and plastic zone) and
an elastic zone. The discussions in section Elastic-Plastic Strain-
Softening Model show that the stress change gradient in the
plastic zone is larger than in the crushed zone. The width of the
plastic zone has nothing to do with the peak abutment pressure
and only relates to the uniaxial compression strength, residual
strength, mining depth, softening modulus, and deformation
angle. However, the width of the crushed zone relates to the peak
abutment pressure, the cohesion between coal and the roof and
floor, and the friction coefficient. Discussions are made in this
study on the impacts of the parameters on the abutment pressure.
Taking the longwall panel at No. 5 coal of Dongjiahe Coal Mine
in Chenghe mine field as an example, Table 1 shows the basic
mechanical parameters. Parametric analysis will be conducted on
these parameters.

Mining Depth
Substituting the parameters listed in Table 1 into Equations (20),
(29), (31), (32), (36), and (37) with four mining depths of 200,
300, 400, and 500m, the abutment pressure and the widths of
different zones can be calculated. Figure 4 shows the abutment
pressure curves vs. mining face location at variousmining depths.

It can be discovered from Figure 4 that the widths of the
crushed zone and inelastic zone increase by a logarithmic law
with the increase in mining depth, and the mining depth has
no impacts on the widths of the plastic zone and elastic zone.
And at the same time, the abutment pressure changes at the
crushed zone are identical. However, the peak abutment pressure
increases with the increase in mining depth.

TABLE 1 | Basic mechanical parameters.

θ (◦) K γ

(KN/m3)

f1 σc

(MPa)

σ
∗

c

(Mpa)

kp C1

(MPa)

H (m) β

2 3 22 0.2 10 σc/8 3 0.25 3.5 0.8
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FIGURE 4 | Impacts of mining depth on abutment pressure.

FIGURE 5 | Impacts of deformation angle on abutment pressure.
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Deformation Angle
Four different deformation angles, i.e., 1◦, 2◦, 3◦, and 4◦,
are substituted into the model to study the impacts on the
abutment pressure. Figure 5 shows the abutment pressure curves
vs. mining face location at various deformation angles.

It can be discovered from Figure 5 that the deformation angle
has no impact on the widths of the elastic and inelastic zones. By
substituting the deformation angle into the theoretical formula,
it can be seen that when the deformation angle θ = 1◦, the width
of the crushed zone is 3.34m, and the width of the plastic zone
is 1.76m; when the deformation angle θ = 2◦, the width of the
crushed zone is 4.28m, and the width of the plastic zone is 0.88m;
when the deformation angle θ = 3◦, the width of the crushed
zone is 4.64m, and the width of the plastic zone is 0.59m; when
the deformation angle θ = 4◦, the width of the crushed zone is
4.85m, and the width of the plastic zone is 0.44m. The width
of the crushed zone increases logarithmically with increase in
the mining depth, and the width of the plastic zone decreases
following a power law with increase in the mining depth. The
abutment pressure curves at different deformation angles are
similar, and the abutment pressure curves at the crushed zone
and elastic zone almost overlap each other, which indicates that
the deformation angle has no impact on abutment pressure.

Peak Abutment Pressure Coefficient
To study the impacts of the peak abutment pressure coefficient
on the abutment pressure, four different peak abutment pressure
coefficients, i.e., K = 2, 3, 4, and 5, are discussed. Figure 6 shows
the abutment pressure curves vs. mining face location at various
peak abutment pressure coefficients.

It can be discovered from Figure 6 that the widths of the
crushed zone and inelastic zone increase following a logarithmic
law with the increase in peak abutment pressure coefficient, and
the width of the elastic zone increases following a parabolic
law with the increase in peak abutment pressure coefficient.
The peak abutment pressure coefficient has no impact on the
width of plastic zone. At the same time, the abutment pressure
increases remarkably with the increase in the peak abutment
pressure coefficient.

Friction Coefficient
The impacts of the friction coefficient on the abutment pressure
are discussed for four different friction coefficients, i.e., f1 = 0.1,
0.2, 0.3, and 0.4. Figure 7 shows the abutment pressure curves vs.
mining face location at various friction coefficients.

It can be discovered from Figure 7 that the widths of the
crushed zone and inelastic zone decrease following a logarithmic

FIGURE 6 | Impacts of peak abutment pressure coefficient on abutment pressure.
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FIGURE 7 | Impacts of friction coefficient on abutment pressure.

law with the increase in friction coefficient. The friction
coefficient has no significant impact on the width of the plastic
zone, while it has a remarkable impact on the width of the elastic
zone. At the same time, the abutment pressure curve shifts to
the left as the friction angle increases. The friction coefficient is
only related to the lithology of the coal, roof, and floor, and the
roughness of the interface. The deformation of coal has a very
small influence on friction angle.

Cohesion
Four different cohesions, i.e., 0.24, 0.48, 0.72, and 0.96 MPa,
are substituted into the model to study the impacts on the
abutment pressure. Figure 8 shows the abutment pressure curves
vs. mining face location at various cohesions.

It can be discovered from Figure 8 that the widths of
the crushed zone and the inelastic zone decrease following a
logarithmic law with the increase in cohesion. The cohesion
has no significant impact on the width of the plastic zone and
elastic zone. At the same time, the abutment pressure curve shifts
to the left as the cohesion increases. The cohesion relates to
the bonding condition between coal and the roof/floor and the
relative slippage at the interface.

Uniaxial Compression Strength
To study the impacts of the UCS on the abutment pressure, four
different UCS values, i.e., σc = 6, 9, 12, and 15MPa, are discussed.
Figure 9 shows the abutment pressure curves vs. mining face
location at various UCS values.

It can be discovered from Figure 9 that the widths of the
crushed zone and inelastic zone decrease almost linearly with the
increase in UCS. The width of the plastic zone increases almost

FIGURE 8 | Impacts of cohesion on abutment pressure.

linearly with the increase in UCS. The UCS has no significant
impact on the width of the elastic zone. At the same time, the
abutment pressure curve shifts to the left as the UCS increases.

Mining Height
Four mining heights, i.e., 2, 3, 4, and 5m, are substituted into the
model to study the impacts on the abutment pressure. Figure 10
shows the abutment pressure curves vs. mining face location at
various mining heights.
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FIGURE 9 | Impacts of UCS on abutment pressure.

FIGURE 10 | Impacts of mining height on abutment pressure.

It can be discovered from Figure 10 that the widths of
the crushed zone, plastic zone, inelastic zone, and elastic
zone increase linearly with the increase in mining height.

The width increase rate of the elastic zone is higher than
those of the other three zones. The mining height has
significant impacts on abutment pressure curves. The abutment
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pressure curve shifts to the right rapidly as the mining
height increases.

VERIFICATION

A case study has been conducted at No. 5 coal seam (denoted
“No. 5 Coal”) of Dongjiahe Coal Mine with field observations
and measurements to verify the analytical model proposed in
this study.

Longwall Panel Location and Mining
Conditions
Dongjiahe Coal Mine is one of the major producing coal mines
in Chenghe Coalfield in Shaanxi province. It was constructed
and started to produce in December of 1980 and has a 40-year
mining history. The coal seam is in the Taiyuan Group of the
Upper Carboniferous system and the Shanxi Group of the Lower
Permian system. Currently, theminable seams are No. 5 Coal and
No. 10 Coal. No. 5 Coal is buried at a depth of about 173.64–
420.04m, and it is the major minable coal seam. No. 10 Coal is
buried at a depth of about 190.5–452.5m, and it is an unstable
coal seam in which most of the seam can be mined. The coal
mine utilizes slope access, with multiple mining elevations and
uphill/downhill developments. The major mining seam now is
No. 5 Coal, and its average thickness is 3.71 m.

Longwall panel 07 is at No. 5 Coal at Dongjiahe Coal Mine,
is separated by a 30-m barrier pillar from panel 06 in the south,
and is surrounded by solid coal in the north. Coal in this panel is
completely developed with an average thickness of about 3.0m.
The surface elevations are about +644.2∼+680.7 m, while the
panel elevations are about +255∼+273m. The longwall panel is
910m in strike direction and 114m in dip direction. The coal
seam is high in the south and low in the north, with coal seam
being inclined by about 0◦-15◦. No. 5 Coal is at the upper section
of the Taiyuan Group. The immediate roof is hard gray K4
medium sandstone with a thickness of 10.9–18.15m and major
components of quartz and silicon sludge cementing and with
fairly developed cracks. The immediate floor is hard dark gray

coarse sandstone with a thickness of 0.2–3.21 m and contains
many mica plates and localized sandstone stripes. The main floor
is K3 fine quartz sandstone or siltstone with a thickness of about
3.4–7.8 m.

The sizes of the headgate and tailgate are 3.4 × 2.8m, and
they are supported by bolt, mesh, anchor, and beam. The open
cut excavates along the roof with a length of 114m. Its cross-
section is 6.6 × 3.0m, and it is supported by bolt, mesh, anchor,
and beam. This panel utilizes longwall retreat mining on the No.
5 Coal floor. ZY4600/18/42 shields are adopted for roof support.
The roof above the gob area caves as mining advances.

Selection of Experiment Location
In order to obtain the stress distribution of the tailgate during
retreat mining, an experiment was conducted at 80m in front
of the mining face in the tailgate of panel 07 at Dongjiahe
Coal Mine. Figure 11 shows a layout diagram of the actual
measurement of coal pillar advance bearing pressure.

Vibration wire borehole stress gauges (XL-YSYLJ) (as shown
in Figure 11) and data loggers were installed in the tailgate
perpendicular to the gate road direction for monitoring the
abutment pressure distribution during retreat mining. Three
boreholes were prepared, with one vibration wire borehole stress
gauge (XL-YSYLJ) for each borehole, which were located at 60,
80, and 100m from the open cut. The depths of the boreholes
were 10m to avoid the influence of stress concentration around
the tailgate. The spacing between each group of survey lines was
20m, and the borehole was about 1.6m above the floor.

The data were recorded once per cut (0.6m) when the
longwall face was <15m from the survey station, once per
two cuts (1.2m) when the distance from the survey station to
the longwall face was about 15–30m, and once per four cuts
(2.4m) when the longwall face was more than 30m from the
survey station.

Abutment Pressure Measurements
Monitoring of the abutment pressure was conducted at the
tailgate of the longwall panel. The data are processed to obtain

FIGURE 11 | Layout diagram of actual measurement of coal pillar advance bearing pressure.
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the abutment pressure curves vs. distance of the working face
and survey station. Figure 12 shows the abutment pressure
distribution curves.

According to Figure 12A, the borehole stress gauge readings
decrease after installation. This is because the coal surrounding
the borehole deforms and becomes loose when subject to the
initial pressure of the borehole stress gauge. As the deformation
of the borehole continues, the stress will achieve a stable
condition; this stress is the initial stress of the borehole. For
borehole stress gauge 1, the peak abutment pressure is 22.73
MPa, occurring at about 5.8m from the longwall face (inelastic
zone width), the stress concentration coefficient is 3.12, the
abutment pressure influence zone is 27.8m (width of the inelastic
zone and elastic zone), and the apparent influence distance is
4.2m (crushed zone). For borehole stress gauge 2, the peak
abutment pressure is 19.72 MPa, occurring at about 5.4m from
the longwall face (inelastic zone width), the stress concentration
coefficient is 2.92, the abutment pressure influence zone is
30.2m (width of the inelastic zone and elastic zone), and
the apparent influence distance is 4.8m (crushed zone). For
borehole stress gauge 3, the peak abutment pressure is 23.84
MPa, occurring at about 6.2m from the longwall face (inelastic
zone width), the stress concentration coefficient is 2.90, the

abutment pressure influence zone is 28.6m (width of the inelastic
zone and elastic zone), and the apparent influence distance
is 4.2m (crushed zone). Table 2 lists the data from the three
stress gauges.

Comparison
Table 3 shows a comparison of the theoretical calculations and
the field measurements. The theoretical fitting curve of the
bearing pressure distribution of the working face can be drawn
using the figures in Table 3, as shown in Figure 12B.

Relative error analysis was applied to compare the theoretical
calculations and field measurements. The lower the relative error,
the higher the precision. It is shown in Table 3 that the abutment
pressure distribution and the widths of the inelastic zone and
the elastic zone coincide with the field measurements very well,
which indicates that the theoretical model has very high accuracy.

CONCLUSIONS

Coal near the mining face presents remarkable strain-softening
characteristics. The coal in front of the mining face has a crushed

zone, a plastic zone, and an elastic zone when subjected to
overburden stress.

FIGURE 12 | Abutment pressure distribution curve. (A) Field monitoring of abutment pressure distribution. (B) Theoretical fit curve of the abutment pressure

distribution.

TABLE 2 | Abutment pressure at different survey stations.

Hole No. Distance

between survey

station and open

cut L/m

Apparent

influence

distance x1/m

Peak abutment

pressure

location x0/m

Abutment

pressure

influence range

(x0 + x3)/m

Initial stress

P0/MPa

Peak abutment

pressure P/MPa

Abutment

pressure

coefficient

K/MPa

1 60 4.2 5.8 27.8 7.28 22.73 3.12

2 80 4.8 5.4 30.2 6.75 19.72 2.92

3 100 4.2 6.2 28.6 8.22 23.84 2.90

Avg. – 4.4 5.8 28.9 7.42 22.10 2.98
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TABLE 3 | Comparison of theoretical calculations and field measurements.

Crushed zone

x1/m

Plastic zone

x2/m

Inelastic zone

x0/m

Elastic zone

x3/m

Initial stress

P0/MPa

Peak abutment

pressure P/MPa

Abutment

pressure

coefficient K/MPa

Theoretical 4.6 1.1 5.7 22.9 7.50 22.5 3.00

Measured 4.4 1.4 5.8 23.1 7.42 22.1 2.98

Error/% 4.55 21.43 1.72 0.87 1.08 1.81 0.67

The elastic deformation stage, plastic strain-softening stage,
and flow deformation stage of the elastic–plastic strain-softening
model correspond to the elastic zone, plastic zone, and crushed
zone of the coal rib, respectively. Our abutment pressure model
was built based on the strain-softening characteristics of coal. The
equations calculating abutment pressure and the widths of the
elastic zone and inelastic zone (crushed zone and plastic zone)
were derived.

Parametric analysis was conducted on the abutment pressure
model. The strain change rate in the plastic zone is larger than in
the crushed zone. The width of the plastic region is independent
of the peak abutment pressure, but it is dependent on the
UCS, residual strength, mining height, softening modulus, and
deformation angle.

A case study was carried out at longwall panel 07 of No.
5 coal seam in Dongjiahe Coal Mine to verify the analytical
model. The abutment pressure distribution and the widths of the
elastic and inelastic zones under the limit equilibrium condition
were calculated based on the relevant parameters. The theoretical
results were compared with the fieldmonitoring data and showed
a very good fit. It is thus proven that the proposed analytical
model has high accuracy, and the feasibility of the model is
verified. The study results can provide guidance for similar
engineering applications.
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APPENDIX

The proof process of Equation (9):

As shown in the figure above, the mechanical analysis of σy,
T1 and B is carried out:

T1x = T1. cos θ

σyx = σy. sin θ

According to equation (5), the equilibrium equation can be listed:

σx.(h2 + x. tan θ)+ σy. sin θ .
dx

cos θ
+ T1 cos θ .

dx

cos θ
+ T2.dx

= (σx + dσ ).[h2 + (x+ dx). tan θ])

The formula (9) is obtained by simplifying the above formula.
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The discrete element method is adopted to investigate the failure process in

punch-through shear tests. The numerical tests agree well with the laboratory tests on

crack propagation sequence and the influence of confining stress on effective shear

fracture toughness. More importantly, the numerical tests indicate that the increase in

axial force first causes stress concentrations. When the stresses reach critical values,

cracks initiate and the concentrated stresses dissipate. With further increase in axial

displacement, the axial force may fluctuate, accompanied with crack development. In

addition, the increase in confining stress promotes the critical values of the concentrated

stresses before crack propagation. Thus, the numerical tests show that the increase

in confining stress promotes the effective shear fracture toughness and restrains the

propagation of tensile cracks.

Keywords: effective shear fracture toughness, failure process, confining stress, crack propagation, fluctuation

INTRODUCTION

Rockmasses containingmany initial defects may be in complex geological conditions and subjected
to various external loads [1–3]. Then, loads frequently cause stress concentrations and may further
result in the opening (Mode I) and sliding (Mode II) displacements of the crack surfaces. In rock
engineering, sliding (Mode II) is the commonest mode of failure [4]. Thus, many researchers have
performed laboratory and numerical studies to investigate the shear fracture toughness (KIIC), a
critical index for shear (sliding) failure. For example, Rao et al. [4] conducted shear-box tests to
determine theMode II crack toughness and proposed that effective KIIC decreases with the increase
of both the specimen thickness. Timothy and Don [5] applied double-edge notched compression
specimens to determine the Mode II fracture toughness and found that the ratio of KIIC to KIC

(tensile fracture toughness) is∼1.6. In addition, their study showed that shear force fluctuates near
the peak points, and residual shear occurs. Similar fluctuations and residual shear were observed in
the laboratory study, by applying punch-through shear tests [6]. Based on the calculation model by
Watkins [7] and Golewski and Sadowski [8] proposed that the content of the fly-ash influences the
KIIC by performing electronic scanning tests and shear tests on concrete specimens. They further
proposed an equation describing the critical force (corresponding to the shear crack initiation) and
the shear fracture toughness. By performing compression tests on the cracked chevron-notched
Brazilian Disc specimens, Ghanbari et al. [9] stated that the effective shear fracture toughness first
increases and then decreases with the increase in temperature. Dehestani et al. [10, 11] applied
crack Brazilian disc specimens to investigate the influence of wetting–drying cycles on the effective
shear fracture toughness in neutral and acidic environments. They found that the increase in the
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wetting–drying cycles decreases the effective shear fracture
toughness. By conducting numerical and laboratory tests on the
fine-grained marble specimens, Xu et al. [12] proposed that the
optimal height–diameter ratio is 2. The above studies clearly
show that many methods can measure the shear fracture tests. In
addition, many factors, including confinement, geometric sizes,
and test temperature, can influence the measured results. Besides
the above methods, the punch-through shear test is the suggested
method of the ISRM (International Society for Rock Mechanics)
[13, 14]. By performing extensive laboratory tests, Backers et al.
[6] and Backers and Stephansson [13] found that tensile crack
may first form, and then shear planes initiate from the bottom
tip of the notches. In addition, they proposed that the shear
crack propagates in a stable way, and the effective shear fracture
toughness closely relates to the peak axial compression force and
the confinement. The conclusion on shear crack propagation
agrees well with the laboratory tests by Golewski and Sadowski
[8] and Wu et al. [15].

Roux et al. [16] and Patinet et al. [17] stated that the effective
toughness is the average of the local toughness in the weak
pinning regime, characterized by regular propagation. However,
in the strong pinning regime, a much higher effective toughness,
accompanied with unstable propagation, is observed. The shear
fracture in the specimen gradually propagates [6, 13]. However,
the stress evolution in the rock bridge, remaining unclear, may
successfully explain the above phenomena. However, the stress
measurement in the laboratory test is approximately impossible
[6]. The numerical method may shed some light on how to
correlate fractures to stress evolution. For example, Liu et al.
[18] measured the shear fracture toughness using the rock failure
process analysis. Moon et al. [19] and Moon and Oh [20]
successfully applied discrete element method to measure the
tensile fracture toughness. Recent, by applying finite element
method, Aminzadeh [21] et al. and Ma et al. [22] investigated
the shear behavior of the rock specimens. Especially, among
these methods, the discrete element method can record the crack
development [23–25]. Thus, with the recent studies, using the
measure circle logic to study stress evolution characteristics [15,
26–28], we applied Particle Flow Code 2D (PFC 2D) to relate the
stress evolution to crack development in the punch-through tests.

NUMERICAL PREPARATION

Calibration
In the present article, the laboratory dates reported by Backers
were referred [29] (Table 1). The uniaxial compression strength

TABLE 1 | Mechanical parameters.

Elastic

modulus

(GPa)

UCS TS Effective KIIC

(confining stress

is 5 MPa)

Carrara

marble

49 95–107 MPa 7 MPa 3.8–4.1 (MPa * m1/2 )

Simulated

results

48.5 106.7 MPa 6.7 MPa 4.37 (MPa * m1/2)

Error (%) −1 −0.2 to 12.3 4.2 6.5–15

(UCS)/tensile strength (TS) ratio is higher than 14. To obtain
this realistic ratio, the flat-joint model instead of the parallel
bond model was adopted [30, 31]. This model mainly consists
of particles and the flat-joint contacts. In this model, two groups
of springs can provide the normal and the shear stiffness.
The first group includes the normal stiffness of the particles
(Kn) and the flat-joint contact (Kn

′), respectively (Figure 1A).
Correspondingly, the other group consists of the shear stiffness,
Ks and Ks

′ (Figure 1B). When the normal stress between
particles exceeds the TS, σb, the bond breaks in a tensile manner,
and the bond fails (Figure 1C). The shear strength first follows
the Coulomb criterion when the shear stress is relatively low:

τc = cb −
−
σ tanφb (1)

where cb and φb are the bond cohesion and the local
friction angle.

When the shear stress increases to a critical value, the bond
fails in a shear manner. However, residual shear stress remains
because of the friction:

τr = −
−
σ tanφr (2)

where τr and φr are the residual friction strength and the residual
friction angle. Thus, the flat-joint model can successfully simulate
the post-peak behavior.

UCS and TS are two important parameters for rock fracture
[30, 31]. Thus, by modifying bond cohesion, particle contact
modulus, and bond modulus (Table 2), the elastic modulus and
UCS were first calibrated according to the disciplines of trial
and error tests [31]. Then, the TS was subsequently calibrated
by modifying bond normal strength (Table 2). Figure 2 shows
the calibration results, using the uniaxial compression tests and
the Brazil tensile tests. Clearly, a shear failure plane and a tensile
plane form in the uniaxial compression test and Brazil tension
test, respectively. The UCS and the TS are close to the laboratory
results (Table 1).

Numerical Model and Test Scheme
According to the suggested sizes of ISRM and the previous
studies [13, 15, 32], the numerical model containing 16,865
particles and 45,632 flat-joint bonds was established (Figure 3A).
Before loading, the lateral walls were servo-controlled to
ensure the specified confinement. Then, the middle-upper wall
was displacement-controlled to compress the specimen with
a constant rate of 0.05 m/s. The studies by Goldhirsch and
Goldenberg [33] and Goldenberg et al. [34] indicated that force
chains appear in granular materials, and continuum theories may
be valid for granular materials. In the PFC model (consisting
of particles), contact forces that can form force chains can be
computed. However, they cannot be directly transferred to a
continuum model. Averaging procedures are necessary to make
the step from the microscale to a continuum [35]. Thus, PFC 2D
calculates the average stress in a measurement region using the
following equation:

σ = −
1

V

∑

Nc

F(c) ⊗ L(c) (3)
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FIGURE 1 | Deformability and strength of a flat-joint contact. (A) normal stiffness, (B) shear stiffness, and (C) strength criterion.

TABLE 2 | Microparameters.

Particle radius

(mm)

Particle contact

modulus (GPa)

Particle

normal/shear

stiffness

Bond modulus

(GPa)

Bond

normal/shear

stiffness

Bond normal

strength (MPa)

Bond cohesion

(MPa)

Value 0.14–0.24 41 1.8 41 1.8 44 43

where σ̄ , V,Nc, F
(c),⊗, and L(c) are the average stress, the volume

in 3D (area in 2D), the number of contacts in the measurement
region or on its boundary, the contact force vector in the circle
region, the outer product, and the branch vector joining the
centroids of the two bodies in contact, respectively. In the loading
process, overlapping measure circles with a radius of 1mm
(Figure 3B), covering more than six particles, were installed to
record the horizontal (σh), vertical (σv), and shear stresses (τxy) in
the specimen. Thus, the shear stress and the maximum principal

stress, being equal to σv+σh
2 +

√

( σv−σh
2 )

2
+ τ 2, can be recorded

in the loading process.

NUMERICAL RESULTS AND DISCUSSIONS

Comparison Between Numerical and
Laboratory Results
Figure 4 shows the axial force–displacement curves in the
laboratory tests [6] and the present numerical study with the

confining stress of 5 MPa. In PFC 2D, the default thickness of

the specimen is 1m. Thus, the shear area in the model was

0.03 m2. In the laboratory tests by Backers [32], the shear area

was 0.00118 m2. Thus, according to Equation 4 obtained by

fitting the laboratory results [13, 32], for the same shear area, the
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FIGURE 2 | Calibration results: (A) and (B) correspond to UCS and TS, respectively.

FIGURE 3 | Details of the numerical model: (A) is the geometry and the loading schematic of numerical model, and (B) is the magnified picture of the blue rectangle.

calculated effective shear fracture toughness is 4.37 MPa ∗ m1/2.
This simulated effective shear fracture toughness is close to the
laboratory results (Table 1). The above descriptions indicate that
the laboratory axial force–displacement curve agrees well with
the numerical axial force–displacement curve in the peak value.
However, the axial force–displacement curve for the laboratory
test is concave, which is different from the numerical curve.
In the laboratory tests, the micropores are responsible for the
concave curve in the early compression process of rock materials.
However, in the PFC simulation, the intact bonds between
particles before cracking may prevent the pore compaction [24].
Interestingly, similar to the previous studies [5, 6, 15], the axial

compression force fluctuates near the peak. These fluctuations
may relate to the shear crack propagation and the stress evolution
in the shear process and deserve further investigation.

KIIC = 0.0774Fmax − 0.0018Pc (4)

where Fmax and Pc are the peak axial force (kN) and the
confinement (MPa), respectively.

The laboratory tests indicate that two tensile cracks, denoted
in red lines in Figure 5A, first initiated from the inner tips
of the lower notches. Subsequently, shear cracks, numbered 1
and denoted in pink lines, initiated from the outer tips of the
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FIGURE 4 | Numerical and laboratory [6] axial compression forces and the monitor points on the numerical curve.

FIGURE 5 | Fractures in punch-through tests: (A) and (B) are the laboratory [29] and numerical fractures, respectively.

lower notches. In addition, Backers [32] stated that these shear
crack show some opening from this junction to the notch. In
other words, these cracks may be shear–tensile cracks. With the
increase in axial displacement, shear cracks, numbered 2 and
3, sequentially connected the rock bridges between the upper
and the lower notches [29]. Interestingly, at Mode II loading
conditions, the macroscopic fracture follows the direction of
Mode II. Besides, tensile cracks appear in the specimen. This

phenomenon may be reasonable because fracturing in rock
material always involves a mixed mode on the microscale [13].
Clearly, the numerical failure pattern is similar to the laboratory
result (Figure 5B). However, the crack propagation sequence is
still unclear. The previous studies [26–28] show that the stress
evolution relates to the crack development. According to the
comparisons on the axial compression force and the fracture
pattern between laboratory and numerical results, we may infer
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FIGURE 6 | Continued
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FIGURE 6 | Fracture development and stress distributions in the shear process: (A1–G1) are the fracture developments, (A2–G2) are the shear stress distributions,

and (A3–G3) are the maximum principal stress distributions at the typical monitor points (A–G).

that the stress evolution may relate to the crack development and
the fluctuations in axial compression force. Thus, in the following
section, we are trying to investigate the stress evolution in the
shear process.

Stress Evolution in the Shear Process
The concentrated stresses may be responsible for the crack
development. Thus, to investigate the typical crack (shear and
tensile cracks) developments, Figure 6 shows the numerical
crack propagation and stress evolution in the shear process at
typical monitor points (A–G) on the axial force–displacement

curve in Figure 4. At Point A, two shear concentration zones
(SCZ), named SCZ 1 and SCZ 2, form at the outer tips of
the bottom notches (Figure 6A2). Simultaneously, in PFC 2D,
tensile stress is positive; thus, Figure 6A3 clearly shows that two
tensile concentration zones (TCZs) form at the inner tips of the
bottom notches. However, shear and tensile cracks fail to form
(Figure 6A1).When the axial displacement increases to 0.21mm,
the first peak axial force at point B appears (Figure 4). Two
tensile cracks, accompanied with minor fluctuations on the axial
compression force, TC 1 and TC 2, form during this loading
period (Figure 6B1). These tensile cracks also formed at previous
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FIGURE 7 | Numerical fractures: (A–D) are the fractures when the confining stresses are 0, 5, 10, and 15 MPa, respectively.

FIGURE 8 | The axial force–displacement curves for various confinements.
FIGURE 9 | The numerical and laboratory effective shear fracture toughness

for various confinements.
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laboratory tests [6, 32]. Interestingly, the initiation points locate
at the TCZ 1 and TCZ 2, and the tensile stress concentrations
at these crack tips significantly dissipate (Figure 6B3). Thus,
we can infer that the concentrated tensile stresses at the inner
tips of the bottom notches first form tensile cracks. In addition,
TCZ 3 and TCZ 4 form at the rock bridges between the upper
and the bottom notches (Figure 6B3). At the peak point, the
shear stresses at SCZ 1 and SCZ 2 highly concentrate, and four
shear concentration zones (SCZ 3–SCZ 6) form at the inner tips
of the upper notches and the rock bridges (Figure 6B2). With
further increase in axial displacement, the axial force sharply
drops. At the first bottom point C, a shear crack (SC 1) initiates
from the outer tip of the right-bottom notch, and the initiation
point overlaps with the SCZ 2 (Figures 6C1,C2). The shear
stress concentration at SCZ 2 dissipates, and the tensile stress
concentration at TCZ 3 significantly dissipates. Thus, we can
infer that the shear and tensile concentration at SCZ 2 and TCZ
3 are responsible for SC 1. This inference can properly verify
the referred laboratory results that the shear crack shows some

opening from this junction to the notch [32]. In addition, another
shear crack (SC 2) initiates from the right-upper notch. With
further increase in axial displacement, the axial force reaches the
second peak at Point D. Clearly, the cracks fail to further generate
(Figures 6C1,D1). However, the shear stresses at SCZ 5 and SCZ
6 further concentrate. Additionally, TCZ 5 forms at the tip of SC 2
(Figure 6D1). Subsequently, the second drop at Point E appears,
accompanied with the formation of SC 3 (Figures 4, 6E1). After
the formation of SC 3, the area of SCZ 5 slightly decreases;
however, the compression at the right rock bridge greatly
concentrates. In addition, the tensile stress further concentrates
at TCZ 5. Then, when the axial displacement further increases
to 0.23mm, the third peak appears at point F (Figure 4). The
development of the cracks is minor. However, the shear stresses
further concentrate at the shear concentration zones (except SCZ
2), and the tensile stress simultaneously concentrates at TZ 4.
Finally, with further increase in axial displacement, the axial
force significantly drops, and the third bottom point (G) forms.
Between Points F and G, similar fluctuations generate (shown

FIGURE 10 | The maximum principal stresses before tensile crack initiations: (A–D) are for the confining stresses of 0, 5, 10, and 15 MPa, respectively.
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by the magnified area in Figure 4). In addition, SC 5, SC 6,
and SC 7 sequentially connected the bottom and upper notches
(Figure 6G1). Interestingly, the shear concentrations at SCZ 1
and SCZ 2 slightly move upward (Figure 6G2) and the tensile
stress at TCZ 4 dissipates.

The above descriptions indicate that the tensile concentrations
at TCZ 1 and TCZ 2 are responsible for the TC 1 and TC 2,
reported in previous studies [6, 32]. In addition, shear stress
concentrations at the outer tips of the bottom tips first form
shear cracks, and then, with the tensile concentration at the

rock bridge, shear–tensile cracks form. With further increase

in axial displacement, the shear cracks, driven by the shear
concentrations at the inner tip of the upper notches, finally

coalesce the rock bridge. The reported laboratory tests and the
numerical simulation agree well on crack propagation sequence.
More interestingly, we find that the drop of the axial force
frequently accompanies crack propagation and stress dissipation,
whereas the increase in the axial displacement usually causes
stress concentrations instead of obvious crack propagation.

The Influence of Confining Stress on the
Failure Characteristics
The laboratory tests by Backers et al. [6] and Backers [32]
indicated that the increase in confining stress frequently
promotes the tested effective shear fracture toughness and
restrains the development of tensile cracks. Thus, to verify the
above conclusions, three simulations with the confining stresses
of 0, 10, and 15 MPa were performed.

Similar to the laboratory tests [6, 32], the increase in confining
stress restrains the tensile crack propagation (Figure 7). In
addition, the width of the shear band between the upper and
bottom notches increases with the increase in confining stress.
Moreover, for the relatively low confining stresses, the axial
force significantly fluctuates after the peak points (Figure 8).
However, with the increase in confining stress, the fluctuations
of the axial force are minor. This phenomenon agrees well with
the laboratory results [6, 32]. More importantly, the increase in
confining stress promotes the peak axial force. Thus, according
to Equation 4 proposed by Backers and Stephansson [13] and

FIGURE 11 | Shear stresses before shear crack propagation: (A–D) are for the confining stresses of 0, 5, 10, and 15 MPa, respectively.
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FIGURE 12 | The tensile and shear crack initiation stresses.

Backers [32], the calculated effective shear fracture toughness
simultaneously increases (Figure 9), and the numerical values
of the effective shear fracture toughness are close to the
laboratory ones.

The above descriptions indicate that the numerical results
agree well with the laboratory results on the effects of confining
stress on fracture development and effective shear fracture
toughness. To explain the above phenomena, we will further
discuss the stress evolution for various confining stresses.

Figure 10 shows the maximum principal stresses before
tensile crack initiation. Clearly, tensile stress concentration
zones form at the inner tips of the bottom notches. These
concentrated tensile stresses are responsible for the tensile crack
propagation in Figure 7. Interestingly, the increase in confining
stress elevates the corresponding maximum principal stresses
(Figure 12). Thus, we can infer that the increase in confining
stress may increase the effective tensile fracture toughness.
Simultaneously, the absolute value of the maximum principal
stress (negative) significantly increases between the upper and
bottom notches. In other words, the compression at the rock
between the upper and bottom notches intensifies with the
increase in confining stress. The increased compression will
restrain the tensile crack propagation between the upper and
bottom notches. Thus, according to the above description, we
may infer that the promoted effective tensile fracture toughness
and the compression between the upper and bottom are
responsible for the restrained tensile crack propagation when the
confining stress increases.

The peak axial force, usually corresponding to the shear crack
initiation from the outer tip of the bottom notches, can be used to
calculate the effective shear fracture toughness. Thus, Figure 11
depicts the shear stress contours at the first peak point of the
axial force. With the initiation shear stresses in Figure 12, we can
obtain that the increase in confining stress promotes the shear
initiation stresses. The geometries of the notches are the same;

thus, these promoted shear initiation stresses can properly verify
that the increase in confining stress promotes the effective shear
fracture toughness [6, 32].

CONCLUSIONS

The numerical simulation agrees well with the previous
laboratory result that tensile cracks first initiate from the inner
tips of the bottom notches. Then, shear–tensile cracks initiate
from the outer tips of the bottom notches. Subsequently, the
cracks at the middle of the rock bridge and the shear cracks
initiating from the upper notches connect the rock bridge. More
importantly, near the peak point of the axial compression force
curve, the numerical tests indicate that the drops of the axial
compression force frequently accompany with crack propagation
and stress dissipation, whereas the increases in the axial force
concentrate the stresses with hardly crack propagation. Then, the
numerical tests indicate the increase in confining stress promotes
the effective tensile fracture toughness and the compression
between the upper and bottom notches. Thus, the increasing
confining stress restrains tensile crack propagation and promotes
the effective shear fracture toughness.
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The contact part between shaft wall and rock is affected by many factors, such as

temperature and formation pressure, in the commonly used freezing method in coal

mine development through quicksand and water-rich strata. To confine the relationships

between these factors and the compressive strength of the contact surface, the

sandstone which contacts with the outer well wall was selected in this study to prepare a

complex of sandstone and C40 concrete mortar. The factorial design of the multi-factors

affecting the uniaxial compressive strength of the complex specimens based on the

freeze–thaw cycles test, the uniaxial compression test, and the statistical principle was

used to study the interactive effect of various factors. Significant analysis was performed

via analyzing the sample water content, the freezing temperature, and the number of

freeze–thaw cycles based on the factorial design principle. The results show that the

uniaxial compressive strength (UCS) of the dry sandstone–concrete complex specimens

is significantly higher than that of the water-saturated sandstone–concrete complex

specimens. After freeze–thaw cycles, the UCS of both the dry sandstone–concrete

complex specimens and water-saturated sandstone–concrete complex specimens

decrease significantly. In addition, the significant effects of main effect and primary and

secondary interaction on unconfined compressive strength were obtained, and the major

interaction among the factors was synergistic interaction, and the minor interaction

among the factors is non-interactive interaction and antagonism.

Keywords: sandstone–concrete complex, freeze–thaw cycles, uniaxial compressive strength (UCS), factorial

design, interaction

HIGHLIGHTS

- The mechanical properties of sandstone–concrete complex specimen under different
freeze–thaw conditions were obtained.

- UCS of the dry sandstone–concrete specimens is higher than that of the
water-saturated specimens.

- The UCS of both the dry and water-saturated sandstone–concrete specimens decrease
significantly after freeze–thaw cycles.
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INTRODUCTION

With the rapid development of national economy, the energy
demand has been further enhanced. Also, the raising of strategic
conception of “Belt and Road” creates great potential for coal and
the development of other energy sources in the western China
region [1]. According to incomplete statistics, no<50mine shafts
in water-abundant bedrock were built with a depth of over 400m
since 2000 AD. Most of these mine shafts crossed the water-
abundant rocks with characteristics such as low strength, weak
cementation, and softening after contact with water which were
formed during the Cretaceous and the Jurassic. Thus, freezing
shaft sinkingmethod is themost commonly usedmethod in these
mine shaft excavations [2–4]. However, shaft lining, horsehead
water inrush, and even flooded shaft need to be solved urgently
in the process of freezing shaft sinking [5].

A possible solution to overcome the aforementioned problems

is to study the mechanical characteristics of well-bore and

surrounding medium (rock and concrete) at a low-temperature
environment. Therefore, researchers all across the world show
much interest in the physical andmechanical properties of frozen
rocks in recent decades.Matsuoka et al. studied themechanism of
freezing and thawing failure of rock and the influence of freezing
and thawing cycle number on rock strength [6, 7]. Yambae
tested the thermal expansion strain of sandstone after one freeze–
thaw cycle and its unconfined compressive strength (UCS) at
different temperatures; they found that the axial deformation
of dry rock samples remained elastically deformed whereas the
axial deformation of the water-saturated rock sample became
plastically deformed; moreover, UCS increased with the decrease
of temperature after one freeze–thaw cycle [8]. Yang et al. studied
the water-saturated rocks at different freezing temperatures by
CT imaging technology; they analyzed the relationship between
the rock damage and the freezing temperature and relationship
between the rock damage and the freezing speed [9, 10]. Yang
et al. performed the single-axis and tri-axial compression tests at
different confining pressure and different temperature conditions
using hydraulic servo rock pressure tester; they analyzed the
influences of confining pressure and low temperature on the
strength characteristics of different rocks, and deduced the non-
linear failure criterion of frozen rock considering temperature
[4, 11]. Xi et al. studied the effects of freezing temperature
on submit strength, adhesion force, internal friction angle,
and residual strength of sandy mudstone, and analyzed the
relationship between the confining pressure and the submit
strength and the relationship between the confining pressure
and the residual strength [12]. Yang et al. studied the design
theory of shaft freezing method at home and abroad, especially
the design theory of shaft freezing method at home, and carried
a prospect analysis on the design theory of shaft freezing
method in coal mine [13]. Wang et al. conducted the uniaxial
compression test of five different strain rates and different
water cuts (dry, saturated) in the Hokkaido Nobile frozen tuff
using MTS 312.21 electro-hydraulic servo test machine. Also,
the empirical formula of the uniaxial compressive strength
considering the strain rate of the saturated frozen rock sample
was established after analyzing the reason and effect caused by

the strain rate [14]. Xie et al. developed a statistical damage
constitutive model considering whole joint shear deformation
and Wang et al. studied the fracture behavior of rock [15, 16].
Xu et al. conducted uniaxial and tri-axial compression tests
on dry and water-saturated red sandstone and shale at the
temperature range of −20 to 20◦C; they found that UCS and
elastic modulus of the two investigated rocks increase with the
decrease of temperature. Moreover, the strength of red sandstone
is influenced by temperature more profoundly. They also come
out with the conclusion that the influence of water content on the
strength of frozen rock is significant [17]. There are many reports
that focused on the influence of low-temperature environment
in the concrete strength as well. Shi et al. conducted the freeze–
thaw cycle test on concrete specimens [18] and Zou et al.
performed scanning electron microscopy on concrete specimens
to compare the relationship between the internal structure of
concrete and the number of freeze–thaw cycles before and after
freezing and thawing [19]. Shang et al. established the correlative
mathematical expressions to clarify the relationship between the
freeze–thaw cycles and the uniaxial compressive strength and the
relationship between freeze–thaw cycles and the tensile strength
of concrete [20].

All the aforementioned reports studied the UCS of rock
or concrete materials separately, and there are few studies on
the mechanics of rock and concrete complexes. Xiang et al.
established the damage softening statistical constitutive model
of the complex sample before and after freezing and thawing by
freeze–thaw cycle test and uniaxial compression test and micro-
scanning test [21]. Yi et al. established a two-media and two-
body two-mechanical model to study the mechanical properties
of the interface between the two media by relative experimental
tests [22]. Shen et al. studied on meso-debonding process
of the sandstone–concrete interface induced by freeze–thaw
cycles using NMR technology [23]. Tian et al. investigated the
durability of engineered cementitious composites-to-concrete
interface under salt freeze–thaw cycles [24]. These studies mainly
use rock, concrete separately, and a combination of them as
the research object to carry out the low-temperature mechanical
test, including freeze–thaw cycle number, freezing temperature,
surrounding rock pressure, and water content. Also, all these
reported studies only focused on the influence of a single factor,
which is far from the actual project.

The aim of the present work is to study the influence of
the interaction between drying state, saturation zone, freezing
and thawing cycle number, and freezing temperature on the
non-lateral compressive strength of the Cretaceous sandstone–
concrete composite. The factorial design method was used
to analyze the significance of different factors and their
interaction effects.

EXPERIMENTAL PROGRAM AND
PROCEDURE

Factorial Experiment
Factorial experiment design is a kind of multi-factor cross-
grouping design, which can not only check whether there is
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a difference between two factors or among even more factors
at different levels but can also check whether there is an
interaction between/among the investigated factors. The factorial
experimental design of three factors can not only study whether
there are differences among different levels of factors A, B, and
C but can also study whether there are first-order interactions
(A × B, A × C, B × C) or second-order interactions (A × B ×
C) among the three factors. Interactive interaction refers to the
fact that the single effect of one factor varies with the change
of another factor. In this circumstance, we deem that there is
an interactive interaction between the two factors. As for the
circumstance that there exist three factors A, B, and C, factor
A has r levels: A1, A2, A3, . . . , Ar; factor B has s levels: B1, B2,
B3, . . . , Bs; factor C has t levels: C1, C2, C3, . . . , Ct; the freedom
degree of factor A is r−1, the freedom degree of factor B is s−1,
and the freedom degree of factor C is t−1; and factors A, B, and
C are independent compared with each other in the horizontal
combination (Ar, Bs, Ct) [25].
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Therefore, the following equations can be deduced:

ST

σ 2
∼ χ2(n− 1),

SA
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∼ χ2(r − 1) (19)

SB

σ 2
∼ χ2(s− 1),

SC
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∼ χ2(t − 1) (20)

SAB

σ 2
∼ χ2((r − 1)(s− 1)) (21)

SAC

σ 2
∼ χ2((r − 1)(t − 1)) (22)
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TABLE 1 | Three-factor analysis of variance of interaction effects.

Source Sum of

squares

Degree of

freedom

Mean

square

F-

value

A SA r − 1 MSA = SA
(r−1) FA〉F1−α

(r − 1, rst(m− 1))

B SB s − 1 MSB = SB
(s−1) FB = MSB

MSE

C SC t − 1 MSB = SB
(s−1) FC = MSC

MSE

AB SAB (r − 1) (s − 1) MSAB =
SAB

(r−1)(s−1)

FAB = MSAB
MSE

AC SAC (r − 1) (t − 1) MSAC = SAC
(r−1)(t−1) FAC = MSAC

MSE

BC SBC (s − 1) (t − 1) MSBC =
SBC

(t−1)(s−1)

FABC = MSABC
MSE

ABC SABC (r − 1) (s − 1) (t

− 1)

MSABC =
SABC

(r−1)(t−1)(s−1)

E SE rst (m − 1) MSE = SE
rst(m−1)

T ST n − 1

SBC

σ 2
∼ χ2((t − 1)(s− 1)) (23)

SABC

σ 2
∼ χ2((r − 1)(s− 1)(t − 1)) (24)

SE

σ 2
∼ χ2(rst(m− 1)) (25)

Table 1 shows the critical value of the F test. It can be easily
found that the significance analysis is the same as the single
factor analysis.

If FB〉F1−α(s − 1, rst(m − 1)), H02 is rejected and factor B is
considered to have a significant influence on the index value.

If FC〉F1−α(t − 1, rst(m − 1)), H03 is rejected and factor C is
considered to have a significant influence on the index value.

If FAB〉F1−α((r− 1)(s− 1), rst(m− 1)),H04 is rejected and the
interaction of factors A and B has a significant influence on the
index value.

If FAC〉F1−α((r − 1)(t − 1), rst(m − 1)), H05 is rejected and
the interaction between factors A and C is considered to have a
significant impact on the index value.

If FBC〉F1−α((t − 1)(s − 1), rst(m − 1)), H06 is rejected and
the interaction between factors B and C is considered to have a
significant impact on the index value.

If FABC〉F1−α((r− 1)(t− 1)(s− 1), rst(m− 1)),H07 is rejected
and the interaction between factors A and B and C is considered
to have a significant influence on the index value.

The size of the significant effect is defined as follows:
If, its significance is defined as I;
If, its significance is defined as II;
If, its significance is defined as III;
If α ≥ 0.1, its significance is defined as IV.

There are two or more independent variables in the experiment.
When the effect of one independent variable is different at each
level of another independent variable, it indicates that there
is interactive interaction between/among these independent
variables. When there exists interactive interaction, it is of little
significance to study the effect of one single factor but it is
necessary to study the effect of the factor at different levels

of another factor. The interaction in the experimental design
method indicates that the effect of the simultaneous action of two
or more factors can be strengthened or weakened compared with
the effect of the single level factor and interactive interaction is a
factor that must be considered in the study. The three common
interactions are mainly non-interactive interaction, synergistic
interaction, and antagonism, as shown in Figure 1 [26].

In the design of factorial experiments, if changing the level
of one factor causes a change in the response difference between
the other levels, there is an interaction between these factors. As
shown in Figures 1B,C, the straight line A1 intersects with the
straight line A2. For the factors at the same level, the factors take
different levels, and the results are different. That is, the effect of
the factor depends on the level chosen by the factor. Therefore,
there is an interactive interaction between factors and factors,
and interactions include synergy and antagonism. As shown in
Figure 1A, the straight line A1 and the straight line A2 are
almost parallel, indicating that there is no interactive interaction
between the factors. If there is an interactive interaction between
the two factors, the individual effects of each factor must be
analyzed one by one in the statistical analysis; if there is no
interactive interaction between the two factors, the main effects
of each factor can be analyzed one by one.

Experimental Programs
Experimental Model of Factorial Design
The 2 × 4 × 4 factorial design refers to that there are 3 factors,
including 2 levels, 4 levels, and 4 levels, respectively. There are 32
combinations, as shown in Table 2. Three factors were selected
in this experiment: moisture content, the number of freeze–thaw
cycles, and freezing temperature. Moisture content (A) takes
2 levels: saturated state and unsaturated state. The number of
freeze–thaw cycles (B) was set at four levels: one time, five times,
eight times, and 12 times; freezing temperature (C) takes 4 levels:
−5,−10,−20, and−30◦C.

Specimen Preparation and Test Process
The rocks in Cretaceous strata have characteristics such as
low strength, easy softening in water, and well-developed pores
(fractures). Fresh and complete cretaceous sandstone samples
were taken from a coal mine freezing construction site in Gansu
province and sealed, boxed, and transported with polyethylene
material to ensure the rock moisture content is basically
unchanged and the integrity of the overall structure remains.
According to the specification of rock test regulations for
water conservancy and hydropower projects (DL/T5368-2007),
cylindrical specimens with a diameter of 50mm and a length of
100mm were sampled by water drilling.

According to C40 concrete and the principle of similar
proportion in construction site, the C40 concretemortar required
for the test were prepared. Also, the uniaxial compressive
strength of concrete mortar specimens was carried out. The
ratio of concrete mortar determined according to the UCS of
concrete mortar specimens is the same as the UCS of specimens
in Cretaceous strata. The rock cutter is used to cut along the
central axis of the round section of the sandstone specimen, and
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FIGURE 1 | The working period of CLS backfill applied in upward sublevel filling method. (A) Before filling; (B) cold releasing; (C) cold fully released.

TABLE 2 | 2 × 4 × 4 factorial experimental design model.

A1 A2

C1 C2 C3 C4 C1 C2 C3 C4

B1 A1B1C1 A1B1C2 A1B1C3 A1B1C4 A2B1C1 A2B1C2 A2B1C3 A2B1C4

B2 A1B2C1 A1B2C2 A1B2C3 A1B2C4 A2B2C1 A2B2C2 A2B2C3 A2B2C4

B3 A1B3C1 A1B3C2 A1B3C3 A1B3C4 A2B3C1 A2B3C2 A2B3C3 A2B3C4

B4 A1B4C1 A1B4C2 A1B4C3 A1B4C4 A2B4C1 A2B4C2 A2B4C3 A2B4C4

FIGURE 2 | Sandstone–concrete samples used in the experiments. (A) Combination test piece and mold; (B) compression test assembly test piece.

the cutting surface is roughened with a steel chisel. The semi-
cylindrical rock specimen will be placed in the mold with inner
diameter of 50mm and length of 100mm, and then the mold was
filled with concrete mortar. After 28-days standard maintenance,
the product of φ 50 × 100mm standard sandstone–concrete
complexes as shown in Figure 2 was obtained.

The complex specimens were screened preliminarily after
preparation and processing, and the ones with obvious defects on
the interface and large surface porosity were removed. Half of the
test piece was placed in vacuuming equipment for 24 h to prepare
the non-saturated combination specimens.

The number of freeze–thaw cycles of the designed complex
specimens is 1 time, 5 times, 8 times, and 12 times. As shown
in Figure 2B, the prepared unsaturated and water-saturated
combination test pieces were placed in the DWX-30 cryogenic
chamber for testing. The pieces were frozen at −30◦C for
4 h and then thawed into a freeze–thaw cycle for 12 h at
25◦C (Figure 3A). The designed combination specimens were
subjected to a freeze–thaw cycle test at freezing temperatures of
−5, −10, −20, and −30◦C, respectively. Also, a mechanical test
was performed on a RE-TES uniaxial compression tester. The
designed testing scheme is illustrated in Figure 3B.
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FIGURE 3 | Experimental design of different freeze–thaw methods. (A) Different freeze–thaw cycles; (B) different freezing temperatures.

RESULTS AND DISCUSSION

The Influence of Different Freezing and
Thawing Environment on UCS
Figure 4 shows the stress–strain curves of sandstone–concrete
complex specimens without lateral limit single-axis compression
under various freezing and thawing conditions, and some
typical experimental results are given here. Generally speaking,
the stress–strain relationship of sandstone–concrete composite
specimens can be roughly divided into: compaction stage, elastic
stage, yield stage, and failure stage.

Figure 4A shows the stress–strain curves with only one
freeze–thaw cycle for the complex specimens with different

moisture contents (factor A) under freezing temperature of
−10◦C. Before the damage, the compressive strength of the
unsaturated specimen was significantly higher than that of the
water-saturated specimen; however, the plasticity stage of the
feeding specimen was advanced and significant. The reason is
that water has little effect on the compressive strength of concrete,
mainly because the sandstone part of the complex specimen is
softened by water and thus the strength is lowered, which leads
to the decrease of the compressive strength of the specimen.

Figures 4C,D shows stress–strain curves with only one
freeze–thaw cycle for unsaturated specimens (Figure 4C) and
water-saturated (Figure 4D) complex specimens at different
freezing temperatures (factor C). As the freezing temperature
continues to decrease, the compressive strength of the test
piece also decreases. The reason is that the lower the freezing

temperature, the more sufficient the water freezing degree in the
complex specimen, the greater the frost heaving force generated,
and the more serious the damage to the specimen.

Figure 4B shows the stress–strain curve shape of the
sandstone–concrete composite specimen, which is obviously
changed by the number of freeze–thaw cycles. With the
increasing number of freeze–thaw cycles, the compaction stage
increases, the elastic stage decreases, the elastic modulus
decreases, and the compressive strength also decreases. The
reason is that with the increase of the number of freeze–
thaw cycles, the number of pores and cracks in the specimen
also increased, which leads to the deterioration of the internal
degradation damage and the decrease of strength of the
composite specimen.

The Influence of the Interaction of Different
Factors on UCS
The factorial design results of UCS of the sand–concrete complex
specimens with different water contents, different freeze–thaw
cycle times, and different freezing temperatures are shown in
Table 3. Table 3 shows the degrees of freedom and mean sum
of square of each main effect and interaction effect affecting
UCS of the complex specimens according to the distribution
characteristics of UCS and the factorial experiment principle
in Experimental programs section. Therefore, through joint
hypotheses test (F test), all the aforementioned influencing
factors have different degrees of influence on UCS. According to
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FIGURE 4 | Stress–strain curves of sandstone–concrete composite under different freeze–thaw conditions: (A) freezing temperature = −10◦C, freeze–thaw cycle =
1; (B) water-saturated specimen, freezing temperature = −10◦C; (C) unsaturated specimen, freeze–thaw cycle = 1; (D) water-saturated specimen, freeze–thaw

cycle = 1.

TABLE 3 | Analysis of unconfined compressive strength of sandstone–concrete samples.

Source of variance Degree of freedom Mean square F

-value

P

-value

Significant

Moisture content 2 84.718 140.52 0.000 I

Freeze–thaw cycles 3 123.514 204.86 0.000 I

Freezing temperature 1 62.714 104.02 0.000 I

A × B 6 11.133 18.47 0.000 I

B × C 3 0.024 0.04 0.844 III

A × C 2 2.031 3.37 0.079 III

A × B × C 6 1.699 2.82 0.106 II

Error 24 14.470 – – –

Sum 31 307.473 – – –

the calculation, it can be concluded that factor A, factor B, factor
C, and interaction A× B have a more prominent effect on UCS.

Figure 5 shows the Pareto diagram of the standardized
effect. The Pareto diagram can determine the magnitude and

importance of the effect. The magnitude corresponding to the
reference line in this figure is 2.06. It can be seen from Figure 5

that the significance of the main effect and the interaction of
the first and second order on the UCS of the complex specimen
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FIGURE 5 | Pareto diagram of standardization effect.

is decreased in the order of freeze–thaw cycle number (factor
B), moisture content (factor A), freezing temperature (factor
C), first-order interaction A × B, first-order interaction B × C,
second-order interaction A × B × C, and first-order interaction
A × C. According to the standardization effect, the main factors
affecting UCS are the main effect B, A, C and interaction A × B.
The standardization effect for effect B is about 1.3 times that for
main effect A, and about four times of those for main effect C
and interaction A × B; the standardization effect for main effect
A is about three times as large as those for main effect C and
interaction A × B; the standardized effects of main effect C and
interaction A× B is almost the same (∼2.2).

Through the six interaction diagrams of factors A, B, and
C displayed in Figure 6, it can be concluded that synergistic
interaction is the main interactive interaction among these three
investigated factors, whereas non-interactive interaction and
antagonistic effect are the auxiliary. The synergistic interaction is
evident in the freeze–thaw cycle one time and five times, freezing
temperature from−5 to−10◦C.

As Figure 7 shows, one of the three investigated factors A, B,
and C was kept unchanged and contour maps were drawn of
the other two factors and UCS. Figure 7A shows that the UCS
value is >19.5 kPa when the moisture content of the complex
specimen is between 14.00 and 16.35% and the number of freeze–
thaw cycles is between 1 and 3. When the moisture content is
between 16.35 and 18.45%, the number of freeze–thaw cycles is
between 3 and 5, and the UCS value is in the range of 18–19.5
kPa. When the moisture content increases by about 2.00% and
the number of freeze–thaw cycles increases by about 2 times, the
UCS value will enter the next level. Figure 7B shows that when
the freeze–thaw cycle number of the complex specimen at freeze
temperature of−15◦C was 1.6 and the freeze–thaw cycle number
of the complex specimen at freeze temperature of −5◦C was 3.5,
the UCS values are higher than 16.8 kPa; when the freeze–thaw
cycle number of the complex specimen at freeze temperature of

−15◦C was 3.8 and the freeze–thaw cycle number of the complex
specimen at freeze temperature of −5◦C was 5.7, the UCS
values are in the range of 15.6–16.8 kPa. The aforementioned
results show that the decrease of freeze temperature and
the increase of freeze–thaw cycle have an interactive effect
on the UCS of the complex specimen. The relationship
revealed by Figure 7C is basically the same as that revealed in
Figure 7B, indicating that there is an interactive effect between
moisture content and freezing temperature on the UCS of the
complex specimen.

According to the experimental results, the main effect value of
each factor and the interaction effect value among factors A, B,
and C were obtained, and the following regression equation was
fitted by using the Design Expert software:

k = 31.12− 70.4×A− 0.519×B+ 0.2712×C− 0.01841×B

×C+ 0.298A×B×C (26)

where k is the UCS of the sand–concrete complexes. Considering
the three factors A, B, and C, the effects of moisture content
(factor A) and freeze–thaw cycle (factor B) can only be positive,
whereas the effect of freezing temperature (factor C) is negative.
Therefore, it can be obtained from Equation (26) that factors B,
C, and A× B× C have negative regression coefficients, and their
weighted coefficients are 1.836, 0.311, and 0.276, respectively.
The regression coefficient of factor B is the largest, indicating
that B has the most apparent impact on the UCS of the complex
specimen.With the increase of the number of freeze–thaw cycles,
the UCS of the complex specimen significantly decreases, and
the synergistic effect in the system also decreases, whereas the

antagonistic effect increases. The regression coefficients of factors
A, A × B, A × C, and B × C are positive, indicating that
the main effect and the interaction have a positive contribution
to the UCS of the complex specimen. When the degree of
factors A, A × B, A × C, and B × C increases, the UCS of
the complex specimen will slightly decrease, and the synergistic
effect of the factors increases and antagonistic effect of the
factors decreases.

Based on the aforementioned analysis, it can be seen that not
only the moisture content, freeze–thaw cycle times, and freezing
temperature have impacts on the mechanical properties of the
sand–concrete complex specimen but the interactions between
various factors are also significant. Therefore, the independent
effect of each factor cannot be simply considered separately,
but the influence of each factor and their interaction should be
considered comprehensively.

CONCLUSION

Based on the experimental study on the UCS of sandstone–
concrete complex specimen under different freeze–thaw
conditions and the interactive interaction among different
factors, the main understandings and achievements are
as follows:

(1) TheUCS of the sandstone–concrete dry complex specimen is
significantly higher than that of the water-saturated complex
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FIGURE 6 | Pareto diagram of standardization effect.

FIGURE 7 | Isoline between UCS of sandstone–concrete complex and factors A, B, and C. (A) Isoline between UCS and factors A, B; (B) isoline between UCS and

factors B, C; (C) isoline between UCS and factors A, C.

specimen and the plastic phase of the water-saturated
specimen shifts to an earlier time and is more significant.
It can be explained that pore pressure increases with water
content and therefore the effective stress on the sample
gets reduced, and that makes the UCS lower (according to

Mohr–Coulomb failure criterion). The stress–strain curves
of the composite specimens under different freezing
temperatures were significantly changed under the action of
one freeze–thaw cycle, and the UCS of composite specimens
decreased with the freezing temperature.
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(2) After 0, 1, 5, 8, and 12 freeze–thaw cycles, the UCS of
both the dry complex specimen andwater-saturated complex
specimen decreased significantly. After 12 freeze–thaw
cycles, the strength was only between 50 and 70% compared
with that of the unfrozen samples.

(3) The main effects and the interactions of the first and
second order on the UCS of the complex specimen are
as follows: freeze–thaw cycle number (factor A), water
content (factor B), freezing temperature (factor C), first-
order interaction A × B, the second-level interaction A ×
B × C, the first-level interaction A × C, and the first-level
interaction B× C.

(4) The interaction among the factors is mainly the synergistic
interaction, supplemented by non-interactive interaction
and antagonism. The synergistic effect is profoundly
observed when the freeze–thaw cycle number is in the
range of 5–8, the moisture content is in the range of
14–18%, and the freezing temperature decreases from
−5 to −15◦C. The significance of the freeze–thaw cycle
0 times and 1 time was significantly higher than eight
times and 12 times, and the freeze–thaw damage of
the complex specimens showed cumulative effect with
freeze–thaw number.

In the future study, non-destructive testing technology (nuclear
magnetic resonance) will be used to study the micropore
characteristics of sandstone–concrete composite under the action

of freeze–thaw cycle and the relationship between the micropore
characteristics and macromechanical properties.
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Aging Features and Strength Model
of Diorite’s Damage Considering
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Acidic fluids will cause rock erosion and further endanger the safety of rock engineering. To
explore the aging characteristics of the mechanical damage under acid condition, diorite
specimens were saturated in neutral water and acid solutions with pH values of 3 and 5 for
49 days. The masses and sizes of the specimens and the pH values of the acidic solution
were tracked and measured. Besides, the specimens before and after saturations were
observed by an electron microscope scanner. Meanwhile, triaxial compression tests were
carried out under neutral water, pH � 5 and pH � 3 hydrochloric acid solutions,
respectively. The mass damage features and mechanical properties of diorite
specimens saturated in solutions with different pH values were analyzed. The results
show: 1) after acidic saturation, the original lamellar structures and crystal forms were
spongy or flocculent. The structure loosened and the boundary between layers became
fuzzy. Meanwhile, the number of micro-cracks and micro-pores increased, which
weakened the macro-mechanical performances of diorite; 2) the acid condition with
pH value of 3 could be used to simulate the long-term effect of the weakly acidic
environment in nature; 3) internal friction angle of diorite was more sensitive to acidic
solutions than its cohesion; 4) at the initial stage of saturation, diorite broke rapidly. With
increasing saturation time, the damage rate slowed down and finally stabilized. The
established damage strength model considering acidification could properly describe
the test results.

Keywords: rock mechanics, acidification erosion, mechanics damage, aging characteristics, strength model

INTRODUCTION

The mechanical properties of rock masses could be affected by water erosion [1–3]. Moreover, the
differences in water fluid chemicals significantly affect their mechanical properties and chemical
composition [4–7]. Compared with distilled water, water chemical fluids produce more intense latent
erosion and molten corrosion, resulting in the overall deterioration and the destruction of the micro-
mechanical structure of the rock mass [8–10]. Subsurface rock mass is subject to groundwater
erosion and thawing. Therefore, the mechanical properties of rock mass are easily influenced by the
external conditions [11–15]. Meanwhile, in various water-related rock engineering constructions,
such as dam foundation, slope, tunnel, and underground mining, it is important to understand the
influence of water erosion on the characteristics of the bearing capacity and deformation of the
structure [11, 12, 16, 17].
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Atkinson et al. [12] and Dunning et al. [14] used distilled
water, inorganic water chemical solution, and organic solution to
research the effects of different water chemical solutions on the
fracture development of single-crystal quartz and glass. Rebinder
et al. [15] analyzed the influence of the water chemical
environment on the mechanical properties of rock mass based
on the Griffith strength theory. Karfakis et al. [18] performed
tensile tests on rocks saturated in different water chemical
solutions and analyzed the influence of different chemical
solutions on the fracture toughness. Feucht et al. [19]
conducted triaxial compression tests on prefabricated
sandstone specimens in NaCl, CaCl2, and Na2SO4 solutions.
They further discussed the effects of different water chemical
solutions on the friction factors of the sandstone crack surfaces.
Hutchinson et al. [20] and Heggheim et al. [21] used HCl, H2SO4

and other diluted solutions to simulate acid rain. Then, they
measured the effect on the determination of the mechanical
parameters of limestone and the damage mechanism.
Moreover, the corrosion resistance and corrosion mechanism
of different types of cement mortar were studied
comprehensively. It is found that the deterioration of samples
of cementing materials under acid rain erosion is mainly due to
the coupling effect of H+ and SO4

2−. Meanwhile, it leads to the
increase of porosity and the loss of weight and strength of
cementing materials [22, 23]. Brzesowsky et al. [24]
investigated the coupling effect of the hydrochemical
environment and the stress state on the creep characteristics
of sandstone under compression. Moreover, by changing particle
sizes in the rock sample, the time-dependent effect of water
chemical environment on rock particle destruction was
proposed. Liu et al. [25] studied the effects of hydrochemical
solutions on the mechanical parameters of sandstone. In the
works of Tang et al. [26–29], the mechanism and quantification
method of rock hydrochemical damage were systematically
discussed. Ding et al. [30, 31] analyzed the damaging effect of
the water chemical solution on the macro and microstructures of
limestone. Furthermore, they quantified the law of water
chemical damage on its mechanical properties. Chen et al.
[32–34] performed uniaxial and triaxial compression tests on
sandstone, granite, and limestone specimens in various solutions.
As a consequence, the dynamic parameters of rocks affected by
corrosion were obtained by applying computed tomography
scanning. According to the fracture characteristics and
evolution law, a chemical damage constitutive model was
established. Using various flow rates and pH values, Miao
et al. [35, 36] performed uniaxial compression, triaxial
compression and splitting tests on the dry granite specimens
and corroded ones. They further analyzed the strength evolution,
deformation characteristics and response mechanism of
mechanical parameters in acidic environment. Besides, they
observed the characteristics of mass damage and pH changes
of acidic solution during the process, and then examined the ion
chromatographic detection of chemical components and
concentrations of the solution after saturation. By using
scanning electron microscopy (SEM) and electronic energy
spectroscopy, they also discussed the aging features of acidic
chemical solution on the macrophysical properties [12, 18, 37].

The previous researches mainly focus on the hydrophysical
and hydrochemical effects on the macro-mechanical properties of
rocks. Nonetheless, the researches on the mechanism of rock
chemical damage based on the effects of water and rock
microscopic effect are still relatively scarce [38–41]. Water-
rock chemical action has a great influence on the deterioration
of rock micro-mechanical structure, and also affects the macro-
mechanical properties [42–44]. Besides, quantitative studies on
the hydrochemical damage of rocks have emerged. But researches
on the damage effects of water-rock chemistry on the mechanical
properties of rock mass have been rarely reported [45, 46].
Therefore, the researches on damage, strength and failure
modes of rocks in acidic environments are urgent. Based on
the above-mentioned tests, the hydrogeological survey of Copper-
Iron mine in Qianchang County, Anhui Province was carried out.
Through investigation, weak acid groundwater was found to be in
this mine area, where the surrounding rocks of diorite are
damaged by the groundwater erosion for a long time.
Therefore, this paper intends to take the diorite rock in this
mine area as the research object, simulate the groundwater
erosion environment, conduct immersion on the diorite rock,
SEM observations and triaxial compressive strength (TCS) tests
were performed on diorite specimens before and after saturations
with pH values of 3, 5, and 7 for 49 days. Furthermore, the effect
of natural long-term acidity condition on the time-dependent
characteristics of rock damage was studied and a damage strength
model was established.

LABORATORY TESTS

Preparation of Rock Specimens
Diorite was taken from Line 10 in the middle -300 section of
Qianchang Copper–Iron Mine in Anhui Province, China.
Following the standards of the International Society for Rock
Mechanics [47, 48], the specimens were first processed into a
cylinder with a diameter of 50 mm and a height of 100 mm for
TCS tests. Meanwhile, due to the size of the SEM observation
platform, the standard specimen was further processed into three
small specimens with a diameter of 50 mm and a height of
25 mm. Three different pH values of 3, 5, and 7 were used to
simulate the different subsurface acidic environments,
respectively.

Test pieces were inserted into the preservation boxes
containing the hydrochloric acid solution. During saturation
process, the pH value of the solution in each box was
measured and recorded.

Experiment Content and Test Method
To observe the mechanical properties of diorite before and after
the acidification treatment, SEM observations and TCS tests were
performed (see Supplementary Figure S1).

Scanning Electron Microscopy Observation
The SEM observations were performed four times. DJ-1 was
scanned before and after saturation in distilled water for 49 days.
DJ-2 and DJ-3 were scanned after saturation in acid solutions
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with pH values of 3 and 5 for the same time, respectively
(Figure 1A). The sample surfaces were scanned with a
magnification coefficient of 400–450 (Figure 1B).

Triaxial Compressive Strength Experiment
TheTCS tests were performed onRMT-150Cwith confining stresses
(σ3) of 10, 20, and 30MPa. The axial and lateral loading rates were
0.1 KN/s and 0.2MPa/s, respectively. The stress-strain curves were
recorded during the test. Besides, the damaged specimen was
photographed for later reference (see Supplementary Figure S2).

CHEMICAL DAMAGE ANALYSIS

The main component of diorite in the Qianchang copper-iron
area is oxidized minerals (Figure 2). Under acidic solution, the
oxidized mineral components in diorite will react with H+ as
follows:

Al2O3 + 6H+ �� 2Al3+ + 3H2O (1)

Na2O + 2H+ �� 2Na+ +H2O (2)

CaO + 2H+ �� Ca2+ +H2O (3)

K2O + 2H+ �� 2K+ +H2O (4)

MgO + 2H+ �� Mg2+ +H2O (5)

Fe2O3 + 6H+ �� 2Fe3+ + 3H2O (6)

Rock Surface Characteristics After
Acidification
The main changes of the specimen surface after saturation in a
hydrochemical solution are reflected in macro and micro aspects
[8, 49–51].

Diorite samples were smooth after coring, cutting, and
grinding. Macroscopic viewing also suggests that the samples
were uniformly dense and flat before acid saturation (Figure 3A).
After saturation for 49 days in acidic solutions with pH � 3 and

pH � 5, powders were stripped from the surface of the rock
samples. While the powders were rinsed, the outer surface
became rough and some micro-cracks appear (Figure 3C).
After long-term saturation, the outer surface was dissolved,
and the color turned slightly gray. There were severe
unevennesses on the surface under acid solution of pH � 3
(Figure 3D). However, after saturation in distilled water, no
obvious macro changes were observed, except for a lighter surface
(Figure 3B). It suggests that the chemical damage negatively
relates to the pH value. The macro comparison of the
representative test specimens after saturation for 49 days is
shown in Figure 3.

Microscopically, according to the scanning electron
micrographs in Figure 4A, the rock sample showed a clear
layered structure or flaky crystal form before saturation, with
superior homogeneity, tight internal structure, small interlayer

FIGURE 1 | Scanning electron microscopy observation: (A) specimens,
and (B) testing platform.

FIGURE 2 | Main chemical constituents of diorite before saturation.

FIGURE 3 | Macro comparison of sample surfaces after different
saturations: (A) naturally dry condition, (B) pH � 7, (C) pH � 5, and (D) pH � 3.
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distance, and micro-cracks. The micropore was small and
dispersed. The microstructure consisted of homogeneous and
dense particles, fine and sparse pores, indicating the positive
macro mechanical properties before acidification and erosion.

However, the specimens saturated in acidic solutions exhibited
a spongy or flocculent structure. The structure was loosened, and
the boundary between layers became blurred (Figures 4C, D).
The number of micro-fissures and micro-pores increased, and
some independent small-sized micro-pores were dispersively
interconnected with each other to form a larger “gully”
(Figure 4C). In comparison, more powders were shed and the
edges were the more distinct at pH � 3 (Figure 4D). After
saturation in distilled water, the microscopic morphology did
not change obviously (Figure 4B). Clearly, the decrease in pH
value accelerated the chemical damage.

Mass Damage After Acidification
After saturation for 49 days, the surfaces of the rock samples were
rinsed with distilled water, dried, and measured. Compared with
the rock sample mass before saturation, the mass decreased by
various degrees with different pH values. However, the masses
after dipping in distilled water were basically the same as the ones
before saturations. Five samples were randomly selected from the
three groups. Comparisons between the mass before and after
saturations with different pH values are shown in Figure 5.

The stronger and faster reaction was caused by the higher
concentration of H+ in the solution [52, 53]. It can be further
concluded that stronger acidity led to the destruction of more
micro-structures. As shown in Figure 5, the mass was slightly
diminished after saturated in distilled water. It proves the
existence of water-soluble mineral components. To
quantitatively characterize the degree of mass damage after
saturation, a time-dependent mass damage factor D(t) is defined:

D(t) � M0 −M(t)
M0

× 100% (7)

Where M0 is the mass of the rock sample before saturation, and
M(t) is the mass at t days during saturation.

The mass damage factors of the samples saturated for 49 days
at pH � 3 and pH � 5 are presented in Figure 6. Relatively
speaking, the change in distilled water is not obvious. Thus, the
factors are not provided here.

Figure 6A shows that the mass damage factors at pH � 3 are
higher than pH � 5. The average value of the factors at pH � 3 is
2.30%, while which at pH � 5 is 1.21% (see Figure 6B). Obviously,
the latter is almost half of the former. Under the two actions, the
standard deviations are almost the same. The standard deviation
is 0.25 at pH � 3 and 0.24 at pH � 5. Hence, the comparison
between the two is reliable. In conclusion, during the same time of

FIGURE 4 | Scanning electron microscopy of diorite surfaces after different saturations: (A) naturally dry condition, (B) pH � 7, (C) pH � 5, and (D) pH � 3.
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saturation, lower pH value will strengthen the reaction, leading to
larger mass damage and corrosion.

LABORATORY RESULTS AND
DISCUSSION

Calculation of Time Scale
The time scale refers to the ratio of the amount of H+ substances
consumed per unit time for two solutions with different initial pH
values [52, 54]. Assuming that under a strongly acidic solution,

the amount of H+ substances consumed per unit time is Δn1, and
that in weak acid is Δn2, the time scale ƞ(t) of two different acidic
solutions can be defined as:

η(t) � Δn1

Δn2
(8)

Theoretically, the time scale η(t) is a variable with the selected
period. Due to the limitations of the laboratory, it is impossible to
accurately determine the amount of H+ substances at any time
during saturation process. In this paper, the unit time is set as 12 h
to calculate the time scale. Table 1 lists the changes in the amount

FIGURE 6 |Massdamage factors of rock samples after different acidic saturations for 49 days: (A) damage factor of each sample, and (B) error bars of damage factors.

FIGURE 5 | Comparison of mass differences before and after different saturations: (A) rock samples soaked with distilled water, (B) rock samples under pH � 5
acidic saturation, and (C) rock samples under pH � 3 acidic saturation.
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of H+ substances under the two acidic solutions. Thus, the
calculated results are provided in Table 1.

According to Table 1, the consumption of H+ shows a
decreasing trend, indicating that the reaction gradually slows
down. In the first 12 h, the consumption of H+ in the acidic
solution with initial pH � 3 is 103.49 times as much as the initial
pH � 5 (see Table 1). The time scale reflects the chemical damage
caused by the two acidic solutions. Thus, in the first 12 h, the
solution of pH � 3 causes 103.49 times the damage compared to
that of pH � 5. Similarly, based on the change of H+ per unit time,
the time scale of chemical damage caused by two different acidic
solutions can be calculated at any period. The characteristics of
the solution with pH � 5 is close to the natural environment.
Through the conversion of the time scale, saturation under pH �
3 could be tried to simulate the long-term effect caused by natural
environment in a short time, which may shed some lights on
predicting the durability of rock masses in nature.

Characteristics of pH Change During
Acidification
As mentioned above, the pH value of the acidic solution plays an
important role in the corrosion of diorite. The change of pH value
can directly reflect the reaction rate and degree. In the tests, the
pH value was measured every 12 h. To maintain the initial
concentrations (pH � 3 and 5), concentrated hydrochloric acid
was added dropwise via plastic dropper. The rock sample and the
acidic solution reacts violently at the beginning (see Figures 7A,
C). Meanwhile, the pH value increases significantly, which is close
to neutral. Hence, it shows that the H+ ions in the two solutions
have almost been consumed. As saturation time increases, the pH
values gradually decrease. Besides, the two decline rates
continuously decrease, while the decline rate with pH � 3 is
faster than that with pH � 5. Lastly, the pH of the initial solution
with pH � 3 starts to stabilize slowly on the 29th day (the 58th
measurement) (see Figure 7D), and the pH is slightly higher than
3. Thus, the reaction proceeds slowly after the 29th day, but it
does not indicate the end.When the minerals on the outer surface
have been dissolved, the internal structure may fail to display
signs of reaction due to the tight structure arrangement. In
contrast, the pH of the initial solution of pH � 5 gradually
stabilizes on the 32nd day (64th measurement) (see
Figure 7B). However, the corresponding pH is greater than 5,
indicating that the reaction has changed from the 32nd day.
Change of the pH value in distilled water is minimal. It indicates
that no obvious chemical reaction has occurred. Therefore, its
curve over time is not provided.

According to Figure 7, the time-dependent pH value at initial
pH � 3 is:

FIGURE 7 | Aging characteristics of pH values of acidic solution during saturations: (A) violent stage during acidification reaction under saturation (pH � 5), (B)
stable stage during acidification reaction under saturation (pH � 5), (C) violent stage during acidification reaction under saturation (pH � 3), and (D) stable stage during
acidification reaction under saturation (pH � 3).

TABLE 1 | Change in the amount of H+ and time scale conversion.

Initial pH Change in the amount of H+ substance per unit volume/mol

12 h 24 h 36 h 48 h

3 −9.998 × 10−4 −9.975 × 10−4 −9.737 × 10−4 −8.341 × 10−4

5 −9.661 × 10−6 −9.088 × 10−6 −7.709 × 10−6 −4.872 × 10−6

Initial pH Time scale η(t)

12 h 24 h 36 h 48 h

3 1.00 1.00 1.00 1.00
5 103.49 109.76 126.31 171.20
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P(t) � 2.81 + 4.02e
−t
16 (9)

The time-dependent pH value at initial pH � 5 is:

P(t) � 4.88 + 1.6e
−t
17 (10)

The time-varying characteristics indicate that lower pH value leads
to faster corrosion. Thus, severer corrosion is caused by a lower pH
value. This further verifies the time scale principle that the reaction
speed can be accelerated by increasing the reactant concentration.

Aging Characteristics of Mass Damage
During Acidification
The test pieces were taken out from the solution and placed in an
indoor ventilation environment for 24 h. Then, the mass
measurement was performed after the test pieces were completely
dried. Samples were randomly selected from the acidic solutions of
pH � 3 and pH � 5. The results show that after different acidic
saturations, the masses of the samples decreases to various degrees.
Besides, the decreasing rate gradually slows down. To characterize
the relationship betweenmass damage and saturation time, the time-
dependent characteristic curves of mass damage are calculated and
plotted (see Figure 8A).

Where the time-dependent massM(t) is defined. According to
Figure 8A, the fitted curve of M(t) at condition of pH � 3 is:

M(t) � 508.23 + 11.07e
−t
10.5 (11)

The fitted curve of M(t) under solution of pH � 5 is:

M(t) � 511.01 + 6.66e
−t
8.8 (12)

According to Figure 8B, the fitted curve of D(t) at condition of
pH � 3 is:

D(t) � 2.23 − 2.23e
−t
11 (13)

The fitted curve of D(t) under solution of pH � 5 is:

D(t) � 1.17 − 1.17e
−t
11 (14)

Thus, the decreasing rate of D(t) at condition of pH � 3 is:

D(t)’ � 2.23
11

e
−t
11 (15)

The decreasing rate of D(t) under solution of pH � 5 is:

D(t)’ � 1.17
11

e
−t
11 (16)

With increasing saturation time, the cumulative damage of the
mass gradually increases and finally stabilizes (see Figure 8B).
According to Eqs 13 and 14, the mass damage factors will
gradually decrease and eventually reach zero. Comparing the
characteristics of the damage caused by two acidic solutions,
lower pH will produce larger mass damage during the same
saturation time (see Eqs 15 and 16). This trend is similar to the
change of pH values and agrees well with the results from the
perspective of chemical kinetic principles.

Mechanical Damage Characteristics During
Acidification
Effect of Acidification Time on the Strength and
Deformation
To simulate the long-term corrosion induced by weakly
acidic groundwater and the actual confining pressure, test
results for rock samples at pH � 3 and σ3 � 10 MPa are further
provided.

According to Figure 9, the stress–strain curves of pH � 3
under triaxial compression (σ3 � 10 MPa) have obvious stepwise
trends. Four obvious stages can be observed: (A) initial crack
compaction stage (Figure 9A), (B) elastic deformation to stable
micro-elastic crack development stage (Figure 9B), (C) unstable

FIGURE 8 | Aging curves of mass damage during different saturations: (A) rock mass, and (B) rock mass damage factor.
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crack development stage (Figure 9C), and (D) post-fracture stage
(Figure 9D). However, as saturation time increases, stress-strain
curves exhibit different characteristics.

At the initial crack compaction stage, the degree of concavity
on the curve gradually increases, indicating that samples will
produce more micro-fissures. At the elastic deformation to stable
micro-elastic crack development stage, the slope of the curve
gradually decreases, indicating that the elastic modulus will also
gradually decrease. In the unstable crack development stage, the
peak stress drops significantly with time. Besides, in the post-
fracture stage, the deformation after peak stress gradually
increases with time. This shows that diorite has a tendency to
change from brittle to ductile after acid saturation. Besides, this
tendency will become more obvious with longer saturation time.

To quantify the damage aging characteristics of compressive
strength during saturation, the compressive strength damageQ(t)
[55–57] is introduced as:

Q(t) � 1 − σ t

σ0
(17)

where σt is the TCS of diorite samples after saturation (pH � 3 and
σ3 � 10 Mpa) for t days. σ0 represents the TCS of diorite in the
natural dry state (σ3 � 10 Mpa). The TCS damage is shown in
Figure 10.

The equation of fitted curve is:

Q(t) � 0.34 − 0.33e
−t
20 (18)

Hence, the damage rate q(t) can be defined as:

q(t) � Q(t)’

� 0.33
20

e
−t
20

(19)

TheTCS gradually decreaseswith time. Besides, the rate also gradually
decreases. The maximum rate (4.18MPa/d) occurs in the first 7 days.
When saturation reaches 35 days, the TCS tends to be stable, which is
consistent with the damage characteristics and the changes of the pH
values. As the soluble matter on the surface dissolves, the reaction
gradually slows down. So the mechanical damage weakens.

The TCS damage reflects time-dependent characteristics. As
saturation time increases, the TCS damage of diorite gradually
increases. However, the damage rate decrease slowly. After
reaching a certain time (35 days), the damage gradually stabilizes.
As shown in Eq. 18 the strength damage of diorite will reach 0.34
instead of developing continuously. This suggests that the
mechanical damage mainly occurs at the fierce physical-chemical
reaction. For rocks that are hard to be completely dissolved, the
mechanical properties will not be affected at certain reaction point.
This is of great significance for predicting the residual strength of
rocks in acidic environments. After immersing granite samples with
different pH values, Liu et al. [52] reached a similar conclusion
through the uniaxial compression tests.

Parameter Damage Characteristics During
Acidification
The cohesion (c) and internal friction angle (φ) values of rocks are
two important physical and mechanical rock parameters [58–60].

FIGURE 9 | Stress–strain curves for different saturated periods under triaxial compression (σ3 � 10 MPa, pH � 3): (A) initial crack compaction stage, (B) elastic
deformation to stable micro-elastic crack development stage, (C) unstable crack development stage, and (D) post-fracture stage.
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Therefore, it is necessary to study the damage aging
characteristics of the c and φ values during saturation process.
The fitted curves of the TCS and confining pressure obtained at
different saturation times are shown in Figure 11.

The c and φ values are calculated as:

σ1 � PMAX

A
(20)

where σ1 represents the TCS, PMAX is the axial load when the rock
fails, and A represents the cross-sectional area of the specimen.

σ1 � σ0 + kσ3 (21)

where σ3 is confining pressure, σ0 represents the intercept in the
relationship between σ1 and σ3, and k represents the slope.

c � σ0(1 − sinφ)
2 cosφ

(22)

φ � sin−1k − 1
k + 1

(23)

The calculation results are shown in Figure 12.
According to Figure 12, the c and φ values decrease with time.

The φ values decrease significantly in the first 21 days after
saturation, from the initial 29.4° to around 22.9°. The
reduction rate reaches the maximum value of 2.17°/7 days.
Then the φ values keep decreasing with a lower rate at around
0.875°/7 days. The c and φ values decrease by 41.9 and 59.7% in
the first 21 days. The c values decrease first and then increase
steadily. The average rate of c reduction is about 1 MPa/7 days.
During the reaction, a stepwise trend could be observed for the
development of φ. It is consistent with the trends of rock mass
damage and pH value. The trend of φ can be seen as the
cumulative effect of time, which suggests that the φ of diorite
is more sensitive to acidic solutions than its c.

Mechanical Damage Model During
Acidification
Calculation of Corrosion Depth of Diorite During
Acidification
The sizes of the rock samples are measured after acidification with
pH � 3. The average change of five random diameters with
saturation time is shown in Figure 13A.

It can be seen that a dramatic decline in diameter occurs in the
first 7 days. It is from 50.8 mm to around 50.1 mm. Then the
trend immediately slows down with a minimal 0.2 mm reduction
during the rest of acidification. This indicates that the rock
sample reacts violently with the acidic solution at the initial

FIGURE 12 | Curves of the c and φ value changing with saturation time
(pH � 3).

FIGURE 10 | Variation curve of triaxial compressive strength damage of
diorite with saturation time (σ3 � 10 MPa, pH � 3).

FIGURE 11 | The fitting curves of triaxial compressive strength (TCS) and
confining pressure.
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stage. Besides, the intensity of the reaction slows down quickly
with time.

To quantify the loss of diameter, a corrosion depth parameter
is proposed as follows:

Δd(t) � d0 − d(t) (24)

where d(t) refers to the diameter at t days, and d0 is the initial
diameter. Therefore, the radius change is:

∇r(t) � Δd(t)
2

(25)

where ∇r(t) is the corrosion depth.
Based on the development of diameter, the development of

corrosion depth is presented in Figure 13B. The function of the
fitting curve is shown in Eq. 26.

∇r(t) � 0.48t0.15 (26)

Strength DamageModel of Diorite During Acidification
Before establishing the strength damage model of diorite during
acidification, four hypotheses are given:

(1) Diorite specimen is a two-phase material consisting of rock
matrix and pores.

(2) The strength of diorite specimen is proportional to its matrix
bearing area and inversely proportional to its porosity.

(3) Diorite specimens can reduce matrix bearing area and
increase porosity during acidification.

(4) The matrix bearing area could decrease and the porosity
could increase during acidification.

The percentage of residual strength of diorite sample during
acidification is:

λ � σ(t)
σ0

(27)

where σ(t) is the compressive strength after saturation for t time
and σ0 is the compressive strength in the natural dry state. Based
on the hypothesis and theoretical derivation, Huo [61] obtained
the relationship between residual strength percentage and
porosity as follows:

λ � μ(1 − 1.40ω
2
3
ρ) (28)

where μ is the coefficient to be determined and ωp is the porosity. The
increase in the corrosion depth by the acidic solution is the main
reason for the growth of porosity [62]. The test piece has a height of
100mm and a diameter of 50mm. The corrosion depth of the test
piece is∇r(t). Therefore, the load-bearing areaA(t) of the test piece is:

A(t) � π(50
2
)
2

− π(50
2
− ∇r(t))

2

(29)

From Hypothesis (4), Eq. 29 could be produced as:

ωρ � cA(t)h
� πch[252 − (25 − ∇r(t))2]
� πch∇r(t)(50 − ∇r(t))

(30)

Where c is the scale constant. Substituting Eq. 30 into Eq. 28 gives:

λ � μ{1 − 1.40[πλh∇r(t)(50 − ∇r(t))]23} (31)

Substituting Eq. 26 into Eq. 31 gives:

λ � μ[1 − (α1t0.15 − α2t
0.3)23] (32)

In Eq. 32, α1 and α2 are test constants, which are larger than 0.
When t is equal to 0, λ � 1. Hence, μ � 1. Equation 32 can be
presented as:

FIGURE 13 | The average size change during saturation (pH � 3): (A) the changing curve of diameter of rock samples, and (B) the fitting curve of corrosion depth.
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λ � 1 − (α1t
0.15 − α2t

0.3)23 (33)

Substituting Eq. 23 into Eq. 27, the formula of the rock’s strength
over time during saturation in an acidic solution of pH � 3 is:

σ(t) � σ0[1 − (α1t
0.15 − α2t

0.3)23] (34)

To verify the reliability of the established strength damage model
(see Eq. 34), two groups of experimental data (σ3 � 10 MPa, pH �
3) are randomly selected to produce α1 � 0.124 and α2 � 0.032.
Figure 14 shows the measured and calculated compressive
strength of diorite specimen.

As can be seen fromFigure 14, when σ3� 10MPa and pH� 3, the
trends of the measured and calculated values of diorite’s compressive
strength with time are roughly the same. In the initial stage of
saturation, the strength damage range of diorite is relatively large and
the damage rate is high. With the increase of saturation time, the
intensity of the damage rate gradually slows down. By comparing the
measured and calculated values of compressive strength, the aging
model of diorite strength damage established based on the corrosion
depth agrees well with the aging characteristics. Thus, the proposed
model can be used to simulate residual triaxial compression strength
of diorite in acidic environment.

CONCLUSIONS

In light of the above work, the main conclusions of this paper can
be drawn as follows:

(1) Under the action of acidic chemical solutions, the
microstructure of the amorphous particles changes, which
causes damage to the physical properties and weakens the
macro mechanical performances of diorite.

(2) Through the conversion of the time scale, saturation of pH �
3 can be used to simulate the long-term effect of the weakly
acidic environment in a short period.

(3) As saturation time passes, the pH value of the two acidic
solutions gradually decreases with decreasing rates. After
reaching a certain time (29, 32 days), the pH values
stabilize at higher values than the initial.

(4) When saturation time reaches 35 days (pH � 3), the TCS
gradually levels. The cohesion (c) and internal friction angle
(φ) tend to decrease with time. The change of φ shows a clear
decreasing trend. The magnitude of change in c values is
relatively gentle throughout saturation process. Therefore,
the φ of diorite is more sensitive to acidic solutions than its c.

(5) The established model of diorite during saturation (σ3 �
10MPa, pH � 3) shows that in the initial stage, diorite
experiences strong strength damage at a high rate. With
the increase of saturation time, the intensity damage rate
gradually decreases, which agrees well with the test results
and provides guidance for practical calculation.
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With deep-buried depth, large span, high geo-stress, complex geological conditions,

and its large sections, the deformation behavior of the Gaopo Tunnel is a complex

three-dimensional problem. To reveal the deformation behavior of the tunnel and

evaluate the current support scheme, this paper establishes a three-dimensional model

by benching tunneling method, and compares the monitoring data to analyze the

deformation behavior of the surrounding rock and the variation of the stress field in the

support structure. The results demonstrate that the rock inclination angle is 4◦ to 10◦,

the micro-dip layered structure, which is the main factor for the asymmetric deformation

behavior of soft rock tunnel with large section passing through coal seams. The

maximum displacement of surrounding rock and the maximum stress of the supporting

structure are within the safe range in current scheme. Furthermore, some measures are

summarized, which may provide some reference for similar engineering in the future.

Keywords: numerical simulation, deep-buried tunnel, large section, large deformation, asymmetric deformation,

coal seam

INTRODUCTION

Tunnels excavated in deep-buried and layered soft surrounding rock often encounter large
deformation, accompanied by lining cracking and serious deformation of steel arch, such as Gushan

Tunnel and Muzhailing Tunnel [1–3]. Unlike shallow tunnel, the deformation mechanism and
stability of surrounding rock are difficult to control due to deep burial, high geo-stress, large
span, and complex rock characteristics [4–10]. When excavating a tunnel in soft rock under
squeezing stress, the ground slowly enters the opening without obvious cracks or loss of continuity.
Continuous inward deformation of rock may occur due to the separation of rock debris or
blocks from the excavated vault and wall [11]. Because of the damage of large deformation in the
construction of soft rock tunnel, its deformationmechanism and control has attracted the attention
of many scholars from the view of mechanics or geology for a long time [12–19].

With the development of computer technology, numerical simulation analysis of tunnel
surrounding rock deformation is used widely. Especially after Mroueh and Shahrour [20]
put forward the three-dimensional numerical simulation modeling and analysis, the numerical
simulation has been recognized widely. Han et al. [21] used the step-by-step approaches modeling,
combined with ANSYS, and carried out a full three-dimensional finite element analysis of the wall
movement and damage caused by the excavation of the Hobart Tunnel. Liu et al. [22] used the
monitoring data combined with ANSYS and FLAC3D to analyze the deformation behavior of the
surrounding rock mass between the adit and the major tunnel of Wangdeng Tunnel.
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In this paper, to reveal the large-deformation phenomena
and evaluate the safety during tunneling in Gaopo Tunnel,
comprehensive investigations have been undertaken by
combining monitoring data and numerical simulation. The main
reason of the large asymmetric deformation in Gaopo Tunnel is
analyzed. And the feasibility of new support scheme is analyzed.

SITE DETAILS

Engineering Geology Condition
The large deformation section D3K342+750∼D3K343+169 of
Gaopo Tunnel is located at the southeast wing of Gaopo 1#
anticline core.

The surrounding rock is mainly soft rock in the V class
and the geological conditions are complex. The stratum at the
construction site of the Gaopo Tunnel is mainly composed of
sandstone, mudstone, carbonaceous shale, sandy mudstone, and
coal seam. Located at the upper part of the formation, Longtan
Group (P2l) has 5 to 31 coal seams, including 2 minable coal
seams, with a total thickness of 120–180m. P2l in the tunnel area
contains poor coal quality, and pyrite nodule is well developed,
and sulfur content is high. The vault and floor are mostly
mudstone and bauxite mudstone, and the structure of coal seam
is relatively simple.

Located in the fold belt of the East Yunnan Platform of Yangzi
Quasi Platform in the north of Yungui Plateau, the geological
structure of this tunnel is complex. The faults and folds are
developed, mainly in the East-West structure, and the rock mass
is broken. The representative occurrence of the corresponding
proof stratum in this section is N40◦-60◦W/9◦-12◦SW. The route
of the tunnel is about N46◦W, approximately parallel to the
stratum trend.

Geological exploration shows that surface water mainly
consists of gully water and streamwater. The rainfall is abundant.
The branch gully is mostly seasonal running water. Replenished
by atmospheric rainfall, the flow is greatly affected by seasonal
changes, and the flow is discharged in the form of evaporation,
infiltration, and runoff. Groundwater is mainly composed of pore
water and bedrock fissure water. The pore water is localized in the
partial gullies and the loose accumulation layer, and the bedrock
fissure water exists and migrates in various structural surfaces of
the bedrock and in the fault fracture zone. The twomainly receive
atmospheric precipitation and surface water replenishment.

Geo-Stress Test
In this paper, the in-situ stress was measured by hydraulic
fracturing method [23–26].

As shown in Table 1, within the depth range of geo-stress
measurement, the maximum horizontal principal stress (σH)
at the section was 14.37 MPa. The results indicated that
the maximum principal stress and the minimum principal
stress were both horizontal stresses and that only the second
principal stress was in the vertical direction. The lateral pressure
coefficient, the ratio of the σH and the vertical principal
stress (σv), reached nearly 1.4. Generally, within the test depth
of the tunnel, the minimum horizontal stress (σh) was the
minimum principal stress, and the difference between the

TABLE 1 | Geo-stress test in the large deformation section at Gaopo Tunnel.

Depth (m) Maximum

horizontal

stress

(σH[MPa])

Minimum

horizontal

stress(σ h[MPa])

Vertical

stress

(σ v[MPa])

Direction of

maximum

horizontal

principal

stress

278.8 7.19 4.73 7.37 /

295.3 10.45 6.69 7.81 /

358.8 14.37 9.31 10.2 NW50◦

388.1 12.26 7.8 10.26 NW42◦

425.7 12.13 7.77 11.26 /

448.6 12.56 8.4 11.87 NW54◦

σv and σH was not significant. The effect of tectonic stress
was not strong, and it was above the intermediate level. The
directions of the maximum σH from shallow depth to deep
depth were N50◦W,N42◦W, and N54◦Wrespectively, indicating
that the direction of the maximum principal stress near the
measuring point was N49◦W. The direction of route was about
N46◦W, and it was approximately parallel to the direction
of the σH .

Deformation and Failure Characteristics
According to the in-site observation and monitoring data, the

large deformation characteristics of coal seam section of Gaopo
Tunnel are summarized as follows:

1) Large and uneven deformation. The main deformation in the
tunnel was vault subsidence, floor heaven and sides shrinkage.
And its development direction was perpendicular to the gentle
dip direction of the stratum.

2) Large initial deformation and long-term deformation. The
buried depth of the railway was 350–445m, and the strength
of the surrounding rock was low. The phenomena of floor
heave, vault subsidence and side shrinkage lasted for a long
period after 2018. Monitoring data indicated the deformation
velocity of surrounding rock in this tunnel could reach 16
mm/d, and the deformation duration was usually 10 months.

3) Support failure. The Gaopo Tunnel was supported by
original support scheme in December 2016. In January
2018, the whole tunnel was penetrated. Before the
penetration, the surrounding rock was strengthened,
and no obvious large deformations occurred. In March 2018,
intense deformation and serious failure happened in the
D3K34+750∼D3K343+169 section of the main tunnel and
the corresponding adit. The deformation sign of the initial
support and lining is shown in Figures 1, 2. The maximum
deformation of side near the main tunnel was about 1m.
The longitudinal influence range was wide. There were long
longitudinal cracks on the vault and floor of main tunnel, and
the longitudinal crack on the filling surface of floor was up to
50mm (Figure 3).
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FIGURE 1 | Initial support failure.

FIGURE 2 | Deformation of major tunnel lining.

Original Support Scheme and Current
Support Scheme
Original Support Scheme
Gaopo Tunnel was constructed by scheme of “two cross
passageways, main and auxiliary inclined shaft and one
ventilation shaft.” The horseshoe excavation section of the
main tunnel reached 155m2, belonging to super-large section
tunnel. The original support scheme of deformation section
was determined by relevant mechanical tests in the test
section and the geological conditions. In the design scheme,
the floor is removed, and inverted arch with I-shaped
steel is added. And the support scheme for the main
tunnel is:

1) Severely deformed section: Increase the curvature of the
inverted arch, and deepen the center of the inverted arch by
50 cm. Add anchors to the inverted arch, and increase the

reserved deformation by 30 cm. Reinforced concrete is used

for the initial support, and type III composite lining is used
for the secondary lining. The support parameters are shown
in Table 2 and the section structure parameters are shown in
Figure 4A.

2) Moderately large deformation section: The reserved
deformation is 25 cm, and the initial support is reinforced
with full-ring I20b steel. The secondary lining is reinforced
concrete, type A composite lining. The supporting parameters
are specified in Table 3.
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FIGURE 3 | Deformation sign of support.

TABLE 2 | Parameters of type III composite lining.

Setting

part

Severed

deformation

(cm)

Air-tight shotcrete 88 reinforcement mesh

Setting

part

Thickness Setting

part

Space (m)

Arch wall 30 Arch wall 27 Full-ring 0.2 × 0.2

Inverted

arch

27

Anchor rod Steel arch

Setting

part

Type Length (m)Space (m) Setting

part

Space (m)

Arch 822 combined

hollow anchor

4.0 0.8m × 0.8m

(tangential ×
radial)

I20b steel

full ring

0.6

Sidewall 832

self-feeding

anchor

4.0

Inverted

arch

822 combined

hollow anchor

5.0

Current Support Scheme
The Gaopo Tunnel is a deep-buried tunnel, and the buried
depth is more than 400m. The excavation section is large,
the horseshoe section is nearly 155m2. It was difficult
to achieve sufficient accuracy in the preliminary geological
survey. Although the original support scheme of the section
D3K342+750∼D3K343+169 was determined by the mechanical
test in the test section, the influence of the core part of the Gaopo
1# anticline was not fully considering. From the deformation
of the supporting structure, the structural stiffness of the type
III composite lining was still insufficient, and the length of
the anchor rod was not enough. And the radius of the loose

circle of the surrounding rock was large. Therefore, type IV
composite lining was adopted. Specific engineering measures are
as follows:

1) Grouting with aperture of 50mm is adopted for the range of
archwall in deformed section, with 5m length per hole and 1.2
×1.2m (tangential× radial) spacing to improve surrounding
rock conditions at arch wall.

2) Removal and expansion of original support structure are
carried out in turn with trolley, with the length of each
expansion about 6–10m. The previous horseshoe section is
expanded to circle section. Open-fire operation is forbidden
in the whole process. Tunnel ventilation is strengthened
to ensure that gas concentration in air flow is not more
than 0.4%.

3) New support structure consists of two layers of initial support
and one layer of secondary lining with design thickness.
HW200 I-steel is used for the first layer of initial support steel
arch, and HW175 I-steel is used for the second layer of initial
support steel arch. The spacing of the steel arch is 0.6m. The
construction time of the secondary initial support depends on
the deformation of the surrounding rock andmonitoring data
after the first initial support is installed. The secondary lining
should be installed after the surrounding rock is basically
stable after the construction of primary support.

4) Anchors with 12 and 10m long are designed to strengthen
the whole ring in the tunnel arch wall and the inverted
arch. The actual length of anchor rod during construction is
optimized according to themonitoring data of test section and
actual construction situation in site, and reinforced concrete is
applied in the full ring.

5) The form of tunnel track depends on the field deformation
and monitoring data at later stage, and ballasted track is
recommended. Specific parameters of type IV composite
lining of Gaopo Tunnel are shown in Table 4 and structural
parameters of section are shown in Figure 4B.
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FIGURE 4 | Section structure parameters: (A) Type III composite lining section. (B) Type IV composite lining.
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THREE-DIMENSIONAL NUMERICAL
ANALYSIS

Model and Material Parameters
In this paper, the geometric dimension of the model is defined as
width X× Y× Z= 170m× 170m× 50m. The model is defined
as three parts: upper, middle and lower parts, corresponding to
the general stratum, coal seam and general stratum respectively,
as shown in Figure 5. The coal seam is the surrounding rock
of inclined layered coal measure stratum that the tunnel passes
through, and the dip angle of stratum is set as 9◦.

According to the new support scheme, the maximum
excavation span of circular tunnel section is 16.08m. To simplify
the calculation, the influence of the reserved deformation is not

TABLE 3 | Parameters of type A composite lining.

Setting

part

Severed

deformation

(cm)

Air-tight shotcrete 88 reinforcement mesh

Setting

part

Thickness Setting

part

Space (m)

Arch wall 25 Arch wall 27 Full-ring 0.2 × 0.2

Inverted

arch

27

Anchor rod Steel arch

Setting

part

Type Length

(m)

Space (m) Setting

part

Space (m)

Arch 822 combined

hollow anchor

4.0 1.0m × 1.0m

(tangential ×
radial)

I20b steel

full ring

0.6

Sidewall 832

self-feeding

anchor

4.0

Inverted

arch

822 combined

hollow anchor

5.0

considered in the support structure. The reinforcement, steel
mesh and shotcrete in the two layers of initial support are
simplified as one layer of support, and the thickness of initial
support is 53 cm, regarded as solid element, and its material
parameters are determined according to the weight ratio of each
component. The diameter of anchor is 32mm, realized by wire
element. The steel arch frame is HW200 I-beam steel, realized by
wire element. Both of them bear the load by embedding into the
soil. The length of arch wall is 12m, and the range of inverted arch
is 10m, realized by solid element. The thickness of secondary
lining is 60 cm, ignoring the existence of reinforcement, regarded
as solid element. After the model assembly, there are 25,433
units and 27,635 nodes in total. C3D8R (8-node linear brick,
reduced integration with hourglass control) element was used for
surrounding rock simulation.

In the design model, the horizontal direction of displacement
is fixed in X direction. The bottom surface is fixed in X direction,
Y direction and Z direction. The excavation direction is fixed by
Z direction, and the top is free.

The Drucker-Prager model is adopted in this numerical
analysis, and the required parameters are sorted out as Table 5
according to the geological exploration data.

Numerical Model Establishment
In the process of numerical simulation, 19 construction steps are
set to simulate the support process of tunnel excavation. In the
field, the support is excavated by benching tunneling method.
The length of each excavation step is set at 3m and excavation is
set at 7 steps, which are divided into two steps. The initial support
is lagged behind one construction step of excavation and the
lining is lagged behind four construction steps of excavation. And
keyword “Model Change” is used to rock mass excavation and
support structure installment. Load conditions are as follows:

1) Calculation of initial geo-stress field.
2) Balance of geo-stress.
3) First step excavation of upper bench.

TABLE 4 | Parameters of type IV composite lining.

Initial support Setting part Reserved deformation (cm) Air-tight shotcrete 88 reinforcement mesh

Setting part Thickness (cm) Setting part Space (m)

First initial support Arch wall 30 Full-ring 28 Full-ring 0.2 × 0.2

Inverted arch 0

Secondary initial support Arch wall 15 Full-ring 25 Full-ring 0.2 × 0.2

Inverted support 30

Anchor rod Steel arch

Setting part Type Length (m) Space (m) Setting part Type Space (m)

Arch 832 self-feeding anchor 12 1.2m × 1.2m (tangential × radial) Full-ring HW200 0.6

Sidewall 832 self-feeding anchor 12

Inverted arch 832 self-feeding anchor 10

Full-ring HW175 0.6
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FIGURE 5 | The numerical model and the element mesh.

TABLE 5 | Physical-mechanical properties of the material at site.

Material Density (kg/m3) Elastic modulus (GPa) Poisson’s ratio Cohesion (kPa) Friction angle (◦) Yield strength (MPa)

General stratum 2100 2.50 0.39 300 32 31.1

Coal seam 2000 1.80 0.35 200 27 24.6

Initial support 2300 29.57 0.20 / / /

Secondary support 2500 33.5 0.20 / / /

Anchor 7800 200 0.20 / / /

4) Second step excavation of upper bench and initial support
installation of the previous step.

5) Excavation of upper bench to 12m, installment of initial
support to 9m and installment of the first step lining, and start
of excavation of lower bench.

6) Excavation of upper bench to 15m, excavation of lower bench
to 6m, and installment of initial support to the lower bench of
3m. The second step lining installment and start of the third
excavation of the lower bench.

7) In turn, analogy is carried out until the scheduled
excavation of surrounding rock and support structure
are installed.

Typical working conditions of 3-D numerical simulation of
Gaopo Tunnel are shown as Figures 6–8.

RESULTS

Based on the in-site monitoring data of D3K342+940 section
of Gaopo Tunnel, the simulation results are compared with
the corresponding monitoring data to discuss the deformation
of surrounding rock and stress of support structure in Gaopo
Tunnel. The main items for comparison and analysis are
surrounding rock deformation, initial support stress, steel arch
stress, anchor axial force and secondary lining reinforcement
stress. According to the ABAQUS stress symbol, the compression
is negative and the tension is positive.

It should be pointed out, that, due to construction and other
reasons, part of the anchor hole grouting is not compact, which
cannot ensure that the monitoring data can perfectly reflect the
tension stress of the anchor rod. And other measuring points
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FIGURE 6 | The fifth construction step: excavation up to 12m, initial support construction up to 9m, and lining installation.

FIGURE 7 | The sixth construction step: excavation up to 15m, excavation down to 6m, and initial support down to the lining.

cause data distortion due to component wire breakage caused
by construction.

Displacement Analysis
After the tunnel excavation and support structure installment by
benching tunneling method, the nephogram of horizontal and
vertical displacements of surrounding rocks is shown in Figure 9.
Vault subsidence, inverted arch floor heaven, left or right sidewall

convergences corresponding joints of target section are extracted,
and the displacements with the construction steps are shown in
Figure 10. The displacements of the section D3K342+940 are
shown in Figure 11.

From Figures 9, 11, the overall deformation of surrounding
rock after tunnel stabilization is in centimeter level, consistent
with the magnitude of monitoring data. The horizontal
convergence of surrounding rock is slightly larger than the
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FIGURE 8 | The seventh construction step: the planned surrounding rock excavation completion and support structure construction.

FIGURE 9 | Displacement nebulogram after excavation and support: (A) Horizontal displacement after stabilization (B) Vertical displacement after stabilization

(Unit: m).

vertical displacement, which is consistent with the law that the
horizontal stress is greater than the vertical stress in field stress
test. In addition, in the horizontal displacement, the convergence
value of the left is larger than that of the right.

From Figure 10, the deformation of surrounding rock
presents a “S” shape with tunnel excavation. Before the tunnel
face reaches the target section, vault subsidence, inverted arch
floor heaven, left or right sidewall convergences are 9.43, 10.97,
8.44, and 6.13 cm, accounting for 28.7, 31.2, 21.2, and 16.5% of

the total amount, respectively. After the tunnel face reaches the
target section, vault subsidence, floor heaven, left or right sidewall
convergence are 32.68, 19.19, 23.47, and 18.7 cm, respectively.
They account for 99.4, 54.8, 58.9, and 50.4% of the total amount,
respectively.With the continuous advancement of the tunnel face
and the disturbance near the target section of the construction
team, the deformation of surrounding rock is further expanded.
After that, with the construction of initial support and
lining on the target section, the deformation of surrounding
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FIGURE 10 | Curves of displacements and construction steps of surrounding rock.

FIGURE 11 | Displacements curves of the monitoring section D3K342+940.

rock on the target surface is restrained and finally tends
to stabilize.

Stress Analysis
The stress nephogram after stabilization is shown in Figure 12.
And the in-site monitoring data is shown in Figure 13. Because
of the difficulty of construction in site, in the large deformation
test section of Gaopo Tunnel, only anchor element, embedded at
sidewalls and inverted arch, is measured the axial force of anchor
rods. Therefore, only the tensile stress of sidewalls and joint at
inverted arch is extracted.

In Figure 12, the compressive stress in initial support mainly
concentrates on about 23 MPa, with the maximum value of 52.3
MPa. The compressive stress in steel arch mainly concentrates
on between 200 and 450 MPa. The maximum tensile stress in
anchor is 570MPa.Within the limit tensile strength of the anchor,

the tensile stress groups are mainly located near the clearance
part of the anchor. The tensile stress of anchor rod gradually
decreases with the extension of deep-buried surrounding rock,
and the variation is consistent with monitoring data.

From Figures 12, 13, the compression stress of arch wall is
greater than that of inverted arch. The maximum compressive
stress is concentrated in the right part. The tensile stress of anchor
rod at sidewalls is much higher than that at inverted arch, and the
value of tension stress of anchor rod is not different from that of
monitoring significantly. In addition, the tension stress of anchor
rod at left side and left elevation arch is higher than that at right
side and right elevation arch, which agrees with monitoring data.

The compressive stress of secondary lining in numerical
simulation is generally smaller than that of in-site monitoring
data. This is because the in-site monitoring value is the
compressive stress of secondary lining force on steel bar, and
the joint fissures are developed in large deformation section of
Gaopo Tunnel, which is affected by Gaopo1# anticline core.
The surrounding rock is mainly soft rock, such as argillaceous
sandstone. In addition, during the excavation of the tunnel,
plastic deformation is not considered in numerical simulation,
for simplifying calculation.

In general, the compressive stress of the secondary lining steel
bar monitored in site or analyzed by numerical simulation is
small, about 10–25 MPa, only 7.4% of the compressive strength
of the steel bar. Therefore, under the current support scheme, the
secondary lining bears less compressive stress in fact. It is more to
deal with the plastic deformation of surrounding rock softening
after tunnel operation, and it exists as a safety reserve.

Gaopo Tunnel Deformation Control
Technology
Considering that surrounding rock of this deformation section
is coal seam, the risk of gas leakage existences if reinforcement
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FIGURE 12 | Simulated results: (A) Initial support (B) Steel arch (C) Anchor rod (D) Secondary lining (Unit: Pa).

is carried out based on original support structure. In order
to control large deformation of tunnel, the original support
structure of the deformation section is determined to be removed
and a new support scheme is implemented. Now the engineering
measures for large deformation treatment of Gaopo Tunnel are
introduced as follows, which may provide some reference for
similar projects in the future.

Increase Support Structure Stiffness
Compared with the original support scheme with one layer of
initial support, the new support scheme uses two layers of initial
support. In the new support scheme, the thickness of shotcrete
has been increased from 27 to 53 cm, the type of steel arch has
changed from I20b to HW200 with higher strength and two-
layer support. And the anchor has changed from 822 combined
hollow anchor to 832 self-feeding anchor, and the length has
increased from 4m to 12 m.

Improve Tunnel Section Shape
In order to make full use of the potential of support structure
and reduce stress concentration, the horseshoe tunnel section is
changed to a circular section. The circular section can make the
stress distribution of support structure more uniform and it is
more convenient to the construction of two-layer steel arch. After
the support structure is installed, the circular section is beneficial
to the slow geo-stress release.

Layered Support to Control Deformation
In order to reduce the disturbance to surrounding rock, flexible
supporting structure is often used. After fully releasing the stress
of surrounding rock, the rigid support is used to support in
time. So that the surrounding rock and the supporting structure
form a whole and bear the stress together. The new support
scheme of Gaopo Tunnel adopts two-layer primary support.
After the deformation of the first layer of initial support is
stable, the second layer of primary support is installed in time.
After the deformation of the initial support tends to be stable,
the secondary lining should be installed in time. With enough
reserved deformation, the stress of surrounding rock can be
fully released, and then flexible supporting structure is applied
to make the surrounding rock and supporting structure reach a
new equilibrium.

Intensify Inverted Arch and Restrain Uplift
In the large deformation section of Gaopo Tunnel, the stress
of support is asymmetric, and the stress of the upper structure
is generally greater than that of the lower structure. Therefore,
the inverted arch is expanded into a circle, and two layers
of initial support and two layers of steel arch are carried. In
addition, 10m long 832 self-feeding anchor rod is installed.
Therefore, the support strength at the bottom of the tunnel
is sufficient.
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FIGURE 13 | Monitoring data diagram: (A) Initial support (B) Steel arch (C) Anchor rod (D) Secondary lining (Unit: MPa).

CONCLUSION

The tunnel is a typical coal seam tunnel with deep-buried
depth, large section. Based on monitoring data and numerical
simulation, the deformation behavior is analyzed. Somemeasures
have been taken to restrain the large deformation. The main
conclusions are as follows:

1) Softening expansion exists in surrounding rocks. The
surrounding rock in the deformation section is mainly
composed of mudstone and carbonaceous shale, which has
weak expansion, even medium expansion in partial region.
The site revealed that linear and strand-shaped groundwater
flowed near the tunnel. Inadequate management, coupled
with the release of stress after the tunnel construction, the rock
fissures gradually expanded, and a favorable water channel
was formed, causing the surrounding rock softened, which
increased the stress on the supporting structure, resulting
its deformation.

2) The surrounding rocks are mainly weak weathered mudstone,
carbon shale with sandy mudstone, etc. Soft and hard rocks
alternate each other, and the rock mass is relatively fractured.
The dip angle of stratum is 4◦-10◦ and it belongs to gentle
dip layered structure. The deformation of surrounding rock
and support stress are controlled by the layered structure with
gentle dip obviously. Horizontal convergence of surrounding
rocks is slightly larger than vertical displacement, in addition,

convergence value of left sidewall is larger than right sidewall
in horizontal displacement. Compressive stress of arch wall
is greater than that of inverted arch floor, and overall
compressive stress of right part of steel arch is greater than
that of left part. Tensile stress of anchor rod at sidewall is
much greater than that at inverted arch floor, and tensile stress
of anchor rod at left sidewall and left inverted arch floor is
greater than that at the right.

3) After the installment of the support structure, the maximum
displacement of surrounding rock and the maximum stress
of the supporting structure are within the safe range. And
their changes during the tunnel excavation are basically stable
after the completion of the secondary lining construction. The
stress of the secondary lining is similar to the field monitoring
data, and the overall stress is very small. The secondary
lining is mainly used to resist the surrounding rock plastic
deformation after the tunnel operation, which is the same

as the idea of NATM. In the process of tunnel excavation,
the broken-rock pressure and deformation pressure of
surrounding rock are mainly produced by surrounding rock
and initial support. Compared with field monitoring data, it
can be concluded that Gaopo Tunnel is safe under the current
support scheme.

4) The engineering treatment measures for large deformation
section of Gaopo Tunnel are analyzed and summarized,
including increasing support structure stiffness, improving
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tunnel section shape, deformation controlling by
layered support, and strengthening inverted arch and
restraining uplift.
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According to the potential disaster points of the rock bedding slope with a weak structural

plane along the Sichuan Tibet railway, the shaking table test of earthquake simulation was

designed and carried out. The acceleration response and displacement response of the

slope under different input earthquake conditions were monitored, and the HHT method

was mainly used to analyze the seismic response of the slope. The results show that

the rock bedding slope shows obvious “elevation effect” and “surface effect” under the

action of seismic waves of different intensities. With the increase of the amplitude value

of the input earthquake, the elevation effect and the surface effect gradually weakened.

When the amplitude of the seismic wave reached 0.9 g, the movement inconsistency of

the slope on both sides increased, and the slope gradually separated from the main body

of the slope, resulting in slope instability. The characteristics of the seismic signal in the

time–frequency domain can be better described by the Hilbert-Huang transform. In the

time domain, the energy is mainly concentrated in 2–6 and 12–15 s, and the predominant

frequency is concentrated between 5 and 40 hz.With the increase of elevation, the former

increases and the latter decreases. In addition, the change of the peak value of the

marginal spectrum can clearly show the development process of the earthquake damage

inside the slope. At the height of 100 cm, the inflection point can be seen obviously in

the slope. It shows that the damage occurs at the height of 100 cm, and the degree of

earthquake damage near the slope is stronger than that inside the slope. The recognition

results of marginal spectrum are in good agreement with the experimental results.

Keywords: bedding rock slopes, shaking table test, seismic response, peak acceleration, time-frequency analysis,

Hilbert-Huang transform

INTRODUCTION

The Sichuan-Tibet railway starts from Chengdu, passes through Ya’an, Kangding, Changdu, and
Linzhi to Lhasa, with a total length of 1,800 km. Influenced by the collision and compression of the
Indian plate on the Eurasian plate, the terrain along the Sichuan-Tibet railway is characterized
by high mountains, deep valleys, and crisscross gullies. There are many active fault zones in
the transition zone between the plateau and the basin, which are the root cause of earthquakes.
Frequent seismic activity and a fragile geological environment are factors that easily induce
large-scale landslides. The Wenchuan Ms 8.0 earthquake, Lushan Ms 7.0 earthquake, and Ludian
Ms 6.5 earthquake have all caused a large number of slope collapses [1–4]. The bedding rock slope is
a very common type of slope distributed in the Sichuan-Tibet railway construction area [5, 6]. Due
to the influence of internal structural characteristics, the stability of this type of slope is poor, and it
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is very prone to collapse in the event of an earthquake [7, 8]. This
seriously affects the safety of the Sichuan-Tibet railway during the
construction and operation period.

Seismic stability of bedding rock slopes has always been
a hot issue in geological disaster research. In general, the
most commonly used method in stability analysis is the quasi-
static method. In this method, the influence of peak ground
motion parameters on slope stability is considered, and the
instantaneous action of earthquake is equivalent to load acting
on the center of gravity of sliding mass [9–12]. Earthquake
modeling in the laboratory scale is one of the most powerful
methods to reveal the dynamic response and failure process
of slopes in the event of strong earthquakes [13–15]. Li L
Q [16] studied the seismic response of bedding and toppling
rock slope through large-scale shaking table tests. According
to the acceleration and earth pressure of different parts of the
slope, it was found that the acceleration amplifying factor was
larger than the earth pressure amplifying factor at the slope
surface. The earth pressure amplifying factor at the top surface
for a toppling rock slope was close to that of a bedding rock
slope. Fan G [17] also used a shaking table test to study the
bedding slope with a weak interlayer. The results show that
the dynamic failure mode of the slope mainly included the
horizontal and vertical staggered cracks, the extrusion of the
weak interlayer, and the fracture of the slope top. Salmi and
Hosseinzadeh [18] used the Universal Distinct Element Code
software package to evaluate the stability of rock slope and
identify the critical failure mode. The study found that bedding
sliding was the main failure mode of the slope, and the nature
of discontinuities plays a key role in the slope instability. Liu
et al. [19] used the programming language FISH in FLAC
(3D) to realize the process of slope vibration degradation, and
used the numerical calculation method to analyze the stability
of the slope in the event of an earthquake and the long-
term stability of the slope under frequent microseisms. The
above study only considers the acceleration and earth pressure
parameters of the seismic wave, and ignores the influence
of the frequency and duration of the seismic wave on the
slope stability.

In the whole process of earthquake motion, the seismic wave
is very complex, and the slope will show obvious non-linear
characteristics [20, 21]. Hilbert-Huang transform (HHT) is a
self-adaptive time-frequency analysis method suitable for non-
linear and unstable signal processing proposed by Huang et al.
[22]. This method has high time-frequency resolution for seismic
signals, and can more accurately describe the energy distribution
of seismic signals in time-frequency. Moreover, the Hilbert
marginal spectrum obtained by integrating the Hilbert spectrum
represents the distribution of the signal energy amplitude in the
frequency domain. Therefore, HHT has been widely used in the
seismic response analysis of non-linear non-stationary dynamic
systems in the field of civil engineering [23–25].

In this paper, the potential rock bedding slope disaster points
in the Sichuan-Tibet railway construction area are selected, and
the similar system of the model is designed. The shaking table
test of the rock bedding slope with a weak structural plane is

carried out to study the seismic dynamic response characteristics
and failure process of this kind of slope. On this basis, the
HHT method is used to analyze the characteristics of seismic
waves in time and frequency domains. The results can provide
reference for the formulation of slope disaster prevention and
mitigation measures.

OVERVIEW OF SHAKING TABLE TEST

A shaking table physical simulation test is one of the most
powerful means of revealing the strong vibration response and
failure process of slopes [26, 27]. An earthquake simulation
shaking table test was carried out in the laboratory of the
School of Architecture and Civil Engineering, Xinyang Normal
University. The shaking table is a large-scale one-way seismic
simulation shaking table with a table size of 3 × 3m. The
table structure is a steel welded single-layer grid. The maximum
load capacity of the table is 10 t and the maximum speed is
0.7 m/s. The frequency of this shaking table is 0.1–50Hz, the
displacement range is ±125mm, and the maximum acceleration
is 15 m/s2, which can meet the requirements of this shaking
table test. This test uses a 64-channel BBM data acquisition
system, the maximum reference error ≤0.5%. The signal
adaptor is connected to the charge converter to convert the
voltage signal, the maximum reference error is ≤1 %. Data
acquisition, monitoring signal, and online analysis are carried out
synchronously, as shown in Figure 1.

Design and Manufacture of Slope Model
The model box used in this model test is a rigid model box
welded by angle steel, channel steel, and steel plate. The model
box is 2.0m long, 2.0m wide and 1.5m high, as shown in
Figure 2. A polyethylene foam with a thickness of 10 cm is placed
between the steel plate and the model as a shock-absorbing layer
to reduce the influence of the model box boundary effect [26].
The slope prototype is the bedding rock slope at the exit of a
tunnel on the Sichuan-Tibet railway. In this test, the density
(ρ), elastic modulus (E), and geometric size (L) are used as
control parameters, and a similar system of the model is designed
through the “π theorem” [28, 29]. The scale ratio of the model is
1:10, and the time similarity ratio is 1:3.16. Simplifying the slope
to facilitate model establishment. After simplification, the slope
angle of the rock layer is 35◦ and the slope foot angle is 60◦.
The thickness of the rock layer is 6 cm and the thickness of the
weak interlayer is 1 cm, as shown in Figure 3. In addition, the
raw materials of the simulation materials used in the experiment
are gypsum, clay, river sand, and water [30]. Through repeated
material ratio tests, it is determined that the ratio of the simulated
rock material is gypsum:clay:river sand:water = 1:5.38:1.52:0.27,
and the ratio of the weak structure plane simulated material
is clay:river sand:water = 1:6.89:0.25. Through density tests,
direct shear tests, and triaxial compression tests, the density
of the rock material is 1.908 g/cm3, the cohesion is 15.5 kPa,
the internal friction angle is 37.9◦, the density of the structural
surface material is 1.72 g/cm3. The cohesion force is 2.7 kPa and
the internal friction angle is 41.7◦.
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FIGURE 1 | Data acquisition system for shaking table test.

FIGURE 2 | Test model box.

Measuring Point Layout
In this test, one-way acceleration sensors, three-way acceleration
sensors, and cable displacement sensors are arranged at different
positions in the slope model to obtain the seismic response
of the bedding rock slope. The acceleration sensor adopts

the three-way acceleration sensor (Type: 1C101) and one-way
acceleration sensor (Type: 1C301) produced by the Donghua
Testing Company. One-way acceleration sensors are mainly used
to test the distribution of the acceleration field in the bedrock,
and three-way acceleration sensors are used to monitor the
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FIGURE 3 | Test model.

FIGURE 4 | Arrangement of measuring points of the shaking table.

acceleration field in the slope. The cable displacement sensors are
also produced by the Donghua Testing Company and its type is
5G203. It is used to monitor the displacement change of the slope
during the earthquake. In addition, in order to more accurately

describe the response of the entire model during the earthquake,
this test used an independently developed high-frequency digital
camera system to record it. The layout of the measuring points is
shown in Figure 4.
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Loading Mode
According to the results of field investigation and seismic
risk assessment, the Wenchuan Wolong wave and El Centro
wave are selected for loading in this test. The acceleration
peak value of the input seismic wave is normalized, and the
duration is adjusted according to a similar relationship. Figure 5
shows the two kinds of adjusted seismic wave acceleration
time-history curves. The acceleration peaks of the two seismic
waves are 0.1, 0.2, 0.4, 0.7, and 0.9 g, respectively, and load
in order from small to large. Before each peak earthquake
wave is loaded, the model is scanned for white noise with
an amplitude of 0.05 g. The loading conditions are shown
in Table 1.

FIGURE 5 | Horizontal seismic wave acceleration curve after adjustment of

test input. (A) Acceleration time-history curve of the Wenchuan Wolong wave

and (B) Acceleration time-history curve of the El Centro wave.

SEISMIC RESPONSE OF THE BEDDING
ROCK SLOPE

Acceleration Amplification Effect of the
Slope
Under the action of an earthquake, the acceleration response
of different parts of the slope often present different changing
laws [31, 32]. In this test, the Y-direction acceleration of
measuring points A1, A2, A3, A4, and A5 is taken as the
basis of the acceleration response of the slope surface, and
the Y-direction acceleration of measuring points A1, A6, A7,
A8, and A9 is taken as the basis of the acceleration response
of the slope body. The acceleration peak amplification factor
(PGA) is defined as the ratio of the y-direction acceleration
peak value of each measuring point above to the y-direction
acceleration peak value of the A10 measuring point, which
is arranged on the vibration table top. Taking the El Centro
earthquake wave as an example, the variation law of the slope and
PGA with different heights under different seismic amplitudes
is described.

Figures 6A,B show the variation of PGA with elevation at
each measurement point in the slope and at the slope surface
at different seismic amplitudes. The GPA on the slope surface
gradually increased along the height direction, while the GPA
of the slope body showed a trend of decreasing first and then
increasing. The bedding rock slope has an obvious “elevation
effect” under earthquake action. With the increase of seismic
amplitude, the dynamic shear strength and modulus of slope
materials decrease gradually, while the damping ratio increases,
which enhances the isolation and damping capabilities of the
slope. In the process of seismic wave propagation from bottom
to top, the loss of energy increases, the PGA amplification
coefficient of each measuring point decreases gradually, and the
elevation effect decreases. When the amplitude of the seismic
wave reaches 0.9 g, the GPA amplification coefficient of the slope
and each measuring point of the slope decreases significantly,
especially at the height of 100 cm.

The reason for the above phenomenon is that the internal
structure of the slope is damaged. Under the action of a 0.9 g
earthquake, the middle and upper part of the slope gradually
slide down along the interlayer structure, and the rear edge of
the slope begins to separate from the model box. Due to the block

TABLE 1 | Loading condition of shaking table test.

Load sequence Loaded wave and its amplitude Load sequence Loaded wave and its amplitude

1 White noise 0.05 g 10 White noise 0.05 g

2 Wenchuan Wolong wave 0.10 g 11 Wenchuan Wolong wave 0.70 g

3 El Centro wave 12 El Centro wave

4 White noise 0.05 g 13 White noise 0.05 g

5 Wenchuan Wolong wave 0.20 g 14 Wenchuan Wolong wave 0.90 g

6 El Centro wave 15 El Centro wave

7 White noise 0.05 g

8 Wenchuan Wolong wave 0.40 g

9 El Centro wave
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FIGURE 6 | PGA of slope surface and body under different seismic

amplitudes. (A) Slope surface and (B) Slope body.

of the middle and lower “locking section” of the slope body, there
are tensile cracks perpendicular to the rock layer at the height
of 100 cm on the slope surface, as shown in Figure 7. The top
of the slope is gradually separated from the slope body, and the
inconsistency of the movement of the slope on both sides of the
structural plane increases, so the GPA magnification coefficient
decreases. In addition, the internal friction and friction energy
consumption of the block increase, which further reduces the
amplification coefficient of GPA.

Acceleration Response Spectrum of Slope
The shape of the acceleration response spectrum of the bedding
rock slope under earthquake action has important reference value
for understanding the dynamic response characteristics of the
slope. In this section, the Y-acceleration time history of each
measuring point of the slope and the slope under the action of an
El Centro seismic wave with a peak acceleration of 0.2 g is selected
for analysis. It is worth noting that this acceleration response

FIGURE 7 | Failure phenomenon of the bedding rock slope. (A) Left view and

(B) Front view.

spectrum calculation uses the damping ratio commonly used in
engineering 5% [33].

It can be seen from Figure 8 that the peak of the acceleration
response spectrum gradually increases along the elevation under
the action of the 0.2 g El Centro seismic wave. The shape of
the acceleration response spectrum of the slope has a double
peak in the lower part of the slope (height below 60 cm), and
single peak in the upper part (height above 60 cm). The excellent
period is concentrated around T = 0.6 s, and the amplitude
of the response spectrum corresponding to the short period
(T = 0.0–1.2 s) has a certain amplification along the elevation.
The shape of the acceleration response spectrum of the slope
along elevation is basically the same, the predominant period
is approximately T = 0.4 s, and the amplitude of the response
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FIGURE 8 | Acceleration response spectrum of the slope surface and body

under 0.2 g seismic amplitude. (A) Slope surface and (B) Slope body.

spectrum corresponding to the short period part (T = 0.0–1.2 s)
also has a certain amplification effect along elevation. Compared
with the amplitude of the acceleration response spectrum of the
slope surface and slope body, the peak value of the acceleration
response spectrum of the slope surface above 25 cm is obviously
larger than that of the slope body. The difference value gradually
increases with the elevation, showing the “trend effect.”

Displacement Response of the Slope
Figure 9 shows the displacement of the slope surface under
different earthquake amplitudes. Under the peak earthquake of
0.1, 0.2, 0.4, and 0.7 g, the displacement response of the slope
surface is smaller, and the displacement of each measuring point
is <5mm.When the amplitude of the seismic wave reaches 0.9 g,
the displacement of the slope increases significantly, and the slope
begins to be damaged. In addition, due to the existence of an
interlayer structure surface, the movement of different parts of
the slope is not consistent, and the displacement of the slope
increases with the increase of elevation. With the increase of

FIGURE 9 | Displacement of the slope surface with different seismic

amplitudes.

seismic amplitude, the non-uniformmovement between the rock
layers further increases. As a result, the shear slip of the top of the
slope relative to the main body, the separation of the back edge

of the slope and the model box, and the tension crack gradually
extend to the structural plane in the slope locking section, which
causes the whole slope to fail.

SEISMIC RESPONSE TIME-FREQUENCY
ANALYSIS

Hilbert-Huang Transform
A Hilbert-Huang transform includes two parts: EMD empirical
mode decomposition and Hilbert spectrum analysis. EMD
empirical mode decomposition assumes that any signal is a
composite signal composed of different intrinsic modal functions
(IMFs), and each IMF component must meet two conditions:
(1) the number of extreme points and zero crossing points were
the same or have at most one difference, (2) the mean of the
upper and lower envelope of the signal was zero. In this way,
any signal can be decomposed into multiple IMFs. Then, the
Hilbert spectrum and marginal spectrum are obtained by Hilbert
transformation for each eigenmode function [34, 35].

For the seismic signal F(t), which was decomposed into
multiple IMFs, its Hilbert transformation is as follows:

G (t) =
1

π
K

∫ ∞

−∞

F (δ)

t − δ
dδ (1)

where K is a Cauchy principal value. Established analytic
signal P(t):

P (t) = F (t) + jG (t) = a(t)ej8(t) (2)
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where a(t) is the amplitude function; and 8(t) is the
phase function.

a (t) =
√

F2(t)+ G2(t) (3)

8(t) = arctan
G(t)

F(t)
(4)

The instantaneous frequency of the signal could be obtained by
differentiating the phase. Therefore, the Hilbert transform of the
decomposed IMF component can obtain the distribution law of
the signal on the time-frequency-energy scale, which is the form
of the Hilbert spectrum:

H (ω, t) = Re

n+1
∑

i=1

ai (t) · ej
∫

ωi(t)dt (5)

By integrating the time in the expression formula of the Hilbert
spectrum, the distribution law of the signal on the frequency-
amplitude scale can be obtained, which is the form of the
corresponding marginal spectrum:

h (ω, t) =
∫ ∞

−∞
H(ω, t)dt (6)

Hilbert Spectrum Analysis
According to the above method, the acceleration time history of
eachmeasuring point on the slope under the action of 0.1, 0.2, 0.4,
0.7, and 0.8 g Wenchuan Wolong seismic waves is transformed
by HHT. The Hilbert spectrum of each measuring point under
the action of different amplitude seismic waves is obtained. The
characteristics of the seismic signal energy in the time-frequency
domain are represented by a two-dimensional plane contour

FIGURE 10 | Hilbert spectrum of the slope surface. (A) A1, (B) A6, (C) A7, (D) A8, and (E) A9.

FIGURE 11 | Hilbert spectrum of the slope body. (A) A1, (B) A2, (C) A3, (D) A4, and (E) A5.
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map, and the Hilbert spectrum under the action of a 0.2 g
Wenchuan Wolong seismic wave is shown in Figures 10, 11.

According to the comprehensive analysis of Figures 10, 11, it
can be found that the Hilbert Huang transform can accurately
describe the time-frequency characteristics of the seismic signal.
From Figures 10, 11, it can be seen that the energy of the
Wenchuan Wolong earthquake wave gradually increases from
bottom to top. In the time domain, the energy is mainly
concentrated in 2–6 and 12–15 s, corresponding to the time
node when the compression wave of the Wolong earthquake
reaches the double peak value. The predominant frequency
is concentrated between 5 and 40 hz. With the increase of
elevation, the former increases and the latter decreases. The
above phenomenon may be related to the first natural frequency
of the slope test model, which causes the amplification of the
surrounding frequency components. This is consistent with the
conclusion that the slope soil has a filtering effect on the high
frequency component of the seismic wave and an amplifying
effect on the low frequency component [36, 37]. For the bedding
rock slope soil, the natural frequency is relatively small, which can
enlarge the frequency band around the natural frequency of the
seismic wave, and filter the frequency band in other ranges.

Hilbert Marginal Spectrum Analysis
The Hilbert energy spectrum of each measuring point on the
slope under the action of 0.1, 0.2, 0.3, 0.4, and 0.6 g Wenchuan
Wolong seismic waves is integrated in time, and the Hilbert
marginal spectrum of each measuring point under the action
of different amplitude seismic waves is obtained. The marginal
spectrum of the slope under the action of 0.2 and 0.9 gWenchuan
Wolong seismic waves is shown in Figures 12, 13.

It can be seen from Figures 12, 13 that under the action
of a 0.2 g seismic wave, the shape of the marginal spectrum of
each measuring point on the slope and in the slope is basically
the same, all of which are single peaks. The distribution of
the marginal spectrum frequency is relatively pure, and the
predominant frequency is about 18Hz. The peak value of the
marginal spectrum increases with the increase of elevation.
Under the action of a 0.6 g seismic wave, the shape of the
marginal spectrum changes from a single peak to a double
peak. The predominant frequency of A1, A2, and A3 measuring
points has changed, which is concentrated around 12Hz. That
is to say, with the increase of the peak value of the input
ground motion, the high frequency component of the site
is weakened and the low frequency component is increased.
The A6 and A7 measuring points of the slope surface have
a similar marginal spectral peak, while the A3, A4, and A5
measuring points of the slope body have a similar marginal
spectral peak. The difference of the peak value of the marginal
spectrum indicates that earthquake damage has occurred in
the slope [23, 25]. In order to further reveal the damage
development process of the slope, the peak value of the marginal
spectrum of each measuring point under the action of different
amplitude seismic waves is extracted for analysis, as shown in
Figures 14, 15.

Figures 14, 15 show the energy change characteristics in the
frequency domain during the bottom-up propagation of the

FIGURE 12 | The Hilbert marginal spectrum of the slope surface and body

under 0.2 g of seismic amplitude. (A) Slope surface and (B) Slope body.

seismic wave in the slope. Under the action of 0.1, 0.2, 0.4, and
0.7 g seismic waves, the peak value of the marginal spectrum
increases linearly with the height, and there is no obvious
inflection point for the peak value of the marginal spectrum.
It shows that the continuity of each part of the slope is good,
and that the energy of the seismic wave can be transferred
upward smoothly. When the seismic amplitude reaches 0.9 g,
the change rule of the peak value of the marginal spectrum
under the height of 100 cm on the slope does not change. The
turning point can be seen at the height of 100 cm on the slope
surface, and the same phenomenon also occurs in the slope
body. The peak value of the marginal spectrum above 100 cm on
the slope is basically consistent with that under a 0.7 g seismic
wave. It shows that there is damage and a tension crack at
the height of 100 cm, which affects the upward propagation of
the seismic wave. The degree of earthquake damage near the
slope is stronger than that inside the slope. However, the slope
has good continuity at other positions without damage. This
is basically consistent with the failure phenomenon observed
in the test.
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FIGURE 13 | The Hilbert marginal spectrum of slope surface and body under

0.9 g of seismic amplitude. (A) Slope surface and (B) Slope body.

CONCLUSION

In this paper, based on the large-scale shaking table experiment
of similar materials and the HHT method, the seismic dynamic
response and instability mechanism of the bedding rock slope
under different seismic amplitude values are systematically
studied, and the following conclusions are drawn:

Firstly, the bedding rock slope has an obvious elevation
effect under earthquake action. With the increase of the seismic
amplitude value, the energy loss of the seismic wave in the process
of bottom-up propagation increases, the PGA amplification
coefficient of the slope body and each measuring point of the
slope decreases gradually, and the elevation effect weakens.
When the amplitude of the seismic wave reaches 0.9 g, the
GPA amplification coefficient of the slope and each measuring
point of the slope decreases significantly, especially at the
height of 100 cm.

Secondly, under the action of an earthquake, the peak value
of the acceleration response spectrum of the slope gradually
increases along the elevation. The shape of the acceleration

FIGURE 14 | PGA of the slope surface under different amplitudes.

FIGURE 15 | PGA of the slope body under different amplitudes.

response spectrum of the slope has a double peak value in
the lower part (height below 60 cm) and a single peak value
in the upper part (height above 60 cm). The predominant
period is about t = 0.6 s. The acceleration response spectrum
of the slope body is basically the same along the elevation,
and the predominant period is about t = 0.4 s. Compared
with the amplitude of the acceleration response spectrum of
the slope surface and the slope body, the peak value of the
acceleration response spectrum of the slope surface above 25 cm
is significantly higher than that of the slope body, showing a
trend effect.

Thirdly, due to the existence of an interlayer structural plane,
the movement of different parts of the slope is not consistent,
and the displacement of the slope increases with the increase
of elevation. The failure mechanism of the bedding rock slope
is mainly divided into two stages. The first stage: under the
action of gravity and seismic force, the top rock of the slope
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starts to slide along the structural plane, the trailing edge of
the slope is separated from the model box, and a tensile crack
that gradually expands into the structural plane is generated
in the locking section of the slope. The second stage: as the
ground motion continues, the inconsistent motion between
the rock layers increases further, the tensile cracks penetrate
the structural plane, the top slope body slides out along the
shear slip surface, and the entire slope becomes unstable and
is destroyed.

Fourthly, the characteristics of the seismic signal in time–
frequency domain can be better described by the Hilbert Huang
transform. In the time domain, the energy is mainly concentrated
in 2–6 and 12–15 s, corresponding to the time node when the
compression wave of the Wolong earthquake reaches the double
peak value. The predominant frequency is concentrated between
5 and 40 hz. With the increase of elevation, the former increases
and the latter decreases.

Fifthly, the change of the peak value of the marginal spectrum
clearly shows the development process of the earthquake damage
inside the slope. The change rule of the peak value of the
marginal spectrum under the height of 100 cm of the slope has
not changed. At the height of 100 cm, the inflection point can
be seen obviously, and the same phenomenon also occurs in
the slope. It shows that the damage occurs at the height of
100 cm, and the degree of earthquake damage near the slope
is stronger than that inside the slope. The recognition results
of the marginal spectrum are in good agreement with the
experimental results.
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Study of Sericite Quartz Schist
Coarse-Grained Soil by Large-Scale
Triaxial Shear Tests
Hui-qing Zhang1, Feng Zhao1, Shi-qiang Cheng1, Yan-qing Zhang2*, Ming-jie Gou2,
Hong-jun Jing2 and Hong-feng Zhi3

1Ankang Highway Bureau of Shaanxi Province, Ankang, China, 2School of Architecture and Civil Engineering, Xi’an University of
Science and Technology, Xi’an, China, 3Safety Technology Department, Shaanxi Future Energy and Chemical Co. LTD, Yulin,
China

The large-scale triaxial consolidated-drained (CD) and consolidated-undrained (CU) shear
tests were carried out to investigate performances of the sericite quartz schist coarse-
grained soil on stress-strain, deformation, and strength under four different confining
pressure conditions. The test results indicated that the stress-strain curve of sericite quartz
schist was nonlinearity, compressive hardening and elastic-plastic. The shear strength
envelope curve was better. In the triaxial CD shear test, the sericite quartz schist exhibited
weak strain softening under different confining pressures. The sample showed shearing
shrinkage at first and later dilatancy under confining pressures of 200, 400, and 600 kPa.
When the confining pressure was 800 kPa, the sample showed a trend of shearing
shrinkage. In the triaxial CU shear test, the sericite quartz schist exhibited strain hardening,
presenting a tendency of shearing shrinkage at first and later dilatancy. It is more
reasonable to take account of the cohesion of sericite quartz schist in practical
engineering design by linear-regression analysis.

Keywords: soil mechanics, coarse-grained soil, dilatancy effect, characteristics of deformation and strength, large-
scale triaxial shear test

HIGHLIGHTS

(1) Large-scale triaxial consolidated-drained and consolidated-undrained shear tests were
conducted.

(2) Explored feasibility of coarse aggregates of sericite quartz schist as embankment filler.
(3) Basic engineering mechanical properties of argillaceous limestone were analyzed.

INTRODUCTION

Coarse-grained soil is generally regarded as an earth-rock material with a particle size greater than
0.075 mm and a particle content exceeding 50% of the total mass. Coarse-grained soil is widely
distributed in nature. Recently, it was found that coarse sand particles reaching 1 mm size occur on
the surface of sand dunes (which have mean particle size 100–300 microns), thereby affecting their
shape and dynamics rich in reserves [1]. Coarse-grained soil has excellent engineering
performances such as good compaction property, strong water permeability, high shear
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strength, and high liquefaction resistance under seismic load. It
has been widely used in engineering construction [2]. As the
main filler of the roadbed, the performances of the coarse-
grained soil have significantly effects on the stability of the
construction and the operation of the project. The large-scale
triaxial shear tester is an ideal experimental equipment to
evaluate the engineering properties of coarse-grained soil.
Although it cannot reflect the intermediate principal stress,
and the measured value is lower than that of the plane strain
gauge and the true triaxial instrument, it is partial to the safety of
the engineering application, and it is widely adopted due to the
simple principle and operation [3].

Many scholars have conducted in-depth research on the
performances of coarse-grained soil. Four groups of large-
scale triaxial tests were conducted to investigate the influence
of dilatancy on strength and deformation behaviors of coarse-
grained soils at different initial densities [4]. Based on large-
scale triaxial shearing apparatus, Meng et al. [5] conducted
consolidated-drained shear tests on the saturated coarse-
grained soil, and put forward a function for fitting the axial
strain and lateral strain in the triaxial test, by which the
volumetric strain of the soil-sample in the test could be
predicted. The triaxial consolidated-drained (CD) shear
tests were carried out to examine the stress-strain
relationship, strength and deformation property of coarse-
grained soil. The influence factors of shear dilatancy
coefficient that reflects the degree of dilatancy were
explored and the feasibility of the current empirical
formulas was verified [6]. Wei et al. [7] experimentally
investigated the wetting deformation of a coarse-grained
soil at various stress levels, and obtained the relation curve
between stress, axial strain, and volume strain. The triaxial
tests were carried out to study the development of
permeability of crustal rock to help to understand fault
mechanics and constrain larger-scale models that predict
bulk fluid flow within the crust [8]. In order to study the
dilatancy effect of granular soil and its effect on dilatancy
tendency under different confining pressure conditions, a
series of red stone granular soils tests were executed by the
large scale triaxial shearing apparatus [9]. For over coarse
-grained soils, the stress-strain relationship, shear strength
behavior and the influence of water on strength and
deformation under low confining pressures were detailedly
analyzed via large-scale triaxial test [10]. Large-scale triaxial
shear tests and finite element analysis were carried out to
study the deformation properties of coarse-grained soil under
static loads [11]. Zhou et al. [12] studied the stress-strain
relationship and strength characteristics of the coarse-grained
soil in the earthquake area, in which the confining pressure,
shear rates, and consolidation time were considered as test
variables. The CD triaxial tests were conducted for coarse-
grained soil, by means of experiments and particle-based
numerical simulations. The numerical model of triaxial test
for graded coarse-grained soil was established by
programming PFC3D (particle flow code of three
dimension) from the view of microscopic scale. Stress-
strain relationship from particle flow model and triaxial

test were compared under different confining pressures,
and the influence of micro-properties on coarse-grained
soil strength was analyzed [13]. A series of large-scale
triaxial compression tests was conducted to investigate the
effect of stress path on critical state and particle
breakage–induced grading evolution of rockfill material
[14]. Based on cellular automata method, the HHC-CA
model was developed by combining the laboratory triaxial
tests of coarse-grained soil, which generated the coarse-
grained soil samples of different initial grain fabrics to
illustrate the heterogeneous and random distribution of
coarse-grained soil grain group. By means of the fast
Lagrangian analysis of continua in three dimensions
(FLAC3D), triaxial numerical simulation of coarse-grained
soil was conducted and the relationship between the gravel
content and internal friction angle of sample shear band was
discussed [15].

In this paper, the mechanical properties of sericite quartz
schist coarse-grained soil under different stress states were
investigated. Large size soil samples were adopted to eliminate
the size effect of coarse-grained soil and ensure the
authenticity of the test results. Large-scale triaxial
consolidated-drained (CD) and consolidated-undrained

FIGURE 1 | Large-scale static triaxial apparatus.
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(CU) shear tests of coarse-grained soil were carried out at four
different confining pressures to evaluate the mechanical
properties of coarse-grained soil.

EXPERIMENTAL

Experiment Equipment and Materials
The experiment was conducted on the large-scale static
triaxial apparatus (Figure 1) of the Nanjing Hydraulic
Research Institute (NHRI). The sample size is 300 mm ×
700 mm, and the maximum particle size is not exceeding
60 mm.

The test material was the roadbed filler of section K21 + 350-
K21 + 541.751 of the second-class road reconstruction project
from Xunyang to Ankang, which is part of the national road 316
in shaanxi, China. The lithology of the test material is sericite
quartz schist. The indexes of basic properties of samples were
listed in Table 1, and the gradation curve was shown in
Figure 2.

Experimental Design
The sample was designed according to the dry density, size and
gradation curve of the test. In light of the particle size range,
the sample was divided into five equal parts: 60–40 mm,
40–20 mm, 20–10 mm, 10–5 mm, and 5–0 mm. A water
permeable plate was placed on the pedestal of the sample,
where a rubber membrane was attached on. The forming barrel
was installed and the rubber membrane was turned on, then
the gas was pumped outside the forming barrel so that the

rubber membrane could be attached tightly to the inner wall of
the forming barrel. The first layer of sample was placed, and
the surface was flattened evenly. The vibrator was used to make
the sample become dense according to the dry bulk density
required by each sample. The static pressure of the vibrator
plate was 14 kPa, and the vibration frequency was 40 Hz. Then,
added the water permeable plate and sample cap on the
sample, tightening the rubber membrane, and removed the
forming barrel (the triaxial sample after removing the forming
barrel was shown in Figure 3). Finally, installed the pressure
chamber with opened kicker port, and closed the kicker port
after filling water into the pressure chamber. The sample was
saturated by drip saturation method, and the confining
pressure was applied to the saturated sample according to
the requirements. The tests could be carried out once the
consolidation of the sample was completed.

During the tests, the axial load, axial deformation,
displacement and pore water pressure of the sample were

TABLE 1 | Indexes of basic properties of samples.

Test material Specific gravity Porosity (%) Water content (%) Dry density (g/cm3)

Sericite quartz schist 2.65 18.9 4.6 2.15

FIGURE 2 | Gradation curve of sericite quartz schist. FIGURE 3 | Finished sample.
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collected automatically by the computer, and the stress-strain
curve was drawn simultaneously until the specimen was broken
or the axial strain of the specimen up to 15%.

If there was a failure point, a peak would appear on the stress-
strain curve, the value of which represented the principal stress
difference (σ1 − σ3), corresponding to the failure strength of the
rockfill. Otherwise, the point corresponding to 15% of the axial

strain could represent the failure point and the principal stress
difference (σ1 − σ3) was the failure strength of the rockfill. The
above process was repeatedly executed under the confining
pressure conditions of 200, 400, 600, and 800 kPa, respectively.
The whole test process was carried out according to the
Geotechnical Test Procedure (SL237-1999). The sample after
the test was shown in Figure 4.

RESULTS AND DISCUSSION

Stress-Strain Relationship
The stress-strain relationship curves of CD and CU shear test of
samples under different confining pressure conditions were
demonstrated in Figure 5.

In Figure 5, it can be seen that the stress-strain curve of sericite
quartz schist exhibited characteristics of nonlinearity,
compressive hardening and elastic-plastic. The confining
pressure had a significant influence on the stress-strain
relationship curve of coarse-grained soil, which was the main
effect factor for the strength of the sample. In the initial stage, the
initial tangential modulus increased with the increase of
confining pressure. When the test condition is constant, the
deviatoric stress increased with the increase of confining
pressure under the same axial strain condition.

Related researches [16, 17] indicated that grain breakage is
smaller under low confining pressure, and increase of grain
breakage will significantly degrade material strength. With the
increase of particle breakage, the position of the particles is
rearranged, and the fine particles fill the voids continuously, so
that the sample becomes dense.

For the triaxial CD shear test (Figure 5A), the pore water
pressure of the sample dissipated rapidly, and under the action of
confining pressure, the stress peak occurred when the axial strain
is small. However, as the confining pressure increased, the
particles were crushed, causing the stress-strain curve of the
sample to decrease slightly after reaching the peak stress, and
eventually to be residual stress, which was characterized by weak

FIGURE 4 | Sample after test.

FIGURE 5 | Stress-strain curves of saturated samples under different confining pressures.
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strain softening and mainly due to volume reduction and density
increase of the sample.

For the triaxial CU shear test, the volume is constant, and the
stress-strain curve had no obvious peak strength, which was
characterized by strain hardening. The main reason was
attributed to the fracture of coarse particles in the sample,
making the sample more dense and not easy to break, so the
curve showed a gentle trend.

Deformation Characteristics
Figures 6 and 7 showed the curves of (ε1 ∼ εv) and (ε1 ∼ uw) of
saturated samples under drained and undrained conditions. In
this CU shear test, the pore water pressure was measured by the
pore pressure sensor at the top of the specimen and was collected
automatically by computer.

For the triaxial CD shear test, the volumetric strain of the
sample was obtained by measuring the amount of water
discharged from the inside of the sample. Under undrained
conditions, the sample volume was generally considered to be
unchanged. However, for samples with high stone content, due
to the sliding extrusion, crushing and filling voids between the
stones during the shearing process, the samples also exhibited
characteristics of dilatancy and shearing shrinkage [18]. Since
the pore water cannot be discharged, the dilatancy and
shearing shrinkage tendency of the sample was converted
into a constant change of pore water pressure. When the
sample showed the dilatancy tendency, the inner pore
increased, and the volumetric strain as well as the pore
water pressure decreased. When the sample was shearing
shrinkage, the inner pore decreased while the volumetric
strain and the pore water pressure increased [19].

From Figures 6 and 7, it can be found that under drainage
condition, when the confining pressures were 200, 400, and
600 kPa, respectively, the volumetric strain increased first
and then decreased with the increase of the axial strain, which
indicated that the sample was shearing shrinkage at first, then
dilatancy later, appearing that the amount of shearing
shrinkage increased with the increase of the confining

pressure, then reached the peak, and then the volumetric
strain decreased gradually. When the confining pressure was
800 kPa, the sample showed the tendency of shearing
shrinkage. The main reason was that the coarse particles in
the sample was not be broken under the lower confining
pressure, and was easy to turn and roll under the action of
shearing force, which was characterized by dilatancy or
dilatancy at first, then shearing shrinkage later. According
to the discussion in “Stress-Strain Relationship” section, the
coarse particles in the sample were easily broken under a
relatively high confining pressure, and might also be squeezed
to fill the pores, rarely flipped and rolled, which was
represented as shearing shrinkage macroscopically. For
undrained conditions, under the four confining pressure
conditions, the overall trend of pore water pressure of the
sample was firstly increased and then decreased, indicating
that the volumetric strain of the sample increased first and
then decreased, showing the tendency of shearing shrinkage
at first, then dilatancy later for the sample. When the
confining pressure was 200 kPa, the change of pore water
pressure of the sample was small and the increase was less
than the decrease, indicating that the sample mainly
exhibited the dilatancy trend; when the confining pressure
is 400, 600, and 800 kPa, the pore water pressure of the sample
was larger and the increase is greater than the decrease,
indicating that the sample was shearing shrinkage at first,
then dilatancy later, and the shearing shrinkage tendency was
obvious. In the initial stage, the pore water pressure at a
confining pressure of 200 kPa was slightly larger than that
under the other three confining pressures, which was related
to the compactness of the sample. When the initial pressure
was applied, the particles in the sample were mutually
displaced and rearranged, resulting in a larger variation of
pore volume in the sample, so that the pore water pressure
was abrupt. Then the sample was gradually compacted, as the
confining pressure increased, the pore water pressure was no
longer abrupt, and the curve of pore water pressure became
smooth.

FIGURE 6 | Curves of (ε1 ∼ εv ) of saturated sample under different
confining pressures (CD).

FIGURE 7 | Curves of (ε1 ∼ uw ) of saturated sample under different
confining pressures (CU).
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Strength Characteristics
The shear strength of non-cohesive soils mainly comes from the
friction and bite force between the soil particles. It is generally
recognized that the factors affecting the shear strength of
coarse-grained soil include density, coarse particle content,
fine particle content, particle geometry, strength of the
particles, water content, diameter ratio, sample size and shear
speed [20]. For non-cohesive soils, it is generally supposed that
the cohesion need not to be considered. However, in the triaxial
test, when the Mohr circle strength envelope was fitted by a
straight line, there was generally an intercept. The intercept of
the non-cohesive soil was related to the bite force between the
soil particles, and it is fundamentally different from the
cohesion of the cohesive soil. Related tests had shown that
the intercept was related to the mineral composition, particle
shape, gradation of the soil sample, which was a component of
the strength of the granular soil.

There are many different experimental approaches to assess
the cohesive properties of polydisperse particle systems, the
packing fraction measurement is relatively simple. Parteli et al.
[21] applied experiments and numerical simulations to measure
the packing fraction of strongly polydisperse powders.

Figures 8 and 9 showed the Mohr circle and the strength
envelope of the saturated sample under both drained and
undrained conditions.

It can be found that in CD shear test, the internal friction angle
(φ) of the saturated sericite quartz schist was 34.5° (Figure 8),
while in CU shear test, the effective internal friction angle (φ′) was
34.3° and the index (φcu) of total stress strength was 24.1°. The
Mohr circle strength envelope was fitted by a straight line, and the
cohesion of the roadbed filler was considered in the engineering
design. Related research [22] indicated that when the Mohr circle
strength envelope was fitted by a straight line, if the cohesion was
neglected in the low dam design, the dam was generally
conservative; However, if the cohesion was neglected in the
high dam design, it was very unreasonable to draw a
conclusion that the damage area was obviously larger in the
stress-strain calculation.

CONCLUSION

In this study, the CD and CU shear tests of the sericite quartz
schist were conducted by using the large-scale triaxial shear
apparatus. During the triaxial shearing process, the changes of
deviatoric stress, body strain and pore water pressure with the
axial strain were monitored comprehensively. The main
conclusions are as follows:

1) The large sample well eliminated the size effect of the
coarse-grained soil and ensures the reliability of the
experimental results. The stress-strain curve of the sericite
quartz schist exhibited performances of nonlinearity,
compressive hardening and elastic-plastic. Under four
confining pressure conditions, the sericite quartz schist
showed weak strain softening characteristics in CD shear
test and strain hardening characteristics in CU shear test.
This was closely related to the volume of the sample and
the pore water pressure.

2) The sericite quartz schist presented different dilatancy
trends under different confining pressures. For the drained
conditions, the samples showed shearing shrinkage at first and
dilatancy later under confining pressures of 200, 400, and 600 kPa
respectively, while that under 800 kPa just showed shearing
shrinkage. For the undrained conditions, the samples showed
shearing shrinkage at first and dilatancy later under all the
confining pressures.

3) In the CD shear test, the internal friction angle (φ) of the
saturated sericite quartz schist was 34.5°; In the CU shear test, the
effective internal friction angle (φ′) was 34.3° and the index (φcu) of
total stress strength was 24.1°. The Mohr circle strength envelope
was fitted by a straight line, and the cohesion of the sericite quartz
schist was considered in the engineering design to ensure the
rationality of the design.

The study results can provide a certain test basis for
understanding the engineering characteristics of sericite quartz
schist and the stability analysis of rock fill embankment.

FIGURE 8 | Mohr circle and strength envelope of sericite quartz schist
(CD).

FIGURE 9 | Total stress strength envelope and effective stress strength
envelope of sericite quartz schist (CU).
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Shaking Table Test on Dynamic
Response of Bedding Rock Slopes
With Weak Structural Plane Under
Earthquake
Changwei Yang1, Liang Zhang1*, Yang Liu1, Denghang Tian1, Xueyan Guo1 and Yang Liu2

1Department of Civil Engineering, Southwest Jiaotong University, Chengdu, China, 2Zhongke (Hunan) Advanced Rail Transit
Research Institute, Zhuzhou, China

Taking a bedding rock slope with weak structural plane as the prototype, a shaking table
test with a similarity ratio of 1:10 is designed and carried out. By analyzing the acceleration
and displacement responses at different positions of the slope, the seismic response and
instability mechanism of rock bedding slope under different seismic amplitudes,
frequencies, and durations are studied. Before the failure of the slope, the rock
bedding slope shows an obvious “elevation effect” and “surface effect” under the
action of Wenchuan Wolong earthquake wave with different amplitudes. With the
increase of the amplitude of the input seismic wave, the elevation effect and the
surface effect gradually weaken. When the amplitude of the seismic wave reaches
0.9 g, the rock bedding slope begins to show damage, which demonstrates that the
difference of PGA amplification coefficients on both sides of the weak structural plane
increases significantly. Compared with the Kobe seismic wave and Wenchuan Wolong
seismic wave, the excellent frequency of EL Centro seismic wave is closer to the first-order
natural frequency of slope model and produces resonance phenomenon, which leads to
the elevation effect of PGA amplification coefficient more significantly. Through the analysis
of the instability process of rock bedding slope, it can be found that the failure mechanism
of the slope can be divided into two stages: the formation of sliding shear plane and the
overall instability of the slope.

Keywords: shaking table test, bedding rock slopes, dynamic response, peak acceleration amplification coefficient,
failure mechanism

1 INTRODUCTION

Due to the influence of collision and compression between the Indian Ocean plate and the Eurasian
plate, the neotectonic movement in the mountainous area of Southwest China is extremely strong.
There are a lot of active fault zones in this area, which means high-intensity earthquakes occur
frequently [1, 2]. When high-intensity earthquakes occur, strong ground vibrations may induce
large-scale landslides [3, 4]. For example [5–7], the Wenchuan Ms 8.0 earthquake triggered about
60,000 landslides, which caused the injuries and deaths of more than 20,000 people. Five years later,
the magnitude 7.0 earthquake in Lushan also triggered more than 3,800 landslides. Debris flow from
the slope collapse destroyed a lot of infrastructure and tens of thousands of people lost their homes. It
can be seen that earthquakes are a significant threat to the stability of a slope.
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A bedding rock slope with a weak structural plane is one of the
most common slope types in Southwest China [8]. Compared
with stacked slopes, this type of slope is more prone to instability
and failure under seismic force. Due to the existence of weak
structural planes, the instability mechanism of bedding rock
slopes is extremely complex. During strong earthquakes, the
increase of dynamic load and horizontal seismic force reduces
the normal pressure on the weak structural plane of the slope. The
overall sliding force of the slope also increases due to the
earthquake inertia force [9, 10]. These reasons reduce the
safety factor of the slope and make the slope unstable.

A considerable amount of research has been conducted on the
seismic stability of bedding rock slopes using shaking table model
tests and numerical simulation [11–14]. For example, Huang R Q
[15] established a conceptual model of the failure mechanism of the
layered rock mass slope through actual geological observation work
on site, and studied the seismic dynamic response characteristics and
failure processes of different structural types of slopes through large-
scale shaking table experiments; Liu X R et al. [16, 17] used the
shaking table test and numerical simulations to study the stability of
bedding rock slopes under the action of the high frequency micro
earthquake induced by the Three Gorges reservoir, and considered
the influence of different dynamic load amplitudes, dynamic load
frequencies, and slope heights on slope cumulative failure; Fan G.
[18–20] carried out the shaking table test to obtain the dynamic
failuremode of bedding rock slope, and used the energy identification
method to characterize the development process of earthquake
damage inside slope; Chen X L et al. [21, 22] proposed a method
for calculating the dynamic fuzzy reliability of bedding rock slopes
under random earthquake excitation based on the Newmark-beta
method, and analyzed the influence of ground motion parameters
and uncertainty on the reliability of bedding rock slopes. These
research results have a certain guiding significance for understanding
the seismic response characteristics of bedding rock slopes.

However, the existing research results are based on simple
layered bedding and do not consider the influence of weak
structural planes between layers on the seismic response of
bedding rock slopes. Moreover, due to the randomness of
seismic force and the different mechanical parameters of
slopes, the slope often has different dynamic response and
failure mechanisms [23], and it is necessary to study it more
deeply and systematically. The large-scale shaking table physical
simulation test is one of the most effective methods to reveal the
seismic response and failure process of slopes. Therefore, this
method is used to study the dynamic response of bedding rock
slopes with weak structural planes under a strong seismic force.

In this paper, a bedding rock slope which may collapse in the
southwest mountain area is selected, and the 1:10 scale shaking
table physical simulation test of this slope is designed and carried
out. By analyzing the acceleration and displacement responses at
different measuring points of bedding rock slope in the shaking
table test, the seismic dynamic response characteristics and failure
processes of this slope are obtained. On this basis, the influence of
seismic wave frequency, amplitude, and duration on slope
dynamic response is analyzed by loading different types of
seismic waves. The research results can provide a reference for
the prevention and treatment of bedding rock slopes.

2 OVERVIEW OF THE SHAKING TABLE
TEST

The Parameters of the Shaking Table
Based on the bedding rock slope at the exit of a tunnel in the
mountainous area of Southwest China, the shaking table test is
designed and carried out. The test site is the earthquake simulation
shaking table laboratory at the School of Architecture and Civil
Engineering, Xinyang Normal University. The shaking table is a
large-scale one-way seismic simulation shaking table with a table size
of 3 m × 3m. The table structure is a steel-welded single-layer grid.
The maximum load capacity of the table is 10 t and the maximum
speed is 0.7 m/s. The frequency of this shaking table is 0.1–50 Hz, the
displacement range is ±125mm, and the maximum acceleration is
15m/s2, which can meet the requirements of this shaking table test.

Design of Similar Systems and Similar
Materials
In the shaking table simulation test, keeping the model similar to
the prototype is a prerequisite to ensure the accuracy of the test
results. According to the similarity theory [24], the density (ρ),
elastic modulus (E), and geometric dimension (L) are taken as
control parameters to design a similar system to the model test.
Considering the size of the prototype slope and the condition of
test equipment, the similarity constants of geometric dimensions
are set to 10. The other similarity constants are shown in Table 1.
The geological survey report shows that the lithology of the
prototype slope is mainly quartz sandstone splint. Referring to
the types of raw materials commonly used in model test and their
mechanical properties [25, 26], gypsum, clay, river sand, and
water are used as raw materials of similar materials in this test.
Through repeated material ratio test, it is determined that the
ratio of the simulated rock material is gypsum: clay: river sand:
water � 1: 5.38: 1.52: 0.27, and the ratio of the weak structure
plane simulated material is clay: river Sand: water � 1: 6.89: 0.25.
Through a density test, direct shear test, and triaxial compression
test, the density of the rock material is 1.908 g/cm3, the cohesion
is 15.5 kPa, the internal friction angle is 37.9°, and the density of
the structural surface material is 1.72 g/cm3. The cohesion force is
2.7 kPa and the internal friction angle is 41.7°.

The Process of Making the Slope Model
The model box used in this model test is a rigid model box welded
by angle steel, channel steel, and steel plate, and its size is 2.0 m ×
2.0 m × 1.5 m (length × width × height), as shown in Figure 1. In
order to observe and record the deformation and failure of the
slope model during the test, 12 mm thick plexiglass is used for
visualization on both sides of the model box. Vaseline was evenly
applied on the inside of the plexiglass to reduce the friction
between the model and the plexiglass. A polyethylene foam with a
thickness of 10 cm is placed between the steel plate and the model
as a shock-absorbing layer to reduce the influence of the model
box boundary effect [27].

According to previous geological exploration, the prototype
slope is a rock slope with many weak structural planes. These
weak structural planes are approximately equally spaced. In order
to facilitate the establishment of the test model, the prototype
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slope is simplified as a slope with parallel rock layers, the
inclination angle of rock stratum is 35°, and the angle of slope
foot is 60°. The thickness of the rock layer is 6 cm and the
thickness of the weak structural planes is 1 cm for layered
filling and compaction. In this process, the three-way
acceleration sensor is arranged inside the slope body and on

the slope body surface, and the acceleration sensors is also
arranged on the vibrating table as a reference point for
calculating the peak ground acceleration (PGA) amplification
coefficient. In addition, pull-wire displacement sensors are used
to measure the displacement at different heights of the slope. The
test model is shown in Figure 3, and the measuring point layout is
shown in Figure 4.

The Loading Conditions of the Test
In order to study the dynamic response of bedding rock slopes
under seismic waves of different frequencies, amplitudes, and
durations, this test applied three seismic waves in the horizontal
direction: Wenchuan Wolong seismic wave, Kobe seismic wave,
and EL Centro seismic wave. The acceleration peak values of the
three seismic waves are normalized, and the duration is adjusted
according to the similarity relationship. The adjusted acceleration

TABLE 1 | Similar constants of shaking table test.

No Physical quantity Similarity Similar constants Remarks

1 Geometric dimensions L Cl 10 Control parameter
2 Soil weight c Cc 1 Control parameter
3 Duration Td CTd � Cl

0.5 3.16 —

4 Cohesion c Cc � Cl 10 —

5 Internal friction angle φ Cφ � 1 1 —

6 Elastic modulus E CE � Cl 10 —

7 Poisson’s ratio μ Cμ � 1 1 —

8 Shear wave velocity υs Cυs � Cl
0.5 3.16 —

9 Acceleration of gravity g Cg � 1 1 Control parameter
10 Input acceleration A CA � 1 1 —

11 Input vibration frequency ω Cω � Cl
−0.5 0.316 —

12 Response linear displacement s CS � Cl 10 —

13 Response angular displacement θ Cθ � 1 1 —

14 Response strain ε Cε � 1 1 —

15 Response speed V CV � Cl
0.5 3.162 —

16 Response stress σ Cσ � Cl 10 —

17 Response acceleration a Ca � 1 1 —

FIGURE 1 | Principle of shaking table test.

FIGURE 2 | The model box used in the test.

FIGURE 3 | The slope model in the test.
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time history curves of the three seismic waves are shown in
Figure 5. The shaking table test started with an amplitude of 0.1 g,
and the amplitude of each seismic wave (0.1–1.2 g) was gradually
increased in the order of the Wenchuan Wolong seismic wave,
Kobe seismic wave, and EL Centro seismic wave until the model
failed. Before each peak seismic wave loading, the model was
swept by white noise with an amplitude of 0.05 g. The specific
loading conditions are shown in Table 2.

3 ACCELERATION RESPONSE OF
BEDDING ROCK SLOPE

Acceleration Response of Slope Under
Different Seismic Wave Amplitudes
Under the action of seismic force, the slope surface and slope
body of the bedding rock slope generally show different
acceleration responses [28, 29]. In this test, the Y-direction
acceleration of A1, A2, A3, A4, and A5 measuring points is
taken as the acceleration response of slope surface, and the
Y-direction acceleration of A1, A6, a7, a8, and A9 is taken as
the acceleration response of the slope surface. The PGA
amplification coefficient is defined as the ratio of the peak
acceleration of each measuring point to the peak acceleration
of A10 measuring point; A10 is the peak acceleration of the
shaking table. Taking the Wenchuan seismic wave as an example,
the variation law of the PGA amplification coefficient of the slope
surface and slope body with elevation under different seismic
amplitude values is analyzed.

Figures 6 and 7 show the variation law of the PGA
amplification coefficient of the slope and slope body with
elevation. Before the slope failure (input seismic wave
amplitude is 0.1–0.8 g), the slope has an obvious elevation
amplification effect on the input seismic wave. In particular,
the PGA amplification coefficient at the top of the slope increases
significantly, which is about 2–3 times that at the slope shoulder

(2/3 height of the slope). With the increase of seismic wave
amplitude, the PGA amplification coefficient of the slope body
and slope surface decreases gradually, and the elevation
amplification effect weakens. The reason for this phenomenon
is that the dynamic shear strength and dynamic shear modulus of
slope materials decrease gradually with the increase of input
seismic amplitude, and the damping ratio of slope increases, the
nonlinear characteristics gradually strengthen. The slope has
better isolation and damping effects, and more energy is
consumed in the process of seismic wave propagation from
bottom to top, which leads to the weakening of the elevation
effect of the PGA amplification coefficient.

FIGURE 4 | Acceleration and displacement point arrangement in
the test.

FIGURE 5 | The horizontal seismic waves used in the test. (A)
Acceleration time-history curve of Wenchuan Wolong seismic wave. (B)
Acceleration time-history curve of Kobe seismic wave. (C) Acceleration time-
history curve of EL Centro seismic wave.
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When the seismic wave amplitude reaches 0.9 g, the slope
begins to show damage. Taking the slope shoulder as the
boundary point, the GPA amplification coefficient of the
measuring points below the slope shoulder decreases

significantly. The GPA amplification coefficient of the
measuring point above the slope shoulder suddenly increases,
and the GPA amplification coefficient of the slope top measuring
point is about 6 times that of the slope shoulder measuring point.
Continuing to increase the input seismic wave amplitude, the
PGA amplification coefficient of the slope top measuring point
begins to decrease, but the difference between it and the slope
shoulder does not change. The main reason for the above
phenomenon may be that the internal structure of the slope is
damaged, and there are a large number of micro-cracks in the
rock mass, which divide the slope into loose blocks and enhance
the filtering effect of the slope material. At the same time, the
internal friction and frictional energy consumption between the
slope layers increase [30], which further leads to a significant
decrease in the GPA amplification coefficient of each measuring
point below the slope shoulder. The slope body above the slope
shoulder produces relative slip through the structural plane, and
gradually separates from the main slope body. The inconsistency
of slope movement on both sides of the structural plane increases,
so the difference of GPA amplification coefficient increases.

Acceleration Response of Slope Under
Different Seismic Waves
In order to clearly explain the variation law of slope acceleration
response with elevation under different types of seismic waves,
the acceleration responses of rock bedding slopes under the
action of 0.1 g Wolong seismic wave, El Centro earthquake
wave, and Kobe seismic wave are selected for comparative
analysis, as shown in Figures 8 and 9.

It can be seen from Figures 8 and 9 that the Y-direction PGA
amplification coefficient of the slope body and slope surface
shows an obvious elevation amplification effect, which is
independent of the seismic wave type. Comparing the PGA
amplification coefficient of the slope surface and slope body
under different seismic waves, El Centro seismic wave has the

TABLE 2 | Loading conditions of shaking table test.

Serial
number

The type of seismic
wave and its
amplitude

Serial
number

The type of seismic
wave and its
amplitude

1 0.05 g White noise 25 0.7 g White noise
2 0.1 g Wenchuan

wave
26 0.7 g Wenchuan

wave
3 Kobe wave 27 Kobe wave
4 EL Centro wave 28 EL Centro wave
5 0.05 g White noise 29 0.05 g White noise
6 0.2 g Wenchuan

wave
30 0.8 g Wenchuan

wave
7 Kobe wave 31 Kobe wave
8 EL Centro wave 32 EL Centro wave
9 0.05 g White noise 33 0.05 g White noise
10 0.3 g Wenchuan

wave
34 0.9 g Wenchuan

wave
11 Kobe wave 35 Kobe wave
12 ELCentro wave 36 EL Centro wave
13 0.05 g White noise 37 0.05 g White noise
14 0.4 g Wenchuan

wave
38 1.0 g Wenchuan

wave
15 Kobe wave 39 Kobe wave
16 ELCentro wave 40 EL Centro wave
17 0.05 g White noise 41 0.05 g White noise
18 0.5 g Wenchuan

wave
42 1.2 g Wenchuan

wave
19 Kobe wave 43 Kobe w ave
20 ELCentro wave 44 EL Centro wave
21 0.05 g White noise — — —

22 0.6 g Wenchuan
wave

— — —

23 Kobe wave — — —

24 ELCentro wave — — —

FIGURE 6 | PGA amplification coefficient of slope surface under different
seismic wave amplitudes.

FIGURE 7 | PGA amplification coefficient of slope body under different
seismic wave amplitudes.
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greatest impact on the slope, Kobe seismic wave takes the second
place, and Wolong Wenchuan seismic wave is the smallest.
According to the frequency spectrum analysis of acceleration
time history curve, compared with Kobe seismic wave and
Wenchuan Wolong seismic wave, the predominant frequency
of El Centro seismic wave is closer to the first-order natural
frequency of the slope model, so it is easier to produce resonance
phenomenon. The acceleration time history curve of the
measurement point is analyzed by FFT spectrum. Therefore,
the influence of different seismic waves on the acceleration
response of bedding rock slope is mainly reflected in the
difference between the predominant frequency of seismic
waves and the natural frequency of the slope.

Difference of Acceleration Response
Between Slope Surface and Slope Body
The Y-direction PGA amplification coefficient of measuring
points at the slope waist (A2 and A7) and slope shoulder (A3
and A8) under the action of Wenchuan seismic wave are selected.

The difference of acceleration response between slope surface and
slope body is analyzed, as shown in Figures 10 and 11.

It can be seen from Figures 10 and 11, whether at the slope
waist or the slope shoulder, the PGA amplification coefficient of
the slope body is always smaller than that of the slope surface.
This phenomenon indicates that the seismic wave is refracted and
projected on the free surface of the slope surface, which makes the
acceleration response of the slope more intense, and the
acceleration response of the bedding rock slope has an obvious
“surface effect” [32] in the horizontal direction. With the increase
of seismic amplitude, the slope begins to show damage, the cracks
in the slope are gradually connected, which leads to the further
strengthening of the filtering effect of the slope, and the “surface
effect” is gradually reduced. Especially when the seismic
amplitude reaches 1.0 g, the tensile cracks at the slope

FIGURE 8 | PGA amplification coefficient of slope surface under different
seismic wave.

FIGURE 9 | PGA amplification coefficient of slope body under different
seismic wave.

FIGURE 10 | Difference of PGA amplification coefficient between slope
surface and slope body (the slope waist).

FIGURE 11 | Difference of PGA amplification coefficient between slope
surface and slope body (the slope shoulder).
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shoulder and slope waist expand and open, which further affect
the horizontal acceleration response of the bedding rock slope.

4 FAILURE MECHANISM OF BEDDING
ROCK SLOPE

In this test, the high-speed camera system was used to record the
instability process of the slope model. The bedding rock slope

began to damage in the process of the Wenchuan earthquake
wave with 0.9 g amplitude, and collapsed in the process of the
Wenchuan earthquake wave with 1.2 g amplitude. The whole
instability process of the slope is shown in Figure 12.

Based on the comprehensive analysis of Figure 12, the whole
instability process of bedding rock slopes can be obtained. Under
the action of 0.8 g and less than 0.8 g seismic wave, the bedding
rock slope does not take damage. When the input seismic wave
amplitude reaches 0.9 g, the middle and upper parts of the slope

FIGURE 12 | The instability process of bedding rock slope. (A) 0.9 g Wenchuan seismic wave. (B) 1.0 g Wenchuan seismic wave. (C) 1.2 g Wenchuan
seismic wave.
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gradually slide down along the weak structural plane, and the
trailing edge of the slope begins to separate from the model box.
The middle and upper part of the slope are blocked by the “locked
section” of the slope body, which fails to slide out along the weak
structural plane, and two tensile cracks perpendicular to the rock
layer are generated at the shoulder and waist of the slope surface,
as shown in Figure 12A. When the amplitude of the seismic wave
is increased to 0.9 g, the sliding behavior of the slope is more
intense, and the two tensile fissures expand and open to the weak
structural plane. At the same time, there are many through cracks
on the slope surface, and some rock blocks at the foot of the slope
are spalling, as shown in Figure12B. When the input seismic
amplitude reaches 1.2 g, the tensile fracture and the sliding
structural plane connect and form a shear slip surface, which
leads to the separation of the upper rock layer and lower rock
layer, and the upper rock layer collapses in the form of blocks.
The slope loses its stability and damages, as shown in Figure 12C.

Taking the displacement time history curves of slope surface
measuring points D1, D2, and D3 under the action of 0.9 g
Wenchuan seismic wave as an example, the failure mechanism of
the slope is further analyzed. It can be seen from Figure 13 that the
displacement of the slope surface gradually increases with the increase
of elevation. This phenomenon shows that, due to the existence of a
weak structural plane, the movement of different parts of the slope is
not consistent, which leads to the shear slip of the top of the slope
relative to the main body. In addition, the time of displacement
mutation is about 5 and 14 s respectively, which corresponds to the
time nodewhen the input seismic wave reaches the double peak value.

Considering the acceleration response and displacement
response of the slope, the instability mechanism of bedding
rock slopes can be divided into two stages. Due to the
existence of a weak structural plane, the first stage involves the
inconsistent movement of different parts of the slope. Under the
action of gravity and seismic force, the top of the slope slides
down along the structural plane, the back edge of the slope is
separated from the model box, and the tension cracks gradually
expand to the structural plane in the locked section of the slope.

With the continuous ground motion, the second stage sees
inconsistent movement between the rock layers further increases,
and the tensile fracture connects with the structural plane and forms
a shear slip surface. The top slope slides out along the shear slip
surface, and the slope loses its stability and damages.

5 CONCLUSION

In this paper, a similarity ratio of 1:10 shaking table test is
designed and carried out to systematically study the seismic
dynamic response and instability mechanism of rock bedding
slopes under different seismic amplitudes, frequencies, and
durations. The conclusion is as follows:

Firstly, the slope has an obvious elevation effect and surface
effect on the input seismic wave before the slope failure. The PGA
amplification coefficient at the top of slope specifically increases
significantly. With the increase of seismic wave amplitude, the
nonlinear and damping characteristics of slope materials change
gradually. The PGA amplification coefficient of slope body and
slope surface increases, while the elevation effect and surface
effect decrease.

Secondly, when the seismic wave amplitude reaches 0.9 g,
tension cracks occur in the slope structure and damage occurs.
The GPA amplification coefficient of the slope measuring points
below the sliding surface decreases significantly while that of the
slope measuring points above the sliding surface increases
significantly. Continuing to increase the input seismic wave
amplitude, the upper area slips along the sliding surface, and
gradually separates from the main body of the slope, resulting in
slope destabilization and destruction.

Thirdly, the influence of different seismic waves on the
acceleration response of bedding rock slopes is mainly
reflected in the difference between the excellent frequency of
seismic waves and the natural frequency of the slope. Compared
with Kobe seismic wave and Wenchuan Wolong seismic wave,
the excellent frequency of EL Centro seismic wave is closer to the
first-order natural frequency of the slope model and produces
resonance phenomenon, which leads to the elevation effect of the
PGA amplification coefficient more significantly.

Fourthly, the instability mechanism of bedding rock slopes is
mainly divided into two stages: penetration of sliding shear plane and
integral instability of slope. Under the action of gravity and seismic
force, rock at the top of the slope begins to slide along the structural
plane, the rear edge of the slope is separated from the model box, and
tension cracks gradually extend to the structural plane at the slope
locking section.With the continuous seismic motion, the inconsistent
movement between rock layers increases further, tension cracks run
through the structural plane, the top slope slides along the shear
sliding surface, and the slope loses its stability and damages.

6 DISCUSSION

This paper selected a typical bedding rock slope in the southwest
mountainous area to study its seismic response and failure
mechanism. The results are basically consistent with the

FIGURE 13 | displacement time history curves of slope surface
measuring points D1, D2 and D3 under the action of 0.9 g Wenchuan
seismic wave.
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instability process of other similar slopes. In addition, some of the
research results in this article have been applied to practical projects,
such as the reinforcement of vulnerable parts of a slope. However,
the seismic response of bedding rock slope is a very complex
nonlinear dynamic process, which needs further improvement.
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Limestone Acoustic Emission
Evolution Characteristics Under
Different Experimental Loading and
Unloading Conditions
Jielin Li 1,2*, Liu Hong1, Keping Zhou1, Caichu Xia2,3* and Longyin Zhu1

1School of Resources and Safety Engineering, Central South University, Changsha, China, 2Key Laboratory of Rock Mechanics
and Geohazards of Zhejiang Province, Shaoxing, China, 3College of Civil Engineering, Tongji University, Shanghai, China

To study the acoustic emission evolution characteristics of saturated limestone under
different loading and unloading paths, three cyclic loading and unloading tests were
conducted with different loading rates and initial cyclic peak stresses, and acoustic
emission monitoring was performed simultaneously. The results indicate that, during
loading and unloading, the intermediate-frequency signals of saturated rock exhibit a
variation trend of sparse–dense–sparse signals, whereas the low-frequency signals are
continuously and massively produced. With the increase in the loading rate, the
development trends of cumulative hits and energy become closer, and the
development form of ringing count changes from N-type to U-type and then to
N-type. The slight increase period and attenuation period are extended, whereas the
intense growth period and postpeak calm period are shortened. With an increase in the
initial cyclic peak stress, the change in cumulative energy is more obvious than that in
cumulative hits near the rock failure. The development form of the ringing count changes
from U-type to W-type and then to N-type, and each period is first shortened and then
extended. With the increase in loading rate, the increase in the slow-change period tends
to change from gradually increasing to increasing and then decreasing. By contrast, the
increase in the step tends to change to a gradual increase. With the increase in the initial
cyclic peak stress, the duration of and increase in the energy in the step and the slow-
change period tend to decrease and then increase.

Keywords: cyclic loading and unloading, loading rate, initial stress, acoustic emission characteristics, step
characteristics, localization, frequency and amplitude

INTRODUCTION

With the gradual depletion and exploitation of shallow mineral resources, deep mining has become
an inevitable trend in mineral resource development. Considering that the rock surrounding deep
wells is often eroded by groundwater, the mining process can be considered a loading and unloading
process of the water-bearing rock mass [1]. Under loading and unloading, saturated rock produces
plastic deformation and microfractures. Simultaneously, the stored energy is released in the form of
an elastic wave, resulting in an acoustic emission (AE) phenomenon. Therefore, the deformation and
fracture information of saturated rock can be dynamically monitored using AE technology, thereby
providing the possibility for safety monitoring and early warning in deep rock engineering.
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In the process of mining, the stress of the surrounding rock is
redistributed, and the advancing speed of the stope in the
engineering site often changes because of the hydrogeological
environment, which changes the time and speed of the stress
redistribution of the surrounding rock. Therefore, the loading rate
can affect the internal fracture of saturated rock, which can be
characterized by AE well. Generally, at a higher loading rate, the
hits are higher, and their relationship with time changes from
linear to exponential [2]. The low-amplitude events gradually
decrease, and high-amplitude events gradually appear [3]. The
higher the unloading rate, the shorter the calm period after
unloading, and the faster the change rate of AE in the entire test [4].

Different excavation strengths result in different loads on the
surrounding rock, and the internal fracture and AE characteristics of
saturated rock are different under different loading and unloading
stresses. Generally, the maximum value of AE parameters of rock
changes in accordance with the peak stress [5], which is active in
loading, calm in unloading [6], and active again at the unloading
point in the plastic stage, showing a change of “small-
increase–decrease–sudden-increase–decrease.” With an increase in
the stress level, the felicity ratio decreases significantly. The AE event
point source is produced intensively after the peak strength crosses
60% [7] and continuously expands along the joint surface. The AE
parameters increase abruptly when the peak strength is
approximately 85% [8] and exhibit fluctuations and calm. They
then increase instantaneously when the rock approaches the peak
strength [9] and decrease to 80% of the maximum value postpeak
[10]. Meanwhile, the frequency decreases significantly before the
peak strength. The crack develops from the top to the bottom before
the peak and develops between the vertical planes after the peak. The
above-mentioned research results demonstrate that the change law
of AE parameters with the loading and unloading stress was
obtained, but the development stage of the AE parameters was
not considered comprehensively. The analysis of AE parameters in
different stages under different stresses requires further study.

To understand the AE characteristics of saturated rock under
different loading and unloading conditions further, saturated
limestone was taken as the research object. The loading and
unloading tests were carried out by varying the loading rates and
initial cyclic peak stresses, and AE monitoring was
simultaneously conducted. According to the test results, the
evolution characteristics of AE characteristic parameters, steps,
and development stages under different loading and unloading
conditions can be summarized.

MATERIALS AND METHODS

Rock Samples
Limestone was selected as the rock sample. It was massive in
structure and sampled from the Gaofeng tin mine, Guangxi,

China, which is a deep mine that eroded by groundwater. The
results of X-ray Fluorescence (XRF) and X-ray Diffraction
(XRD) (see Tables 1 and 2) show that the rock was composed
of argillaceous grains filled with calcite and cemented by
serpentine, dolomite, pyrite, and a small amount of talc.
According to the ISRM method, the limestone was
processed into cylindrical samples with a size of 100 mm ×
F 50 mm [11]. After grouping, they were subjected to vacuum
saturation treatment, and the average porosity of the
limestone was 0.53%, as measured using a nuclear
magnetic resonance testing system. Some rock samples
were selected for the uniaxial compressive strength test,
and the average compressive strength, σc, was 25.03 MPa as
per the test result.

Experimental Procedure
The surrounding rock was gradually affected by the process of ore
body mining [9], and the loading and unloading method of
increasing the peak stress step by step, with an increased
amplitude of σ△ � 5 MPa, was adopted in the test [12].
Because the surrounding rock of a roadway will not be
disturbed by other stress environment before being disturbed
by excavation, it can be considered as stable limit state, so the
unloading mode of unloading to zero is selected [13]. The cyclic
load path is shown in Figure 1A. Three loading rates of 0.15, 0.2,
and 0.3 mm/min were set [14]. To study the AE characteristics at
10%, 30%, and 50% of the compressive strength, σc, three initial
cyclic peak stresses, σ0 (hereinafter referred to as the “initial
stress”) of 2.5, 7.5, and 12.5 MPa, respectively, were set at a
loading rate of 0.2 mm/min. Besides, the unloading rate was fixed
at 1 mm/min.

Pico sensor was used to collect AE signal, Micro-Ⅱ Digital AE
System was used to generate AE parameter data. AEwinTM

software was used to set AE test parameters, and record,
analyze, process AE parameters and localization data, and it
adopted the absolute location method to perform linear
inversion, only considering the travel times irrespective of
velocity model, that is, the isotropic velocity model was used
in this test, in which AE signals are assumed to travel with same
velocity in different directions [26, 27]. To ensure the integrity of
the acquired waveform, the AE acquisition threshold value was
set at 45 dB. To simplify the noise reduction process in the later
stage, the minimum noise threshold was set as 18 dB in AEwinTM

software before the test.
In addition, the sensors were symmetrically arranged along the

column at the level of 15 mm from the upper and lower ends of
the sample and at the level of middle, as shown in Figure 1B.
There were two sensors in each level, a total of six sensors were
arranged. and the angle between adjacent levels is 90°. When

TABLE 1 | Mineral elements of the limestone according to XRF.

Element Ca S Zn Fe Si Mg

Content/% 60.194 2.704 0.274 0.818 0.222 0.212

TABLE 2 | Mineral composition of the limestone according to XRD.

Mineral Calcite,
dolomite

compounds

Serpentinite Pyrite Talc Zinc
sulfide

Quartz

Content/% 94.4 1.4 2.2 1.0 0.8 0.2
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more than four sensors collect the hit signal, AE event will be
generated, then AE systemwill generate the coordinate data of the
event according to the distance data transmitted by the six
sensors, finally complete the localization.

According to the procedure above, the loading and unloading
tests were conducted, and AE monitoring was performed
simultaneously. Finally, the stress, strain, and AE monitoring
results were obtained.

ACOUSTIC EMISSION LOCALIZATION OF
LIMESTONE DURING LOADING AND
UNLOADING
AE location technology can accurately describe the distribution of AE
event point sources and can be used to analyze the structural failure
mode and the development of rock microcracks. Before the
localization test, a certain sensor was taken as the transmitter to
test the localization data of other sensors when the transmitter sent out
the acoustic signal. The localization errors were obtained by
comparing the localization data with the actual position of the
transmitter. Finally, the errors of X direction, Y direction and
absolute distance of each source point were obtained, which were
all less than 2mm, then the localization test was carried out. Figure 2
shows the point source distribution and macroscopic failure structure
of some typical rock samples. The lines in the point source diagram
represent the density separation zone of the point source distribution,
and the lines in the failure structure diagram represent the
macroscopic failure surface. There is a good corresponding
relationship that 1) the failure surface and the density separation
zone of the point source are similar in each rock sample and 2) the
fractures produced from the end of the dense point source gradually to
the end of the sparse point source during the loading and unloading.

Figures 2A–C show that, under σ0 � 2.5 MPa, the failure
modes of the rock samples under different loading rates are
clearly different. Considering the internal friction angle φ of the
rock, φ � 90° − 2 θ, where θ is the angle between the failure surface
and the maximum principal stress [24]. Under the condition of
v � 0.15 mm/min, the upper end of the rock sample is compacted
rapidly in the early period of loading and unloading, resulting in a
shear crack sprouting on the left side of the upper end. After the

downward expansion of the crack, a spalling occurs in the middle
corner of the left side, and then an obvious longitudinal through
main crack is produced on the right side of the upper end owing
to the Poisson effect, showing obvious tensile failure
characteristics. The angle between the tensile crack and the
maximum principal stress is approximately 6°. The rock
fracture structure is relatively complete, and the fragmentation
is large. Under the condition of v � 0.2 mm/min, a shear fracture
develops from the upper and lower ends of the rock sample
without coalescence, and the two fractures continue to extend to
both sides, the right side of which developed a longitudinal crack.
At this time, the rapid increase in lateral deformation limits the
continuous development of the crack and, finally, continues to
extend to the right side, resulting in parallel shear failure of the
rock, with θ of approximately 11°. The small cracks are dense, and
the rock is clearly broken at the lower part of the rock. Under the
condition of v � 0.3 mm/min, the rock sample first forms a shear
crack from the upper right to the lower left. Then, with the
increase in the peak stress, the shear crack breaks and changes
direction in the middle lower part of the rock and gradually
produces another shear crack on the upper left side. Finally,
lateral failure occurs under the shear force, with θ of
approximately 21°. The width of the cracks is large, the
damage degree of the rock is large, and the surface is uneven.

Figures 2B,D,E show that, under a loading rate of 0.2 mm/
min, the typical parallel shear failure occurs at σ0 � 2.5 MPa, with
θ of approximately 11° and small cracks being densely distributed
on the lower side of the rock. Under the condition of σ0 �
7.5 MPa, a crack sprouts downward on both sides of the upper
end of the rock sample, and an arc-shaped shear crack finally
forms on the left side. After short-term local crushing on the right
side, longitudinal tensile cracks are formed under tensile stress.
Finally, the two cracks are connected, and the loading and
unloading end with tension shear composite failure, with θ of
approximately 10° and a rough rock surface and with fewer flakes
but larger fragmentation. Under the condition of σ0 � 12.5 MPa,
there are left and right tension cracks, and most of the event point
sources are concentrated in the middle of the rock sample. This is
because the viscoplastic behavior of the rock under high initial
stress is weak, and the lateral deformation produced is small. This
increases the compression of the axial compressive stress on the

FIGURE 1 | Cyclic loading and unloading diagram. (A) v � 0.15 mm/min; (B) v � 0.2 mm/min path.
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rock sample, which causes the rock to exhibit typical brittle and
tensile failure, with θ of approximately 9°. Large blocks form that
have the same height as the intact rock sample.

It can be observed from the above that, with the increase in
loading rate and decrease in initial stress, the viscoplasticity of the
rock sample strengthens, the damage increases, and the bonding
effect between particles becomes worse. Moreover, the
fragmentation caused by rock failure decreases, which causes
the internal friction angle of the rock to decrease, that is to say, the
sliding friction needed to overcome for sliding between rock
particles reduced, which leads to a gradual change of the rock
failure mode from tensile failure to shear failure.

ANALYSIS OF AE CHARACTERISTIC
PARAMETERS UNDER DIFFERENT
LOADING AND UNLOADING CONDITIONS
Variation Characteristics of Ringing Count,
Cumulative Hits, and Cumulative Energy
Figures 3 and 4 show the changes in cumulative hits
(hereinafter referred to as “hits”), cumulative energy

(hereinafter referred to as “energy”), and ringing count
under different loading rates and initial stresses. The hits
and energy under each loading and unloading condition
exhibit the step growth characteristic, in which the three
steps that exhibit the largest increasing extent are screened
out in the figure. Step Ⅰ generally shows a rapid–slow change,
and steps II and III mainly present a slow–rapid trend, which
indicates that the generation of microfracture gradually slows
down with loading and unloading.

The peak count is defined as the highest value of the ringing
count under a certain peak stress. According to the change in
peak count, the loading and unloading process can be divided
into a slight increase period, attenuation period, intense growth
period, and postpeak calm period (within the softening stage).
Figures 3 and 4 show that the ringing count increases sharply at
the peak strength and then increases again suddenly at the end
of the postpeak calm period. The highest ringing count in the
entire test must appear in these two increases. In addition, the
maximum increase in energy can only occur in the postpeak
calm period, but the maximum increase in hits may also occur in
the intense growth period. The peak count varies with the
loading rate and initial stress.

FIGURE 2 | AE event point source distribution and macroscopic failure structure of rock under different loading rates and initial stresses.
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Different Loading Rates
Taking the AE monitoring results with v � 0.15 mm/min as an
example, as shown in Figure 3A, the changes in the ringing count,
hits, and energy of each cycle are as follows.

(1) In the first two cycles, the hits and energy are close to zero,
and the ringing count is not obvious. This is because the
lower stress is not sufficient to provide energy for the
formation of new microcracks. Only a small amount of
AE information is produced by the closure and sliding of
primary fractures and the occlusive failure of particles.

(2) At the end of the slight increase period, the ringing count is
suddenly active, and the hits and energy appear in step Ⅰ. The
change in the step curve is steep first and then tends to be flat,
and the step occurs at the inflection point of the stress curve
instead of the peak stress. This is because of the sudden loss of
the bearing capacity of local rock particles, resulting in a large
number of microfractures.

(3) When loading and unloading to the attenuation period, the
energy and ringing count return to calm again, while the hits
appear in another step, which indicates that the rock mainly

stores energy and produces many small fractures. Therefore,
the energy is rarely released.

(4) When the stress increases into the intense growth period, the
microcracks begin to form, and the ringing count gradually
becomes active. In the cycle of the peak stress of 22.5 MPa,
the ringing count appear since the stress zero point, showing
a strong Felicity effect. The hits and energy also exhibit a large
step near the peak stress of 22.5 MPa. The step curve exhibits
a slow–rapid–slow process. After this step, energy has not
reached half of the entire process, but the hits have completed
89% of the entire process. It is considered that, under a lower
loading rate, although the internal fracture of rock can
continue to develop, the energy can only be released after
long-term accumulation; hence, its growth is concentrated in
the postpeak calm period, instead of this period.

(5) At the end of the intense growth period, microcracks
polymerize and run through the sample, the rock skeleton
structure is gradually destroyed, forming structural planes,
and sliding occurs on both sides of the structural plane. With
the increase in rock deformation, the fracture of the sliding
block results in two fluctuations in the stress–strain curve at

FIGURE 3 | AE test results under different loading rates. (A) v � 0.15 mm/min; (B) v � 0.2 mm/min; (C) v � 0.3 mm/min: 1) slight increase period; 2) attenuation
period; 3) intense growth period; 4)the postpeak calm period.
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the end of the intense growth period. Each fluctuation is
accompanied by a large number of ringing counts and a
steep-step-type energy release, the increase of which is
greater than that at the peak strength. However, the
number of hits at the two fluctuations is extremely quiet
because the current energy is not sufficient for the fracture to
continue to expand, forcing the rock to release energy rapidly
[16, 17].

(6) When the loading continues to the postpeak calm period, the
hits still do not increase, indicating that the residual
resistance process of rock at a lower rate does not produce
fracture information.

With an increase in the loading rate to 0.2 mm/min, except
that the cycle of σ � 22.5 MPa showed a long-term Felicity effect
(same as v � 0.15 mm/min) and the cycle of σ � 12.5 MPa showed
a instantaneous Felicity effect, the ringing counts only occur
when the stress exceeds the peak stress of the upper cycle—that is,
showed a Kaiser effect, and the development trend and step trend
of hits and energy become relatively closer than v � 0.15 mm/min.
Compared with the low loading rate, the AE behavior of the cycle
of low peak stress is no longer active at v � 0.3 mm/min, the
distribution of the ringing count is the sparsest during loading

and unloading, and the ringing count is the lowest when rock
failure occurs. This is because the pore water pressure replaces the
effective force to resist the external force when the loading rate is
too fast, resulting in significant plastic deformation and
weakening microfracture behavior. Moreover, under v �
0.3 mm/min, the long-term Felicity effect of rock occur in the
cycle of the peak stress of 15 MPa. Compared with the low loading
rate, it can be seen that the condition of v � 0.3 mm/min can
advance the long-term Felicity effect of rock.

In addition, the hit of rock near failure varies with loading
rates. Under v � 0.15 mm/min, the hit appears no obvious change
in the last cycle, and there is no increase at the peak strength and
at in the peak stress of softening stage. It shows that the brittleness
of saturated limestone is weak near the failure, the rupture scale is
small, the fracture behavior is less and not enough to converge to
form a large fracture can be collected by acoustic emission, with
weak precursor information. Under v � 0.2 mm/min, the hit
presents a increase of two to three steps in the last cycle (800 s),
followed by a sudden increase at the peak strength and softening
stage, and the increasing extent at the peak strength is much
greater than that at the softening stage, which indicates that the
fracture behavior of saturated limestone is muchmore sensitive to
stress than to time. Compared with v � 0.2 mm/min, what the

FIGURE 4 | AE test results under different initial stresses. (A) σ0 � 2.5 MPa (B) σ0 � 7.5 MPa; (C) σ0 � 12.5 MPa: 1) slight increase period; 2) attenuation period; 3)
intense growth period; 4) postpeak calm period; 5) transition period of increase and then decrease.
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difference which the hit appears under v � 0.3 mm/min is that
there is no longer a sudden increase at peak stress, but a slow
increase throughout the whole softening stage.

In Figure 3, the red part in the inset shows the development
process of ringing count before softening stage, and the purple solid
line shows the change trend of peak count, which is obtained by
connecting the maximum ringing count values of each cycle. As
can be seen from the insets, before the postpeak calm period, there
are two types of change in peak count (including peak strength).

(1) When v � 0.2 mm/min, it is U-type, which means that the
peak count was active in the early period, dropped to the
lowest level after the attenuation period, and increased
sharply at the end of the sudden rise.

(2) When v � 0.15 and 0.3 mm/min, it is N-type, which means
that it increases slightly in the slight increase period, changes
to a lower value in the attenuation period, and then increases
sharply at the end of the intense growth period. Specifically,
the peak count under v � 0.15 mm/min exhibits the former-
N-type, which means that the final value of the intense
growth period is higher than that of the slight increase
period. The peak count under v � 0.3 mm/min is the
latter-N-type.

With the increase in loading rate, before the postpeak calm
period, the change of peak count gradually changes from the
former-N-type to the U-type and the latter-N-type. Thus, the
increase in the proportion of the intense growth period gradual.

Different Initial Stresses
Taking the AE monitoring results under σ0 � 7.5 MPa as an
example, it can be seen from Figure 4B that the AE behavior in
each cycle has a good Kaiser effect—that is, no AE behavior
occurs in each unloading section and loading section lower than
the previous peak stress. There are two peaks in the ringing count
of each cycle: one in the loading section, and the other at the peak
stress. They are defined as the front peak count and the postpeak
count, respectively. The postpeak count is higher than the front
peak count. The times of steps for energy and hits are basically the
same, but the energy does not increase significantly until the peak
strength, and the hits exhibit a larger proportion in the early
period. The changes in ringing count, hits, and energy of each
cycle are as follows.

(1) In the first cycle of the attenuation period, the peak count
reaches the maximum value before rock failure, owing to the
instantaneous contact, extrusion, and closure of primary
fractures and pores in the rock during the compaction
stage. The front peak count occurs at 46.7% σ (σ is the
stress peak of the current cycle). Step Ⅰ of hits and energy
appears at the peak stress of this cycle, and the step process
presents a trend of “rapid–slow–rapid.”

(2) In the second cycle of the attenuation period, the front peak
count dropped sharply, which occurred at 47.8% σ, and then
decreased slightly. The ringing count of this cycle was lower,
but the duration was the longest among all cycles. Step Ⅱ of
hits and energy appeared in this cycle. Unlike in the past, this

step exhibited a linear trend, and the increase in hits was
larger than that of step Ⅰ. This is because the pore water
pressure in saturated rock drives the pore cavity to disappear
instantaneously, which is not subjected to the external force.
Therefore, rock microfracture occurs without energy
consumption. The hits have reached 52.3% of the entire
process, but the energy has only reached 28.6%. This shows
that, under the higher initial stress, the microfracture
behavior is more in the early period, and the release of
elastic energy is mostly concentrated in the later period.

(3) At the beginning of the transition period of increase and then
decrease, only a small number of ringing counts were
produced. The occurrence time of the former peak count
was 58.4% σ, and the hits and energy increased slightly.

(4) In the middle of the transition period of increase and then
decrease, the ringing count increased, but the hits and energy
were calm for the first time, indicating that the rock had
entered the linear elastic stage. The uneven elastic
deformation between grains was well coordinated in this
linear elastic stage, resulting in no new elastic energy being
produced. The synchronization and homogenization of
elastic deformation also increased the signals crossing the
threshold among the hits and further increased the ringing
count. Moreover, the occurrence time of the front peak count
in this cycle was 59.3% σ. Combined with the previous cycles,
the occurrence time was delayed with an increase in the
number of cycles.

(5) At the end of the transition period of increase and then
decrease, the ringing count dropped to the lowest level, and
the hits and energy remained unchanged. This indicates that
the linear elastic stage was ending, and the rock stiffness
would not continue to increase greatly. Because of this, the
fracture cavity did not further expand.

(6) In the intense growth period, the local stress dropped at
73.1% σc and the peak strength σc. The ringing count
appeared as a small signal at 73.1% σc but increased
rapidly at σc for a long time. The hits and energy also
exhibited step Ⅲ at σc, but the increase in energy was
small. This shows that the rock had entered the plastic
stage, a large amount of uneven deformation had occurred
between the grains, and the tensile force had formed on both
sides of the fracture, resulting in a large number of
microcracks connecting to form macrocracks. This
increased the ringing count, hits, and energy. What the
stored elastic energy was used for also changed from the
initiation of new cracks to the destruction of the local
structure of rock, and the elastic energy exhibited a short-
term accumulation because suddenly there was no need for
crack initiation; therefore, the increase in energy at the end of
the intense growth period was extremely small.

(7) In the postpeak calm period, the stress increases
automatically after decreasing, showing the characteristics
of stress strengthening. The ringing count shows an
abnormally sharp increase in rock failure, and the hits and
energy also complete stepⅢ with the largest increase. This is
because the dislocation and slip of macrocracks after the peak
strength can still produce a large number of AE behaviors.
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Figure 4 also shows that, with the increase in initial stress, the
postpeak calm period (i.e., softening stage) becomes less obvious.
The gap between the hits and the energy curve develops from a
close fit to a larger difference, the increase in energy during rock
failure tends to be more obvious than that of hits, and the peak
count changes fromU-type toW-type and N-type gradually. This
indicates that the increase in initial stress tends to increases the
AE behavior in the early period. When the initial stress increases
from 2.5 to 7.5 MPa, the transition period of increase and then
decrease occurs, in which the process of “increase” is caused by
the fracture polymerization by the primary and secondary stress.
When the initial stress increases to 12.5 MPa, most of the load
acts on the rock in the form of microfracture, which results in the
ringing count appearing throughout the loading and unloading
process, showing a strong felicity effect. The hits and energy also
show a trend of uniform growth with time and do not show step
growth, as with the lower initial stress. Meanwhile, under σ0 �
12.5 MPa, the distribution of the ringing count is the most dense,
and the hits, energy, and ringing count are the largest during rock
failure. This indicates that the rock has strong brittleness under a
higher initial stress, which also leads to the tensile failure mode
with large blocks, as in Figure 2E.

In addition, the hit of rock near failure varies with the initial
stress. Under σ0 � 2.5 MPa, the hit increases greatly and slightly at
the peak strength and the peak stress of the softening stage
respectively. Under σ0 � 7.5 MPa, the rock does not increase
suddenly near failure, showing a smooth growth from 460 s. It is
considered via analysis that the increase of initial stress will
accelerate the migration of water in saturated rock, thus buffer
the increase of hit caused by rock fracture. Under σ0 � 12.5 MPa,
the change of hit near peak strength is the same as that in the
earlier cycles, in both of which the hit all appears the tend of slow
increase, moreover, the increase rate of hit in softening stage is
even lower than the earlier cycles. The hit under σ0 � 12.5 MPa
verifies the rationality of the analysis on water migration.

Variation Characteristics of Different
Periods
Table 3 shows the duration of ringing count evolution under
different loading rates and initial stresses. With the increase in
loading rate v, the durations of the slight increase period and
attenuation period tend to get extended, whereas the durations of
the intense growth period and postpeak calm period are gradually
shortened. It is considered that the faster loading rate promotes
free water seepage inside the saturated rock, increases the slip
behavior of the primary microcracks, and aggravates the
microfracture and occlusal failure of the rough surface, which
requires a long time; therefore, the early period is longer.
However, when loading to the intense growth period, the
seepage of free water saturates, and an increase in the loading
rate aggravates the compression of the main stress on
macrocracks, thus shortening the later period. With the
increase in initial stress σ0, except for the slight increase
period, the duration of each period decreases first and then
increases, which can be interpreted as indicating the existence
of a critical value of initial stress. When the initial stress is less

than the critical value, the microfractures develop slowly, and the
larger initial stress obviously shortens the development time of
each period. When the initial stress is greater than the critical
value, the pore water pressure replaces the rock skeleton to bear
the compression of the external force. Therefore, a larger initial
stress prolongs the process of each period.

Step Characteristics of the Acoustic
Emission
Figures 3 and 4 show that there are some steps in the cumulative
hits and energy. The three steps that exhibit the largest increasing
amplitude and the slow-change period before each step
(hereinafter referred to as the “slow-change period”) are used
to analyze the step characteristics. To describe the step
characteristics conveniently, the duration proportion is defined
as the proportion of the duration of a certain step (or slow-change
period) to that of the entire test. The increase proportion is
defined as the proportion of the increase in the hit (or energy) of a
certain step (or slow-change period) to that of the entire test. The
softening duration is defined as the calm duration of the hits (or
energy) in the softening stage.

Table 4 shows the duration and increase proportion in each
step and slow-change period under different loading rates v and
initial stresses σ0. From the transverse view, with the loading and
unloading process, the increase proportion of hits and energy in
the step and slow-change period gradually increase, and the
increase proportion of energy in the step and slow-change
period increases gradually. This indicates that there is a
positive correlation between the damage of rock, the energy
transformation behavior, and time at a lower loading rate.
Under the condition of v � 0.2 mm/min, the increase
proportion of hits and energy first increases and then
decreases, and the value of step Ⅲ is the smallest. It is
considered that the expansion limit of pores is easier to reach
at a higher loading rate, causing the coalescence of pores to
become saturated at step Ⅱ, leading to a decrease in the increase
proportion of energy and hits in step Ⅲ. Under the condition of
v � 0.3 mm/min, the increase proportion in the slow-change
period increases first and then decreases, whereas the increase
proportion in the step increases gradually. This is because stepⅢ
is close to failure, and the formation of the macrofailure surface
destroys the bearing structure of the rock, resulting in a
substantial increase in hits and energy. Under the condition of
σ0 � 7.5 and 12.5 MPa, the duration and increase proportion of
energy in the step and slow-change period first decrease and then
increase. Analysis shows that, under a larger initial stress, the rock
at the linear elastic stage shows obvious elastic characteristics, and
the plastic deformation is small. Furthermore, the high elasticity
enables the storage of elastic energy to be completed earlier.
Therefore, the duration and increase in the proportion of energy
in step Ⅱ and the second slow-change period occur through a
trough.

From the longitudinal view, with the increase in loading rate,
the duration and increase proportion of hits in steps Ⅰ and Ⅱ first
increase and then decrease, and the it is same in step Ⅰ of energy.
With the increase in initial stress, the duration and increase
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proportion of hits in step Ⅰ and the slow-change period first
decrease and then increase. In addition, the average hits/energy
rate at v � 0.15 mm/min is the minimum, and the maximum
value is at σ0 � 12.5 MPa, thereby indicating that a lower loading
rate or initial stress slows the energy release under loading and
unloading.

Frequency and Amplitude Characteristics
Under Different Loading and Unloading
Conditions
The amplitude and frequency of the AE signal vary with the
loading rate and initial stress, which are affected by the fracture
scale and structural evolution of the rock. To describe
the variation characteristics of the maximum value of the
amplitude signal better, the peak amplitude is defined as
the signal with the highest amplitude in a certain cycle.
Figures 5 and 7 show the variation process of the amplitude
and peak frequency of typical rock samples under different
loading rates and initial stresses. The circular particles and the
curve on Figures 5 and 7 represent the amplitude signal and the
variation of peak amplitude, respectively, and the triangular
particles represent the peak frequency signal.

Figures 5 and 7 show that the peak amplitude generally
appears at the peak stress, but it appears in advance at the

plastic stage. In the softening stage, the high-amplitude signal
gradually disappears. For the frequency, Su et al. took the
frequency less than 120 kHz as low-frequency of rock [15],
and Kong et al. took the frequency greater than 300 kHz as
the high-frequency of rock [18]. Based on the division method
above, combined with the density distribution of the frequency
signals in this test, the frequency is divided into a low-frequency
band (0–125 kHz), intermediate-frequency band (125–320 kHz),
and high-frequency band (320–500 kHz) here, corresponding to
the red, yellow, and blue areas, respectively, in Figures 5 and 7. In
a certain cycle, the low-frequency signal is generated first, and its
number is the highest, followed by the high-frequency signals and
intermediate-frequency signals. Intermediate-frequency signals
appear in the first one to two cycles and then become calm. They
then become active in the plastic stage, while low- and high-
frequency signals are more stable and continuous. With the
increase in the number of cycles, the outer contour composed
of signals in the three frequency bands gradually changes from
rectangular to a concave triangle. It finally becomes a concave
trapezoid in the plastic stage, as shown in Figure 5A.

With the increase in the number of cycles, the amplitude
signals and frequency signals do not increase singly [19, 20], and
the number changes of the two signals have good consistency.
Before the plastic stage, the two signals are concentrated on the
stress that exceeds the previous peak stress, showing a good

TABLE 3 | Duration of each period of ringing count evolution.

Loading rate and
initial stress

Duration of each period

Slight
increase period (s)

Attenuation period (s) Intense
growth period (s)

Postpeak
calm period (s)

v � 0.15 mm/min, σ0 � 2.5 MPa 280 161 888 277
v � 0.2 mm/min, σ0 � 2.5 MPa — 486 380 271
v � 0.3 mm/min, σ0 � 2.5 MPa 475 751 257 145
v � 0.2 mm/min, σ0 � 7.5 MPa — 147 130 22
v � 0.2 mm/min, σ0 � 12.5 MPa 868 476 681 38

TABLE 4 | Duration proportion and increase proportion in each step and slow-change period.

Loading
rate
and initial
stress

AE parameters Duration
proportion in
steps (%)

Increase
proportion in
steps (%)

Duration
proportion in
slow-change
periods (%)

Increase
proportion in
slow-change
periods (%)

Softening
duration

(s)

Average
hits
rate

(hit/s)/
average
energy
rate

(104 aJ/s)

Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ Ⅰ Ⅱ Ⅲ

v � 0.15 mm/min, σ0 � 2.5 MPa Hits 24 2 74 11 43 46 46 32 22 19 20 61 916 0.85
Energy 10 40 50 10 11 79 18 29 53 4 46 50 204 342.03

v � 0.2 mm/min, σ0 � 2.5 MPa Hits 29 49 22 19 68 13 5 85 10 21 67 12 156 2.32
Energy 43 47 10 25 57 18 5 85 10 11 83 6 156 3,260.43

v � 0.3 mm/min, σ0 � 2.5 MPa Hits 3 20 77 7 11 82 42 13 45 21 44 35 155 0.95
Energy 6 93 1 9 37 54 35 57 8 4 80 16 31 710.64

v � 0.2 mm/min, σ0 � 7.5 MPa Hits 6 41 53 11 31 58 4 7 89 32 2 66 12 0.95
Energy 50 24 26 10 5 85 10 4 86 41 16 43 12 229.13

v � 0.2 mm/min, σ0 � 12.5 MPa Hits 53 19 28 45 14 41 29 66 5 41 56 3 65 60.67
Energy 67 16 17 4 3 93 57 3 40 61 1 38 65 43,808.54
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Kaiser effect, and become extremely dense in the plastic stage.
This can be used as a precursor to determine the rock failure
under loading and unloading [21, 22].

The amplitude and peak frequency show different laws under
different loading rates and initial stresses.

Different Loading Rates
Taking the frequency and amplitude monitoring results with v �
0.15 mm/min as an example, Figure 5A shows that the variation
characteristics of peak frequency and amplitude in each cycle are
as follows.

(1) In the first cycle of the compaction stage, only a small
number of amplitude signals is generated, with a peak
amplitude of 60 dB. The peak frequency signals are
distributed in all three frequency bands, exhibiting
obvious band division characteristics, but there are few
signals in each frequency band.

(2) In the second cycle of the compaction stage, the amplitude
signal increases slightly. This is caused by the collision and
friction of particles on both sides of the primary fracture, and
the peak amplitude appears at the peak stress. The signal in

the intermediate-frequency band disappears, while the signal
in the low- and high-frequency bands increases, especially in
the low-frequency band. This indicates that the signal source
of the low-frequency band is the contact behavior of the
particles.

(3) In the first cycle of the linear elastic stage, a large number of
amplitude signals appeared. The amplitude signals were very
dense between 45 and 60 dB, with a peak amplitude of 85 dB,
reaching the highest value among all cycles. The peak
amplitude did not appear at the peak stress but appeared
at the stress fluctuation. It is considered that the microcracks
began to expand in the linear elastic stage, and the local weak
rock blocks could not bear the expansion tension of the
fracture, leading to the generation of a high-amplitude signal
and the redistribution of stress in the rock. The signal of the
high-frequency band increased significantly and exceeded
that of the low-frequency band, and the signal range and
duration of both expanded by several times. However, the
distribution range of the signal in the intermediate-frequency
band was even smaller than that in the compaction stage.
Therefore, the signal source of the high-frequency band is the
expansion behavior of the fracture, and the signal source of

FIGURE 5 | Variation process of the amplitude and peak frequency signals under different loading rates. (A) v � 0.15 mm/min; (B) v � 0.2 mm/min; (C) v � 0.3 mm/
min.
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the intermediate-frequency band is the compression
behavior of the fracture.

(4) In the second cycle of the linear elastic stage, the peak
amplitude is 67 dB, which is lower than that of the
previous cycle. This shows that the linear elastic stage is
an important stage for storing elastic energy, and the released
energy is very small. This is insufficient to make the crack
continuously expand, and only a small amount of fracture is
initiated. Moreover, the amplitude signal is continuous and
symmetrical, the amplitude signal near the peak amplitude is
continuous, and the signals on both sides of the peak
amplitude decrease gradually. In terms of peak frequency,
the frequency signal at the peak stress is continuous and
dense, whereas the signal is sparse at other times, thereby
indicating that the rock shows special characteristics before a
large quantity of fracture propagation. The frequency range
of each frequency band signal is double that in the previous
cycle but exhibits a longer duration only at 400 kHz.

(5) In the first cycle of the plastic stage, the peak amplitude is
68 dB, which is higher than that of the previous cycles. The
time of the peak amplitude is still at the stress fluctuation, and
the amplitude signal decreases evenly from the peak
amplitude to both sides, and the signal spreads
throughout the entire cycle and is very dense. This
indicates that the rock has begun to produce plastic
damage. The frequency range of the intermediate- and
high-frequency signals is shorter than that of the previous
cycle, indicating that the contact behavior of particles in the
early period of the plastic stage is the highest, followed by the
expansion of cracks, and the fracture closure is the most rare.

(6) In the second cycle of the plastic stage, the peak amplitude is
80 dB, which is the highest among all cycles. The maximum
amplitude increases from 970 to 1,100 s, in which only the
stress fluctuation is broken. It is considered that the
coalescence of a large number of cracks leads to a gradual
increase in amplitude, while the macroscopic failure surface
forms in this process. When the failure surface is not
subjected to the compression suddenly, it stops rupturing,
and only sliding friction occurs. As a result, the increase in
the amplitude breaks at the stress fluctuation. After 970 s, the
frequency signals in the intermediate- and high-frequency
bands are only active at the peak strength and enhanced
strength, while the low-frequency signals show continuous
development characteristics. This indicates that the particles
continuously produce sliding friction behavior, which is the
same as the variation law of amplitude. In addition, the
frequency range of the intermediate- and high-frequency
signals is greatly increased, and the high-frequency signals
have spread throughout the entire frequency band. However,
the low-frequency signal is shortened. This indicates that the
fracture is mainly expanded in the late period of the plastic
stage, supplemented by being compacted, and the contact
behavior of the particles is the least.

(7) In the softening stage, with the passage of time, the maximum
amplitude of the amplitude signals gradually decreases, and it
is densely distributed between 45 and 52 dB. It is sparse in the
area of >52 dB. This is because the main failure crack of the

rock has formed, and the amplitude signal can only be
generated by the weak structural plane around the main
crack. The number of intermediate-frequency signals
decreases sharply, and the frequency range of
intermediate- and high-frequency signals shortens several
times. The low-frequency signals are dense and continuous.
This shows that the contact behavior of particles only occurs
in the process of residual resistance of rocks, and the
expansion and compaction of fractures are limited.

Figure 5 shows that, with the increase in loading rate, the
change form of the peak amplitude before the peak strength
gradually changes from N-type to V-type and linear-type. The
increase in the loading rate conceals the early variation process of
the peak amplitude. This is because a higher rate increases the
compression frequency on pores and then reduces the chance of
their recovery and prolongs the variation period of the rock
structure. This causes the previous change of amplitude to
disappear.

Figure 6 shows the change of frequency value with peak stress
in each frequency band. It can be seen that in the low-frequency
band, the frequency at v � 0.15 mm/min first increases and then
decreases, with a change critical point of peak stress of 17.5 MPa,
which indicates that the contact behavior of rock particles reduces
relatively compared with the fracture propagation behavior under
low loading rate; the frequency at v � 0.2 mm/min first decreases
and then increases, and the change critical point is the same as
that under v � 0.15 mm/min; the frequency at v � 0.3 mm/min
increases exponentially. In the medium frequency band, the
frequency at v � 0.2 mm/min also decreases and then
increases, while the frequency at v � 0.15 mm/min and
0.3 mm/min presents a monotonic increasing trend, which
indicates that both too low and too high loading rate will
make the fracture compression process more uniform, but
only too high loading rate can promote the fracture uniform
expansion. In the high frequency band, the frequency change
trend of v � 0.15 and 0.2 mm/min is the same as that of low
frequency band, while the frequency at v � 0.3 mm/min shows a
complex process of increase-decrease-increase, which indicates

FIGURE 6 | Variation of frequency value with peak stress in each
frequency band under different loading rates.
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that the development of particle is similar to that of fracture at a
low loading rate, but the fracture development is full of
randomness at a high rate, which is easily affected by external
factors, showing a reciprocating change.

In addition, the number of signals of the three frequency bands
in Figure 5 and the amplitude attenuation value of the softening
stage were calculated. The results are shown in Table 5. With the
increase in loading rate, the amplitude attenuation value of the
softening stage gradually decreases. The rock is considered to
exhibit obvious viscoplasticity in the softening stage, resulting in
large deformation. A higher loading rate promotes more changes
in rock structure; hence, the amplitude does not decrease
excessively. In addition, the peak frequency is mainly
distributed in the low-frequency band. With the increase in

the loading rate, the intermediate- and high-frequency signals
gradually decrease, and the low-frequency signals gradually
increase, especially in the range of 0.2–0.3 mm/min.

Different Initial Stresses
Taking the frequency and amplitude monitoring results under σ0

� 7.5 MPa as an example, as shown in Figure 7B, the variation
characteristics of frequency and amplitude in each cycle are as
follows.

(1) In the first cycle of the compaction stage, the amplitude and
frequency signals are continuously generated in the loading
section, and the peak amplitude is 67 dB. This is the highest
value, except for the peak amplitude during rock failure.

TABLE 5 | Number of signals of the three frequency bands and amplitude attenuation value of the softening stage under different loading rates.

Loading rate v Frequency and amplitude

Number of signals of the three frequency bands Amplitude attenuation value
of the softening

stage
High-frequency (%) Intermediate-frequency (%) Low-frequency (%)

0.15 mm/min 33.0 13.0 54.0 35.0
0.2 mm/min 30.0 11.0 59.0 4.0
0.3 mm/min 5.2 0.1 94.7 -7.0

FIGURE 7 | Variation process of the amplitude and peak frequency signals under different initial stresses (A) σ0 � 2.5 MPa, (B) σ0 � 7.5 MPa; (C) σ0 � 12.5 MPa.
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The frequency signals of the three frequency bands are
relatively concentrated, and their outer contours exhibit
rectangular characteristics. The number of low-frequency
signals reaches the maximum among all cycles, indicating
that, under the higher initial stress, the effect of the load on
the rock in the initial cycle is large, and the contact and
chimerism behaviors of particles are relatively more in the
compaction stage.

(2) In the second cycle of the compaction stage, the peak
amplitude is 65 dB, which is lower than that of the
previous cycles. This is because the effective bearing area
of the rock block increases significantly after the pores are
compacted for a period of time, which reduces the chance of
fracture production. The outer contours of the frequency
signals in the three frequency bands all exhibit triangular
characteristics, and the number of high- and intermediate-
frequency signals is the greatest among all cycles. The low-
frequency signals significantly decrease and last until the rock
failure, indicating that the chimerism of particles is easily
saturated under high initial stress, causing the fracture to
expand earlier.

(3) In the linear elastic stage, the amplitude signals and the peak
amplitude continue to decrease gradually. Intermediate-
frequency signals do not appear. Low-frequency signals
continue to be calm, and the frequency range and
duration of high-frequency signals gradually shorten. The
results show that, under the higher initial stress, the
compaction behavior of fracture no longer occurs in the
linear elastic stage, and the contact behavior of the particles is
low. With the increase in the number of cycles, local
microcracks and small events are also increasingly fewer
in the linear elastic stage.

(4) In the plastic stage, the stresses at 73% σc and σc show a stress-
strengthening phenomenon of decrease first and then
increase, and the amplitude signals also show a prominent
characteristic at the stresses above. Compared with 73% σc,
the duration at σc is longer, which indicates that the stress
strengthening of rock can improve the stiffness of the rock
block in a short time. This makes the rock produce
microfractures in a more brittle form and causes the AE
behavior to be easier to monitor. The number of high-
frequency signals reaches the maximum among all cycles,
and the frequency range of the intermediate-frequency
signals also increases. This indicates that the damage
accumulation in the rock is accelerated, and a large
quantity of fracture expands rapidly. In the test process,
the fractures coalesce to form macrocracks at 470 s.

(5) In the softening stage, the amplitude and high-frequency
signals show a continuous change characteristic, and the peak
amplitude decreases slightly. The intermediate- and low-
frequency signals only appear at the peak strength and
residual strength. This is because the stress in the rock is
redistributed to reach the next equilibrium point, and the
time provided for stress distribution in the softening stage is
extremely short, resulting in few microfractures and causing
a decrease in the peak strength and the sparsity of the
intermediate- and low-frequency signals.

With the increase in initial stress, the variation form of the
peak amplitude changes from V-type to N-type, and the
distribution of the peak frequency is more concentrated. This
is very dense in a certain small frequency range. It is considered
that, in the loading section starting from zero stress, a higher
initial stress reduces the occurrence of irregular plastic
deformation, making the distribution range of the peak
frequency more concentrated, so that it gathers the
distribution of the peak frequency. In addition, the Kaiser
effect of AE becomes weak when σ0 � 12.5 MPa.

Figure 8 shows the change process of frequency value with
peak stress in each frequency band. To better compare the
frequency changes at each initial stress, the low-frequency and
high-frequency values under σ0 � 12.5 MPa in the figure were
reduced by an order of magnitude. It can be seen from the figure
that the variations of the three kinds of frequency at σ0 � 2.5 MPa
first decrease and then increase, with the change critical point of
peak stress of 17.5 MPa, changing in a hook shape, which are
consistent with the law under different loading rates. Under σ0 �
7.5 MPa, the variations of the three kinds of frequency show a
bowl shape change, which first decrease and then increase, in
which the low-frequency changes not obviously because of its
small value. Under σ0 � 12.5 MPa, the changes of the three kinds
of frequency become more complex, which are generally
composed of two to three paraboloids, beginning with the
decrease tend, ending with the decrease in the low-frequency
and intermediate-frequency, ending with the increase in the high-
frequency. This shows that the development process of particle
and fracture in the earlier cycles reduce significantly, and the
compression of fracture, the contact and extrusion of particles are
restrained near the failure of rock, in which period the fracture
expand vigorously.

The number of frequency signals in the three frequency bands
in Figure 7 and the amplitude attenuation value in the softening
stage are recorded in Table 6. With the increase in initial stress,
the amplitude attenuation value of the softening stage gradually
decreases, and the intermediate-frequency signals also gradually
decrease. This indicates that a higher initial stress inhibits the
compaction behavior of fractures. Moreover, the high-frequency

FIGURE 8 | Variation of frequency value with peak stress in each
frequency band under different initial stresses.
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signals increase first and then decrease, and the low-frequency
signals decrease and then increase. It is considered that there is a
critical value of initial stress σm � 7.5 MPa. When σ0 < σm, the
higher the initial stress, the more the extending behavior of
fractures, and the less the extrusion behavior of particles.
When σ0 > σ m, the opposite of the above occurs.

Distribution Characteristics of AE Event
Amplitude and Energy
Different Loading Rates
Figure 9 shows the distribution of AE event amplitude and
energy under different loading rates. It can be seen that under
v � 0.15 mm/min, the distributions of amplitude and energy of
rock were relatively dispersed, which mainly occurred in the three
sections of 50–250, 500–700 and 1,000–1,180 s.

(1) In the first section (50–250 s), the energy was concentrated in
a 10 s interval, and its value is very low, but the amplitude
showed the law of dispersed change of decreasing first and
then increasing, which shows that the internal lattice was
moving back and forth, and when the movement
accumulated to a certain extent, the energy was released
concentratedly.

(2) In the second section (500–700 s), the energy also began to
show a dispersed distribution, but the distribution of
amplitude became dense, showing the law of increasing
first and then decreasing, which is consistent with the
stress change of loading first and then unloading,
indicating that secondary fractures began to appear
gradually in this section [23].

(3) In the third section (1,000–1,180 s), the energy and
amplitude both increased first and then decreased. The
maximum values were located at 1,080 s, which is the
peak strength point of rock. Compared with other
sections, the increase value of energy was far greater than
the amplitude, which indicates that the large-scale fracture of
saturated limestone was less when reaching the peak
strength, only the sudden generation of many small-scale
fractures leaded to the energy of rock was released
concentratedly; the energy and amplitude decrease
immediately after the peak strength point; at 1,180 s, the
rock broke down, only the amplitude increased at that
moment, but its value was lower than which at the peak
strength point in terms of signal quantity and amplitude. The
results also show that the energy increased suddenly from a
very low value near 1,080 s, and the amplitude decreased first

and then increased. Near 1,180 s, the rock was close to failure,
and the energy showed a low value shortly after the peak
strength (1,100 s), while the amplitude exhibited a trend of
intermittent gradual decrease of 1,100 and 1,170 s.

Under v � 0.2 mm/min, the variation of amplitude and energy
of rock can be divided into two types as following.

(1) The first type is 20–80 and 720–900 s. The characteristics of
the change is that the amplitude and energy all showed
continuous change, and generally increased first and then
decreased. Near 850 s (the stress is close to the peak strength),
the amplitude showed the law of sparsity first and then
densification, decrease first and then increase, and the
energy value was sporadic distribution and not obvious.
Near rock-failure point, the amplitude also exhibited a
trend of intermittent decrease, and the energy exhibited a
low value between the peak strength and the rock-
failure point.

(2) The second type is 200–300 and 500–600 s. The characteristic
of the change is: the amplitude and energy first exhibited a
trend of gradual increase, then the signal disappears after
reaching the maximum value, and then the signal appears
again in the next 100 s, the amplitude and energy of which are
slightly less than the previous maximum value.

Under v � 0.3 mm/min, the amplitude of rock showed a
continuous change, exhibiting a “increase decrease increase”
trend, and the energy was distributed dispersedly at 350, 550,
875 and 1,000 s. At 875 s (the peak strength), the energy increased
greatly, reaching the maximum value of the whole loading and
unloading process, while the amplitude decreased. It is considered
via analysis that when the rock is loaded to the peak strength, due
to the high loading rate, there was almost no chance of forming
large-scale fractures that can control the rock-failure, whichmade
the rock develop macro cracks extensively in a short time,
therefore, quantities of energy was released in the rock, but
the amplitude of the signals was not high. Near 875 s (the
stress is close to the peak strength), the amplitude exhibited a
“decrease-increase” trend, in which the “increase” process made
the amplitude show the maximum value of the whole loading and
unloading process, and some sporadic energy signals appeared
near 875 s. Near 1,000 s, the rock was close to failure at that
moment, the amplitude exhibited a continuous downward trend,
however, the energy increased slightly during the period of peak
strength point to the rock-failure point.

TABLE 6 | Number of signals of the three frequency bands and amplitude attenuation value of the softening stage under different initial stresses.

Initial stresses σ0 Frequency and amplitude

Number of signals of the three frequency bands Amplitude attenuation value
of the softening

stage
High-frequency (%) Intermediate-frequency (%) Low-frequency (%)

2.5 MPa 30.0 11.0 59.0 4.0
7.5 MPa 71.0 4.0 25.0 2.0
12.5 MPa 6.9 0.1 93.0 0.0
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Based on the data of the distribution of AE event amplitude
and energy under different loading rates, it can be seen that the
AE event energy of saturated limestone decreased first and then
increased during loading and unloading. Except for the amplitude
value under v � 0.3 mm/min, the maximum values of amplitude
and energy in the whole test all occurred at the peak strength.
Near the peak strength point, the amplitude decreased first and
then increased, and the energy value exhibited less and low. Near
rock-failure point, the amplitude exhibited a downward trend,
and the energy value also exhibited less and low. The law above
can be used as the precursor information of reaching the peak
strength point and rock-failure point. With the increase of
loading rate, the change form of amplitude in whole test was
changed from disperse to continuity. Near rock-failure point, the
change trend of amplitude changed from intermittent decrease to
continuous decrease, during the period, the occurrence time of
low energy value changed from peak strength point to the middle
time between peak strength point and rock-failure point.

Different Initial Stresses
Figure 10 shows the distribution of AE event amplitude and
energy under different initial stresses. It can be seen that under σ0
� 2.5 MPa, 7.5 MPa, the amplitude and energy of rock exhibited a
trend of decreasing first and then increasing, which was mainly
composed of 4-6 sections, in which the amplitude was distributed
in each section, however, the energy was only distributed in the

first, second and last section. Near the peak strength point (850 s
under σ0 � 2.5 MPa, 470 s under σ0 � 7.5 MPa), the amplitude of
rock exhibited a trend of sparsity first and then densification, low
first and then high, and the energy showed was not obvious. Near
rock-failure point (900 s under σ0 � 2.5 MPa, and 490 s at σ0 �
7.5 MPa), the amplitude exhibited an intermittent decreasing
trend, and the energy exhibited a very low value. Under σ0 �
12.5 MPa, the distribution of amplitude and energy became dense
and concentrated, which concentrated at 200–1,300 and
1.900–2,000 s. Before 1,960 s in the test, the energy varies
slightly. Near 1,960 s (peak strength point), the amplitude and
energy exhibited a change law of “low-high-low”. Near 2,000 s,
the rock is near rock-failure at that moment, but the amplitude
and energy did not appear. It is considered via analysis that high
initial stress made saturated limestone easier to show ductility,
which made local rock block exhibit ductile failure at the peak
strength point, triggering the adjustment of local stress, and
further reduced the crack development near rock-failure [12].

According to the distribution data of AE event amplitude and
energy under different initial stresses, it can be seen that the
maximum value of amplitude of rock in the whole test all
occurred at the peak strength point, and the maximum value
of energy all occurred at the rock-failure point. Near peak
strength point, with the increase of initial stress, the change
trend of amplitude changed from “low-high” to “low-high-
low” and the signal quantity is less and more concentrated,

FIGURE 9 | The distribution of AE event amplitude and energy under different loading rates. (A) v � 0.15 mm/min; (B) v � 0.2 mm/min; (C) v � 0.3 mm/min.
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which indicates that the energy distribution characteristic
changed from dispersed under low initial stress to
concentrated under high initial stress; however, the energy
remained calm all the time, which indicates that the failure
form of saturated limestone was gradual. On the other hand,
near rock-failure point, with the increase of initial stress, the
change trend of amplitude changed from "intermittent gradual
decrease" to " not appear,” which indicates that the rock-failure
behavior and AE event evolution form changed from ductility
to brittleness [25]. The phenomena above can be used as the
precursory information of peak strength point and rock-
failure point.

CONCLUSIONS

(1) With an increase in the loading rate and a decrease in the
initial stress, the viscoplasticity of saturated limestone under
loading and unloading is strengthened, the internal friction
angle decreases, and the fragmentation during rock failure
decreases. The failure mode changes from tensile failure to
shear failure.

(2) During the loading and unloading, the intermediate-
frequency signal shows a variation trend of
sparse–dense–sparse and decreases with the increase in
initial stress. However, the low-frequency signal is

produced continuously and massively, and the amplitude
attenuation value of the softening stage decreases with the
increase in loading rate and initial stress.

(3) With an increase in the loading rate, the development trend
of hits and energy becomes closer, and the maximum
increase in hits is advanced. The variation form of ringing
count changes from the former-N-type to U-type and latter-
N-type, the slight increase period and attenuation period
become longer, and the intense growth period and the
postpeak calm period shorten. With the increase in initial
stress, the felicity effect becomes better, and the variation of
energy is more obvious near the failure than the hits. The
variation form of the ringing count changes from U-type to
W-type and N-type. Each period shortens first and then
extends.

(4) With the process of loading and unloading, under a lower
loading rate, the increase in hits and energy in the step and
slow-change period increases continuously, and the duration
of energy in the step and slow-change period increases
gradually. With the increase in the loading rate, the
variation trend of increase in the slow-change period tends
to increase–decrease. In step, it tends to first increase–decrease
and then gradually increase. With an increase in the initial
stress, the variation trends of increase and duration of
energy in the step and slow-change period all tend to
decrease–increase.

FIGURE 10 | The distribution of AE event amplitude and energy under different initial stresses. (A) σ0 � 2.5 MPa; (B) σ0 � 7.5 MPa; (C) σ0 � 12.5 MPa.
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(5) The increase and duration of hits in steps Ⅰ and Ⅱ exhibit the
trend of increase–decrease with an increase in the loading
rate, which exhibits a decreasing trend with an increase in the
initial stress.

(6) The research results above bring the following enlightenment
to the engineering site: for the deep surrounding rock which
is eroded by groundwater for a long time, increasing the
excavation speed and reducing the initial excavation footage,
drilling strength can help to release the load in the form of
deformation generally, and cause tension failure even burst
not to occur easily and suddenly. With the progress of
excavation, the compression behavior of surrounding rock
fractures will appear a less-more-less change, so the support
should be strengthened in the early and late period of
excavation. With an increase in the excavation speed, the
most period of rock fracture behavior will come in advance,
and the synchronization of the change of rock fracture and its
internal energy become better, but the duration of small
fracture in the early stage become longer. Therefore, the
roadway should be quickly excavated in the early stage, and
slowly excavated after a certain period of time, so as to delay
the most period of fracture behavior. In addition, if a
roadway is already in excavating and the initial excavation
footage is large, generally speaking, the changing extent of
internal energy of surrounding rock is greater than that of
fracture behavior, so the focus of safety monitoring should be

transferred from crack inspection to rock deformation
monitoring.
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Microscopic Failure Mechanism
Analysis of Rock Under Dynamic
Brazilian Test Based on Acoustic
Emission and Moment Tensor
Simulation
Zilong Zhou1, Jing Zhou1, Yuan Zhao1*, Lianjun Chen2* and Chongjin Li 1

1School of Resources and Safety Engineering, Central South University, Changsha, China, 2Key Laboratory of Mining Disaster
Prevention and Control, Qingdao, China

The dynamic tensile failure of rock is a main failure mode in deep underground engineering
projects. The microscopic failure mechanism analysis of this failure mode plays a key role in
dynamic disaster warning. Moment tensor inversion is a very well-known method used to
analyze failure mechanisms. However, an acoustic emission (AE) event cannot be
accurately distinguished in rock dynamic experiments at the laboratory scale, because
there are hundreds of AE events generated within a few hundred microseconds in one
dynamic test. Therefore, moment tensor analysis is rarely applied in rock dynamic tests
with laboratory scale. In this paper, AE and moment tensor simulations with the discrete
element method (DEM) are introduced to analyze the microscopic failure mechanism of
rock under a dynamic Brazilian test. Comparing the simulation results of AE and moment
tensor analysis with the simulation results of micro-crack with DEM, the moment tensor
discriminant method can obtain the mechanical mechanism and energy level of micro-
cracks. Furthermore, R, which is the ratio of isotropic and deviatoric components of the
moment tensor, is used to analyze the AE source mechanism. The implosion, shear, and
tensile of the AE source mechanism can better explain the evolution process of main axial
crack and the shear failure zones of the Brazilian disc specimen under dynamic tensile
simulation. These findings contribute to a better understanding of the microscopic failure
mechanism of rock under a dynamic tensile test than the statistical types of micro-cracks
based on break bonds with DEM.

Keywords: moment tensor, rock dynamics, microscopic mechanism, discrete element method, acoustic emission

INTRODUCTION

Dynamic tensile failure is a main mode of rock failure in deep underground engineering projects [1,
2]. The microscopic failure mechanism of this failure mode is vital for dynamic disaster warning. It is
important and necessary to study the micromechanical mechanism of rock dynamic tensile failure
[3]. Moment tensor inversion is a very well-knownmethod used to analyze failure mechanisms [4, 5].
However, an acoustic emission (AE) event cannot be accurately distinguished in rock dynamic
experiments at laboratory scale. The sampling rate of AE or micro-seismic monitoring equipment is
about 10 MHz. The time of one rock dynamic experiment with SHPB is about 250 µs [6]. There are
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hundreds of AE events generated in one rock dynamic test.
Therefore, moment tensor analysis is rarely applied in rock
dynamic tests with laboratory scale. DEM simulation is also
widely used to study failure mechanisms [7, 8]. The bond
between particles break and many broken bonds will lead to
rock failure when the rock specimen is under force action in
simulation, which is often used to analyze the meso-crack
extension [9]. The type statistics of bond break is used to
distinguish the rock dynamic failure type [10]. However, the
rock dynamic experiment and simulation studies show that the
micro-crack of rock materials is mainly of the tensile crack
variety no matter what the macroscopic failure mode is [11].
Therefore, a wrong result may be found if the macroscopic
failure pattern is directly judged by statistical micro-crack
types [12].

Some scholars introduced AE simulation based on DEM. Then
the theory of AE can be used to analyze the micromechanical
steps of the rock failure process with simulation. Hazzard and
Young defined the range of bond break interplay between each
other according to the crack propagation speed, and recorded the
kinetic energy release in the process of intergranular bond
fracture. In a closely packed particle assembly, this kinetic
energy manifests itself as a seismic wave that propagates out
from the location of the bond breakage, similar to an AE in real
rocks. This method was then used to simulate the AE source in
the process of a granite compression experiment [13]. On the
basis of these studies, Hazzard and Young proposed a method to
simulate a moment tensor with DEM. Then it was used to
simulate the AE and moment tensor analysis of the tunnel
excavation process. Comparing with the actual monitoring
results, it was found that the model generated many implosion
events agreeing partially with the actual recorded seismicity [14].
Cai et al. established a coupled numerical method with the finite
element method (FEM) and DEM to simulation AE at the
Kannagawa underground powerhouse cavern in Japan [15].
Lisjak et al. used two-dimensional FEM–DEM coupling
analysis to simulate the AE in brittle rocks [16]. Zhang and
Zhang built a rock model with two prefabricated cracks by PFC.
Then the moment tensor was simulated to analyze the
compression failure process of this model. This study analyzed
the crack generation mechanism by using the moment tensor
solutions and the statistic of the types of bond break contained in
an AE event. It was discovered that the main bond break model of
an AE event is tensile, while the AE mechanism is compression
[17]. Zhang and Zhang used the moment tensor to distinguish the
nature of primary cracks and secondary cracks in a single flaw-
contained specimen based on the bonded-particle model [12, 18].

Previous studies mentioned above show that AE source
simulation and moment tensor analysis have great advantages
in studying rock fracture mechanisms. In this paper, we introduce
this method of AE and moment tensor simulation based on PFC
to analyze the micromechanical mechanism of the rock dynamic
tensile failure process. Firstly, the model of SHPB for dynamic
Brazil splits is established. Then, we introduce the theory of AE
definition and moment tensor. Finally, the microscopic
mechanism of macroscopic tensile crack generated in the
middle and the shear zone at both ends of the Brazilian disk

during the dynamic tensile failure process are analyzed by using
the simulation results of AE and moment tensor.

MODELING APPROACH

Brief Description of Discrete Element
Method
DEM was first proposed by Cundall in the 1970s [19, 20]. After
years of development, it is nowwidely used in different fields. As a
mature commercial software of DEM, PFC is often used to study
the micro-fracture process of rock mass in the field of rock
mechanics.

In PFC, the numerical models are respectively composed of
particles with a certain density bonded by the contact. The
particles are disks with a certain thickness in PFC2D. And in
PFC3D, the particles are small spheres. Each particle can be
translated and rotated, and the interaction between particles is
simulated through contact. Particles only interact with
neighboring particles. The relative displacement between
particles is the basic variable, and its motion follows the
classical motion equation. When a particle is subjected to an
external force or constraint, it will generate forces and torques
acting on neighboring particles. The acceleration of related
particles can be obtained from Newton’s second law. The
velocity and displacement of particles and other parameters
can be obtained through the time integral. The physical
quantities of acceleration, velocity, displacement, and rotation
angle of all particles at any time can be obtained through the
repeated iterative cycle of time step.

The Model of Split Hopkinson Pressure Bar
for Dynamic Tension
The model of SHPB for the dynamic tension test, established in
this paper, consists of two materials. One is the SHPB bar and the
other is the rock specimen. There are twomethods to simulate the
bars of SHPB using PFC, one is generated by an extrusion
exclusion method. Firstly, particles are generated randomly in
the area of the bars according to the set porosity and particle
radius. Then the repulsive force is generated between the particles
through repeated cycle calculation, and the randomly generated
overlapping particles enter a state of close contact with each other
under the action of repulsive force [21]. Another method is the
regular arrangement method, which can be realized by generating
the particles with same radius, orderly distributed in the bar
region. Studies have shown that the bars generated by the regular
arrangement method can greatly improve the generation speed.
The stress wave propagates in the bar constituted of regularly
arranged particles without attenuation and dispersion [22].
Therefore, we use the regular arrangement method to generate
the incident bar and transmission bar in our paper. The contact
model of the particles in the bars is a linear contact bond. The
incident and transmitted bars are 1,250 and 750 mm long,
respectively, with a diameter of 50 mm.

The specimen in this model is generated by the extrusion
exclusion method. The particles are randomly generated with
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specified porosity and radius in the specimen region. Then the
repulsion force is generated between the originally overlapped
particles through cyclic calculation, and finally the particle
model with close contact is generated. The contact model of
the particles in the specimen is a linear parallel bond. The model
of SHPB for the dynamic tensile simulation is shown in
Figure 1. The stress wave (Figure 1A) is loaded on the left
end of the incident bar. Five measure circles (Figure 1B) are
embedded in the incident and transmitted bars. Figure 1C
contains the details of the specimen sandwiched between the
incident and transmitted bars.

Microscopic Parameter Determined in the
Simulation
To obtain microscopic parameters in the simulation, the dynamic
tensile experiment of red sandstone is carried out using SHPB.
SHPB, oscilloscope, and HS photography were used in this
experiment as shown in Figure 2. The improved SHPB
consists of a gas gun, a cone-shaped striker, an incident bar, a
transmission bar, an absorption bar, and amomentum trap. All of
the bars and the striker are made up of high strength 40 cr alloy

with an elastic modulus of 233 GPa, a density of 7,670 kg/m3, a P
wave velocity of 5,462 m/s, and a yield strength of 800 MPa [23].

We use HS photography to obtain pictures during the failure
process of the rock dynamic tensile test. The HS camera captured
pictures in this experiment at a frequency of 79,161 frames/s with
a resolution of 256 × 256 pixels. The HS camera uses an external
trigger to start capturing images.When the voltage of strain gauge
on the incident bar rises to −34 mv, the oscilloscope and HS
camera are simultaneously triggered to ensure time consistency.
The specimen used in this experiment is red sandstone with a
radius of 50 mm and a height of 30 mm.

During the dynamic test, a longitudinal compressive wave
(incident wave) is generated by the impact of a cone-shaped
striker bar on the free end of the incident bar. Then this
compressive wave (incident wave) propagates in the incident
bar. When the compressive incident wave reaches the interfaces
of bars and specimen, it is partly reflected (reflected wave), and
the remainder passes through the rock specimen to the
transmitted bar (transmitted wave). These three elastic stress
pulses in the incident and transmitted bars are recorded with the
strain gauges and denoted as the input strain pulse I(t), reflected
strain pulse R(t), and transmitted strain pulse T(t), respectively

FIGURE 1 | The model of SHPB for dynamic tensile simulation. (A) The incident stress wave in simulation and experiment; (B) measure circles on the bars of this
model; (C) the details of the specimen sandwiched between the incident and transmitted bars.

FIGURE 2 | SHPB, oscilloscope, and high-speed digital image correlation used in the rock dynamic tensile experiment.
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[24]. The waveform data recorded by the oscilloscope are
processed based on one dimensional stress wave theory [25,
26]. The results of incident stress wave, reflected stress wave,
and transmitted stress wave are shown in Figure 3. The
superposed waveform of the incident wave and the reflected
wave is substantially the same as the transmitted wave near
the peak, which verifies that this experiment satisfies the
dynamic force balance.

We use the data of the incident wave in the dynamic test as
the incident wave in the simulation. By adjusting the mesoscopic
parameters in the simulation, the measured reflected wave and
projected wave in the simulation are basically consistent with
the experimental results, which ensures that the simulated
dynamic tensile strength curve of red sandstone is basically
consistent with the experimental results. The comparison
results of the simulation and experimental waveforms are
shown in Figure 4.

The microscopic and macroscopic parameters of the bars are
shown in Table 1. The Young’s modulus and density of the model
corresponds to the experiment. The bond strength of the bar in
this model is set extremely large to ensure that the bars will not
deform during the impact process.

The specimen in this model is calibrated according to the
dynamic tensile results of sandstone. The microscopic and
macroscopic parameters of the specimen are shown in Table 2.

Acoustic Emission Definition in Dynamic
Tensile Simulation
Studies have shown that, the bond break between contacted
particles can simulate the micro-cracks in the simulation of
rock with DEM [27]. Based on this, Young proposed that the
break of a bond between particles can be used to simulate AE [8,
9]. When bonds break, energy is released and AE locations and
magnitudes can be calculated. Therefore, bonded particle models

provide a unique method to simulate AE [28]. Based on this, the
AE definition in the dynamic tensile simulation will be
introduced in this section.

When the incident wave propagates from the incident bar
to the specimen, the bonds in the specimen begin to break
under the action of the stress wave. This bond break is marked
as the beginning of an AE. If each bond break is considered as
an AE event, then the magnitudes of these AE events will be
similar. This is not conformed to power-law distribution
which is already a law of magnitude distribution
recognized in seismology [29]. According to the
characteristics of AE in rock mechanic experiments, bond
breaks occurring close together in space and time are
regarded as the same AE event in the simulation. This is
similar with the actual AE monitoring, which distinguishes
different AE events by setting peak definition time (PDT), hit
definition time (HDT), and hit lockout time (HLT) of the AE
signal. In the simulation, an AE event is determined by
monitoring the bond break. The continuing AE event is
determined by the number of calculating steps, which is 40
steps in this simulation. The restriction of an AE event
calculating steps is verified by Hazzard and Damjanac [16].
The maximum area of an AE event is defined as 6 times the
average particle radius. Figure 5 is an AE event generation
process in the dynamic tensile simulation. Figure 5A is the
beginning state of this AE event. Figure 5B is the end state of
this AE event.

The magnitude of AE is an important parameter for AE
evaluation. In the PFC simulation, AE energy is calculated
by the differences of strain energy before and after the AE
event generation [30]. The strain energy can be
expressed as:

FIGURE 3 | Incident (I), reflected (R), transmitted (T), and incident +
reflected (I + R) stress wave of the dynamic tensile experiment.

FIGURE 4 | The comparison of waveforms in experiment and
simulation. The experimental incident wave (EIW) and the simulated incident
wave (SIW) are identical. The experimental reflected wave (ERW) and the
simulated reflected wave (SRW) as well as the experimental
transmitted wave (ETW) and the simulated transmitted wave (STW) are also
substantially similar.
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Ec � 1
2
(|F

n|2
kn

+ |Fs|2
ks

) (1)

where Fn and Fs are normal and shear forces of contact; kn and ks
are contact normal stiffness and contact shear stiffness.

For each calculation step, the strain energy of all particles in
the AE region, Ek, is calculated, as:

Ek � ∑Ei
c (2)

where Ei
c is the strain energy of the i contact in the AE region.

And the AE energy, ΔEk, is equal to the final strain energy, Ef
k,

minus the initial strain energy, E0
k , in the AE region:

ΔEk � Ef
k − E0

k (3)

then the magnitude can be expressed as [31]:

Me � 2
3
(logΔEmax

k − 4.8) (4)

Moment Tensor Calculation in the Dynamic
Tensile Simulation
In seismology, a moment tensor is a mathematical representation
of the movement on a fault during an earthquake, comprising

TABLE 1 | The microscopic and macroscopic parameters of the bars.

Microscopic parameters Macroscopic parameters Steel Model

Particle Young’s modulus (GPa) 233 233
Radius (mm) 0.5 Density (kg/m3) 7,821 7,821
Density (kg/m3) 9,963

Bond
Tensile strength (MPa) 1.05*105

Shear strength (MPa) 1.05*105

TABLE 2 | The microscopic and macroscopic parameters of the specimen.

Microscopic parameters Macroscopic parameters Red sandstone Model

Particle Density (kg/m3) 2,337.5 2,350
Radius (mm) 0.25–0.5 Dynamic tensile strength 13.7 13.5
Density (kg/m3) 2,350
Young’s modulus (GPa) 27
Stiffness ratio kn/ks 2.0
Friction coefficient 0.577

Bond
Radius multiplier 1
Young’s modulus (GPa) 27
Stiffness ratio kn/ks 2.0
Tensile strength (MPa) 18
Frictional angle 40

FIGURE 5 | An AE event generation process in this simulation. (A) is the start of an event and (B) is the finish state of this event.
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nine generalized couples, or nine sets of two vectors [32]. They are
described in Figure 6. The tensor depends of the source strength
and fault orientation.

In 2D, it can be expression as follows:

M � [Mxx Mxy

Myx Myy
] (5)

PFC simulation can directly obtain the force state and
displacement of all particles under the external force of the
model. In 2D, the contact force vector and the displacement
vector between the contact point and the centroid of an AE event
has components in two directions [14]. Then the moment tensor
can be obtained based on the definition of AE in simulation. The
detailed calculation process of a moment tensor is shown below:

FIGURE 6 | The moment tensor comprising nine sets of two vectors.

FIGURE 7 | The example of an AE event and its calculation moment tensor. (A) The contact force of all particles in an AE event. (B) The calculatedmoment tensor of
this event. The length of these two lines represent the principal values of the moment tensor. The red line represents tensile and the blue line represents compression.
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Mij � ∑
S

ΔFiRj (6)

whereΔFi is the ith component of the contact force change in anAE
event. Rj is the jth component of the distance between the contact point
and thebarycenter of theAEevent. In2D, there are two components ofF
and R, x and y. S is the number of contacts in the area of an AE event.

Figure 7 is the example of an AE event and its moment tensor.
The contact forces of this AE event are shown in Figure 7A. The four
Gy particles in the middle represent an AE event. The red arrows
indicate the contact forces on the particles of this AE event. The value
and action point of these contact forces can be directly obtained from
the PFC simulation. Then the moment tensor can be calculated by
Eqs (5) and (6). The length of these two lines in Figure 7B represents
the principle eigenvalues and eigenvectors of the matrix.

RESULTS OF ACOUSTIC EMISSION AND
MOMENT TENSOR SIMULATION DURING
THE DYNAMIC TENSION FAILURE OF
ROCK

The rock dynamic tensile failure process is simulated by the SHPB
model as established in the previous section. The AE andmoment

tensor of this failure process are calculated. The results of the
moment tensor simulation and AE source mechanism are used to
analyze the micro-mechanical mechanism of the rock dynamic
tensile process. Studies show that the dynamic tensile process can
be divided into two parts for analysis. One part analyzes the
micro-mechanical mechanism of the main axial crack which is
parallel to the impact direction and divides the specimen into two
pieces. The other part analyzes the micro-mechanical mechanism
of the shear failure zones that occur at the contact points of the
Brazilian disk (BD) specimen [33]. These two parts will be
analyzed separately in the following part.

Acoustic Emission and Moment Tensor of
the Main Axial Crack Parallel to the Impact
Direction
Figure 8 is the results of the AE and moment tensor before and
after the axial macro-crack generated in the rock dynamic tensile
simulation. Figure 8A shows the AE events as expressed by
marked particles. Figure 8B is the normalized AE location of the
left picture. Each AE event is expressed with a circle. The center of
the circle is the barycenter of this AE event, and the radius is the
value of the normalized AE event energy magnitude. Therefore,
the middle picture can intuitively show the position and

FIGURE 8 | The results of AE location, moment tensor in simulation, and HS photography before and after the axial macro-crack generated. (A) is the AE location at
different moments; (B) is the AE normalization diagram with the initial generating position of each AE event as the center of the circle and the AE energy level value as the
radius; (C) is the results of the moment tensor; (D) is the results of high speed photographs in the dynamic tensile experiment.
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magnitude of each AE event. Figure 8C shows the results of the
moment tensor simulation. The position of each moment tensor
is the barycentric coordinates of an AE event. Figure 8D shows
the results of HS photography.

Figures 8(1)–(3) are the results of the simulation and HS
photography at 101 µs, 113 µs, and 125 µs, respectively. At
101 µs, the AE events distribute mainly in the two ends of the
specimen, the cumulative number of these AE events is 76 with a
magnitude range of −4.3 to −0.76. There is no macro-crack
formation in the experiment from the results of the HS
photographic image. Figure 8(2)B shows that most of these AE
events are generated at middle of the specimen. The cumulative
number of AE events is 116. The number of new AE events
generated in this period is 40 with a magnitude range of −2.11 to
−0.75. Figure 8(2)C shows the moment tensor of each AE event.
Figure 8(2)D shows a macroscopic crack initiation at the middle of
the specimen HS photographic image. At 125 µs, there are 41 new
AE events generated with a magnitude range of −2.84 to −1.59. In
the meantime, this initiation crack from the initiation position
extends to the ends of the specimen in the experiment. From the
results of the AE location and HS photography of these three stages,
it can be found thatmacroscopic cracks occur onlywhen the number
of AE is enough or the AE magnitude reaches a certain value.

Acoustic Emission and Moment Tensor of
the Shear Failure Zones
Studies show that there are shear failure zones that occur at the
contact points of the BD specimen, which become more
significant with an increase of loading rate, in the dynamic
tensile experiment. The shear failure zone is a result of
secondary fractures due to further compression between the
bar and the cracked disc as demonstrated by the high-speed
camera snapshots. In this section, the simulation results of the AE
and moment tensor are used to analyze the generation process of
the shear failure zones.

Figure 9 expresses the shear failure zones formation.
Figures 9(1)–(3) show this new crack initiation, extension,
and formation at 149 µs, 161 µs, and 173 µs, respectively. At
149, the new AE event generated at the ends of the specimen
coincides with the results of the HS photographic image. There
are 48 new AE events with a magnitude ranging from −3.25 to
−1.08. At 161 µs, most of the new AE events continue to
expand along the direction of the crack formed in the
previous period. There are 23 new AE events with a
magnitude of −2.6 to −1.27 in this period. The number of
new AE events generated from 161 to 173 µs is 16 and the
magnitude ranges from −2.14 to −0.89.

FIGURE 9 | The results of AE location, moment tensor in simulation, and HS photography before and after the shear failure zones. (A)–(D) of Figure 9 correspond
to the same figure values as Figure 8.
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From the crack development process of the HS
photography results and the corresponding AE simulation
results in Figures 8 and 9, it can be concluded that the AE
simulation in the rock dynamic tensile experiment is feasible.
The simulation results of the AE location are consistent with
the location of crack generation obtained by HS photography.
The moment tensor simulation can explain the generation
mechanism of the AE events. The microscopic failure
mechanism of rock under a dynamic tensile test will be
analyzed with the generation mechanism of AE events in
the next section.

DISCUSSION

The results of AE andmoment tensor simulation have shown that
they can be used to analyze the dynamic tensile failure process. In
this section, the AE source mechanism is calculated based on the
simulation results of the AE location and moment tensor in order
to analyze the micromechanical mechanism of the rock dynamic
tensile failure process. Firstly, the calculation method of the AE
source mechanism is described. Then, we compare the results of
the discrete fracture network (DFN) obtained by the PFC to the
results of the AE source mechanism.

The Calculation Method of the Acoustic
Emission Source Mechanism
AE source mechanism analysis is an important method to study
the rock crack propagation mechanism and rock failure
mechanism [34, 35]. Based on the simulation results of the AE
location and moment tensor, the AE source mechanism in the
sandstone dynamic tensile simulation is analyzed in this section.
According to the calculation method of the moment tensor in the
rock dynamic tensile in Moment Tensor Calculation in the
Dynamic Tensile Simulation, the moment tensor of the AE
source at different moments is calculated and represented by a
vector diagram.

The ratio R of the isotropic and deviatoric components of the
moment tensor can be used to analyze the mechanical
mechanism of each AE source, which was first proposed by
Feignier and Young [32]. Zhang and Zhang [11] used this
method to analyze the crack nature in the bridge region of
two pre-existing flaws under compressive loading. In 2D, the
ratio is expressed as follow:

R � tr(M) × 100

(∣∣∣∣tr(M)| + ∑i
i�1

∣∣∣∣mp
i

∣∣∣∣)
(7)

where tr(M) � (m1+m2), mi and mp
i (i � 1,2) are the eigenvalue

and partial eigenvalues of matrix M, respectively.

mp
i � mi − tr(M)/2 (8)

The value of R ranges from −100 to 100. The ratio R and
corresponding AE source mechanism are shown in Table 3.

Microscopic Mechanism Analysis of the
Rock Failure Process Under a Dynamic
Brazilian Test
The value of R is calculated based on the moment tensor to
analyze the AE source mechanism. AE source mechanisms can
describe how the AE event is generated according to the position
change of AE event formation relative to the initial position.
Implosion is one of the AE source mechanisms, which means that
this AE event is generated by extrusion. Therefore, the AE source
mechanisms are used to analyze the microscopic mechanism.

Figure 10 is the microscopic mechanism of the generation
process of main axial crack. Figure 10A is the results of DFN
obtained by PFC. The blue lines are micro-shear cracks, and the
red lines are micro-tensile cracks. In the user manual of PFC, the
DFN is defined as a collection of fractures, which is often used to
analyze failure type in rock mechanic simulations. A fracture will
come out when a bond between two particles breaks. DFNs
consist of two types: tensile fractures and shear fractures [36].
We use the results of DFN to obtain the micro-cracks. Then the
statistics of micro-cracks are used to analyze mechanical
mechanism of macro-crack. There are mainly micro-tensile
cracks and a few micro-shear cracks in the generation process
of main axial crack. Figure 10B is the AE source mechanism
results of the main axial crack distinguished by the ratio R in the
dynamic tensile simulation. The red box, blue triangle, and green
circle show that the AE mechanism is tensile, implosion, and
shear, respectively. The crack model in the center of the specimen
is tensile in the process of the axial crack generation. At the ends
of specimen, the crack model is mainly tensile in the initial stage.
Then some shear cracks occurred. When the axial crack
completely formed, the AE source mechanism models are
mainly tensile, which is same with the results of the DFN fracture.

Figure 11 is the statistical results of Figure 10. Figure 11A is
the number of different crack types increased from 100 to 126 µs
obtained by PFC simulation. The tensile micro-cracks continued
to increase, and no new shear micro-cracks appeared based on
PFC simulation. Figure 11B is the number of different types of
AE source mechanisms increased from 100 to 126 µs obtained by
the value of R. The three types of AE source mechanisms all
increase. The tensile fracture mechanism increases the most.
Therefore, the fracture mechanism of axial crack in the middle
of the specimen is tensile, which can be both obtained by the PFC
simulation or AE source mechanisms.

Figure 12 is the microscopic mechanism of the shear zones
generation in the ends of specimen. Figure 12A is the DFN
fracture obtained by the PFC. The red lines represent the bond
break mode between two particles, tensile crack. The blue lines
represent the bond break mode, shear crack. Figure 12B is the
results of the crack model obtained by the value R based on
moment tensor simulation. The red box, blue triangle, and green
circle show that the AE mechanism is tensile, implosion, and
shear, respectively.

The results of the shear zone on both sides of the specimen in
simulation are consistent in rock dynamic experiments of the
existing research [37].
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Figure 13 is the statistical results of Figure 12. Figure 13A is
the number of different crack types increased from 148 to 173 μs
obtained by PFC simulation. The tensile micro-cracks continued
to increase from 148 to 161 µs. Then it stays stable from 161 to

173 µs, between which time the shear zones are formed. This
phenomenon coincides with the HS photograph in Figure 7.
There are no new shear micro-cracks based on the PFC
simulation. Figure 13B is the number of different types of AE

TABLE 3 | The ratio R and corresponding AE source mechanism.

Ratio R −100 −100–−30 −30–30 30–100 100

AE mechanism Pure implosion Implosion Shear Tension Pure tension

FIGURE 10 |Microscopic mechanism of the axial crack generation. (A) is the results of DFN obtained by PFC. (B) is the results of AE source mechanism obtained
based on the moment tensor.

FIGURE 11 | The new increased micro-crack from 100 to 126 µs. (A) is the number of different crack types increased from 100 to 126 µs. (B) is the number of
different types of AE source mechanisms increased from 100 to 126 µs.
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source mechanisms increased from 148 to 173 μs obtained by the
value of R. The implosion and shear of the AE source mechanisms
both increase from 148 to 161 µs. The number of implosion
fracture mechanisms is the highest, which can be explained by the
fact that the shear zones at both ends of the dynamic Brazil split
specimen are formed by secondary loading. Comparing Figures
13A and Figure 13B, the fracture mechanism of the shear zones

at the ends of the specimen obtained by the PFC simulation or AE
source mechanisms are different. The statistical result of different
crack types obtained by PFC shows that the fracture mechanism
is tensile, which does not coincide with the HS photograph in
Figure 8.

Figure 14A is the cumulative counts of different crack types
obtained by bond break with the PFC simulation. The results

FIGURE 12 |Microscopic mechanism of the shear zones generation in the ends of specimen. (A) is the DFN fracture obtained by the PFC. (B) is the results of the
AE source mechanism obtained based on the moment tensor.

FIGURE 13 | The statistical results of different types of micro-crack. (A) is the number of different crack types increased from 148 to 173 μs obtained by PFC. (B) is
the number of different types of AE source mechanisms increased from 148 to 173 µs.

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 59248311

Zhou et al. Microscopic Mechanism of Rock Dynamics

153

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


show that the micro-mechanical mechanisms are tensile in all the
failure processes. Therefore, we can confirm the macro-
mechanical mechanisms of this dynamic test as tensile.

The number of AE events and three kinds of AE source
mechanism (tensile, implosion, and shear) during the period
from the initiation of micro-cracks to the formation of
macroscopic cracks (no more new cracks generation) in the
specimen are counted. These four cumulative counts are
shown in Figure 14B. The cumulative counts of AE start to
grow rapidly at 75 µs. and reach a stable value at about 175 µs.
The cumulative counts of tension start to grow rapidly at 75 µs
and reach a stable value at about 150 µs. The cumulative counts of
implosion and shear start to grow rapidly at about 100 µs and
reach a stable value at about 175 µs. The cumulative count of
implosion and shear have an intersection point at about 150 µs.
Before this point, the micro-mechanical mechanisms of the shear
zones are mainly shear. After this point, the shear zone has been
basically formed. The two ends of the specimen continue to be
squeezed, the cumulative count of implosion becomes more than
the shear.

Comparing with the results of the HS photograph in Acoustic
Emission andMoment Tensor of theMain Axial Crack Parallel to

the Impact Direction and Acoustic Emission andMoment Tensor
of the Shear Failure Zones, the macro-mechanical mechanisms of
the first macro-crack in the middle of the rock specimen is tensile.
The macro-mechanical mechanisms of the other macro-crack in
the two ends of the rock specimen are shear. The same results can
be obtained by the simulation of the AE and moment tensor.
However, the results of DFN with PFC can only explain the
macro-mechanical mechanisms of the macro-crack generated in
the middle of rock specimen in this dynamic test. Previous studies
have also shown that the mechanical mechanisms of an AE event
with moment tensor simulation are different with the result of
DFN with PFC [14, 15].

Relationship Between AE Magnitude and
Failure Process
Figure 15A shows that the failure process of rock under a
dynamic Brazilian test can be divided into four stages
according to magnitude and the stress on rock. Figure 15B
shows the positions of these AE events. Before 101 µs, an AE
event is mainly generated at the two ends of specimen.
Magnitudes of these AE events are relatively small. There is

FIGURE 14 | The cumulative counts of different types of micro-crack. (A) is the cumulative counts of different crack types obtained by PFC. (B) is the cumulative
counts of AE events and three kinds of AE source mechanism in the simulation.

FIGURE 15 | (A) The magnitude of AE and stress on rock changing with time. (B) The AE location in this simulation.
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no macro-crack generated in this phase. AE events with high
magnitude mainly occur in the second phase. The macro-crack in
the center of the specimen is also generated in this phase. The
magnitude of AE generated in the third stage is slightly lower than
that in the previous stage, and the positions generated are at both
ends of the specimen which is the same as the first phase. The
superposition of AE events in these two phases led to macro-
crack. Therefore, we can confirm that the number and energy
magnitude of AE events both affect the prediction of macro-crack
generation during the failure process of a dynamic Brazilian test.
The macro-crack in the center of the rock specimen is
accompanied by AE events with a larger energy magnitude,
while the macro-crack in the shear areas at both ends is
accompanied by the accumulation of more AE events.

CONCLUSIONS

In order to analyze the microscopic mechanism of rock under a
dynamic Brazilian test, an AE source and AE source moment
tensor are simulated with PFC in this paper. The dynamic
indirect tensile experiment of red sandstone with SHPB is
conducted. HS photography is used to obtain the
macroscopic failure process of the rock specimen. The
simulated AE counts, different kinds of AE sources
mechanism solutions, and b values are counted and
discussed. The simulation results of rock under a dynamic
Brazilian test with PFC are also compared with the results of
HS photography. The conclusions are as follows.

(1) The simulation of an AE source and AE moment tensor are
feasible in analyzing the microscopic mechanism of dynamic
tensile simulation in rock dynamics. The results of AE
simulation can be used to analysis the micro-crack
propagation process, which is consistent with macroscopic
cracking shown by HS photography. The AE magnitude and
moment magnitude can be used to distinguish key events in
the rock failure process. The AE mechanism obtained by the
value of R verifies that they can be used to analyze the
generationmechanism of micro-crack and rock dynamic failure.

(2) The results of the AE mechanism can explain the micro-
mechanical mechanism of the main axial crack, which is
parallel to the impact direction and divides the specimen
into two pieces, and the shear failure zones which occur at
the contact points of the BD specimen. The micro-
mechanical mechanisms of the main axial crack are
tensile. The micro-mechanical mechanisms of the shear
zones are mainly tensile before the macro-crack generated
in the two ends of the specimen. When the macro-crack is
generated in the two ends of the specimen, the cumulative
count of implosion and shear have an intersection point.
Before this point, the micro-mechanical mechanisms of the
shear zones are mainly shear. After this point, the shear
zone has been basically formed. The two ends of the
specimen continue to be squeezed, the cumulative count
of implosion becomes more than the shear.
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Rock Burst Evaluation Using the
CRITIC Algorithm-Based Cloud Model
Jiachuang Wang1, Mingjian Huang1,2 and Jiang Guo1*†

1School of Resources and Safety Engineering, Central South University, Changsha, China, 2Hongda Blasting Engineering Group,
Co., Ltd., Guangzhou, China

Under high-stress conditions, rock burst disasters can significantly impact underground civil
engineering construction. For underground metal mines, rock burst evaluations and
prevention during mining have become major research topics, and the prediction and
prevention of rock burst must be based on the study of rocks and rock burst tendencies. To
further prevent the risk of geological disasters and provide timely warnings, a finite-interval
cloud model based on the CRITIC algorithm is proposed in this paper to address the
uncertainty of rock burst evaluation, the complexity under multi-factor interactions, and the
correlations between factors, and it then realizes a preliminary qualitative judgment of rock
burst disasters. This paper selects the uniaxial compressive strength σc (I1), ratio of the
uniaxial compressive strength to the tensile strength σc/σt (brittleness coefficient, I2), elastic
deformation energy index Wet (I3), ratio of the maximum tangential stress to the uniaxial
compressive strength σθ /σc (stress coefficient, I4) of the rock, depth of the roadwayH (I5), and
integrity coefficient of the rockmassKv (I6) as indicators for rock burst propensity predictions.
TheCRITIC algorithm is used to consider the relationships between the evaluation indicators,
and it is combinedwith an improved cloudmodel to verify 20 groups of learning samples. The
calculation results obtained by the prediction method are basically consistent with the actual
situation. The validity of the model is tested, and then the model is applied to the
Dongguashan Copper Mine in Tongling, Anhui Province, China, for rock burst evaluation.

Keywords: cloud model, CRITIC algorithm, rock burst, uncertainty, prediction

INTRODUCTION

Rock burst is due to the impact of ground pressure onhard and brittle rockmasses in high earth-stress states
during the excavation of underground tunnels. Elastic strain energy is suddenly and rapidly released due to
the stress concentration around the opening, and the dynamic instability of the energy leads to the sudden
release of energy into the free space, thus destroying the equilibrium. This energy release is an earthquake
induced by mining or tunnel excavation [1, 2]. As early as 1738, there were related reports of rock burst
disasters [3]. Rock burst disasters are sudden and extremely destructive and will not only cause over-
excavation, initiate support failure, and delay construction but may also cause earthquakes or destroy the
entire tunnel or pit, thus causing casualties and serious economic losses. At the same time, rock burst
disasters are often accompanied by the exfoliation and ejection of surrounding rock, the formation of a
considerable amount of dust and the creation of air shock waves. Thus, these disasters can easily cause
numerous casualties and determining a method of correctly predicting the risk of rock burst in
underground engineering and geotechnical engineering practice has become a problem thatmust be solved.

Compared with other engineering fields, the occurrence of rock burst in underground metal
mines is unique and mainly reflected in the following aspects: 1) Rock burst evaluation is an
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important basis for determining the risk level and safety of mines;
2) In other metal mine production research fields, such as
underground caverns, rock slopes and dam foundation
stability, rock burst is a relatively important criterion; 3)
Reasonable rock burst evaluations can provide effective
theoretical criteria for process selection, disaster prevention
and control during construction, which provides strong
theoretical support for mining safety protection measures,
such as safety support and safety shielding implementation;
and 4) Underground engineering rock burst evaluations
provide data for underground engineering surveys, designs
and safe construction and represent an important research
topic in rock mechanics and geotechnical engineering.

In recent decades, many scholars have performed a number of
analyses and research based on the formation mechanism of rock
burst and proposed many well-known theoretical criteria, such as
the Russenes criterion, the Hoek criterion, the energy criterion,
and the stress criterion. In recent years, rock burst criteria based
on engineering experience have emerged. The above
discrimination methods are based on the study of rock burst
mechanisms and have been combined with qualitative or
quantitative analysis methods to determine the rock burst
tendency and hazard level. In general, current rock burst
evaluation methods can be classified into three categories:
theoretical analysis methods, field measurement methods and
statistical evaluation methods. The specific contents and
differences are as follows.

Theoretical Analysis
Theoretical analysis can be used in the process of rock burst
evaluation. This method is inexpensive and can better simulate
the influence of various on-site factors. The theoretical analysis
method is based on different theories of rock burst mechanism,
and the resulting criteria are used to form different prediction
methods, including the following methods. 1) Rock burst
tendency judgment method [4–6]: This method is mainly used
in the engineering geological exploration stage after drilling rock
samples on site and for conducting rock mechanics tests, and one
indicator or a set of indicators (elastic deformation index, impact
energy index, dynamic damage time, etc.) are used to analyze the
possibility of rock burst. 2) Strength theory method [7, 8]:
Strength theory suggests that rock burst may occur when the
tensile stress or compressive strength of rock reaches a certain
ratio, and the prediction criteria used in this method include the
Norwegian Russenes criterion [9], elastic energy reserve criterion,
brittleness coefficient criterion, and tangential stress criterion. 3)
Energy release rate (ERR) index method [10–12]: The ERR value
is the ratio of the energy release caused by the excavated ore to the
volume of the mined rock, and it comprehensively reflects the
influence of the geometry, depth, original rock stress field and
rock mechanical properties of the excavation on rock burst. 4)
Numerical prediction methods [13, 14]: These methods include
the finite element method and finite difference method.

On-Site Measurement Method
The on-site measurement method uses the necessary instruments
to determine whether a rock explosion occurs by investigating

and analyzing the mining site or testing the rock mass [15]. This
approach mainly includes the following methods. 1) Drill cutting
method [16]: This method is mainly used for drilling and
sampling analysis of surrounding rock through the collection
of dynamic response information, such as popping sounds,
friction sounds and stuck drilling phenomena and auxiliary
judgements. 2) Acoustic emission method [17]: This method is
the most direct monitoring method for rock burst detection and
most direct forecasting method, and the occurrence of rock burst
is determined according to the shape and frequency spectrum of
the acoustic emission signals emitted at different stages of rock
deformation. 3) Electromagnetic radiation method [18–20]: This
method can predict the possibility and development of rock burst.
4) Microgravity method: this method can predict rock burst early
and over a wider prediction range, although its costs are higher
than those of other methods.

Statistical Forecasting Methods
Uncertainty is the main feature of most engineering problems,
mainly the randomness and ambiguity discussed in probability
theory and fuzzy mathematics. Because of the randomness and
complexity of the rock mass structure of underground mines, the
severity, timing, form, and location of rock burst are uncertain.
To resolve the uncertainty of the rock burst problem, domestic
and foreign scholars have performed many studies on rock burst
tendency predictions and proposed a variety of rock burst grading
prediction methods [21–27]. For example, Zhou et al. [28]
selected seven data parameters and 132 rock burst databases
and combined multiple data models to carry out rock burst
tendency prediction work. Xu [29] considered the basic theory
of the ideal point method and selected several factors for the
evaluation prediction index to construct a coupled ideal point
prediction analysis model. Lu et al. [30] used the basic principles
of Analytic Hierarchy Process and the entropy weight method to
select prediction indexes from three aspects, namely, lithology
conditions, stress conditions and surrounding rock conditions, to
calculate the critical rock burst risk and the closeness of actual
mine data. Wen et al. [31] proposed a rock burst propensity
prediction model based on a support vector machine (SVM) with
mixed particle swarm optimization (PSO) based on combination
weighting, constructed a combination weighting criterion and
established a H-PSO-SVM rock burst tendency prediction model
based on the concept of the harmonic mean. Zhang et al. [32]
established the rock burst cloud model with the distance index
and uncertainty metric. Faradonbeh and Taheri [33, 34] used data
mining technology to study rock burst tendencies and
innovatively proposed the use of field experiments and data
analysis methods to conduct research on the predicting deep
rock mass and explosion tendencies, and they verified the
feasibility of the method. However, some uncertainty analysis
methods still have shortcomings. For example, when the AHP
method is used to analyze the index weight and usually only
measures the relative importance of the index, and it also presents
subjectivity; the extension model takes a long time to analyze
large-scale training samples and is dependent on the selection of
the kernel function; the coupled neural network algorithm is
complicated to calculate, the obtained samples are not

Frontiers in Physics | www.frontiersin.org February 2021 | Volume 8 | Article 5937012

Wang et al. Rock Burst Evaluation

158

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


representative, and the fitting speed is difficult to control; and the
distance discrimination weighting model is strongly dependent
on the sample data.

Due to the complexity of rock burst, the above methods also
have some limitations: 1) Many risk evaluation factors are derived
from subjective experience, which may not make sense in theory;
2) The evaluation criteria standard is generally vague, and
traditional evaluation models cannot handle the problem of
index classification near the threshold; 3) When different
evaluation indicators belong to different grades, the method of
defining the actual evaluation indicators of the sample is also
somewhat ambiguous; 4) The measured value of the evaluation
factors will have some errors, which will lead to the unreasonable
classification of factor levels near the threshold; and 5) The
traditional method of determining the importance of the risk
level factors of the object relies too much on subjective
experience. When the production system is complex and there
are many influencing factors, many redundant factors will
interfere, thereby reducing the reliability of the evaluation
results. The entropy weight method [35] determines the
variability of the evaluation index based on the sample data to
calculate the amount of information included in the index,
thereby assigning the weight according to the amount of
information included in the index, although it does not
consider the correlation between the indicators. Therefore, it is
necessary to introduce a relatively perfect rock burst
evaluation model.

In this paper, based on the uncertainty of rock burst evaluations,
the complexity under multi-factor interactions, and the
correlations between factors, a cloud model of finite intervals
based on the CRITIC algorithm is proposed. When using the
traditional normal cloud model to address the parameter
distribution of the single interval boundary, the deviation
between the actual situation and the model distribution will not
be considered. The calculation result obtained in this case often
differs from the actual engineering, and this difference affects the
accuracy of the prediction result. When classifying rock burst
grades, the determination of index weights is the key to object
evaluation. Although the traditional method of objective weights is
based on objective data, the results may be poorly interpreted. This
paper uses the improved CRITIC method-normal cloud model for
rock burst propensity prediction to determine the weight of the
index. The model is applied to the rock burst examples of
underground engineering worldwide, the validity of the model is
tested, and themodel is finally applied to the Dongguashan Copper
Mine in Tongling, Anhui Province, for rock burst evaluation.

THEORETICAL BASIS

Identification Framework and BPA
For a fuzzy evaluation problem, the answers can be composed of a
set, and the internal elements of the set are mutually exclusive.
Under certain conditions, the answer to the question can be the
only element in the set. For this reason, Shafer [36] refers to this
mutually exclusive set Θ as the recognition framework according
to the set theory:

Θ � {A1,A2 . . .Am} (1)

whereAm indicates the evaluation level of the evaluation question
and Θ indicates the evaluation standard in the evaluation
question.

The evidence set is the basis for judging whether the
identification framework of a problem Θ is a subset, which is
equivalent to the index factor in the evaluation and is recorded as
follows:

Φ � {E1, E2 . . . Ek} (2)

where En represents the index factor in the evaluation question,
which is usually used to express the sample and judge its
subordinate level. In the recognition framework Θ, the basic
probability distribution function f is a mapping of the set 2Θ to [0,
1] and satisfies the following:

∑
A∈Θ

f (A) � 1 (3)

where A denotes any subset of the recognition frame Θ, which is
denoted as A ∈Θ; and f (A) is the basic probability distribution
function of A, which indicates the degree of evidence support for
A. In the evaluation question, f (A) indicates the degree of
membership, which is characterized by the fact that the
measured values of the indicators of the evaluation factors
belong to the degree of membership of different evaluation levels.

Definition of the Cloud Model
The essence of the membership function concept, which is the
most basic of fuzzy mathematics, did not have good theoretical
support before the cloud model was produced. In particular, it is
basically impossible to use accurate membership functions to
define fuzzy thinking activities. For this reason, Li Deyi et al.
proposed the concept of a cloud model [37, 38]. From the
perspective of membership degree, they analyzed the data
randomness and ambiguity problems in engineering practice.
Randomness means that there is a certain basic definition,
although the events may not occur. The characteristic of this
problem is randomness. In the evaluation model, the concept and
distribution of each evaluation factor index are deterministic but
for different evaluation subjects; however, the specific data
distribution is uncertain. Therefore, the mine risk assessment
problem shows randomness; moreover, the basic concept of
ambiguity can be characterized as the uncertainty contained in
the event that has occurred but is difficult to accurately define.
The method has been applied in many fields [39–48] and
achieved good evaluation results.

The “cloud” is a two-way cognitive model between a
qualitative concept and its quantitative representation
expressed by linguistic values to reflect the uncertainty of
random and ambiguous concepts in natural language. The
relevant definitions are as follows [39].

There is an exact numerical representation of the quantitative
set U � {x}, where U is the domain (1D, 2D or multidimensional),
the Ak inter-cell is the fuzzy interval in the domain U, K is the
number of grade intervals in the domain segmentation, and C is
the qualitative concept of Ak. An arbitrary element x is observed
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inAk, and each corresponding x ∈Ak has a stable random number
in the mapping μ: x→ μA(x), which is randomly implemented in
the qualitative concept CμA(x) is called the degree of certainty of x
for concept C and can also be called the membership degree. The
distribution of μA(x) on the domain U is called the cloud model,
μA(x) ∈ (0, 1):

μ : U→ (Ckl
min,C

kr
max),Ak4U ,∀x ∈ Ak, x→ μA(x) (4)

The distribution of μA(x) on each fuzzy set Ak is called a cloud,
and each point [x, μ(x)] is called a cloud drop, where Ckl

min
represents the smallest value in the smallest fuzzy level
interval that is segmented, which is usually 0; and Ckr

max
indicates the maximum corresponding maximum value of the
segmented fuzzy level interval. For the one-sided interval
(Ckr

min,+∞), the expected value of the k-1 interval may be
taken as Ekr−1

x , and then the expected value of the interval may
be obtained. Alternatively, we can determine the default
boundary parameters by considering the upper and lower
limits of the data. When the rock burst risk is positively
correlated with the evaluation index, kl and kr represent the
minimum and maximum fuzzy level intervals, respectively;
otherwise, they represent the maximum and minimum fuzzy
level intervals, respectively. The traditional normal cloudmodel is
shown in Figure 1, in which the abscissa X (x1, x2, . . . xn)
represents the value corresponding to the qualitative concept
in the domain at this time, the width of the domain represents the
value of a certain fuzzy level interval Ak, while the ordinate
represents the degree of certainty μ (xi) (x1i, x2i,. . .xni), which
ranges from 0 to 1 and is a measure of the language value. Each
point in the figure corresponds to one cloud drop, which is a
specific implementation of the quantified language value.

Digital Characteristics of the Cloud
Usually, the support of the cloud model concept is mainly
expressed by three numerical eigenvalues [49]: expectation Ex,
entropy En, and super entropy He. The specific meaning of the
expression is shown in Figure 2, where three lines are selected in
the cloud drop graph and Ex is expected to represent the central
value of the data parameter in the Universe. In the geometric
sense, a random value corresponding to the highest point of the
graph is selected. The location of the cloud drop distributions
suggests that Ex3 > Ex2 > Ex1. Entropy En indicates the range of
values of the cloud drop expressed in the qualitative domain of
the Universe, thus reflecting the ambiguity and randomness of the
basic concept, which also determines the cloud drop. The greater
the confusion is, the greater the width of a cloud map, the larger
the value range of the cloud droplet, the more blurred the
qualitative concept, and the greater the dispersion of the cloud
droplet; thus, En2 > En1 � En3. The super entropy He, which is the
entropy of entropy and indicates the uncertainty of entropy, is the
thickness of the cloud in the cloud drop diagram. The larger the
super entropy is, the thicker the cloud, which is characterized as
He1 � He2 > He3 in the cloud drop diagram.

In the cloud model, each cloud drop satisfies x ∼ N(Ex, E′2
n ),

where E′
n ∼ N(En,H2

e ); then, the degree of certainty of x to C is as
follows:

μ(x) � exp⎡⎢⎣−(x − Ex)2
2 p E′2

n

⎤⎥⎦ (5)

The boundary value Ck is a transition value of two levels, and
the membership degrees belonging to the two fuzzy intervals are
equal:

exp⎡⎣ − (Ck
max − Ck

min)2
8E2

n

⎤⎦ � 0.5 (6)

For the rock burst hazard grading interval, there are fuzzy edge
intervals of magnitude AKr � (0,CKl

max) and AKl � (CKr
min,+∞),

and the index variables at this time no longer obey the traditional
cloudmodel distribution. Therefore, μA(x) should be transformed
into a uniform distribution with a degree of certainty of 1 on the
edge blur intervals Akr and Akl, and it is usually described by a
half-lift trapezoidal cloud and a half-fall trapezoidal cloud. The
calculation equations of the cloud characteristic parameters are as
follows:

Ek
x �

Ck
max + Ck

min

2

Ek
n �

Ck
max − Ck

min

2.355
(7)

Hk
e � λEk

n

where Ck is the half-length of the k-level; Ck
max and Ck

min are the
upper and lower bounds of the level interval, respectively; and λ is
the empirical value, which can be appropriately adjusted according
to the fuzzy value of the index variable and is temporarily set to 0.01
in this article. It should be clear that the empirical value λ cannot
affect the final result. A change of its value will only affect the value
of He, and it does not affect the upper and lower thresholds of the
fuzzy interval as shown in Figure 2 and is mainly used to
characterize the thickness of the “cloud.”

FIGURE 1 | Traditional normal cloud model.
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Forward Cloud Generator
Cloud generators, including forward cloud generators and
reverse cloud generators, are an important medium to
transform qualitative concepts into quantitative data. This
paper uses a forward cloud generator as a means of
qualitative and quantitative conversion. According to the
cloud characteristic parameter N (Ex, En, He), a cloud drop
map is generated in the blur interval Ak by the forward cloud
generator. For each cloud drop P [xi, μA(x)] (i � 1, 2,. . ., n), n is
the number of cloud droplets to be generated in the fuzzy
interval Ak and N � n1+ n2 + nk represents the total number
of clouds generated in the entire Universe U (N � 5,000 in this
paper). When the indicator is in the mean interval of the non-
edge level cloud, the degree of certainty of x to C is μ(x) � exp
[−(x − Ex)

2/2En,2]. When the indicator is in the edge level
interval, x no longer has a normal distribution but has a
uniform distribution with a degree of certainty of 1.
Combining these two distributions, we have

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

μA(x) � 1 x ∈ (0, Ek1
x )∪ (Ekn

x ,Ckn
max)

μA(x) � exp⎡⎣−(x − Ex)2
2En′2

⎤⎦ x ∈ otherrval
(8)

The generated edge interval is a uniformly distributed cloud
model as shown in Figure 3, where curve one and curve three
represent a finite-interval cloudmodel and indicate hazard levels one
and three, respectively, and the left and right edges of the two curves
obey a uniform distribution with a degree of certainty of one.

The positive normal cloud model is applied to rock burst
evaluation based on the following four reasons:

(1) Rock burst risk assessment is a problem of uncertainty, and
the cloud model expresses and reflects the uncertainty of
concepts in the process of human cognition through the three
characteristic parameters of N (Ex, En, He);

(2) The cloud model with the edge obeys the normal
distribution, and its main body still obeys the normal

distribution, which has certain universality and
extensiveness;

(3) In the natural sciences, the characteristic curves of many
qualitative concepts approximately obey a normal distribution;

(4) The cloud model can convert qualitative concepts and
quantitative values, and the rock burst risk assessment
selected in this article is also a research process from
qualitative to quantitative.

CLOUD MODEL BASED ON THE CRITIC
ALGORITHM FOR ROCK BURST
EVALUATION
To use the CRITIC algorithm-based cloud model for rock burst
evaluation, the appropriate evaluation index system and its

FIGURE 2 | Cloud model feature parameter representation.

FIGURE 3 | Finite-interval cloud model cloud drop diagram.
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corresponding evaluation criteria must be selected and the index
weights are then calculated by the CRITIC algorithm; then, the
corresponding evaluation index criteria are used to calculate the
cloud characteristic parameters of each level. The cloud model is
generated using the cloud generator, and the degree of certainty
corresponding to each index is calculated according to the
measured data of the sample. Finally, the comprehensive
weight value is calculated, and the rock burst risk level is
determined according to the principle of maximum
membership degree. The evaluation flow chart is shown in
Figure 4.

Selection of Rock Burst Evaluation
Classification Indicators and Intensity
Grading Standards
The mechanism of rock burst is complicated, and there are many
influencing factors. The selection of indicators is a key step in the
prediction process. The impact of rock burst is two-fold: internal
and external. In a high-stress environment, excavation of a cavern
will lead to stress redistribution and stress concentration in the
surrounding rock mass. The environment in which the rock mass
is located undergoes a certain change, which is the external factor
of rock burst. The mechanical properties of the rock mass itself
are internal factors, and hard rock and brittle rock are prone to
rock burst. Therefore, it is necessary not only to carry out
mechanical experiments on the rock but also to obtain the
rock burst tendency index and consider external conditions in

rock burst evaluation. Based on related research on rock burst
[50, 51], the theory of rock burst tendency, and intrinsic rock
burst conditions, lithological factors, energy factors and
geological factors, this paper selects the uniaxial compressive
strength σc (I1), ratio of the uniaxial compressive strength to the
tensile strength σc/σt (brittleness coefficient, I2), elastic
deformation energy index Wet (I3), ratio of the maximum
tangential stress to the uniaxial compressive strength σθ/σc
(stress coefficient, I4) of the rock, depth of the roadway H (I5),
and integrity coefficient of the rock mass Kv (I6) as indicators for
rock burst propensity prediction. According to the characteristics
of rock burst occurrence during underground mining of metal
mines, the selection of evaluation indicators should be scientific,
independent and representative. The main factors should be
included in the evaluation as much as possible. The stronger
the independence of the indicators, the more accurate the
prediction results will be.

According to the relevant research and classification criteria, the
rock burst intensity can be divided into four grades. Grade I (no
rock burst) is mainly manifested as a lack of rock wall tearing, rock
fragmentation, sound emission phenomenon, etc., and there is no
need to take any safety measures. Grade II (weak rock burst) is
characterized by a loose rock wall surface and block spalling occurs,
and safety and safety monitoring measures are required. Grade III
(moderate rock burst) is characterized by block spalling of the rock
in the diverticulum and roadway wall accompanied by occasional
projectiles that often emit sharp ejecting sounds and may cause
casualties and property losses; thus, it is necessary to implement

FIGURE 4 | Flow chart of rock burst tendency prediction and evaluation.
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monitoring measures to perform isolation and protection work.
Grade IV (violent rock burst) is characterized by large rock mass
spalling, rapidly deformed surrounding rock, and a large number
of blast pits; this type of rock burst is prone to causing numerous
casualties and injuries, and relevant safety protection measures
must be taken. The specific classification criteria are shown in
Table 1 [52–54]. Multiple studies at home and abroad indicate that
the classification standards for rock burst tendencies are different.
The classification standards selected in this article indicate a trend
and only show the uncertainty of the rock burst problem.

Rock Burst Propensity Prediction CRITIC
Algorithm
The so-called weight refers to the importance of the risk
indicators that affect the problem in the evaluation process.
The methods of determining weight mainly include subjective
weighting methods and objective weighting methods. According
to the engineering characteristics of the rock burst problem, this
paper adopts the CRITIC objective weighting algorithm to
determine the index weight. The CRITIC method was
proposed by Diakoulaki et al. [55] in 1995, and it focuses on
using the information and correlation of risk indicators to
determine risk weights. The improved CRITIC algorithm is
based on the original calculation steps, adding the concept of
coefficient of variation (Formula 12), thereby reducing the
shortcomings of using standard deviation to measure the
variability of indicators [56], the main steps are as follows:

STEP 1: Using the initial data, establish a matrix of predicted
sample indicator values:

X � (xij)m×n (9)

where xij is the original value corresponding to the jth indicator of
the ith evaluation object.

STEP 2: According to the Z-score method, standardize the
index values in matrix X of the above formula:

xpij �
xij − xj

sj
(i � 1, 2, . . . , m; j � 1, 2, . . . , n) (10)

According to the algorithm, the two parameters in the above
formula are defined as follows:

xj � 1
m
∑m

i�1xij, sj �
�����������������
1

m − 1
∑m

i�1(xij − xj)2
√

(11)

where xj is the average of the jth indicator and sj is the standard
deviation of the jth indicator.

STEP 3: Find the coefficient of variation in the indicator:

]j � sj
xj
(j � 1, 2, . . . , n) (12)

where vj is the coefficient of variation in the jth indicator.
STEP 4: Use STEP 2 to obtain the normalized matrix X* and

use the statistical concept to calculate the correlation coefficient:

r � ∑n
i�1(xi − x)(yi − y)�����������������������

∑n
i�1(xi − x)2 ·∑n

i�1(yi − y)2
√ (13)

Obtain the Correlation Coefficient Matrix

R � (rkl)n×n (k � 1, 2, . . . , n；l � 1, 2, . . . ) (14)

where rkl is the correlation coefficient between the kth indicator
and the 1st indicator.

STEP 5: Identify the degree of independence—quantization
coefficient—of each indicator:

ηj � ∑n

k�1(1 − rkj)(j � 1, 2, 3, . . . n) (15)

STEP 6: Calculate the total volume of information for each
indicator:

Dj � vj∑n

k�1(1 − rkj), j � 1, 2, 3 . . . n (16)

STEP 7: Determine the weight of each evaluation index:

ωj � Dj

∑n
j�1Dj

(j � 1, 2, 3, . . . , n) (17)

According to the cloud model theory and the improved CRITIC
algorithm, the coupling process is as follows.

(1) With reference to the rock burst risk level classification
standard and cloud model concept, determine the number
and interval of the divided states.

(2) According to the numerical characteristics of the cloud
model (Eq. 7) and the grading standard of the rock burst
intensity level, the numerical eigenvalues of different hazard
levels of different evaluation factors can be obtained. The
specific values are shown in Table 2. When the edge interval
is treated as (Ck, +∞), the expected value of the k-1 interval
can be assumed, and then the expected value of the entire
interval can be obtained.

TABLE 1 | Rock burst classification criteria.

Rock burst
grade

σc/Mpa σc/σt Wet σθ/σc H/m Kv

Ⅰ (no rock burst) (0, 80) (40, +∞) (0, 2) (0, 0.3) (0, 50) (0, 0.55)
Ⅱ (weak rock burst) (80, 120) (26.7, 40) (2, 3.5) (0.3, 0.5) (50, 200) (0.55, 0.65)
Ⅲ (moderate rock burst) (120, 180) (14.5, 26.7) (3.5, 5) (0.5, 0.7) (200, 700) (0.65, 0.75)
Ⅳ (violent rock burst) (180, +∞) (0, 14.5) (5, +∞) (0.7, +∞) (700, +∞) (0.75, 1]
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(3) Based on the evaluation criteria in this table and the
characteristics of the cloud model, the MATLAB simulator
is used to generate a cloud drop graph of each evaluation
index by a forward cloud generator, and then the specific
generation graph can be determined as shown in Figure 5.
Let drop (x1i, x2i,. . .xni, μi) be a cloud drop, which is a specific
implementation of the number of linguistic values
represented by the cloud, where X (x1i, x2i,. . .xni) is the
value of the qualitative concept in this field and μ(xi) is
the degree to which the x value (the measured value of the
sample) belongs to different levels.

(4) Use the improved CRITIC weighting algorithm (Eqs 9–17)
to calculate the importance of a single evaluation factor,
i.e., the weight value.

(5) Combine the weights determined by the improved CRITIC
algorithm with the cloud model feature parameters to obtain
the final degree of certainty.

(6) After the expansion and calculation of the above steps, we
can obtain the uncertainty in the different evaluation
indicators x subordinate to a certain cloud μ (x) and then
utilize the CRITIC algorithm to calculate the weight of
different evaluation indicators. Then, the final
comprehensive determination formula is as follows:

μk � ∑m

i�1ω(Ei) • μk,j (18)

where k is the degree of determination of the measured value of
the jth indicator of the μk,j sample; and ω(Ej) represents the
weight of the jth evaluation index of the sample.
(7) According to the final comprehensive determination and the

principle of maximummembership, the membership level of
the sample is determined:

L � max(μ1, μ2, . . . μk) (19)

ROCK BURST EVALUATION ANALYSIS OF
LEARNING SAMPLES

To verify the rationality and effectiveness of the rock burst
propensity prediction model used in this paper, referring to 20
sets of typical rockburst example data in literature [50]. The
details of the measured index values and actual rock burst grades
are listed in Table 3.

Indicator Weight Determination
In this paper, the CRITIC method is used to calculate the index
weight and the information volume of the indicator and the
correlation between the indicators are comprehensively
considered. According to the steps outlined in Formulas 10

TABLE 2 | Characteristic parameters of the rock burst cloud model.

Rock burst

grade

Model feature Evaluation factor

I1 I2 I3 I4 I5 I6

Ⅰ Ex 40 46.65 1 0.15 25 0.275

En 33.97 5.65 0.64 0.13 21.23 0.23

He 0.34 0.057 0.0064 0.0013 0.21 0.0023

Ⅱ Ex 100 33.35 2.75 0.4 125 0.6

En 16.98 5.65 0.64 0.085 63.69 0.042

He 0.17 0.057 0.0064 0.00085 0.64 0.00042

Ⅲ Ex 150 20.6 4.25 0.6 450 0.7

En 25.48 5.18 0.64 0.085 212.31 0.042

He 0.25 0.052 0.0064 0.00085 2.12 0.00042

Ⅳ Ex 210 7.25 5.75 0.8 950 0.875

En 25.48 6.16 0.64 0.085 212.31 0.11

He 0.25 0.062 0.0064 0.00085 2.12 0.0011

FIGURE 5 | Rock burst evaluation index cloud drop diagram.
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and 11, the Z-score method is used to standardize the index
values in Table 3 and then the mean and variance of each index
are calculated. The coefficient of variation in each index is
obtained by using Eq. 12. These results are shown in Table 4.

According to the basic concept of the Pearson correlation
coefficient, the correlation coefficients of the standardized
calculated indexes are obtained by referring to Formula 13 as
shown in Table 5.

The coefficient of independence of each index is obtained by
using Eq. 15, and the coefficient of variation and the coefficient of
independence of each index are multiplied by Eq. 16. Finally,
using Eq. 17, we can obtain the weight values of each prediction
index I1 (σc), I2 (σc/σt), I3 (Wet), I4 (σθ/σc), I5 (H), and I6 (Kv):
0.022, 0.142, 0.135, 0.340, 0.019, and 0.342, respectively.

Prediction Results and Analysis
According to the cloud model characteristic parameters
obtained from the table, by substituting them into Formula
8, the degree of certainty of the selected test samples are
calculated to categorize their hazard levels, and the
corresponding weights are calculated according to Formula
18. According to the principle of maximum membership
degree, the degrees of membership of the samples to be
tested are shown in Table 6.

In order to further verify the accuracy of the calculation
method proposed in this manuscript, we selected the
calculation of F1 score for discussion and analysis. F1 Score is
an indicator used in statistics to measure the accuracy of a binary
classification model. It takes into account the accuracy and recall
of the classification model. F1 score can be regarded as a weighted
average of model accuracy and recall. Its maximum value is 1 and
its minimum value is 0. The F1 score analysis includes the
following four basic concepts, namely Tue Positive (TP:

prediction is positive, actual is positive); False Positive (FP:
prediction is positive, actual is negative); False Negative (FN:
prediction is negative, actually positive); True Negative (TN:
predicted negative, actual negative). The so-called positive
means that the predicted result is correct; the negative concept
means that the predicted result is wrong. Therefore, for the
rockburst grading of level 1, the TP value is 3, and similarly
corresponding to the 2, 3, and 4 levels, the TP values are 6, 6, and 3
respectively. In terms of FP value and FN value, the situation is
shown in Table 8:

The calculation formula for the precision rate P and the recall
rate R are:

Precision P � TP
TP + FP

(20)

Recall R � TP
TP + FN

(21)

The formula for calculating F1 score is:

F1 � 2 •
Precision •Recall
Precision + Recall

(22)

The calculation shows that the p value, R value, and F1 score
are all 0.9, which also verifies that the model is reasonable and
feasible in the exploration of rockburst tendency classification.

The calculation results of the proposed rock burst cloud model
based on the CRITIC algorithm are consistent with the actual
data, indicating that the proposed model is reasonable and
effective for rock burst grading. The generation of sample
error is due to the gray features of the rock burst problem
itself, causing its prediction to have some ambiguity, and the
factors affecting the rock burst tendency are multi-faceted and
include other external environmental factors, such as the
installation of artificial support and the humidity of the
internal environment, all of which complicate the accuracy of
rock burst tendency.

In the CRITIC method, the correlation between the
information volume and the indicator index is
comprehensively considered and the reliability of the weight
calculation result is improved. As a cognitive model that
realizes the qualitative concept and the bidirectional
transformation of quantitative data, the cloud model can
transform the ambiguity and randomness of the rock burst
evaluation process into quantitative data of certainty, which
accurately reflects the uncertainty of rock burst grading. This
approach is superior to other methods.

Since rock burst tendency is a qualitative concept, the
classification of its hazard level will be affected and controlled
by many uncertain factors. Although the application of the cloud
model has certain predictability for the occurrence of rock burst,
the finite-interval cloud model cannot completely eliminate the
gray features of its existence by transforming its ambiguity and
randomness into certainty. The current cloud model used for
evaluation does not reflect the characteristics of rock burst
affected by multiple factors and does not reflect the correlation
of factors in the process. The form of the actual distribution of the
rock burst tendency evaluation index will have an impact on the

TABLE 3 | Measured rock burst index values and actual rock burst grades.

Sample
number

Evaluation factor Actual rock
burst
grades

I1 I2 I3 I4 I5 I6

1 148.52 22.3 3.23 0.66 166 0.88 Ⅲ
2 162.33 13.2 5.23 0.72 317 0.71 Ⅳ
3 116.78 29.73 3.52 0.37 177 0.68 Ⅱ
4 109.33 32.77 2.97 0.42 148 0.71 Ⅱ
5 98.56 42.73 2.17 0.28 171 0.49 Ⅰ
6 156.73 20.13 3.82 0.49 289 0.91 Ⅲ
7 100.32 28.77 3.02 0.38 182 0.70 Ⅱ
8 142.20 27.52 4.30 0.72 308 0.73 Ⅲ
9 160.32 16.55 5.72 0.69 265 0.90 Ⅳ
10 97.60 15.50 3.20 0.42 162 0.62 Ⅱ
11 100.20 30.12 4.50 0.58 274 0.64 Ⅱ
12 106.32 36.42 1.75 0.22 289 0.46 Ⅰ
13 125.77 10.36 5.75 0.65 277 0.92 Ⅲ
14 146.75 19.35 4.50 0.62 318 0.88 Ⅲ
15 107.75 31.20 3.15 0.57 276 0.58 Ⅱ
16 160.75 12.36 5.41 0.65 294 0.91 Ⅳ
17 146.72 18.75 4.20 0.59 342 0.84 Ⅲ
18 162.70 29.70 3.82 0.73 278 0.70 Ⅲ
19 95.50 42.30 2.75 0.37 215 0.36 Ⅰ
20 105.70 37.35 3.08 0.37 155 0.66 Ⅱ
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evaluation results. The cloud model generated by the
combination of uniform and normal distributions reflects the
actual situation more reasonably, the parameter method must be
further improved to generate more accurate results. In addition,
the selection of the evaluation index should also be performed
according to the actual project conditions and cannot be rushed.
Because of the location of the rock burst, the external
environment and human factors will affect the occurrence of
rock burst.

ENGINEERING APPLICATION

The Dongguashan copper deposit is located in the Shizishan
orefield of Tongling City, Anhui Province, on the polymetallic
metallogenic belt along the Yangtze River. The surface is a hilly
area with a ground elevation of 15–182 m. The ore body is
inclined to 35° and dips to the northwest and southeast with the
surrounding rock. The inclination angle is generally
approximately 20°, and the maximum inclination angle is
30–35°. The ore body is mainly composed of copper-bearing
skarns, copper-bearing pyrite, copper-bearing pyrrhotite and
copper-bearing serpentinite. The direct surrounding rock of the
ore body is the Carboniferous Lower Gorilla Formation of
quartz diorite, which is dominated by horny siltstone.
Dongguashan Copper Mine is the main mine of Tongling
Nonferrous Metals Group Holdings Co., Ltd. The deposit is a
layer-controlled skarn-type deeply buried deposit, with a burial
depth of more than 700 m. Therefore, the original rock stress
and ore strength of the mining area are relatively high. In the

process of mining, the prediction and prevention of rock burst
has become a major issue and must be based on the study of rock
burst tendency. Because the Dongguashan Copper Mine has a
deep burial depth, a high initial rock stress, a favourable ore
body structure and hard rock properties, rock burst is possible in
this mine according to the experience of deep mine mining
outside of China. Under the action of high stress, a destructive
rock burst event with rock ejection as the main feature occurred
during the construction of the tunnel during the construction
and production of the Winter Melon Mountain Mine.
Therefore, rock burst tendency predictions have become a
focus of mine earthquake prevention and disaster reduction
and important technical mean. In this paper, the physico-
mechanical properties of the core of seven kinds of typical
ore from the ore-bearing rock mass and the surrounding
rock of the upper and lower layers are selected as the
criterion for the 730 m middle section of the Dongguashan
copper deposit (the geological map of this section is shown in

TABLE 4 | Sample-normalized index values and CRITIC algorithm index parameters.

Sample number Sample standardization

1 1.857 −0.699 −0.295 0.186 −5.055 0.196
2 3.080 −2.489 0.731 0.269 4.589 −0.005
3 −0.953 0.762 −0.146 −0.214 −4.353 −0.040
4 −1.613 1.360 −0.428 −0.145 −6.205 −0.005
5 −2.566 3.319 −0.838 −0.338 −4.736 −0.265
6 2.584 −1.126 0.008 −0.048 2.801 0.232
7 −2.410 0.573 −0.402 −0.200 −4.033 −0.017
8 1.298 0.327 0.254 0.269 4.014 0.019
9 2.902 −1.830 0.982 0.228 1.268 0.220
10 −2.651 −2.037 −0.310 −0.145 −5.311 −0.111
11 −2.421 0.839 0.357 0.076 1.843 −0.088
12 −1.879 2.078 −1.053 −0.421 2.801 −0.301
13 −0.157 −3.047 0.997 0.173 2.034 0.244
14 1.701 −1.279 0.357 0.131 4.653 0.196
15 −1.753 1.051 −0.336 0.062 1.970 −0.159
16 2.940 −2.654 0.823 0.173 3.120 0.232
17 1.698 −1.397 0.203 0.090 6.186 0.149
18 3.113 0.756 0.008 0.283 2.098 −0.017
19 −2.837 3.234 −0.541 −0.214 −1.926 −0.419
20 −1.934 2.261 −0.371 −0.214 −5.758 −0.064
Mean value of the sample

127.54 25.86 3.80 0.53 245.15 0.71
Sample variance

11.29 5.08 1.95 0.72 15.66 0.84
Coefficient of variation

0.09 0.20 0.51 1.38 0.06 1.18

TABLE 5 | Normalized index Pearson correlation coefficients.

Forecast
indicator

Pearson correlation coefficient

I1 I2 I3 I4 I5 I6

I1 1 −0.6473 0.6616 0.7770 0.5956 0.7381

I2 −0.6473 1 −0.8017 −0.6612 −0.4469 −0.8009
I3 0.6616 −0.8017 1 0.8066 0.5542 0.7315

I4 0.7770 −0.6612 0.8066 1 0.5719 0.6564

I5 0.5956 −0.4469 0.5542 0.5719 1 0.3291

I6 0.7381 −0.8009 0.7315 0.6564 0.3291 1
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Figure 6). The core data of wells zk504 and zk504 are shown in
Table 8 [57].

In this paper, six rock burst propensity prediction indexes are
selected: the uniaxial compressive strength σc (I1), ratio of the
uniaxial compressive strength to the tensile strength σc/σt
(brittleness coefficient, I2), elastic deformation energy index
Wet (I3), and ratio of the maximum tangential stress to the
uniaxial compressive strength σθ/σc (stress coefficient, I4) of the
rock, depth of the roadway H (I5), and integrity coefficient of the
rock mass Kv (I6). A comparison of σc/σt and Wet is easy to
obtain, and σθ/σc is determined by the formula of the maximum
shear stress around the circular roadway:

σθ � ξ(3 − λ)py (23)

where ξ is the laneway shape correction coefficient and λ is the
side stress coefficient, which is equal to the ratio of the horizontal
stress px to the vertical stress py.

The rock mass integrity coefficient Kv is the square of the
longitudinal wave velocity of the rock mass. The longitudinal
wave velocity Vp of the rock is easy to determine (as shown in
Formula 23). Therefore, the value of Kv is determined according
to Vp. The higher the elastic wave velocity is, the better the rock
integrity. The rock sample test data of the Dongguashan Copper
Mine are shown in Table 8 [58].

Kv � (Vpm

Vpr
)

2

(24)

where Kv is the rock mass integrity coefficient, and Vpm is the
longitudinal wave velocity of rock mass, and Vpr is the
longitudinal wave velocity of indoor rock (block).

For the roadway height, since the height span is not very large,
this paper takes the average measured height; based on these data,
the value of the prediction index can be calculated. The
calculation results are shown in Table 9.

Referring to the calculation method of the learning sample, the
calculation and analysis of the actual engineering data can be
comprehensively determined. The prediction results shown in
Table 10 show that the rock burst tendencies of the diorite and
siltstone are the strongest while those of the garnet skarn are the

TABLE 6 | Rock burst propensity prediction results.

Sample number Comprehensive certainty Prediction results in
this paper

Actual grade

μ1 μ2 μ3 μ4

1 0.011 0.134 0.442 0.414 Ⅲ Ⅲ
2 0.049 0.010 0.442 0.499 Ⅳ Ⅳ
3 0.126 0.469 0.347 0.058 Ⅱ Ⅱ
4 0.084 0.508 0.321 0.087 Ⅱ Ⅱ
5 0.647 0.339 0.013 0.001 Ⅰ Ⅰ
6 0.018 0.230 0.418 0.334 Ⅲ Ⅲ
7 0.109 0.479 0.336 0.076 Ⅱ Ⅱ
8 0.043 0.084 0.545 0.329 Ⅲ Ⅲ
9 0.008 0.004 0.335 0.652 Ⅳ Ⅳ
10 0.126 0.628 0.181 0.065 Ⅱ Ⅱ
11 0.088 0.335 0.521 0.056 Ⅲa Ⅱ
12 0.726 0.250 0.023 0.000 Ⅰ Ⅰ
13 0.008 0.012 0.339 0.641 Ⅳa Ⅲ
14 0.011 0.021 0.582 0.387 Ⅲ Ⅲ
15 0.128 0.523 0.334 0.016 Ⅱ Ⅱ
16 0.008 0.005 0.380 0.607 Ⅳ Ⅳ
17 0.017 0.041 0.597 0.346 Ⅲ Ⅲ
18 0.053 0.142 0.517 0.288 Ⅲ Ⅲ
19 0.490 0.482 0.028 0.000 Ⅰ∼Ⅱ Ⅰ
20 0.168 0.576 0.215 0.041 Ⅱ Ⅱ

aIndicates misjudgement.

TABLE 7 | Analysis of prediction results (TP, FP, FN values of different rockburst
prediction grades).

Ⅰ Ⅱ Ⅲ Ⅳ Total

TP 3 6 6 3 18
FP 0 0 1 1 2
FN 0 1 1 0 2

TABLE 8 | Rock sample test data of seven typical ore rocks from Donggua
Mountain.

Rock type Sampling
depth

Stress
level

(px, py)

σc σt Vp Wet

Skarn 631–637 (30.0,
25.4)

132.2 16.4 6,430 3.97

Diorite 720–735 (32.9,
28.0)

304.2 20.9 6,108 10.57

Garnet skarn 761–764 (33.9,
29.0)

128.6 13 7,025 5.76

Qixia formation
marble

792–798 (34.9,
29.9)

78.3 6.8 4,709 3.11

Siltstone 837–849 (36.4,
31.2)

171.3 22.6 5,804 7.27

Quartz
sandstone

850–853 (36.6,
31.5)

237.2 17.66 5,735 6.38
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next strongest. The skarn grade is between III and IV, while the
quartz sandstone and skarn are of grade III. The grade III
predictions are the most certain, but the degree of
membership for IV is not small. Finally, the Qixia Formation
is predicted to be III (moderate rock burst).

Through the analysis of loading and unloading tests and the
sum of the brittleness coefficient, impact energy index and

elastic deformation energy index, the rock burst tendency of
each rock sample type is ranked from the largest to the
smallest: siltstone, quartz sandstone, garnet skarn, skarn,
and Qixia group marble. The prediction results of this
paper are basically consistent with this strong-to-weak
ranking.

CONCLUSION

(1) To further evaluate the rock burst tendency and provide
corresponding engineering technical guidance, this article
selects the membership function cloud model that considers
randomness and ambiguity and comprehensively accounts
for the complexity of multi-factors and the correlation
between factors in the rock burst evaluation problem. The
CRITIC weighting algorithm is selected for the
comprehensive evaluation, the rationality of the evaluation
method is verified by selecting 20 groups of underground
engineering rock burst example data, and the method is
finally applied to the Dongguashan copper mine. The
explosion tendency evaluation obtained good results.

(2) Although the edge of the cloud model with uniform
distribution reduces the actual error to a certain extent,
deviations may occur between the actual production
situation and the analysis result, such as the
calculation of some parameters for Dongguashan.
Therefore, the risk assessment result can only be used
as a reference and the actual situation needs to be
analyzed in detail. Capturing the risk factors that affect
the occurrence of the disaster by the theoretical analysis
process is indeed difficult because regardless of the

FIGURE 6 | Geological map of the 730 m middle section of the Dongguashan Copper Mine.

TABLE 9 | Rock burst tendency prediction value for the Dongguashan Copper
Mine.

Rock type Evaluation index

σc σc /σt Wet σθ /σc H Kv

Skarn 132.2 8.06 3.97 0.55 634 0.75
Diorite 304.2 14.56 10.57 0.37 727.5 0.71
Garnet skarn 128.6 9.89 5.76 0.61 762.5 0.82
Qixia formation marble 78.3 11.51 3.11 0.82 795 0.55
Siltstone 171.3 7.58 7.27 0.53 843 0.68
Quartz sandstone 237.2 13.43 6.38 0.44 851.5 0.67

TABLE 10 | Rock burst tendency prediction results for the Dongguashan Copper
Mine.

Rock type Comprehensive certainty Prediction results in
this paper

μ1 μ2 μ3 μ4

Skarn 0.040 0.090 0.564 0.306 III
Diorite 0.128 0.306 0.178 0.389 IV
Garnet skarn 0.021 0.021 0.375 0.583 III∼IV
Qixia formation marble 0.178 0.290 0.457 0.075 III
Siltstone 0.073 0.152 0.233 0.541 IV
Quartz sandstone 0.094 0.335 0.343 0.228 III
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influencing factor selected for modeling, analysis and
calculation, other objective factors may be ignored.
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An Analytical Method to Test Elastic
Rock Mass Parameters Based on a
Macro-Joint Model
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1Fujian Makeng Mining Co., Ltd., Longyan, China, 2College of Applied Science, Jiangxi University of Science and Technology,
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The measurement of rock joint parameters is a hotly debated and difficult problem in rock
mechanics. Joints have great influence on the propagation of stress waves in rock mass.
Since the multiple reflections of stress waves propagating inside the joints is not
considered accurately, the reflection wave shape cannot be obtained by using a
discontinuous displacement model to describe the deformation characteristics of
joints. A joint is regarded as a rock using the first analysis of the stress wave
transmission in the course of a single joint and the propagation law of a reflection
wave. For rocks orientated in the same direction with the same type of wave
superposition, stress wave parameters can be established through the multiple
reflection effect of a single-joint analysis model. Further to this, analysis using an
extended single-joint model can estimate a stress wave under the condition of a
vertical incidence group parallel strata analysis model. Taking a single macro-joint as
an example, a measuring line is arranged in the normal direction of the joint, and two
measuring points on both sides of the joint are arranged in a line to record the waveforms of
the incident and transmitted waves. According to the established single-joint analysis
model, the calculated waveform of the incident side measuring point is calculated by using
the measured waveform of the transmission side measuring point, and the measured
waveform of the incident side measuring point is compared with the measured waveform
of the incident side measuring point, and the joint elastic parameters with the minimum
error are obtained by using the principle of least square method. Six tests were carried out
through joints with a thickness of 0.04 m. The results show that the primary wave (P-wave)
and secondary vertical wave (SV wave) velocity of joints obtained from many tests have
good consistency, which indicates that the joint analysis model has good stability, and the
test solution of joint elastic parameters based on the model is reliable.

Keywords: stress wave, macro-joint, rock stratum model, vertical incidence, dynamic test

INTRODUCTION

Due to the stratification of rock, multiple transmission and reflection effects will occur when a stress
wave passes through a rock formation. Some scholars have proposed a simplified calculation method
for transmitted waves and reflected waves when stress waves pass through group parallel rock
formations. Zhang [1]proposed that the multiple transmission and reflection times of stress waves
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inside joints are related to the P wave velocity of the joint, the P
wave velocity of rock, wavelength, and joint thickness. Li et al. [2]
presented an equivalent wave resistance method for solving the
propagation of stress waves in layered rocks, which can solve
stress wave transmission and energy transfer effects under
different waveforms and rock structures. Pyrak-Nolte et al. [3,
4] proposed a simplified method for calculating the transmission
coefficients of multiple joints by multiplying the transmission
coefficients of a single joint. Cai et al. [5, 6] calculated the
numerical solution of a transmission wave in group parallel
rock strata under a vertical incident of a P wave using the
characteristic line method. On the basis of the virtual
vibration source method, Li et al. [7, 8] proposed a time-
domain recursive analysis method for grouped parallel joints,
using the same mechanical parameters, under an oblique
incidence of stress waves. The above methods were based on
the assumption that the mechanical parameters of each rock
stratum and joint are the same. In fact, themechanical parameters
of group rock strata are often different, and so it was necessary to
put forward an improved analysis model and calculation method.

In addition, because the mechanical parameters of joints were
smaller than those of the rocks on both sides, the joints will
produce a larger deformation under external loads, which
precedes the failure or instability of the rocks on both sides.
Accurate testing of the mechanical parameters of joints is a
precondition for geotechnical engineering design, stability
analysis, and numerical simulation. At present, there are two
methods to test joint parameters using a stress wave. The first is
to test the longitudinal and transverse wave velocities by using the
travel time variation of stress waves through a joint. The second
method is to establish the relationship among the amplitude,
frequency, and joint parameters according to the variation of
the amplitude and frequency components of the wave when a
stress wave passes through the joint. Because the change in the
amplitude spectrum and phase spectrum produced by stress wave
propagation in rock is reflected in the change of the waveform, the
change in the waveform of the stress wave through joints is more
obvious than that of the travel time; this has been confirmed
through a large number of field tests [9–12, 17, 18]. Therefore, it is
more practical to use the change in the waveform of the stress wave
to test the mechanical parameters of joints.

To use the waveform change to test the mechanical
parameters of joints, Wang, Guo, and Wang et al. [9, 10]
established a joint analysis model based on the in-depth
analysis of the stress wave propagation law in rock, and a
method for testing the viscosity coefficient of the rock and joint
elastic modulus by using the waveform change was proposed.
Hu and Long [11, 12] equated joints to linear springs and
described the deformation characteristics of joints with a
displacement discontinuity model; they then established a
testing method for rock joint stiffness based on the
frequency spectrum variation law. The MF Marji [13] semi-
analytical method is used to study the interaction between
cracks and rock interface in heterogeneous rock materials
under hydraulic action. M Behnia et al. [14] stated that the
boundary displacement technique is used to predict the
propagation path of the original crack and wing crack.

However, without considering the multiple transmission and
reflection effects of stress waves in joints, the displacement
discontinuity model cannot accurately calculate the reflection
wave through joints. Furthermore, for joints with greater
thickness, the method has large errors.

In view of the limitation of the displacement discontinuity
model, the joint is regarded as a rock stratum, and the multiple
transmission and reflection effects in the joint are considered
accurately. The analytical model of group parallel rock strata
under single-joint and vertical incidence is established. On this
basis, according to the principle of the least square method, the
test method of joint elastic parameters is proposed, and the test
method of joint elastic parameters is used. The elastic modulus
and Poisson’s ratio of in situ joints are calculated.

ANALYSIS MODEL OF A MACRO-JOINT

Single-Joint Model
The geotechnical model shown in Figure 1 is a representative
single-jointed rock mass model, assuming that the upper
boundary of rock 1 is infinite, the lower boundary of rock
layer 2 is infinite, the interface between the joint layer and
rock layer 1 is interface 1, and the interface between the joint
layer and rock layer 2 is interface 2. The interface between the
joint layer and the rock layer is generally divided into two
categories: one is the interface described by the displacement
discontinuity model [15–25] and the other is the elastic interface
of the tightly connected rocks [26]. When the stress wave passes
through a single-jointed rock mass, multiple transmissions and
reflections will occur at all interfaces (Figure 1). As shown by
Snell’s law, for stress waves in rock layer 1, the angles between all
outgoing primary–secondary vertical waves (P–SV waves) and
the normal line of interface 1 are the same. For stress waves in the
joint layer, the angles between the inward P–SV wave and the
normal line of interface 2 are the same, and the angle between the
outward P–SV wave and the normal line of interface 1 is the same.
For stress waves in rock layer 2, the angles between all inward
P-SV waves and the normal line of interface 2 are the same.

According to the superposition principle, the relationship
between the waveforms in a single-jointed rock mass can be
obtained: The outgoing P wave u4 in rock layer 1 is equal to the

FIGURE 1 | Schematic diagram of multiple transmissions and reflections
of a stress wave through joints.
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superposition of the reflected P wave component of incident P
wave u1, the transmitted P wave component of outgoing P wave
u6 in the joint layer, and the transmitted P wave component of
outgoing SV wave u7 in the joint layer. The outgoing SV wave u5
in rock layer 1 is equal to the superposition of the reflected SV
wave component of incident P wave u1, the transmitted SV wave
component of outgoing P wave u6 in the joint layer, and the
transmitted SV wave component of outgoing SV wave u7 in the
joint layer. The inward P wave u8 in rock layer 2 is equal to the
superposition of the transmitted P wave component of inward P
wave u2 in the joint layer and the transmitted P wave
component of inward SV wave u3. The inward SV wave u9
in rock layer 2 is equal to the superposition of the transmitted
SV wave component of inward P wave u2 in the joint layer and
the transmitted SV wave component of inward SV wave u3.
The inward P wave u2 in the joint layer is equal to the
superposition of the transmitted P wave component of
incident P wave u1, the reflected P wave component of
outgoing P wave u6 in the joint layer, and the reflected P
wave component of outgoing SV wave u7 in the joint layer. The
inward SV wave u3 in the joint layer is equal to the
superposition of the transmitted SV wave component of
incident P wave u1, the reflected SV wave component of
outgoing P wave u6 in the joint layer, and the reflected SV
wave component of outgoing SV wave u7 in the joint layer. The
outgoing P wave u6 in the joint layer is equal to the
superposition of the reflected P wave component of inward
P wave u2 and the reflected P wave component of inward SV
wave u3 in the joint layer. The outgoing SV wave u7 in the joint
layer is equal to the superposition of the reflected SV wave
component of inward P wave u2 and the reflected SV wave
component of inward SV wave u3 in the joint layer.

Next, the stress wave systems on interfaces 1 and 2 are taken as
research objects, and the coordinate systems are established
(Figure 2). Assuming that waveforms on all sides are
harmonic, the relationship between waveforms on interface 1
is shown in Eqs. 1–4:

u2 � u1TPP1j + u′6RPPj1 + u′7RSPj1, (1)

u3 � u1TPS1j + u′6RPSj1 + u′7RSSj1, (2)

u4 � u1RPP1j + u′6TPPj1 + u′7TSPj1, (3)

u5 � u1RPS1j + u′6TPSj1 + u′7TSSj1, (4)

where TPP1j represents the transmission coefficient of P wave
transmitted from rock 1 through interface 1; TPS1j represents the
transmission coefficient of SV wave transmitted by rock 1
through interface 1; RPP1j represents the reflection coefficient
of P wave reflected by rock 1 through interface 1; RPS1j represents
the reflection coefficient of SV wave reflected from rock 1 through
interface 1.

TPPj1 represents the transmission coefficient of P wave
transmitted by joint 1 through interface 1; TPSj1 represents
the transmission coefficient of SV wave transmitted by joint 1
through interface 1; RPPj1 represents the reflection coefficient of
P wave reflected by joint 1 through interface 1; RPSj1 represents
the reflection coefficient of SV wave reflected by P wave passing
through interface 1 from joint 1; TSPj1 represents the
transmission coefficient of P wave transmitted by joint 1
through interface 1; TSSj1 represents the transmission
coefficient of SV wave transmitted by joint 1 through interface
1; RSPj1 represents the reflection coefficient of P wave reflected by
SV wave passing through interface 1 from joint 1; RSSj1
represents the reflection coefficient of SV wave reflected from
joint 1 through interface 1.

The relationship between waveforms at interface 2 is shown in
Eqs. 5–8:

u6 � u′2RPPj2 + u′3RSPj2, (5)

u7 � u′2RPSj2 + u′3RSSj2, (6)

u8 � u′2TPPj2 + u′3TSPj2, (7)

u9 � u′2TPSj2 + u′3TSSj2, (8)

where TPPj2 represents the transmission coefficient of P wave
transmitted from joint 1 to interface 2; TPSj2 represents the
transmission coefficient of SV wave transmitted by joint 1
through interface 2; RPPj2 represents the reflection
coefficient of P wave reflected from joint 1 through interface
2; RPSj2 represents the reflection coefficient of SV wave
reflected by P wave passing through interface 2 from joint 1;
TSPj2 represents the transmission coefficient of P wave

FIGURE 2 | Incidental, reflective, and transmitted stress waves at interfaces.
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transmitted from joint 1 to interface 2; TSSj2 represents the

transmission coefficient of SV wave transmitted by joint 1

through interface 2; RSPj2 represents the reflection

coefficient of P wave reflected by SV wave passing through

interface 2 from joint 1; RSSj2 represents the reflection

coefficient of SV wave reflected from joint 1 through

interface 2.
u′2-the waveform obtained by u2 propagating distance h/cosα1

at wave velocity cpj;
u′3-the waveform obtained by u3 propagating distance h/cosβ1

at wave velocity cSj.
According to the propagation law of stress wave in elastic

medium, the relationships between u2 and u′2, u3, and u′3 are [28]:

u2 � u′2(t + h
cPj cos α1

), (9)

u3 � u′3(t + h
cSj cos β1

), (10)

where h is the thickness of the joint layer; cpj and csj are,
respectively, the propagation velocities of the P wave and SV
wave in the joint layer, α1 and β1 are, respectively, the angles
between the P wave and SV wave in the joint layer and the
interface normal.

u′6-the waveform obtained by u6 propagating distance h/cosα1
at wave velocity cpj;

u′7-the waveform obtained by u7 propagating distance h/cosβ1
at wave velocity cSj.

According to the propagation law of stress wave in elastic
medium, the relationships between u6 and u’ 6, u7, and u’ 7 are:

u6 � u′6(t + h
cPj cos α1

), (11)

u7 � u′7(t + h
cSj cos β1

). (12)

The general expression of each wave is as follows [27]:

un � An exp[i(ωt − kxnx − kznz)](n � 1, 2, ..., 9), (13)

where kxn is the number of SV waves. When the component of

the stress wave in the X-direction is in the same direction as the

X-axis, kxn �ωsinϕn/csn.When the component of the stress wave

in the X-direction is opposite to the X-axis direction, kxn �
-ωsinϕn/csn. In a similar way, kzn is the number of P waves.

When the component of the stress wave in the Z-direction is in

the same direction as the Z-axis, kzn � ωcosϕn/cpn. When the

component of the stress wave in the Z-direction is opposite to the

Z-axis direction, kzn � -ωcosϕn/cpn. ϕn is the angle between the

stress wave and interface normal, csn is the velocity of the SV

wave, and cpn is the velocity of the SV wave.
The relationship between the amplitudes of each wave can be

obtained from Eqs. 1–13:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 −m1RPPj1 −m2RSPj1 0 0
0 1 0 0 −m1RPSj1 −m2RSSj1 0 0
0 0 1 0 −m1TPPj1 −m2TSPj1 0 0
0 0 0 1 −m1TPSj1 −m2TSSj1 0 0

−m1RPPj2 −m2RSPj2 0 0 1 0 0 0
−m1RPSj2 −m2RSSj2 0 0 0 1 0 0
−m1TPPj2 −m2TSPj2 0 0 0 0 1 0
−m1TPSj2 −m2TSSj2 0 0 0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

×

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

M2

M3

RPP

RPS

M6

M7

TPP

TPS

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

TPP1j

TPS1j

RPP1j

RPS1j

0
0
0
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(14)

where m1 � exp [-iωh/(cpjcosα1)], m2 � exp [-iωh/(csjcosβ1)],
Rpp � A4/A1, Rps � A5/A1, Rpp and Rps are, respectively, the
total reflection coefficients of the P and SV waves of the P wave
reflected from rock layer 1 through the joint layer and back to
rock layer 1, and ω is the circular frequency of the incident wave.
Mk � Ak/A1 (k � 2,3,6,7)，Tpp � A8/A1, Tps � A9/A1, andTpp
and Tps are, respectively, the total transmission coefficients of P
and SV waves of the P wave transmitted from rock layer 1
through the joint layer and back to rock layer 2.

When the P wave is normally incident (α � 0°), the stress wave
will not produce a converted wave, and then Eq. 14 can be
simplified to:

M2 −m1RPPj1M6 � TPP1j, (15)

RPP −m1TPPj1M6 � RPP1j, (16)

−m1RPPj2M2 +M6 � 0, (17)

−m1TPPj2M2 + TPP � 0. (18)

From equations (15) and (17):

M2 � TPP1j

1 −m2
1RPPj1RPPj2

, (19)

M6 � m1RPPj2TPP1j

1 −m2
1RPPj1RPPj2

. (20)

Substituting Eqs. 20 and (19) into Eqs. 16 and (18),
respectively:

RPP � RPP1j +m2
1RPPj2TPP1jTPPj1

1 −m2
1RPPj1RPPj2

, (21)
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TPP � m2
1TPPj2TPP1j

1 −m2
1RPPj1RPPj2

. (22)

Group Parallel Joint Model
For the actual rock mass with multiple parallel joints, as shown in
Figure 3A, the method of calculating the total transmission and
reflection coefficients of a single-jointed rock mass when the P
wave incident is vertical can still be generalized. First, the joint
layers 1 to (m-1) are regarded as an interface x (Figure 3B). Then,
the group parallel joint model can be equivalent to many single-
joint models, so the recursive formula for the transmission and
reflection coefficients with P wave vertical incidence can be
deduced by Eqs. (21) and (22).

In order to obtain the transmission and reflection coefficients of
the joint layer m with P wave vertical incidence, it is necessary to
know the transmission and reflection coefficients of the joint layer
(m-1) with P wave vertical incidence. In order to obtain the
transmission and reflection coefficients of the joint layer (m-1)
with P wave vertical incidence, it is necessary to know the
transmission and reflection coefficients of joint layer (m-2) with P
wave vertical incidence. By analogy, in order to obtain the
transmission and reflection coefficients of joint layer 2 with P
wave vertical incidence, it is necessary to know the transmission
and reflection coefficients of joint layer 1 with P wave vertical
incidence. For the problem of P wave vertical incidence on the
single-joint layer, the transmission and reflection coefficients of P
wave vertical incidence on joint layer 1 can be obtained by using Eqs.
(21) and (22). By analogy, the transmission and reflection coefficients
of joint layerm can be calculated when P waves incidents are vertical.

MECHANICAL PARAMETERS TEST OF A
MACRO-JOINT

Test Principle of Macro-Joint Parameters
Suppose that there is a joint layer with thickness h in a rock mass,
the two sides of the joint layer are complete rocks, and the joint is
seamlessly connected with the rock. In order to test the elastic
modulus and Poisson’s ratio of the joint, measuring points for
recording the stress waveform are arranged on both sides of the

joint. The arrangement of vibration source points, measuring
lines, and measuring points are shown in Figure 4. In the field
test, the incident wave is generated by a geological hammer
striking at the source point, and two three-directional
acceleration sensors with frequencies ranging from 0.2 Hz to
5 kHz are arranged at measuring points 1 and 2 to record the
vibration waveforms.

A vibration load with small stress amplitude is generated at the
source point, and both the rock layer and the joint layer are
elastically deformed. According to the spherical diffusion effect of
the stress wave excited by the point source in the rock mass and
the spectrum of the transmitted wave at measuring point 2, the
calculated spectrum of the incident and the reflected wave can be,
respectively, obtained.

~uIjs(ω) � k1~u2(ω)
TPP

, (23)

~uRjs(ω) � k2RPP

TPP
~u2(ω). (24)

In the formula:

k1 � DT/DIexp(ibω/cP1 + idω/cP2),
k2 � DT/DRexp(idω/cP2 − ibω/cP1),

where u2(ω) is the measured P wave spectrum at point 2, Tpp and
Rpp are, respectively, transmission and reflection coefficients of

FIGURE 3 | Schematic diagram of group parallel joint model.

FIGURE 4 | Schematic diagram of measuring points.
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the joint layer with P wave vertical incidence. k1 and k2 are the
amplitude attenuation parameter caused by spherical diffusion of
the point source and the waveform phase variation parameter
caused by propagation distance, respectively, i is an imaginary
number unit; DI, DR, and DT are the spherical diffusion
compensation coefficients of incident, reflected, and
transmitted waves, respectively [27]:

DI � a,

DR � (a + 2b)(c2P1 + c2Pj)/(2c2P1),
DT � (a + b)(c2P1 + c2Pj)/(2c2P1) + d(c2Pj + c2P2)/(2cPjcP2).

If the incident wave is a plane wave, the spherical compensation
coefficient of each wave is 1, that is, DI � DR � DT � 1; cP1, cPj,
and cP2 are the propagation velocities of P wave in rock, joint,
and rock in point 2, respectively; TPP and RPP are calculated by
equations [21, 22].

Since the measured waveform of measuring point 1 is a
coherent waveform of the incident wave propagating to
measuring point 1 and the reflected wave propagating to
measuring point 1, the calculated spectrum of the measured
waveform at measuring point 1 can be obtained by using the
measured waveform spectrum at measuring point 2:

u1js(ω) � k1u2(ω)
TPP

− k2RPP

TPP
u2(ω). (25)

Inverse Fourier transformation on both sides of Eq. 25 can be
used to calculate the waveform u1js at measurement point 1. If the
deformation characteristics of the joint conform to the single-
joint model assumption, u1js is the same as the measured
waveform u1. Due to the error of the model hypothesis and
the interference factors in the field test, there is a deviation
between u1js and u1. Using the principle of the least square
method, taking P wave velocity cpj as an unknown variable and
fitting u1js to the measured waveform u1 at point 1 (Eq. 26),
finally, when the weighted average error is the smallest, the
corresponding cpj is the calculated P wave velocity cpjjs in the
joint.

‖δ‖22 � min(∑[u1js − u1]2). (26)

When the incident wave is the SV wave, the transmission and
reflection coefficients are calculated by replacing the P wave
velocity with the SV wave velocity of the rock on both joint
sides, and the calculated SV wave velocity csjjs can also be
obtained by the least square method:

Ejjs � 2ρj(1 +
c2Pjjs − 2c2Sjjs
2c2Pjjs − 2c2Sjjs

)c2Sjjs, (27)

vjjs �
c2Pjjs − 2c2Sjjs
2c2Pjjs − 2c2Sjjs

, (28)

where ρj is the joint density.

Field Test and Verification
We selected a typical macro-joint with a length of 5.60 m and a
thickness of 0.04 m on a flat slope next to Luojiang LuquanWater
Plant in Gangzhou China for the elastic parameter test [11, 12].
The measuring point and the vibration source are arranged as
shown in Figure 5. Two three-directional acceleration sensors
were closely attached to measuring points 1 and 2 using gypsum.
The distance between the two measuring points and the joint was
0.10 m, and the distance between the source point and the joint
was 0.60 m. The P-waveform is recorded in the x-direction of the
sensor to test the P wave velocity of the joint, and the SV-
waveform is recorded in the y-direction of the sensor to test the
SV wave velocity of the joint.

In the method to test joint elastic parameters described
above, it is necessary to know the P and SV wave velocities at
measuring points 1 and 2, the rock density, and the joint
density. We tested the velocities of the P and SV waves using
the wave velocity method. First, a line parallel to the joint is
arranged on the side of measuring point 1. Two measuring
points are selected at a distance of 1.50 m from the measuring
line. Then, a source point is selected on the extension line of
the two measuring points, and a geological hammer is used to
knock the source point five times. Finally, according to the
time difference between the measured waveforms of the two
measuring points and the distance between the two measuring
points, the P and SV wave velocities at point 1 of the rock mass
can be calculated (Table 1). Similarly, the P and SV wave
velocities at point 2 can be measured. The joint and the rocks
on both sides were sampled and physically processed into
standard samples, and then, the mass and volume of the
samples were measured to obtain a joint density of 2357 kg/
m3 and a rock density of 2645 kg/m3.

FIGURE 5 | The vibration source and measuring point locations of the
field test.

TABLE 1 | P-SV wave velocity of the rock mass at point 1 (wave velocity method).

Test number Velocity of the P
wave (m/s)

Velocity of the SV
wave (m/s)

Test 1 2751.11 1729.93
Test 2 2874.49 1852.22
Test 3 2582.73 1677.71
Test 4 3001.10 1798.70
Test 5 2603.69 1613.94
Average value 2753.46 1728.29
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The vibration source point shown in Figure 5 is knocked, the
P-SV waveforms of measurement points 1 and 2 are recorded as
shown in Figure 6, and the P-SV waveforms of points 1 and 2 are
recorded as up1, up2, us1, and us2, respectively. The Fourier
transform of up2 and us2, respectively, can obtain frequency
spectrums ~up2 and ~us2 of the measured waveform at point 2, and
Eqs. 23–26 can be used to calculate the velocities of the P and SV
waves in the joint. Six tests were carried out on the site joints, and
the wave velocities of P and SV were calculated by the above
waveform method (Table 2). Finally, by substituting the average
calculated wave velocity into Eqs. 25 and (26), the joint elastic
modulus and Poisson’s ratio are 6.03 GPa and 0.19, respectively.

CONCLUSION

According to the law of transmission and reflection of a stress wave
through a single joint, the waves in the same direction and the same
type are superposed in this article, and the analysis model of stress
waves passing through single-joint rock is established. On this
basis, the macro-joint model of stress waves passing through a
group of parallel jointed rocks is proposed. Taking a vertical stress
wave incident into a single macroscopic jointed rock stratum as an
example, the calculation waveform of the incident wave is
calculated according to the measured wave form of the

transmission wave by using the above analysis model. The
calculated wave form of the incident wave is compared with the
measured wave form, and the node elastic parameter with the
minimum error can be obtained by using the principle of the least
square method. The results of six tests on joints with a thickness of
0.04m show that the proposed method has good stability.

In this article, in order to simplify the analysis steps, it is
assumed that the joint surface is straight and smooth, and the
stress wave incident is vertical. In order to improve the
applicability of the joint elastic parameter test method, more
general joint model analyses and research will be developed in the
future.
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FIGURE 6 | Measured waveform of points 1 and 2.

TABLE 2 | P-SV wave velocity of the joint layer (waveform method).

Test number Velocity of the P
wave (m/s)

Velocity of the SV
wave (m/s)

Test 1 1529.41 917.65
Test 2 1653.78 1076.47
Test 3 1628.57 1068.07
Test 4 1537.82 925.21
Test 5 1591.43 967.22
Test 6 1571.43 908.40
Average value 1585.41 977.17
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A Method for Multihole Blasting
Seismic Wave Prediction and Its
Application in Pillar Recovery
Lianku Xie1,2, Daiyu Xiong1, Tianhong Yang1, Li He3 and Qinglei Yu1*

1School of Resources and Civil Engineering, Northeastern University, Shenyang, China, 2BGRIMM Technology Group, Beijing,
China, 3College of Science, Wuhan University of Science and Technology, Wuhan, China

Long-hole blasting in mines is likely to cause strong vibration of surficial infrastructure,
greatly damage the rock mass surrounding goaf near explosion center, and possibly
induce blast vibration disasters. In this article, an improved method for multihole blasting
seismic wave prediction is proposed to estimate far-field blast vibration. In this method, the
fundamental vibration waveforms are firstly measured through the field blast with a single
deck at an underground pilot area. The fundamental vibration waveforms are then used to
simulate the vibration waveforms for a single-deck case in the production blast by
considering the difference of the equivalent distances from the production blast site
and the pilot area to the surface measuring point. The vibration waveforms for the single-
deck case are linearly superposed to predict the possible vibration waveforms in
production blast with multiple long holes and decks according to the designed delay
time between decks. Based on these predicted waveforms, the blast vibration can be
estimated and the blast design can be optimized to determine a rational delay time in
accordance with the vibration limit. The proposed method was applied in pillar recovery of
Hongling Polymetallic Mine to optimize the long-hole blast design to manage blast
vibration. The rational delay time for the 716 production blast design was
recommended as 26 ms. The practice showed that the blast vibration induced by the
716 production blast has been managed, and the predicted and the measured waveforms
agree well. It provides an effective method for multihole blast design to control blast
vibration.

Keywords: blast vibration, fundamental wave, seismic wave prediction, vibration velocity model, rational delay time
interval

INTRODUCTION

Long-hole blasting has many advantages for mining engineering, such as a large blasting scale, a large
volume of caved ore, and lower specific charge. However, if the long-hole blasting is not well
controlled, it is likely to cause a strong vibration of surface constructions and greatly disturb the rock
mass surrounding goaf. It may even cause issues between local residents and the enterprise, which
seriously influences mining production. Therefore, increasing attention has been paid to the
influence of blast vibration.

In recent years, many attempts have been made on blast vibration theories, analysis methods, and
vibration control. A series of techniques and methodologies have been proposed to manage blast
vibration. Yang et al. [1–4] developed a multiple-seed waveform (MSW) vibration model that
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considered the screening effect of an earlier firing hole on
vibration from a later firing hole and the waveform change
caused by the distance between the seed waves and the
production blast. This model is suitable for near-field and far-
field blast vibration simulations. Wu et al. [5] and Zhang et al. [6]
systematically studied analytical prediction theory and control
methodology of blast vibration. Li et al. [7] studied the
influencing factors of blast vibration attenuation and the
attenuation law of seismic wave energy. Ling et al. [8, 9] used
the time-energy analysis method based on wavelet transforms to
separate each deck wave from the measured delay blast vibration
signals and obtained a rational millisecond delay time by
waveform superposition of these single-deck waves with
different delay time to control blast vibration disasters.
Agrawal and Mishra et al. [10] proposed a new empirical
approach of simplified signature hole analysis (SSHA) for the
multihole blast design to predict production blast-induced
ground vibrations, up to 15% more accuracy in the prediction
of blast vibrations. Zhong et al. [11, 12] and Gao et al. [13] studied
the impact of blast vibration duration and millisecond delay time
on blast vibration disaster and proposed a vibration duration
prediction formula with signal energy and an optimization
method of millisecond delay time. Yang et al. [14], Zhao et al.
[15], Chen et al. [16], and Qiu et al. [17] studied the time-
frequency characteristics of blast vibration waves and the
relationship between the energy distribution and frequency
band based on linear superposition analysis of the single-deck
blast vibration waves. Lou et al. [18], Duan et al. [19], and Zhang
et al. [20] analyzed the theoretical hypothesis and technical status

FIGURE 1 | Longitudinal projection map of the present mining situation.

FIGURE 2 | Flowchart of seismic wave prediction for multihole blasting.
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of delay blasting and proposed a rational millisecond delay time
that should fully use the explosive energy after two-deck (or
multideck) blasting. Monjezi et al. [21], Hajihassani et al. [22],

Shang et al. [23], and Zhou et al. [24] used artificial neural
networks or optimized neural networks to predict ground
vibration induced by blasting. Azimi [25] used intelligence

FIGURE 3 | Distribution of the monitoring points and explosion centers in the subsurface and on the surface.

FIGURE 4 | The relationship between the transverse component of vibration velocity (PPVT) and the scaled distance.
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committee machines (ICM) based on genetic algorithm to predict
the seismic wave intensity generated by bench blasting in an
open-pit mine, which is more accurate and reliable than those
predicted previously by empirical formulas and neural network
models. The above studies about blast vibration theories and
vibration reduction provide useful references for controlling the
blast vibration effect of underground long-hole blasting.

In mining practice, the underground mining environment and
surrounding rock mass are very complex and the delay time is
very short, usually tens of milliseconds, so it is difficult to
determine a rational delay time for long-hole blasting to
control blast vibration. For the above theory and methods,
obtaining basic blasting parameters for applications is difficult.
In this article, a method for multihole blasting seismic wave
prediction was proposed to determine a rational delay time for
multihole blasting, which is based on the fundamental vibration
waveforms from a single-deck blast test. It was used to guide the
blast design for pillar recovery in Hongling Polymetallic Mine to
manage blast vibration.

UNDERGROUND MINING SITUATION OF
HONGLING POLYMETALLIC MINE

Hongling Polymetallic Mine is a skarn-type deposit mainly
composed of Fe and Zn. The stopes are firstly excavated
using the open-stope method; then, the pillars are completely
recovered using long-hole blasting. The blasted ore is mucked
out under overburden. At present, the mine development levels
are 755 and 705 m, the production levels are 805 m and above,
and exploitation at the 905 m level and above has been finished.
The rest of the ore is mainly in barrier pillars and crown pillars.
The present mine layout is shown in Figure 1. After many years
of mining, numerous mined-out stopes have been exposed for a
long time. They become unstable due to stress disturbance and

are prone to collapse with weak layers, fracture zones, or
structural planes. The vibration of surface constructions is
obvious when pillars are completely blasted with long holes.
It is necessary to study the control measurements of blast
vibration to solve the contradiction between overall blasting
ore pillars and blast vibration limit to reduce the harmful effects,
which is of great significance for resource recovery, the
extension of mine life, and the protection of surface and
subsurface constructions.

MULTIHOLE BLASTING SEISMIC WAVE
PREDICTION METHOD
Simulation of the Vibration Waveforms for
the Single-Deck Case
When using MSW vibration model [1] in practice, it is very
difficult to obtain the basic blast parameters that the model needs
and the test work for basic parameters is very much and relatively
complicated. In fact, the screening effect of an earlier firing hole
on vibration from a later firing hole is not obvious for far-field
blast vibration modeling. On this basis, an improved method for
multihole blasting seismic wave prediction is proposed based on
the fundamental blast vibration waveforms, which contains
advantages of the MSW vibration model and improves the
shortcomings of the single-seed waveform model that
waveforms are superimposed linearly without considering the
waveform transformation factors. The fundamental blast
vibration waveform data are collected from monitoring the
single-deck blast at the underground pilot area. The measuring
points are usually set on the ground surrounding surface
constructions.

The fundamental vibration waveforms are then used to
simulate the vibration waveforms for the single-deck case in
the production blast. Firstly, the fundamental vibration
waveforms as an input signal with the time domain are
processed by fast Fourier transform (FFT) to determine the
frequency domain S(k). Secondly, the Kjartansson transfer
function B(k) [26] is used as a weight coefficient to determine
the frequency domain of the output signalW(k). The parameters
of the Kjartansson transfer function B(k) are obtained mainly
considering the difference of the equivalent distance from the
production blast site and the distance from the pilot area to the
measuring point. Finally, the time-history curve of single-deck
blast vibration is obtained by processing the output signal W(k)
according to the inverse fast Fourier transform (IFFT). The
equations are as follows:

TABLE 1 | Maximum single-deck charge weight recommended at different
distances.

Number Linear distance/m Maximum single-deck charge
weight/kg

1 250 220
2 300 320
3 350 430
4 400 570
5 450 720
6 500 890
7 550 1,080
8 600 1,290

TABLE 2 | Single-deck charge weight and initiation time.

Blasthole number Initiation time/ms Single-deck charge/kg Total charge/kg

1–18 0 515 1,163
19–31 3,000 306
32–35, 39 5,975 166
36–38, 41–42 6,000 176
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B(k) � exp{ − 2πk0δd
c0

∣∣∣∣∣∣∣
k
k0

∣∣∣∣∣∣∣
1−c

[tan(πc
2
) + isign(k)]}, o (1)

W(k) � S(k) · B(k), (2)

where k is the wave frequency, Hz; k0 is the arbitrary specified
frequency, Hz; δd is the difference of the equivalent distances
from the production blast site and the test blast site to the surface
measuring point, m; c0 is the P-wave velocity of the propagation
medium, m/s; c � 1/πarctan(1/Q), where Q is the rock mass
quality index; sign(k) is the sign function.

Seismic Wave Prediction in Production
Blast with Multiple Holes and Decks
The vibration waveforms for the single-deck case are used by
linear superposition to predict the vibration waveforms in
production blast at a similar wave propagation path.
Production blast vibration waves are considered to be
superposed by a certain number of single-deck blast vibration
waves, which are mutually interfering and superposed. The
superposition process of blast vibration waveforms can be
assumed to be represented by a linear system and expressed
by the following formula:

V(t) � ∑
n

i�1
vi(t + Δt), (3)

where V(t) is the blast vibration velocity of multiholes predicted
by linear superposition, cm/s; n is the total number of decks; vi(t)
is the predicted vibration velocity of the single-deck blast, cm/s; i
is the number of superposition decks, i � 1, 2, 3, ..., n; Δt is the
delay time between seismic waves. The flowchart of the proposed
method for multihole blasting seismic wave prediction is shown
in Figure 2.

A program has been developed in MATLAB 7.0 to implement
this calculation process automatically. Using this method, we can

simulate the blast vibration of multihole blasting with different
delay time to find a rational delay time to reduce the harmful
effects of the blast. The advantage of this method is that the
single-deck blast vibration waveforms used in this method imply
the information of blasting conditions, explosive properties, and
geological conditions, and using these waveforms to predict the
vibration waveforms of multihole blasting does not need a large
number of vibration tests.

CHARGE WEIGHT FOR LONG-HOLE
BLASTING
Vibration Velocity Model of Long-Hole
Blasting
The blast vibration velocity of a particle is mainly affected by the
charge weight and the distance from the explosion center to the
monitoring points. The peak particle vibration velocity (PPV)
[27] can be expressed as follows:

PPV � K(D/ ��
Q

√ )α� K(SD)α, (4)

SD � D/ ��
Q

√
, (5)

where Q is the maximum single-deck charge weight, kg; D is the
distance from the explosion center to the point of interest, m; SD
is the proportional distance, m/kg0.5; K and α are site
coefficients.

For complicated conditions, the coefficients in Eq. 4 should be
determined based on a large amount of data of blast vibration.
Therefore, nine blast vibration monitoring tests were carried out
using the Mini-Blast I. Six monitoring points were set on a
straight line near the surface buildings according to the rule of
“dense in the vicinity and sparse in the distance” and three more
monitoring points were added underground near the substation
and explosive magazine. The arrangement of the monitoring
points and the blasting centers is shown in Figure 3.

TABLE 3 | Vibration monitoring point arrangement.

Monitoring points Horizontal distance/m Vertical distance/m Linear distance/m

#1, #2 240 240 339
#3, #4 290 240 376
#5 350 229 418

TABLE 4 | The blast vibration data.

Test
points

Maximum vibration velocity with a 515 kg
charge

Maximum vibration velocity with a 306 kg
charge

Maximum vibration velocity with a 176 kg
charge

Longitudinal/
cm·s−1

Transverse/
cm·s−1

Vertical/
cm·s−1

Longitudinal/
cm·s−1

Transverse/
cm·s−1

Vertical/
cm·s−1

Longitudinal/
cm·s−1

Transverse/
cm·s−1

Vertical/
cm·s−1

#1 0.1065 0.0040 0.0758 0.0364 0.0018 0.0505 0.0681 0.0017 0.0302
#2 0.1076 0.1820 0.0701 0.0308 0.0803 0.0508 0.0659 0.0675 0.0300
#3 0.1729 0.1344 0.0995 0.0672 0.0592 0.0419 0.0639 0.0391 0.0356
#4 0.1150 0.1849 0.0856 0.0420 0.0539 0.0370 0.0463 0.0560 0.0296
#5 0.1719 0.2093 0.0765 0.0708 0.0625 0.0423 0.0466 0.0684 0.0381
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Through monitoring, 93 groups of data were collected from
nine surface blast vibration tests by a Mini-Blast I blast vibration
tester. Using the monitoring data, we fitted the relationship
between the scaled distance and the particle vibration velocity.

Then, a vibration velocity model including three components
(longitudinal L, transverse T, and vertical V) was established. The
transverse vibration velocity is dominant and Figure 4 shows the
transverse vibration velocity model.

Maximum Charge Weight Determination
On the ground of Hongling Polymetallic Mine, there exist
bunkhouses, office buildings, and skip shafts. According to the
Safety Regulations for Blasting (GB6722-2014) (It was proposed
and managed by the former State Administration of Work Safety
and revised by the former China Society of Engineering Blasting.
It is a mandatory standard and was implemented on July 1,
2015.), these buildings are considered general civil buildings.
Besides, there are also some makeshift houses. Therefore, The
main vibration frequency of the transverse component is allowed
to range from 5 to 50 Hz, and the corresponding allowable
vibration velocity is 0.45–0.90 cm/s. The upper limit of
0.90 cm/s is selected for the surface buildings of Hongling
Polymetallic Mine. Using the transverse vibration velocity
model with the upper confidence limit of 84% in Figure 4, we
obtained the recommended maximum single-deck charge weight
at different distances for the blast of pillar recovery in Hongling
Polymetallic Mine, as shown in Table 1. Besides, the vibration
limit may be adjusted according to the protection levels of
buildings.

FUNDAMENTAL VIBRATION WAVEFORMS
MEASUREMENT

The Pilot Area Selection and Blast Design
The pilot area for the fundamental blast vibration waveforms
stands in a peach-shaped pillar (as shown in Figures 1, 3) of stope
No. 6117 at the 805 m level and stope No. 6117 and its neighbor
stopes (stope No. 6115 and stope No. 6199) have been mined out.
At the 855 m level, the stope No. 5117 and pillars above the pilot
area have been exploited, and the overburden has fallen into the
bottom of stope No. 5117. At the 755 m level, stope No. 7117
below the pilot area has also been mined out.

In the blast design for the fundamental vibration waveform,
the No. 2 rock emulsion explosive is used, fan-shaped long
holes are drilled upward, and the pillar is designed to be blasted
row by row using the mined-out stope No. 6117 as free surface.
The blastholes are set to be two rows and 42 blastholes in total,
and the hole depth is about 7–19 m. The primary explosive is
placed at the bottom of the holes for a reversed blasting. 42 XA
digital electronic detonators are used, which can set the
initiation time in the range of 0–6,000 ms. The charge
weight of a single deck and the initiation time are shown in
Table 2.

Five monitoring points surrounding the surface buildings were
set to carry out blast vibration tests. The Mini-Blast I was used to
record the time-history curves of seismic waves. An appropriate
trigger level and acquisition time duration were set by estimating
the maximum vibration velocity before the test to collect
vibration data accurately. The vibration monitoring point
arrangement is shown in Table 3.

FIGURE 5 | Vibration velocity curves at monitoring point #3. (A)
Longitudinal component. (B) Transverse component. (C) Vertical component.
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Test Results Analysis
The test data of blast vibration are shown in Table 4. The time-
history curves of the seismic wave at monitoring point #3 are
shown in Figure 5. According to Table 4 and Figure 5, the
maximum vibration velocity occurred at the first wave peak when
the single-deck charge weight is 515 kg and the delay time is 0 ms.
The blast vibration waveforms of monitoring point #3 with the
3,084 ms duration were selected as the fundamental vibration
waveforms because the monitoring point P3 is close to the main
building in the mine area. These waveforms were input into the
developed program in MATLAB 7.0 to predict vibration
waveforms of multihole blast with different delay time.

APPLICATION IN PILLAR RECOVERY

General Conditions
The proposed method is applied in a production blast (716
production blast) for pillar recovery, which is located between
the crown of stope No. 6107 and the barrier pillar between stope
No. 6107 and stope No. 6109 at the 805 m level, as shown in
Figures 1, 3. The volume of the crown and barrier pillars is
45306 m3. A blast pattern with long holes was designed to
completely blast the pillars. The overall blasting can quickly
deal with the mined-out stopes to eliminate the potential
safety hazard and also obtain a large amount of ore volume
for mucking out at the bottom structure.

The crown and the barrier pillars were uniformly charged and
blasted. This fan-shaped blast design had 55 rows and 992
blastholes in total. The No. 2 rock emulsion explosive was
charged with 218 decks in total. The total charge weight was
48396 kg, in which the maximum charge weight of a single deck
was 498 kg, and 181746 t of ore would be exploited in this blast.
XA digital electronic detonators were used for initiation and
millisecond delay initiation was implemented for different decks
in the same row. Monitoring point #1 at the bunkhouses is the
closest point to the center of production blasting, with a straight
line distance of 349 m. The maximum charge weight of a single

deck was 425 kg, which is less than the permitted 430 kg in
Table 1.

Delay Time Optimization
The fundamental blast vibration waveforms, determined in Test
Results Analysis, were adopted to predict the blast vibration
waveform of four monitoring points for the 716 production
blast near the office building using the proposed method.
Figure 6 shows the maximum particle vibration velocity of
monitoring point #4 predicted under different delay times.
According to the category of protection objects and the
corresponding allowable particle vibration velocity for safety,
the safety factor is considered to be 1.5, so the controlled
vibration velocity of monitoring point 4# at the office building
is set to be 0.45/1.5 � 0.300 cm/s as the vibration limit (the red line
in Figure 6). Based on the analysis of the predicted blast vibration
waveforms of monitoring point #4, when the delay time was set to
be 20–22, 25–27, 29–33, and 76–86 ms, the peak particle vibration
velocity of the three components is less than 0.300 cm/s (see
Figure 6). These delay times could be taken as the rational delay
time for monitoring point #4. The rational delay time of another
three monitoring points is shown in Table 5. Taking the
intersection for the delay time of monitoring points #1, #2, #3,
and #4, we determined the delay time to be 26～28 ms and 33 ms
for the 716 production blast. The delay time should be as short as
possible to improve the size of blasted ore pieces by making full
use of the explosive energy [1]. Therefore, the recommended
delay time for the 716 production blast was 26 ms.

Comparison Between Predictions and
Measurements
Figure 7 shows the comparison o between the predicted and
measured vibration waveforms for monitoring point #4.
According to the blast vibration monitoring test, the duration
of the blast vibration measured at monitoring point #4 in the
office building is 7.658 s, and the measured values of the peak
particle vibration velocity for the longitudinal, transverse, and

FIGURE 6 | The maximum particle vibration velocity of monitoring point #4 under different delay time.
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vertical components are 0.261 cm/s, 0.251 cm/s, and 0.271 cm/s
(Figures 7B,D,F), respectively. The predicted value is basically
consistent with the measured value, and the predicted blast
vibration waveforms are similar to the measured blast
vibration waveforms (Figure 7). The peak particle vibration
velocity of other monitoring points is also within the vibration
limit (Figure 8). The management of blast vibration disasters is
realized.

Figure 9 shows the comparison between the predicted and
measured spectrum maps of monitoring point #4. The
dominant frequencies of the predicted vibration wave are
within 9–10 Hz, and the energy peaks are distributed in the
range of 4–23 Hz (Table 6). The dominant frequencies of the
measured vibration wave are within 8–10 Hz and energy peaks
are distributed in the range of 4–30 Hz (Table 6.). The
predicted and measured frequencies and energy peak agree
well, as shown in the figure.

CONCLUSION

In this article, an improved method for long-hole blasting seismic
wave prediction has been proposed to estimate the far-field blast
vibration effect. It is based on the fundamental blast vibration
waveforms from a single-deck blast test. The method was used to
guide the blast design for pillar recovery of the Hongling
Polymetallic Mine. The following conclusions are drawn:

(1) In the proposed method, the blast vibration waveform from a
single-deck blast at the pilot area is used as fundamental
vibration waveforms and the Kjartansson transfer function is
adopted to consider the difference of the blast conditions
between the pilot area and production blast area, which
make it easy for engineering applications, comparing with
the MSW model. This method can predict peak particle
vibration velocity, rational delay time between decks,
duration of blast vibration, and time-frequency domain
information of multihole blasting.

(2) The proposed method was used to optimize the delay time of
the blast design for pillar recovery of theHongling Polymetallic
Mine. It is found that the rational delay time has one or more

FIGURE 7 | Predicted and measured vibration waveforms of monitoring
point #4. (A) Predicted longitudinal component. (B) Measured longitudinal
component. (C) Predicted transverse component. (D) Measured transverse
component. (E) Predicted vertical component. (F) Measured vertical
component.

TABLE 5 | Rational delay time for the monitoring points.

Vibration
monitoring point

Protected
object

Distance from
the

explosion
center/m

Rational delay
time/ms

#1 Bunkhouse 348.54 0–3, 26–28,
33–41, 59–63

#2 Skip well winch
room

353.58 14–38, 59–65

#3 Main shaft winch
room

396.87 16, 21–100

#4 Mine office
building

432.63 12–13, 17–33,
43–49, 74–86
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values, even a time range. Aminimum value, 26ms, is selected
as the rational delay time for the 716 production blast.

(3) The monitoring data of the 716 production blast showed
that the predicted value of the maximum particle

vibration velocity is very close to the measured value,
the predicted blast vibration waveforms are similar to the
measured blast vibration waveforms, and the peak particle
vibration velocity stays within the vibration limit. The

FIGURE 8 | Predicted and measured peak vibration velocity at the monitoring points.

FIGURE 9 | Comparison between the predicted and measured spectrum maps of monitoring point #4. (A) Predicted longitudinal component. (B) Measured
longitudinal component. (C) Predicted transverse component. (D) Measured transverse component. (E) Predicted vertical component. (F) Measured vertical
component.
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contradiction between the mass blasting for pillar
recovery and the management of blast vibration is
effectively solved. It also proved that the proposed
method is feasible and reliable, easily applied in
engineering practice.
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In order to investigate the relationship between rock microfracture mechanism and

acoustic emission (AE) signal characteristic parameters under split loads, the MTS322

servo-controlled rock mechanical test system was employed to carry out the Brazilian

split tests on granite, marble, sandstone, and limestone, while FEI Quanta-200 scanning

electron microscope system was employed to carry out the analysis of fracture

morphology. The results indicate that different scales of mineral particle, mineral

composition, and discontinuity have influence on the fracture characteristics of rock, as

well as the b-value. The peak frequency distribution of the AE signal has obvious zonal

features, and these distinct peak frequencies of four types of rock fall mostly in ranges

of 0–100 kHz, 100–300 kHz, and above 300 kHz. Due to the different rock properties

and mineral compositions, the proportions of peak frequencies in these intervals are

also different among the four rocks, which are also acting on the b-value. In addition,

for granite, the peak frequencies of AE signals are mostly distributed above 300 kHz for

granite, marble, and limestone, whichmainly derive from the internal fracture of k-feldspar

minerals; for marble, the AE signals with peak frequency are mostly distributed in over

300 kHz, which mainly derive from the internal fracture of dolomite minerals and calcite

minerals; AE signals for sandstone are mostly distributed in the range of 0–100 kHz,

which mainly derive from the internal fracture of quartz minerals; for limestone, the AE

signals with peak frequency are mostly distributed in over 300 kHz, which mainly derive

from the internal fracture of granular-calcite minerals. The relationship between acoustic

emission signal frequency of rock fracture and the fracture scale is constructed through

experiments, which is of great help for in-depth understanding of the scaling relationship

of rock fracture.

Keywords: Brazilian split tests, b-value, AE frequency characteristic, scanning electron microscope, micro-

fracture morphology

INTRODUCTION

From a microscopic point of view, solids are made up of strong and rigid phases or crystalline
grains, especially ceramic, rock, and concrete materials. Due to the diversity of chemical
composition or crystal orientation, the different elastic moduli among crystalline grains could lead
to local high stress under external stress, and microscopic processes would be activated by crack
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tips under the stress and would eventually cause crack
expansion and propagation, which could result in intergranular
or transgranular cracks generated by cracks propagating
along grains or grain boundaries [1]. From a macroscopic
perspective, however, rocks are mostly polycrystalline and brittle,
containing natural structural planes such as joints and weak
intercalated layers; thus, the nucleation and propagation of
cracks generated by rock failure emit energy outward as elastic
waves when subjected to loading conditions. Such elastic waves
are derived from microscopic dislocations; twinned crystals;
crystal interfaces and the slip; and separation of macroscopic
mineral grains, joints, and other weak planes; all of these are
referred to as AE activity [2–6]. It is because of the complex
composition of rock material that the cracks inside the rock
sample, from microscopic to macroscopic level, will be in
different scales and have different fracturing mechanisms under
various loading conditions. These different cracking scales and
fracturing mechanisms have close relationship with AE signal
feature parameters [7, 8].

One of the critical AE parameters is signal frequency which
could be used to infer the change of the internal stress state of
a rock mass and reveal the rock fracture mechanism [6, 8, 9].
As a matter of fact, there is a natural correspondence between
the rupture scale and the signal frequency; it is considered that
the high frequency AE signals corresponded to the small scale
crack, while the low frequency AE signals corresponded to the
large scale crack [2, 5, 10–12]. Meanwhile, some researches based
on laboratory AE experiments have shown that the AE signals
of rock samples were characterized by a long duration time
and a wide frequency spectrum when subjected to shear failure,
whereas the results contrasted in tensile failure [11, 13, 14].
In field AE monitoring, it was also demonstrated that there
were two typical signals, durative and attenuative, which were
derived from the sliding and tensile failure or separation of faults,
respectively [15, 16]. This derivation was mainly due to the larger
part of energy transmitted in the form of shear waves, which
were slower. Therefore, the maximum peak of the waveform
delayed considerably compared with the onset of the initial
longitudinal arrivals, and AE signals exhibited a higher frequency
in tensile mode compared with a lower frequency in shear
mode. For these frequency features given above, the AE signals
at different stress stages and loading conditions have different
dominant frequency characteristics because of various fracture
modes generated [17, 18]. Therefore, the frequency spectrum of
collected AE signal is determined by the loading condition, rock
type, failure process, etc., and the development characteristics
of signal frequency could provide a basis for the prediction of
rock stability and localization of microseismic/acoustic emission
sources [19]. Another characteristic parameter is the b-value. b-
value is known to be an important scaling parameter in faulting
evaluation, and the spatial and temporal variations of the b-
value are always regarded as an essential clue for earthquake
precursors. The variation of the b-value obtained in rock AE
deformation tests has always been used to perform damage
process and precursory analysis [3, 20–22].

As b-value is a rupture size scaling parameter, the structure
composition, loading mode, and water content of the rock will

affect the calculation result of b-value. Rocks with larger mineral
particles and complex compositions will have more large-scale
fractures with smaller b-value, while rocks with smaller mineral
particles and simple compositions will have more small-scale
fractures with larger b-value. Therefore, the b-value will reflect
the composition of the rock sample to some extent.

Rock failure is a multi-scale and non-linear dynamic process.
AE signals generated in an individual mineral particle are
different from that on the boundaries of mineral particles.
Some researchers found that the AE signals with high-energy
and short pulse were produced by the failure process along
particles while the signals with low energy and long pulse were
generated by the slip of particle boundary and fracture surface
under uniaxial compression tests. In addition, the microfracture
mechanism depends on the number and distribution of weak
mineral particles [23]. The internal structures of rock are
composed of different mineral particles. Generally, the strength
of a single intact crystal is the highest, followed by the coupling
between crystals, and the strength of coupling between mineral
grains and structural planes is the smallest. It is due to the
complexity of the rock structure that the final macrofracture
is often closely related to its internal microstructure and
microcrack propagation after deformation, and the morphology
characteristics of rupture surface of various structures are
different [24, 25]. As mentioned above, the cracking of different
structures in a rock sample will generate different types of AE
signals; thus, the fracture morphology of various cracking can be
related with AE parameters.

Scanning electron microscopes (SEM) has long been
employed in metallurgy and material science. It has also
been widely used to observe fracture surface morphology to
reveal the microfracture mechanism of rocks, owing to its
direct observation of sample surface and high magnification
[26, 27]. Li et al. [28] found that different fracture modes
have different morphological features: tensile fracture has 10
types of morphologies and shear fracture has eight. However,
some morphologies, such as smoothly curving conchoidal
appearance, are yet a specific feature of quartz; it was considered
that river and step patterns belonged to transgranular failure
while parallel slip line pattern belonged to intragranular failure
[29–31]. The characteristics of fracture surface imply that the
microscopic fracture mechanism is greatly influenced by loading
conditions and the composition of the rock material, such
as mineral components, grain bonding property, and joints.
Under uniaxial compression, the microfracture mode of granite
changes from intergranular fracture to transgranular fracture
as the strain rate increases [32, 33]; under quasi-static loads,
the intergranular fractures are in majority due to the toughness
of grain boundary or due to the substantial weakness of the
cement than that of the grain [34, 35]; whereas under dynamic
loads, cleavage steps, multiple micro-conchoidal fracture, and
transgranular fractures associated with smooth planar surfaces
are frequently observed [33, 36, 37]. Kranz [33] and Alkan
et al. [38] also explained that the proportion of transgranular
cracks and intergranular cracks appeared to depend on mineral
composition, rock types, stress state, etc. For polycrystalline
rock materials, given that tensile fracture is the main fracture
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FIGURE 1 | The microstructure of rocks in transparent refractive index experiment, granite (top left), marble (top right), sandstone (bottom left), and limestone (bottom

right) (Qtz, quartz; Kfs, k-feldspar; Bt, biotite; PI, plagioclase; Dol, dolomite; Cal, calcite) [39].

mode in rock deformation tests, the tensile fracture would occur
in different microstructures, which could release elastic wave
signals with various characteristics. Therefore, the combination
of SEM and AE technology will provide excellent insights into
the microscopic fracture mechanism and the characteristics of
corresponding AE signals.

For this purpose, four types of rock materials were used to
perform Brazilian splitting tests for this study: granite, marble,
sandstone, and limestone. By comparing the AE signals of four
types of rocks and the SEM observations, we could explore more
deeply the relationship of microfracture mechanisms and AE
characteristic parameters from a microscopic perspective.

EXPERIMENTAL SETUPS

Granite, marble, sandstone, limestone were the four rock
types selected as research objects of this experiment. They
were all made into cylindrical samples with a diameter of
50mm and length of 50mm. Before the experiment, the

mineral compositions of the four rock types were measured
by transparent refractive index experiment (see Figure 1). The
image indicates the preexisting microcracks and microcavities.
The granite contains quartz, plagioclase, k-feldspar, and a
small amount of biotite; the marble mainly consists of
calcite and dolomite; and the main mineral component
of the sandstone is quartz while that of the limestone
is calcite.

The MTS322 servo-controlled rock mechanical test system
is employed to carry out Brazilian split tests; its loading and
sampling rates are set to 30 kN/min and 50Hz, respectively.
A PCI-2 system (Physical Acoustics Corporation, New Jersey,
USA) is used for the collection of AE signals. The threshold,
preamplifier gain, sampling length, and sampling rate are
set at 45 dB, 40 dB, 5 K, and 10 MSPS, respectively. The
PDT, HDT, and HLT are set at 50, 200, and 300 µs. Two
ultra-mini sensor-NANO-30 with 140 kHz resonant frequency
are glued onto the end face of the specimen, as shown in
Figure 2.
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FIGURE 2 | The sketch of the Brazilian split test.

RESULTS AND DISCUSSION

b-Value Analysis
The size distribution of earthquake commonly follows a
relationship which is given as follows:

lgN = a− bM (1)

where M is magnitude, N is the number of earthquakes with a
magnitude ≥M, and a and b are the constants [40]. Here, the
parameter b describes the size distribution scaling, which is often
referred to as b-value, and the spatial and temporal variations of
b-value are always regarded as an essential clue for earthquake
precursor. In the calculation, magnitude in the G-R relation is
replaced by amplitude [41]:

lgN = a− b(
AdB

20
) (2)

where a, b, and N refer to the same as Formula (1). AdB is the
maximum amplitude of an acoustic emission event expressed
in decibels:

AdB = 20lg Amax (3)

where Amax is the maximum amplitude value of AE event
expressed in microvolts.

The integral b-value of those rock samples were calculated
by using FGS method proposed by Liu et al. [42]. As shown
in Figure 3, the b-value of marble is the largest, followed by
sandstone, granite, and limestone. As the heterogeneity and
internal structure of the rock material plays an important role
in b-value, different rock samples with various mineral particle
size and uniformity will result in different calculated b-value. As
shown in Figure 1, marble and sandstone are composed of fine-
grained particles and seldom have large size discontinuities. With
dolomite and calcite granules being closely related to mosaic
crystal structures, the particles are small and uniform, a feature

FIGURE 3 | b-Values of four kinds of rocks obtained by the FGS method.

that accounts for a high proportion of small-scale ruptures in
the loading process, so the b-value is high. Granite has various
large-sized mineral grains and defects; more large-scale fractures
will be generated during the whole loading process, so the
b-value is low. Limestone contains a large number of joints
during deposition and ruptures mainly along these joints, which
would generate more large-scale ruptures, so the b-value of it
is the lowest. Therefore, the b-value of the rock is inversely
proportional to the size of its fracture scale.

Peak Frequency Distribution
Generally, earthquake signal frequency is below a few Hertz,
and microseismic signal frequency ranges from a few Hertz
to thousands of Hertz, while AE signal frequency is between
several thousand Hertz and a number of megahertz [43]. In
fact, many previous studies have shown that frequency is an
important parameter to characterize the elastic wave [2–34]. For
AE of rocks, different types of sources produce different scales of
fracture, which release the AE signals with different frequencies.
The signals generated by large-scale cracks contain significant
low-frequency components, and the signals generated by small-
scale cracks contain significant high-frequency components. In
spectra analysis, peak frequency is an important parameter
to analyze the spectral characteristics of signal, which is the
frequency of the maximum energy spectrum, and can be
approximately regarded as the main frequency of the signal, and
the source type can be recognized by analyzing the value of
peak frequency.

The peak frequencies of the four rock types mostly present
the zonal distribution feature as shown in Figure 4. These
signal peak frequencies mainly distribute in the range of 0–
100, 100–300, and 300 kHz and above, and the proportion
of each frequency band is listed in Table 1. Under splitting
loads, the rock samples are dominated by tensile cracks, and
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FIGURE 4 | Peak frequency distribution with loading time. (A) is the peak frequency distribution and corresponding density contours of granite; (B) is the peak

frequency distribution and corresponding density contours of limestone; (C) is the peak frequency distribution and corresponding density contours of the peak

frequency distribution with loading time of sandstone; (D) is the peak frequency distribution and corresponding density contours of the peak frequency distribution

with loading time of marble.

tensile cracks are characterized by spectra with a rapid decay
in high frequency, whereas shear sources are characterized
by a broader spectra and a lower decay [11, 14, 44, 45];
this indicates the presence of more high-frequency content
in the spectra of signals generated by tensile cracks. Besides,
in the Brazilian split test, rock samples will split along
axial center surface, which greatly reduces the probability of
fracture along the internal discontinuous planes joints, in
which the AE signals are mainly generated by the separation
of mineral particles on the splitting surface. These smaller
scale fractures usually release AE signals with high frequency.
Therefore, for granite, marble, and limestone, the signal peak
frequencies larger than 300 kHz are in the majority, whereas
for sandstone, the high frequency component of AE signal
will be greatly attenuated due to high porosity [46–49], thus
resulting in relatively larger proportion of low frequency signals
being collected.

Micromorphology of Split Surface
After the loading test, the FEI Quanta-200 was used to conduct
fracture surface scanning. The rupture morphology of granite is
mainly composed of three patterns, as shown in Figures 5A–C,
according to the following energy spectrogram. The morphology
of Figure 5A is derived from quartz mineral grains, showing
smooth planar surfaces and shear sliding marks, while the
morphology of Figures 5B,C is derived from k-feldspar mineral
grains, showing noticeably rugged surfaces. It can be clearly
seen in Figure 1 (top lift) that there is a variety of coupling
among mineral grains, as well as defects or voids within a single
mineral particle, which determines the macroscopic physical
properties of rocks. The integrity of quartz and plagioclase is
better when k-feldspar has laminar fragmentized structure and
its layer-to-layer is attracted by the coulomb force with relatively
weak potassium ionic bond [1], all of which greatly reduces
the strength of k-feldspar. For k-feldspar, the resulting fracture
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TABLE 1 | Distribution percentage of AE peak frequency for four rock types under Brazilian split test.

Rock types Sample codes Peak frequency band (kHz)

<100 100–300 ≥300

Granite G1 4.00% 32.09% 77.95%

G2 5.77% 36.18% 70.95%

G3 8.50% 20.93% 69.98%

Average 6.09% 29.72% 72.96%

Marble M1 13.48% 19.34% 75.56%

M2 10.49% 13.95% 75.03%

M3 419.74% 8.02% 72.24%

Average 10.52% 27.28% 74.28%

Sandstone S1 79.19% 6.91% 13.93%

S2 76.36% 12.41% 11.23%

S3 69.63% 15.69% 14.65%

Average 75.06% 11.67% 13.27%

Limestone L1 18.17% 31.91% 50.66%

L2 49.56% 23.84% 26.60%

L3 8.36% 46.58% 45.06%

Average 25.36% 34.11% 40.77%

surface morphology when the direction of stress is vertical to
the laminar plates is shown in Figure 5B, namely, the laminar
pattern, whereas the morphology of when the direction of stress
is parallel to the plates is shown in Figure 5C, namely, flaky
patterns. The microscopic fracture characteristics of the rock
samples depend on the number and distribution of weak mineral
particles under stress [23], and the fracture is more likely to
occur in weak mineral particles. For granite in this experiment,
k-feldspar belongs to the typical weak mineral grains and the
internal microfracture within the samples subjected to splitting
loads occurs more easily in k-feldspar mineral grains, which
is also the reason why morphology in Figures 5B,C can be
often observed. Compared with k-feldspar, there are also obvious
discontinuity surfaces in quartz mineral grains; the cracks in
quartz will propagate along its internal discontinuity surfaces
or boundaries in a tensile failure manner. The smooth and flat
surfaces, a special feature of quartz, are frequently observed and
shown in Figure 5A [30, 34]. Meanwhile, the samples will be
split along their center of loading direction under Brazilian split
loads. The opportunity of the main cracks propagating through
the quartz mineral grains is larger due to its main mineral
components within granite, so the micromorphology of quartz
is frequently observed as shown in Figure 5A.

Generally, marble has a typical granular crystalloblastic
texture, as shown in Figure 1 (top right), containing large
amounts of dolomite mineral grains and a small amount
of calcite mineral grains and with dolomite and calcite
granules being closely related mosaic crystal structures. The
microfracture morphologies, as shown in Figures 6A,B, are
derived from dolomite and calcite particles, respectively.
Because dolomite and calcite have similar crystal structures
and the crystalline form belongs to the rhombohedral crystal
system, gathering with massive and granular patterns, their

morphologies are also similar, as shown in Figures 6C,D.
Due to the closely related mosaic of dolomite and calcite
after metamorphism, whether the cracks propagate between
mineral grains or along the internal boundary, smooth
crystal boundary surfaces are all frequently observed
as shown in Figures 6A,B. Furthermore, there is also a
common polysynthetic twinning in calcite as shown in
Figures 6B,D.

Red sandstone is composed of numerous small-grained
particles, so the bonding strength among grains is lower and its
gap is larger. The internal microfracture of samples subjected
to splitting loads occurs mainly in the cementation region of
granules, and the rugged and rough surfaces will be formed by
the separation of the cementations; therefore, the “candy shape”
morphology is frequently observed in Figures 7A,B.

The limestone used in this experiment is bioclastic limestone
and consists of small-grained calcium carbonate and bioclast.
Its structure is dense and contains a small number of
granular calcite veins and a large number of discontinuities
during deposition, as shown in Figure 1 (bottom right). The
microfracture morphologies of the samples subjected to splitting
loads are mostly observed as shown in Figure 8A, which are
mainly the separation of the calcium carbonate cementite and
also the apparent separation of the discontinuous surface of
calcium carbonate cementite. and there is a secondary cracks
(SC) on the fracture surface shown in Figure 8B. In addition,
if the fracture surface occurs in granular calcite veins, it
will have the morphology shown in Figure 8C, showing a
typical rupture feature of calcite and there are smooth steps
with streamline patterns on the fracture surface shown in
Figure 8D.

Rock AE signal frequency has a close relationship with its
internal crack scale, by constructing the relevant earthquake
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FIGURE 5 | Scanning electron miscroscope (SEM) photos of the fracture surfaces for granite under the Brazilian split test (A), most of fracture surfaces have clear

inter-granular cracks and shows “smooth planar” morphology of quartz, (a) energy spectrogram corresponding with (A). (B) This is a typical transgranular crack

surface and shows “sidestep” morphology of k-feldspar, (b) energy spectrogram corresponding with (B). (C) There are intergranular and transgranular cracks and

shows “stack-up” morphology of k-feldspar, (c) energy spectrogram corresponding with (C).
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FIGURE 6 | SEM photos of the fracture surfaces for marble under the Brazilian split test. (a,b) The energy spectrogram corresponding with the black square in (A,B)

and its mineral composition is dolomite and calcite, respectively; (C,D) represents the high magnification morphology of the black square in (A,B), respectively.
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FIGURE 7 | SEM photos of the fracture surfaces for sandstone under the Brazilian split test. (B) is an inter-granular fracture surface which is amplified in black square

for (A) and shows “candy” shape.

model and simulating the earthquake process in the laboratory.
It is concluded that the rupture scale (or magnitude) M0 is
proportional to the −3 power of the frequency f. The scaling
relation of size-frequency can be used to estimate the scale
of the source of different frequency signals [12, 48, 49], and
the relationship between source scale and frequency can be as
follows [50]:

dL × fL ≈ dV × fV (4)

where dL is the laboratory length, fV is the laboratory frequency,
dV is the source dimensions, and fV is the source dimensions.

The rock samples will be split along the center surface under
Brazilian splitting loads, according to the above morphology.
The cracks within rock samples mostly propagate along the
grain boundaries or its internal discontinuous surfaces. On
the one hand, the fracture scale is smaller due to its small-
grained particles; on the other, it is accepted that AE signals
exhibit a higher frequency in tensile mode compared with a
lower frequency in shear mode [51–55], so the AE signals
are dominated by high frequency signals under splitting
loads. Moreover, the fixed rupture surface under Brazilian
splitting loads reduces the opportunity of fracture along large-
grained discontinuous surfaces, thus reducing the chance of
producing low frequency signals. As mentioned above in the
“Peak frequency distribution” section, the AE signals with
peak frequencies of 100–300 kHz and over 300 kHz are in
the majority, and the proportion of the signals with peak
frequency of more than 300 kHz accounted for more than
50%. The signals with over 300 kHz are derived from the
rupture of fracture dimension of < 2.5mm based on the
above equation, so the high frequency signals are mainly from

the fracture of grain boundaries or grains whether in granite,
marble, sandstone, or limestone. Lower frequency signals are
mainly generated by large scale discontinuous surfaces within
rock samples. For sandstone, however, the high frequency
signals are also from the fracture of small-scale mineral
grains, but the attenuation of elastic wave becomes greater
due to higher porosity of sandstone. The attenuation of high
frequency signal becomes faster in the sandstone medium, so
AE signal frequency is mostly < 100 kHz. The micro-fracture
characteristics of four type rocks under Brazilian split test are
listed in Table 2.

CONCLUSIONS

The b-value of marble is the largest followed by sandstone,
granite, and limestone, mainly determined by their
compositions and internal structure. It was found in the
microscopic morphology analysis that marble contains
a large number of small mineral particles, and between
dolomite and calcite granules are closely related mosaic
crystal structures. Sandstone is composed of fine-grained
particles and seldom has large size discontinuities, which
account for a high proportion of small-scale ruptures.
Granite has various large size mineral grains and defects
or voids. Limestone contains a large number of joints
during deposition, which would generate more large-scale
ruptures. All of the above facts indicate that heterogeneity
and internal structure of the rock material influence the
G-R relationship.

Because the rock samples are subjected to tensile force of
expansion under splitting loads, the cracks within samples
always propagate along the weak surface. Due to gap or
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FIGURE 8 | SEM photos of the fracture surfaces for limestone under Brazilian split test. (A) Secondary Cracks (SC) on the fracture surface; (B) inter-granular and

trans-granular cracks; (C) coarse sidesteps on fracture surface; (D) smooth steps with streamline patterns on the fracture surface.

filled impurities between grains and grain boundaries, the
strength of discontinuous surfaces will be greatly weakened,
and these small-scale discontinuities will first be separated
under the tensile stress, which also determines the macro-
mechanism of rocks. Whether the separation of mineral grain
boundaries or internal discontinuous surfaces, these fractures
are all extended along the grain boundary. Therefore, rock
samples show more preference for intergranular cracking from
microlevel under the tensile stress, which is also the reason
why the smooth fracture surfaces occur commonly in the
microscopic morphologies of this paper. Because the length of
cracks along the grain boundaries are small, a large number of

higher frequency signals are generated. In addition, the fixed
rupture surface under splitting loads reduces the opportunity
of fracture along large-grained discontinuous surfaces, thus
reducing the chance of producing low frequency signals.
Therefore, large amounts of small-scale fractures along the
fixed rupturing surface in the rock split loading test led to
the collected AE signals being dominated by high frequency
waveforms. It is notable that, due to the high porosity of
sandstone, the attenuation of elastic wave is greater and the
signal with high frequency is difficult to be collected by AE
sensors, thus resulting in a relatively small proportion of high
frequency signals.
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TABLE 2 | The micro-fracture characteristics of four type rocks under Brazilian split test.

Rock types Mineral

compositions

Morphology

features

Predominant

micro-

mechanism

Peak frequency

(kHz)

Granite Quartz Discontinuous

surface smooth

planar stack-up,

sidestep

– 100–300

IG ≥300

K-feldspar

Marble Dolomite Smooth plane IG ≥300

Calcite Polysynthetic

twinning

Sandstone Quartz Candy shape IG ≥300

Limestone Granular-calcite Ooid shape IG ≥300

Blocky-calcite Discontinuities – 100–300
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Investigation on the Settlement of High
Rockfill Embankment Using
Centrifuge Tests
Hong Jun Jing1*, Ming Jie Gou1, Yan Qing Zhang1 and Ki-IL Song2

1School of Architecture and Civil Engineering, Xi’an University of Science and Technology, Xi’an, China, 2Department of Civil
Engineering, Inha University, Incheon, Korea

To study the deformation behavior of the high rockfill (HRF) embankment during
construction and operation, based on more than a 50-m high rockfill embankment of
the second-class road reconstruction project from Xunyang to Ankang of the national road
316 in Shaanxi, China, the centrifuge model test was performed to study the deformation
laws of HRF embankment. The test results showed the following: (i) the HRF embankment
was stable during construction and operation; (ii) during construction, the settlement
occurred at the embankment top, and uplift occurred at the slope foot. Moreover, the
deformation at the top was greater than that at the slope foot, and the deformations at both
the top and the slope toe reached the maximum value at the end of construction; (iii) during
operation, the settlement at the embankment top continued, and it changed rapidly at the
start of operation. And then, the rate of the settlement slowed down and reached a steady
state finally. The deformation of the slope foot was very small. This study can provide basis
and reference for the design and construction of a similar project in mountain areas.

Keywords: road engineering, high rockfill embankment, centrifuge tests, settlement, long term deformation

HIGHLIGHTS

A model of the HRF embankment was established based on the actual project.
A centrifuge test was performed to simulate the construction and operation of the HRF
embankment.
The deformation laws of the HRF embankment during construction and operation were obtained.

INTRODUCTION

When building a road inmountainous areas, due to lack of adequate soil fillers, rock ballast generated
by excavation of road cutting and tunnels becomes the main roadbed fillings [1]. High rockfill (HRF)
embankment that makes full use of the excellent properties of wasted slag, reduces the damage of
slags to the ecological environment, and resists the geological disasters to ensure the travel security
has become a more common form of the roadbed for high-grade highways in mountainous areas.
However, the uneven settlement of the rockfill embankment, in particular the HRF embankment, has
been one of the subjects that road builders need to pay attention to.

Therefore, scholars at home and abroad have done a lot of research on the subgrade settlement.
Some scholars have shown considerable interest in the laws of roadbed settlement and deformation
by means of experiments. The deformation characteristics of high embankment were studied
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through centrifuge tests with an airport in Southwest China as the
engineering background [2]. The centrifuge test was used to study
the settlement laws of loess high-filled under different boundary
conditions (flexibility and rigidity) [3]. Jing et al. [4] took the 69-m
high loess embankment of the Lanzhou–Haishiwan expressway in
109 National Highway as the background of the study, and used
centrifuge tests to study the distribution laws of settlement along
the height, the longitudinal, and the transverse of the high
embankment. A set of centrifugal model tests were used to
verify the suitability of the embankment with red-bed soft rock
(the general name of Jurassic, Cretaceous purple-red, brown-red
sandstone, mudstone, and shale interbedded strata with strength
within the soft rock range). Meanwhile, a series of centrifuge tests
were carried out on the soil-rock–filled roadbed with different
water contents, different degrees of compaction, and different
particle compositions to study the settlement and deformation
behaviors of the soil-rock–filled roadbed [5]. The settlement
deformation characteristics of the high fill embankment were
developed under different designed dry densities and water
contents through centrifuge tests [6,7]. Kohgo et al. [8] studied
the influences of water level variation on the stability of rockfill
embankment in reservoir areas by using a centrifugal model. But
the results are affected by the rockfill parameters. A series of
dynamic centrifugal model tests were conducted to explore the
influences of water level, embankment height, slope height,
compaction degree, and rockfill on the anti-seismic properties
of embankment [9].

At the same time, the subgrade settlement laws had been
predicted by some scholars using prediction models. Based on
the combined prediction idea, a method of variable weight
combination forecasting was proposed for various common
prediction models, which can be used to predict the
development of subgrade settlement with the limited
settlement data [10]. Jing et al. [11] took advantage of the
settlement data of the loess high embankment of the
Lanzhou–Haishiwan expressway as the study sample, and
adopted the GM(1,1) (gray theoretical prediction model)
with modified nonuniform filling and unequal step
settlement observation time to carry out the settlement
prediction of the loess high embankment. Based on the gray
theory, an equal-length gray differential equation was
established for the settlement and used the optimization
theory to predict the settlement of the HRF embankment
[12]. With considerations to characteristics of soft soil and
various geometric parameters of the embankment, a method
was proposed to predict settlement deformation of embankment
under loads by using the artificial neutral network system. This
approach is highly applicable to soft soil foundation [13].
Miščević et al. [14] developed a calculation model to predict
the additional settlement of the embankment caused by
alteration of rock-fill and expanded the knowledge range on
settlement deformation of the embankment for solving the
additional settlement of the embankment caused by the
worsening of soft rock-fill. Based on the hardening soil
model, the elastic-plastic model of double-yield surfaces was
improved and the settlement of the HRF embankment during
the construction period was simulated [15].

Nevertheless, based on the existing theoretical and constitutive
models, the subgrade settlement methods and laws have been
studied more widely. Based on the stratified summation method,
the settlement calculation of the subgrade and HRF embankment
were analyzed separately [16], and with the help of the settlement
observation data of the project, they proposed a calculation
method for post-construction settlement of HRF embankment.
The settlement laws, lateral displacement, and stability of HRF
embankment during construction of the Mazhu Expressway were
studied by numerical simulation [17]. A three-parameter
constitutive model was proposed to describe the creep
properties of rock-fills by regarding the fillers as a viscoelastic
medium. On this basis, the genetic algorithm and finite element
analysis was introduced, and an optimized inversion method was
established to determine the parameters of the three-parameter
constitutive model. The post-construction settlement analysis
was carried out with an engineering example [18]. Based on
the monitoring results of post-construction settlement of Lüliang
Airport high fill foundation, Zhu et al. [19] analyzed the post-
construction settlement components of the original foundation
and building body and the causes of the uneven settlement and
proposed a method of recursive analysis of the post-construction
settlement based on the strain rate.

The settlement mechanism of the HRF embankment was
developed based on the deformation characteristics of fillings
[20]. A modified Duncan–Chang model was proposed that can
consider both shear deformation and compression deformation
to calculate subgrade settlement [21]. Zhang et al. [22] proposed a
practical method to predict the subgrade settlement with long-
term traffic loadings, based on the theory of the equivalent
viscoelastic-plastic model.

As a result, it is clear that the current research findings of the
subgrade settlement primarily focused on soil embankments
using theoretical derivation, numerical simulation, and
settlement prediction models. In order to analyze the stability
of the HRF embankment during the construction and the long-
term operation, and broaden the knowledge range of the HRF
embankment, this study based on the section from K21 + 350 to
K21 + 541.751 of the HRF embankment of the second-class road
reconstruction project from Xunyang to Ankang of the national
road 316 in Shaanxi, China, the centrifugal model test was carried
out to explore the deformation behavior of the HRF embankment
during the construction and operation. This study would provide
reference for the construction and stability analysis of HRF
embankment in the Qinba mountain district.

RESEARCH BACKGROUND

Engineering Background
There were two initial spoil grounds designed in the second-class
highway reconstruction project from Xunyang to Ankang of
national highway 316 in Hanbin District. The initial design
capacity of waste slag was about 28.6 km3, of which
91.837 km3 was spoil and 188.728 km3 was abandoned stone,
which resulted in the need of ground of 47.69 acres to stack up the
dregs temporarily. There are many house-intensive villages along
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the engineering. Meanwhile, there are mountains on the right and
the Han Jiang River and the Xiangyu Railway on the left of the
engineering, respectively.

However, the original construction drawings of spoil ground
were narrow and steep, and the annual runoff and land occupied
were large in the region. Therefore, the construction units
proposed to turn the Zhoujiahe Bridge at K21 + 443 into the
HRF embankment with lots of waste slags, which could make well
use of the terrain to reduce the damage caused by slags. And
including the following advantages (i) save land effectively, which
reduce the difficulty of land acquisition, (ii) protect water quality
of the Han River to ensure the safety of residents, and (iii) the
potential risks in the railway operation to speed up progress of the
project. It is worth noted that the roadbed width of the project
from K21 + 350 to K21 + 541.751 designed HRF embankment is
only 8.5 m in the original design. Given that the subgrade will be
widened in the future, so the width of roadbed was being built up

to 12 m by wide each side of the road about 1.75 m. Consequently,
related parameters of the project from K21 + 350 to K21 +
541.751 are listed as the following: the maximum filling height of
the subgrade center was 37.2 m, and the maximum height of the
slope was 50.6 m. Three slopes were built with the slope rate 1:1.5,
1:1.75, and 1:2, respectively, at the height of 8, 12, and 20 m,
respectively, and the width of all platforms was 3 m. The slope
rate of the fourth slope was 1:2. Simultaneously, the lithologic
nature of the foundation base from upper to lower is silty clay,
strong weathered quartz schist, and middle weathered quartz
schist, respectively, according to the geological survey. Based on
the engineering background, settlement of the HRF embankment
will be further studied in the following section.

Model Design
The actual profile of K21 + 460 as the objective in this study was
shown in Figure 1. In view of the actual K24 + 460 profile is too

FIGURE 1 | Practical K21 + 460 sectional view (mm).

FIGURE 2 | Experimental model (mm).
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complex for experimental research, some simplification was listed
as the following: i) the small steps on the surface of the basement
under the embankment were merged, ii) the boundary on the
right of the model was extended to the shoulder of the old road,
and iii) the footwall on the left of the embankment was removed.
Figure 2 shows the final experimental model.

According to “specification for geotechnical centrifuge model
test techniques [23],” the geometric similarity scale of the model
was determined to be 1/200 because the interface span is too large.
Meanwhile, the NHRI-400 gt centrifuge centrifugal acceleration
was determined to be the maximum centrifugal acceleration of
200 g. Table 1 shows the similarity rates of other physical
quantities.

MATERIALS AND METHODS

Raw Materials
The fillings of the HRF embankment consisted of sericite quartz
schist and loess, which are introduced as follows. Figure 3 shows
the raw materials of rockfill embankment fillers.

Sericite Quartz Schist
The engineering was built along the natural slope of 15–60° on the
left bank of theHan Jiang River, and the physiognomy belongs to the
first terrace of the Han Jiang River. The overburden mainly consists
of Quaternary alluvial deposits and residual slope deposits. And the
underlying bedrock is sericite quartz schist, limestone, and siliceous
slate of the Silurian Meiziya Formation. Therefore, the fillers of the
project from K21 + 350 to K21 + 541.751 are sericite quartz schist
with quality grade class of III and not easily softened. The space
between the rocks was filled with loess. According to the report of
engineering geological exploration, uniaxial saturation compressive
strength of the rock meets the requirements of subgrade filling [24].
As a result, the rock can be used as roadbed fillings on the premise of
crushing and rolling.Table 2 presented detailedmaterial mechanical
parameters. Based on the sizes of the model box, the maximum size
of the stone was 40 mm.

TABLE 1 | Physical quantity similarity ratio of the centrifuge model.

Physical quantity Dimension Similarity ratio

Length L 1:200
Area L2 1:2002

Volume L3 1:2003

Water content — 1:1
Density ML−3 1:1
Unit weight ML−2T−2 200:1
Angle of internal friction 1:1
Deformation coefficient ML−1T−2 1:1
Permeability coefficient LT−1 200:1
Quality M 1:2003

Displacement L 1:200
Consolidation time T 1:2002

FIGURE 3 | Raw materials of rockfill embankment fillers.

TABLE 2 | Material mechanical parameters of sericite quartz schist.

Index Parameters

Density (g/cm3) 2.65
Mean value of uniaxial compressive strength (MPa) 23.8
Mean value uniaxial saturation compressive strength (MPa) 17.0
Softening coefficient 0.71

FIGURE 4 | Paving and compaction of the fillers.
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Loess
The loess was taken from the construction site and was disposed
by paving, drying, rolling, and sifting.

Water
Tap water was used as the mixing water.

Fillers Preparation
The raw materials of the embankment fillers were
homogeneously mixed using a mixer (Figure 3). Based on the
main purpose, contents of stone were identified as accounting for
30% of the total mass. Based on experience, the moisture content
of 13.2% is the optimum moisture content for this soil, when
water was added to the clay for mixing. Simultaneously, at this
moisture content, the soil is most compacted. Finally, the filler
was sealed for about 24 h.

According to the mass and volume of the model, the
compaction density of the mixture was determined at
about 2.32 g/cm3. The moisture content was about 9.74%
obtained by conversion of the proportion of soil to stone.
The dry density was obtained by conversion of the
compaction density and moisture content, which was
about 2.11 g/cm3.

Experimental Process
(1) The fillings were spread evenly in the model box and
compacted in layers; the layer between layers was treated with
napping, and the thickness of the paving layer was not more than
50 mm (Figure 4).

(2) The model was hoisted into the centrifuge hanging basket
platform, and the designed gravity acceleration of 200 g was
applied to it for about 0.5 h to recover the self-weight stress
field of the soil.

(3) According to the design data, the model was cut to form a
model of the HRF embankment, and the deformation meshes
were drawn in the model section (Figures 5, 6). Figure 5 shows,
according to the design data, that the model was cut to form a
model of the HRF embankment before the test. In order to
prevent the surface of the soil from cracking due to water loss
during a long-term test, a layer of silicone oil was brushed on the
surface of the soil. Then, an organic glass and a laser displacement
sensor were installed.

(4) After the silicone oil was completely dried, the model was
weighed and hoisted into the centrifuge hanging basket platform;
the laser displacement sensor was connected to the data
acquisition system, and the centrifuge counterweight was
adjusted.

(5) The centrifuge was turned on, and the centrifugal
acceleration reached to 200 g in 396 s and continued to
operate for about 3 h and 20 min. During the test, the laser
displacement sensor was used to record the deformation of
slope foot and pavement of the HRF embankment.

(6) The centrifuge was stopped and the coordinates of the
deformed grid nodes were measured (Figure 7), and the test
ended. The data acquisition system was working until the end of
the test. The construction period of 6 months and the operation
period of 15 years were simulated in this experiment.

Test Setup
As illustrated in Figure 8, a 400 gt geotechnical centrifuge of the
Nanjing Hydraulic Research Institute (NHRI) was used to
perform the centrifuge test. Table 3 shows the main technical
indexes of it. However, the geotechnical centrifuge setup also
included a model box, a system of data acquisition, and sensors.

FIGURE 5 | Cutting of the model soil layer.

FIGURE 6 | Model of HRF embankment (before test).

FIGURE 7 | Model of HRF embankment (after test).
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The type of measuring instrument has a great influence on the
results of the laboratory and field test [25]. The sensors that can
be used to measure embankment displacement include strain
gages and LVDTs, which are used in displacement measurement
with high-precision requirements [26,27]. Considering the large
running speed of the centrifuge, the sensor (Figure 9) used in the
centrifuge model test is an ideal noncontact high-precision laser

FIGURE 8 | NHRI-400 gt centrifuge.

TABLE 3 | Main technical indexes of the NHRI-400 gt centrifuge.

Key index Performance

Load capacity 400 g-ton
Radius of the turning arm 5.50 m (from the hanging basket platform to the rotary center)
Maximum centrifugal acceleration 200 g
Internal sizes of the model box 1,100 mm (long) × 200 mm (wide) × 700 mm (high)

FIGURE 9 |High-precision laser displacement sensors used to measure
the top of the embankment deformation.

FIGURE 10 | Deformation curve of the toe and pavement during
construction and operation.
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displacement sensor (Wenglor YP11MGVL80), with a range of
50 mm and an accuracy of 20 μm. Sadeghi and Esmaeili et al.
[28–30] gave a detailed introduction to the specifications of more
test measuring instruments.

RESULTS AND DISCUSSION

Results of Test
During construction and operation, the overall deformation of
the slope foot and pavement of the HRF embankment was
presented in Figure 10. During the operation period, the
deformation of the slope foot and pavement was presented in
Figure 11. Before and after the test, the coordinates of the
deformation grid node in Figures 8, 9 were measured, and the
deformation vector field of the soil was drawn, as shown in
Figure 12.

Analysis of Results
It can be clearly seen from Figure 10 that 1) for the HRF
embankment, the settlement of top was not only considered in
the construction period but also in the operation period; the
deformation of the slope foot was mainly in the construction
period, and the deformation of post-construction was small; 2)
during the construction period, the settlement of the top occurred,
at the same time, uplift of the slope foot occurred, and the settlement
was greater than the uplift. At the end of the construction period,
the deformation both at the top and at the slope foot has reached the
maximum value, and 3) during the operation period, the settlement
at the top continued, while the deformation of slope foot was small,
but the law of deformation was complicated.

During the construction period (Figure 10), the settlement of
the top was increasing with the increase in the filling height.
When the progress of filling was completed, the settlement
deformation at the top was about 212 mm, comparatively, the
deformation law of the slope foot was a bit complicated, but it
basically showed the law that increases with the settlement
development of the top; at the end of filling, when the

settlement of the top become the maximum, the uplift of the
slope foot reached the maximum and was about 169 mm. The
uplift at the slope foot of the embankment was less than the
settlement at the top.

During the operation period (Figure 11), the law of the
settlement at the top of the embankment was obvious: 1) in the
initial period of operation, the variation of settlement was large and
about 106 mm that occurred in two years; 2) from the second year
to the fifth year, the settlement changed from about 108 mm to
about 154 mm and increased by about 46mm in 3 years, which
should be seen as the rate of settlement had slowed down
significantly; 3) from the fifth year to the fifteenth year, the rate
of settlement with time was basically stable. The settlement
changed from about 154 mm to about 253 mm and the average
annual settlement was about 9.8 mm; 4) on the whole, after
operation of fifteen years, the settlement at the top of the
embankment was about 253 mm, of which about 42% occurred
in the first two years, and the settlement in the first five years
accounted for about 61% of the total, and in the following 10 years,
the rate of settlement deformation tended to be stable. For the slope
toe, the law of deformation was complicated. And from official
operation to the fifth year and six months, the performance was
settlement deformation and the maximum was about 21 mm;
subsequently, the tendency of deformation showed as repeated
uplift and settlement, but the overall trend was uplift and the
maximum was about 34 mm. The data would indicate that the
HRF embankment was stable during the long-term operation.
Those findings in this study have a good agreement with [2, 4]
in which the total settlement during the operation period increased
with time, but the rate of change gradually decreased.

It should be noted that the simulation of filling progress in
centrifuge tests is different from the construction of actual
engineering. In centrifuge tests, the progress of embankment
filling is simulated by increasing the centrifugal acceleration step
by step, and at the end of construction, the settlement results in
the elevation of the top of embankment lower than the design
value. Therefore, the test results of the settlement of the top of
embankment can be used as a basis to calculate the extra
earthwork in the practical project, and accordingly, the results

FIGURE 11 | Deformation curve of toe and embankment during long-
term operation.

FIGURE 12 | Deformation vector field of the soil profile.
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of uplift of the slope foot can be used as a basis to calculate the
extra excavated volume in practical engineering.

Through the deformation vector field of the model
(Figure 12), we can see intuitively that for the deformation of
the slope foot, the impact of construction and long-term
operation of the HRF embankment, both from the value of
deformation and the scope of deformation, was very limited,
and it would not affect the stability of the slope foot and the
adjacent railway and water area.

CONCLUSION

To analyze the stability of the HRF embankment during the
construction and the long-term operation, and broaden the
knowledge range of the HRF embankment, the centrifuge
model test was carried out based on the actual project to
explore the deformation behavior of the HRF embankment
during the construction and operation. Although there is a
similarity to a certain extent for centrifuge tests, it still plays
an important role in guiding practical engineering. According to
the above result analyses, the following conclusions can be drawn:

(1) For the HRF embankment, the settlement at the top of
embankment had always existed both in the construction period
and long-term operation period. While the deformation of the
slope foot occurred mainly during the construction period, and
the deformation of post-construction was small.

(2) During the construction period, the deformation of
embankment was the settlement and the deformation of slope
foot was uplift, and at the end of the construction, the settlement
at the top of the embankment reached the maximum value, and
the uplift of the slope toe reached the maximum value.

(3) During the long-term operation period, the settlement at
the top of the embankment kept on increasing, and at the initial
stage of operation the settlement changed faster. And then, the
rate of settlement slowed down gradually and tended to stability.
For the slope foot, the law of deformation was complicated, which
showed the trend of settlement-uplift-settlement-uplift-
settlement. However, the deformation of slope foot during
operation was only in the range of about -21 mm
(settlement)∼34 mm (uplift), indicating that the operation of
the engineering has a small impact on the stability of the
slope foot.
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14. Miščević P, and Vlastelica G. Estimation of Embankment Settlement Caused
by Deterioration of Soft Rock Grains. Bull Eng Geology Environ (2019) 78(3):
1843–53.

15. Sukkarak R, Pramthawee P, and Jongpradist P. A Modified Elasto-Plastic
Model with Double Yield Surfaces and Considering Particle Breakage for the
Settlement Analysis of High Rockfill Dams. KSCE J Civ Eng (2017) 21(3):
734–45. doi:10.1007/s12205-016-0867-9

16. Cao XR, Zhong SB, Yu YH, and Li L. Study on Settlement of High Fill Rock
Embankment after Construction and its Engineering Algorithm. J Hunan Univ
(Natural Science) (2002) 29(6):112–7.

17. Yang B, Wang B, Zhu JB, and Li C. Computational Analysis of Settlement and
Stability of a High Rockfill Embankment in Construction Period of Ma-Zhu
High Way. Transportation Sci Techn (2016)(1) 79–82.

18. CaoWG, Li P, and Cheng Y. Research of Creep FEM in Calculating Settlement
of High Rock- Filled Embankment after Construction and its Back Analysis.
Rock Soil Mech (2005) 26(S):175–8.

Frontiers in Physics | www.frontiersin.org August 2021 | Volume 9 | Article 5479918

Jing et al. Settlement of High Rockfill Embankment

209

https://doi.org/10.17559/tv-20191216092415
https://doi.org/10.3208/sandf.50.227
https://doi.org/10.1016/j.sandf.2015.06.013
https://doi.org/10.1007/s00521-013-1449-0
https://doi.org/10.1007/s12205-016-0867-9
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


19. Zhu CH, Li N, Liu MZ, and Wei YF. Spatiotemporal Laws of Post-
Construction Settlement of Loess-Filled Foundation of Lüliang Airport.
Chin J Geotechnical Eng (2013) 35(2):293–301.

20. Xie YZ, Yang CZ, Xia XQ, Cheng YP, and Ren WB. Study on Settlement
Mechanism of High Rockfill Embankment. J Highw Transportation Res
Develop (Applied Technology) (2008)(3) 28–31.

21. Cao XR, Zhao ZY, and Zhao MH. Study on Settlement Calculation Method for
Subgrade of High Rockfill Embankment. J Highw Transportation Res Develop
(2005) 22(6):38–42.

22. Zhang XX, Zhang JM, and Wen YF. Practical Method to Predict Settlement of
Subgrade Induced by Long-TermTraffic Loads. Chin J Geotechnical Eng (2015)
37(11):2067–72.

23. Specification for Geotechnical CentrifugeModel Test T. echniques (DL/T 5102-
2013). Beijing: China Electric Power Press (2014)5–16.

24. Wu YH. Highway Subgrade Design Code" JTG D30-2015 Phase I Evangelist
Will Be Successfully Held in Guangzhou. Standardization Eng Construction
(2015)(5) 70.

25. Zakeri J, Hassan EsmaeiliM,Mazraeh A, and ShadfarM. Impact ofHeavy Urban
Rail Vehicles Running over Light Rail Turnouts. Proc Inst Mech Eng F: J Rail
Rapid Transit. (2021) 235(3):300–12. doi:10.1177/0954409720924308

26. Sadeghi J, Liravi H, and Esmaeili MH. Experimental Investigation on Loading
Pattern of Railway concrete Slabs. Construction Building Mater (2017) 153:
481–95. doi:10.1016/j.conbuildmat.2017.07.025

27. Sadeghi J, Esmaeili MH, and Akbari M. Reliability of FTA General Vibration
Assessment Model in Prediction of Subway Induced Ground Borne Vibrations.
Soil Dyn Earthquake Eng (2019) 117:300–11. doi:10.1016/j.soildyn.2018.11.002

28. Sadeghi J, Esmaeili MH, Shadfar M, and Ashari Ghomi A. Influences of
Railway Track Geometry Parameters on Ground-Borne Vibration. Int
J Railway Res (2014) 1(1):11–8.

29. Sadeghi J, and Esmaeili MH. Safe Distance of Cultural and Historical Buildings
from Subway Lines. Soil Dyn Earthquake Eng (2017) 96:89–103. doi:10.1016/
j.soildyn.2017.02.008

30. Sadeghi J, and Esmaeili MH. Effectiveness of Track Stiffness Reduction in
Attenuation of Metro Induced Vibrations Received by Historical Buildings.
Lat Am J Solids Struct (2018) 15(11):e142. doi:10.1590/1679-78255252

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Jing, Gou, Zhang and Song. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org August 2021 | Volume 9 | Article 5479919

Jing et al. Settlement of High Rockfill Embankment

210

https://doi.org/10.1177/0954409720924308
https://doi.org/10.1016/j.conbuildmat.2017.07.025
https://doi.org/10.1016/j.soildyn.2018.11.002
https://doi.org/10.1016/j.soildyn.2017.02.008
https://doi.org/10.1016/j.soildyn.2017.02.008
https://doi.org/10.1590/1679-78255252
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover

	Frontiers eBook Copyright Statement
	Physics and Seismicity of Rocks

	Table of Contents
	Editorial: Physics and Seismicity of Rocks
	Author Contributions
	References

	Physical Characteristics of Section Coal and Rock Pillars Under Roof Shock Disturbances From Goaf
	Introduction
	Basic Assumptions and Model Establishment
	Engineering Background and Basic Assumptions
	Finite Element Model

	Response Characteristics of Coal Pillars Under Shock Disturbance
	Mechanical Analysis After Working Face Excavation
	Vertical Deformation Characteristics of Pillars Under Shock Disturbance
	Development Characteristics of the Plastic Zone in the Coal Pillar

	Physical Characteristics of Pillars Under Different Shock Disturbance Intensities
	Vertical Deformation of Section Coal Pillars Under Different Shock Disturbance Intensities
	Plastic Deformation Characteristics of Pillars Under Different Shock Disturbance Intensities

	Physical Characteristics of Pillars Under Different Shock Disturbance Frequencies
	Vertical Deformation of Pillars Under Various Shock Disturbance Frequencies
	Plastic Deformation Characteristics of Section Coal Pillars Under Various Shock Disturbance Frequencies

	Natural Vibration Characteristics of the Stope
	Conclusion and Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	A Constitutive Model for Cemented Tailings Backfill Under Uniaxial Compression
	Highlights
	Introduction
	Damage Variable
	Constitutive Model
	Determination of Model Parameters
	Uniaxial Compression Tests
	Characteristics of the Tailings
	Specimen Preparation and Experimental Equipment
	Model Parameters

	Results and Discussion
	Effects of Solid Content and Cement-Sand Ratio
	Verification and Comparison of the Constitutive Model
	Limitations and Future Work

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Coal Mine Abutment Pressure Distribution Based on a Strain-Softening Model
	Introduction
	Elastic-Plastic Strain-Softening Model
	Coal Deformation and Failure Characteristics
	Constitutive Model and Yield Criterion
	Elastic Deformation
	Plastic Deformation
	Flow Deformation


	Abutment Pressure Distributions
	Inelastic Mechanics Model
	Crushed Zone
	Plastic Zone

	Elastic Mechanics Model

	Parametric Analysis of Abutment Pressure
	Mining Depth
	Deformation Angle
	Peak Abutment Pressure Coefficient
	Friction Coefficient
	Cohesion
	Uniaxial Compression Strength
	Mining Height

	Verification
	Longwall Panel Location and Mining Conditions
	Selection of Experiment Location
	Abutment Pressure Measurements
	Comparison

	Conclusions
	Patents
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References
	Appendix

	Stress Evolution in Punch-Through Shear Tests: A Numerical Study Based on Discrete Element Method
	Introduction
	Numerical Preparation
	Calibration
	Numerical Model and Test Scheme

	Numerical Results And Discussions
	Comparison Between Numerical and Laboratory Results
	Stress Evolution in the Shear Process
	The Influence of Confining Stress on the Failure Characteristics

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References

	Factorial Experiment Study on the Mechanical Properties of Sandstone–Concrete Specimens Under Different Freeze–Thaw Conditions
	Highlights
	Introduction
	Experimental Program and Procedure
	Factorial Experiment
	Experimental Programs
	Experimental Model of Factorial Design
	Specimen Preparation and Test Process


	Results and Discussion
	The Influence of Different Freezing and Thawing Environment on UCS
	The Influence of the Interaction of Different Factors on UCS

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Aging Features and Strength Model of Diorite’s Damage Considering Acidization
	Introduction
	Laboratory Tests
	Preparation of Rock Specimens
	Experiment Content and Test Method
	Scanning Electron Microscopy Observation
	Triaxial Compressive Strength Experiment


	Chemical Damage Analysis
	Rock Surface Characteristics After Acidification
	Mass Damage After Acidification

	Laboratory Results and Discussion
	Calculation of Time Scale
	Characteristics of pH Change During Acidification
	Aging Characteristics of Mass Damage During Acidification
	Mechanical Damage Characteristics During Acidification
	Effect of Acidification Time on the Strength and Deformation
	Parameter Damage Characteristics During Acidification

	Mechanical Damage Model During Acidification
	Calculation of Corrosion Depth of Diorite During Acidification
	Strength Damage Model of Diorite During Acidification


	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Three-Dimensional Finite Element Modeling of Soft Rock Tunnel With Large Section: A Case Study
	Introduction
	Site Details
	Engineering Geology Condition
	Geo-Stress Test
	Deformation and Failure Characteristics
	Original Support Scheme and Current Support Scheme
	Original Support Scheme
	Current Support Scheme


	Three-Dimensional Numerical Analysis
	Model and Material Parameters
	Numerical Model Establishment

	Results
	Displacement Analysis
	Stress Analysis
	Gaopo Tunnel Deformation Control Technology
	Increase Support Structure Stiffness
	Improve Tunnel Section Shape
	Layered Support to Control Deformation
	Intensify Inverted Arch and Restrain Uplift

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Seismic Response Time-Frequency Analysis of Bedding Rock Slope
	Introduction
	Overview of Shaking Table Test
	Design and Manufacture of Slope Model
	Measuring Point Layout
	Loading Mode

	Seismic Response of the Bedding Rock Slope
	Acceleration Amplification Effect of the Slope
	Acceleration Response Spectrum of Slope
	Displacement Response of the Slope

	Seismic Response Time-Frequency Analysis
	Hilbert-Huang Transform
	Hilbert Spectrum Analysis
	Hilbert Marginal Spectrum Analysis

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Study of Sericite Quartz Schist Coarse-Grained Soil by Large-Scale Triaxial Shear Tests
	Highlights
	Introduction
	Experimental
	Experiment Equipment and Materials
	Experimental Design

	Results and Discussion
	Stress-Strain Relationship
	Deformation Characteristics
	Strength Characteristics

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Shaking Table Test on Dynamic Response of Bedding Rock Slopes With Weak Structural Plane Under Earthquake
	1 Introduction
	2 Overview of the Shaking Table Test
	The Parameters of the Shaking Table
	Design of Similar Systems and Similar Materials
	The Process of Making the Slope Model
	The Loading Conditions of the Test

	3 Acceleration Response of Bedding Rock Slope
	Acceleration Response of Slope Under Different Seismic Wave Amplitudes
	Acceleration Response of Slope Under Different Seismic Waves
	Difference of Acceleration Response Between Slope Surface and Slope Body

	4 Failure Mechanism of Bedding Rock Slope
	5 Conclusion
	6 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Limestone Acoustic Emission Evolution Characteristics Under Different Experimental Loading and Unloading Conditions
	Introduction
	Materials and Methods
	Rock Samples
	Experimental Procedure

	Acoustic Emission Localization of Limestone During Loading and Unloading
	Analysis of AE Characteristic Parameters Under Different Loading and Unloading Conditions
	Variation Characteristics of Ringing Count, Cumulative Hits, and Cumulative Energy
	Different Loading Rates
	Different Initial Stresses

	Variation Characteristics of Different Periods
	Step Characteristics of the Acoustic Emission
	Frequency and Amplitude Characteristics Under Different Loading and Unloading Conditions
	Different Loading Rates
	Different Initial Stresses

	Distribution Characteristics of AE Event Amplitude and Energy
	Different Loading Rates
	Different Initial Stresses


	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References

	Microscopic Failure Mechanism Analysis of Rock Under Dynamic Brazilian Test Based on Acoustic Emission and Moment Tensor Si ...
	Introduction
	Modeling Approach
	Brief Description of Discrete Element Method
	The Model of Split Hopkinson Pressure Bar for Dynamic Tension
	Microscopic Parameter Determined in the Simulation
	Acoustic Emission Definition in Dynamic Tensile Simulation
	Moment Tensor Calculation in the Dynamic Tensile Simulation

	Results of Acoustic Emission and Moment Tensor Simulation During the Dynamic Tension Failure of Rock
	Acoustic Emission and Moment Tensor of the Main Axial Crack Parallel to the Impact Direction
	Acoustic Emission and Moment Tensor of the Shear Failure Zones

	Discussion
	The Calculation Method of the Acoustic Emission Source Mechanism
	Microscopic Mechanism Analysis of the Rock Failure Process Under a Dynamic Brazilian Test
	Relationship Between AE Magnitude and Failure Process

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References

	Rock Burst Evaluation Using the CRITIC Algorithm-Based Cloud Model
	Introduction
	Theoretical Analysis
	On-Site Measurement Method
	Statistical Forecasting Methods

	Theoretical Basis
	Identification Framework and BPA
	Definition of the Cloud Model
	Digital Characteristics of the Cloud
	Forward Cloud Generator

	Cloud Model Based on the CRITIC Algorithm for Rock Burst Evaluation
	Selection of Rock Burst Evaluation Classification Indicators and Intensity Grading Standards
	Rock Burst Propensity Prediction CRITIC Algorithm
	Obtain the Correlation Coefficient Matrix

	Rock Burst Evaluation Analysis of Learning Samples
	Indicator Weight Determination
	Prediction Results and Analysis

	Engineering Application
	Conclusion
	Data Availability Statement
	Author Contributions
	References

	An Analytical Method to Test Elastic Rock Mass Parameters Based on a Macro-Joint Model
	Introduction
	Analysis Model of a Macro-Joint
	Single-Joint Model
	Group Parallel Joint Model

	Mechanical Parameters Test of a Macro-Joint
	Test Principle of Macro-Joint Parameters
	Field Test and Verification

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References

	A Method for Multihole Blasting Seismic Wave Prediction and Its Application in Pillar Recovery
	Introduction
	Underground Mining Situation of Hongling Polymetallic Mine
	Multihole Blasting Seismic Wave Prediction Method
	Simulation of the Vibration Waveforms for the Single-Deck Case
	Seismic Wave Prediction in Production Blast with Multiple Holes and Decks

	Charge Weight for Long-Hole Blasting
	Vibration Velocity Model of Long-Hole Blasting
	Maximum Charge Weight Determination

	Fundamental Vibration Waveforms Measurement
	The Pilot Area Selection and Blast Design
	Test Results Analysis

	Application in Pillar Recovery
	General Conditions
	Delay Time Optimization
	Comparison Between Predictions and Measurements

	Conclusion
	Data Availability Statement
	Author Contribution
	Funding
	Acknowledgments
	References

	Study on the Acoustic Emission Characteristics of Different Rock Types and Its Fracture Mechanism in Brazilian Splitting Test
	Introduction
	Experimental Setups
	Results and Discussion
	b-Value Analysis
	Peak Frequency Distribution
	Micromorphology of Split Surface

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References

	Investigation on the Settlement of High Rockfill Embankment Using Centrifuge Tests
	Highlights
	Introduction
	Research Background
	Engineering Background
	Model Design

	Materials and Methods
	Raw Materials
	Sericite Quartz Schist
	Loess
	Water

	Fillers Preparation
	Experimental Process
	Test Setup

	Results and Discussion
	Results of Test
	Analysis of Results

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References

	Back Cover



