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This study is aimed at exploring the mechanical properties and failure characteristics of the rocks surrounding a railway tunnel in
Qinghai-Tibet Plateau at typical buried depths. Uniaxial compression and AE experiments were carried out on sandstones taken
from the same borehole. The results show that the elastic modulus and peak strength of the 750m depth sandstones are much
higher than those of the 350m depth sandstones. The crack evolution in the 750m depth sandstones was more orderly, and its
brittle failure characteristics were more obvious as compared with the 350m depth sandstones. The fractal dimension of the
samples from the typical depths reached the minimum value when the fracture volume state changed from compression to
expansion. In addition, the damage variable based on the crack volumetric strain theory (DC) and cumulative ring counts of
acoustic emission (DA) can, respectively, reflect the generation and penetration of cracks and the physical properties of rocks at
the two typical depths. The combination of DC andDA can be used to analyze the evolution of the sandstone’s damage. The
research results have basic theoretical significance for the excavation and geological disaster prevention of tunnels in sandstone
sections at typical depths in the Qinghai-Tibet Plateau.

1. Introduction

The increasing development of traffic engineering has led to
the emergence of increasingly longer and deeper tunnels. In
southwestern China, the complex geological environment
poses significant tunnel engineering challenges due to the
great terrain elevation differences, strong plate activity, and
frequent mountain disasters [1]. In the Hengduan Mountain
area along the Sichuan-Tibet Tunnel, the geological tectonic
movement is intense, and the environment here is character-

ized by high in situ stress. Studies [2–15] have shown that
the mechanical properties of rocks are affected by environ-
mental factors such as temperature, ground stress, humidity,
and water content. These environmental factors are all
related to the buried depth of the rocks and especially so in
Qinghai-Tibet Plateau, where the tunnel length is long and
the tunnels often pass through formations with large depth
differences. The mechanical properties and failure character-
istics of rocks are critical factors in the analysis of the stabil-
ity of surrounding rocks. Therefore, the study of rock
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deformation and instability processes at different depths is
of great significance in the damage evaluation of the sur-
rounding rocks and in disaster prevention in tunnel
engineering.

The mechanical properties of rocks at different depths
are different. At present, for soft rock (take coal as an
example), in terms of physical parameters, Xie et al. [16]
concluded that coal rock at large depths has higher compres-
sive strength and greater plasticity than those at shallower
depths, making it more difficult to control the stability of
the roadway’s surrounding rock. Zhang et al. [17] concluded
that with the increase in the effective stress, the porosity and
permeability of coal samples at different depths decreased in
a negative exponential function. Jia et al. [18] carried out an
unloading failure test of coal obtained from a depth of 300-
1050m and concluded that the acoustic emission (AE)
energy release trend, energy dissipation, and dissipation effi-
ciency all correlate well with the increase in depth and that
the failure of deep coal is more intense. For hard rock, Lu
et al. [19] conducted uniaxial compression experiments on
rocks obtained from a large buried depth of 1000~6400m
and found that their compressive strength showed a nonlin-
ear logarithmic increase with depth and that the elastic mod-
ulus, Poisson’s ratio, and compressive strength were all
negatively correlated with the content of the weak phase
minerals. Nonetheless, the existing researches on the
mechanical properties of rock at different depths mainly
focus on the mining of deep resources. After all, one tunnel
in the southwest plateau area of China will span multiple
buried depths, and there is a lack of research on the sur-
rounding rock at typical buried depths of tunnel engineering
in high-altitude and high in situ stress areas.

Besides, most of the research focuses on the research on
physical parameters and apparent characteristics and lacks
the analysis of the full failure process of the rock and the
characterization of feature points. Rock failure is a direct
manifestation of its mechanical response. Martin [20] ana-
lyzed the failure of brittle rocks and showed that the
brittle-failure process is characterized by a loss of cohesion
as the friction is mobilized. Gao et al. [21] showed that the
propagation of initial cracks has a great influence on the fail-
ure process of a rock slope and proposed a new fracture cri-
terion for cracked rock. Feng et al. [22, 23] studied the
fracture characteristics of dense granite under a thermal
cycle and obtained that rapid cooling promotes the genera-
tion of rock cracks and has a significant impact on fracture
resistance. Tang et al. [24] showed that the internal cause
of rock failure was the sudden release of the elastic energy
stored in the rock mass. After anchoring, the mechanical
properties of the specimen were significantly improved after
the peak strength was reached, and more strain energy was
absorbed. Hajiabdolmajid et al. [25] observed that brittle
failure is mainly a progressive spalling process, which leads
to the failure of the rock mass’ structure in the form of a
V-notch in many cases. Many scholars have simulated vari-
ous environmental and engineering conditions in the labora-
tory and carried out a lot of research on rock mechanical
response [26–38]. However, there is a lack of analysis of
the failure process of the surrounding rock at different bur-

ied depths in tunnel engineering. Due to the influence of
strong geological tectonics, the instability and failure process
of the surrounding rock in the Qinghai-Tibet Plateau is very
complex, which is manifested by the occurrence of frequent
geological disasters that are difficult to effectively and accu-
rately predict.

As a nondestructive monitoring method, acoustic emis-
sion is commonly used in rock failure prediction under dis-
turbance. Therefore, in the study of rock mechanics, acoustic
emission monitoring methods are often used to study the
rock failure properties, failure laws, mechanical behavior,
and so on, as well as the relationship between rock mechan-
ical properties and acoustic emission characteristics [39–44].
Lockner et al. [45] stabilized the failure process of brittle
rock by controlling the stress to maintain a constant acoustic
emission rate and provided a detailed view of fault nucle-
ation and growth processes through the analysis of the
arrival time and amplitude of acoustic emission signals; they
also combined the cumulative event count of acoustic emis-
sion signals with the damage mechanics model to determine
how damage accumulates during loading to predict rock
instability [46]. Liu studied the synergistic characteristics of
acoustic emission in the process of rock failure by investigat-
ing the relationship between the internal change of a rock
mass’ structure and its acoustic emission characteristics
and verified the accuracy of the acoustic emission evolution
equation and the feasibility of using rock acoustic emission.
He et al. [47] found that when the limestone sample was
under low stress, the acoustic emission signal had the char-
acteristics of high frequency and low amplitude, and when
the sample was near the condition of rock fracture and fail-
ure, the acoustic emission signal had high amplitude and low
frequency.

It can be seen that scholars have achieved rich results
regarding the influence of different buried depths on the
physical and mechanical properties of rocks and the defor-
mation and failure processes of surrounding rocks. For the
tunnels in Qinghai-Tibet Plateau, where the surrounding
rock of tunnels is affected by the strong geological structure
and special geological conditions, the prediction and control
of the stability of the surrounding rock in tunnels are
fraught with challenges such as an unclear understanding
of the mechanical properties and failure characteristics of
the surrounding rock, making it difficult to predict when
the surrounding rock will fail. At present, there is a lack
of studies on the failure process and damage evolution of
the surrounding rock at different depths in the large and
deep tunnels in the Qinghai-Tibet Plateau. Therefore, in
this study, an MTS815 Flex test GT electrohydraulic servo
rock mechanics test system and a PCI-2 acoustic emission
system were used to carry out uniaxial compression failure
tests on sandstone samples from a railway tunnel in
Qinghai-Tibet Plateau. Based on the crack volumetric
strain, failure properties, and strength deformation of the
sandstone samples, the differences in their mechanical
parameters, mechanical properties, and mineral composi-
tion at different depths and the factors influencing these
characteristics were studied to understand their damage
evolution process.
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2. Experimentation

2.1. Sample Preparation. The sampling site is located in a
tunnel in Yajiang County, eastern Qinghai-Tibet Plateau
(Figure 1), with an altitude of 3500m. The drilling depth is
890m. The lithology of the tunnel’s surrounding rock is
mainly sandstone and slate, as shown in Figure 2(a).

The samples were collected from high-altitude areas with
high in situ stress. Most of the cores sampled by field drilling
were relatively broken, and the coring rate was low. After
geological exploration and testing, the lithology of the

350m and 750m buried depths is sandstone. In order to
ensure that a certain number of standard samples can be
produced and at the same time to maintain the consistency
of lithology, considering the site selection and buried depth
of the tunnel, sandstone samples from 350m and 750m were
selected as typical buried depth rock samples for analysis.

The sandstone cores from 350m and 750m depth were
selected to prepare several standard cylindrical specimens
with a diameter of 50mm and a height-diameter ratio of
2 : 1, as shown in Figure 2(b). During the machining process,
the diameter deviation of the upper and lower ends of the

Figure 1: Geological location map of sampling site.

(a) (b)

Figure 2: Sandstone cores and sample specimens. (a) Core obtained from field drilling. (b) Standard specimens made from rock cores.
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specimen was controlled to be less than 0.2mm, the axial devi-
ation was less than 25°, and the parallelism was less than
0.05mm. The average density of the sandstones at 350m and
750m depth is 2683.99kg/m3 and 2719.56kg/m3, respectively.

2.2. Mechanical Experiments. The uniaxial compression
experiment was carried out using the MTS 815 Flex test
GT test system of Sichuan University (Figure 3). The displace-
ment loading mode was set at a loading rate of 0.1mm/min.

The acoustic emission test was conducted using the PCI-
2 acoustic emission monitoring system of PAC Company,
USA. The system can simultaneously capture the AE timing
features and locate the AE space. Eight AE sensors were

evenly distributed at the upper and lower ends of the speci-
men. In order to eliminate the signal interference generated
during the initial loading, the AE sensors were polished at
the contact part of the specimen. Vaseline was applied at
the contact position to ensure good coupling between the
AE sensors and the sample. The arrangement of the acoustic
emission sensors on the rock samples is shown in Figure 4.

3. Experimental Results and Analysis

3.1. Stress-Strain Curve. During the uniaxial compression
experiments of the sandstones, the load and displacement
data were automatically recorded by a computer, and the

MTS815 temperature
control system

MTS815 program
control and acquisition system

3D positioning
and acquisition

system of AE

MTS815 loading system
(axial pressure, osmotic pressure,

confining pressure)

Figure 3: MTS 815 Flex test GT test system.
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Figure 4: Layout and schematic diagram of acoustic emission sensors. (a) Spatial arrangement of the acoustic emission sensors on the
sample. (b) Acoustic emission sensor.
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stress-strain curve was obtained. The typical stress-strain
curves of the samples from the 350m and 750m depths were
selected and plotted as shown in Figure 5.

The compression failure process of the rock specimens is
generally divided into 4 stages: I compaction stage, II elastic
compression stage, III plastic stage, and IV failure stage.
After the initial compaction stage, the sandstone samples
in this experiment basically maintained the elastic compres-
sion state, during which there was no obvious yield and
inelastic deformation, until the peak stress. The slope of the
stress-strain curve decreased in the plastic stage; because most
of the rocks in high-altitude areas were hard and brittle rocks,
the plastic stage was not obvious. The specimens from the
750m depth rapidly failed after the peak stress, showing obvi-
ous brittle failure characteristics. The specimens from the
350m depth showed a ladder drop trend after the peak stress.
This may be because, in the rock samples from the shallower
buried depth, the primary cracks were relatively developed,
and in the compression process, the microcracks expanded
but did not penetrate. Therefore, they still had a certain bear-
ing capacity after the peak stress, after which new cracks prop-
agated, resulting in a small decrease in the stress; this phased
stress reduction led to the ladder drop trend of failure [48].

The mechanical parameters of the sandstone at the dif-
ferent depths were calculated, and the average value was
taken, as shown in Table 1. The peak stress (σp) and the elas-
tic modulus (E) of the sandstones from the 750m depth are
higher by 204.3% and 15.4%, respectively, as compared with
that of the sandstones from the 350m depth. This may be
because the sandstones from the 750m depth are more
affected by the in situ stress and the tectonic stress than

the sandstones from the 350m depth, resulting in sand-
stones that are denser and have more brittle properties and
higher strength.

3.2. AE Feature Analysis. In the process of acoustic emission
monitoring, the AE characteristic data were recorded, and
the AE energy time series evolution curve of the sandstone
samples was drawn. The typical curves were selected for dif-
ferent depths, as shown in Figure 6.

It can be seen from Figure 6 that there is no obvious AE
energy generation in the initial compaction stage of the
sandstone sample from the 350m depth, and sporadic high
AE energy generation occurs in the elastic compression
stage. Before the peak load of the sample from the 750m
depth, a small number of low AE energy events occur. A cer-
tain amount of secondary cracks were produced after the
rock samples from the high buried depth were removed
from their environment, resulting in a reduction in the
energy released by the main fracture; this is related to the
original environment of the rock, its microstructure, and
the fracture evolution of the rock. All the sandstone samples
suddenly generated a large number of AE events with large
energy when they reached the peak stress. This is due to
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Figure 5: Typical stress-strain curves of samples at 350m and 750m depths.

Table 1: Mechanical parameters obtained from the uniaxial
compression tests.

Depth (m) E (GPa) μ σp (MPa)

350 61.60 0.167 74.82

750 71.08 0.217 227.73
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the aggregation and penetration of a mass of microcracks,
the formation of macroscopic cracks, and the loss of the
main bearing capacity of the rock. The stored elastic energy
was released, and a large amount of energy was captured by
the acoustic emission probes.

Figure 7 shows the distribution of AE energy and the
number of AE events. It can be clearly seen that the number
of events of each energy level and the average energy of the
deep rocks are far less than those of the shallow rocks.
According to the Cottrell dislocation pile-up model theory
[49], the original defects of sandstone will slip under uniaxial
compression. However, due to the small particle size and
high hardness of the sandstones from the 750m depth, the

bonding force between the rock particles is strong, the
movement between particles is blocked, and the dislocations
in the crystal accumulate on the grain boundaries. With the
continuous accumulation of defects, the crystal dislocation
movement of the deep sandstone is greatly resisted, and a
certain amount of elastic energy accumulates inside the rock.
When this energy is released, the phenomenon of high
energy level, small number of AE events, and low total
energy of acoustic emission events appears. In the acoustic
emission monitoring data, the number of acoustic emission
events of sandstones from the 350m depth in each energy
level is significantly greater than that of the sandstones from
the 750m depth, but the proportion of acoustic emission
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events in the 10~103 aJ energy level (1 aJ = 10−18 J) is signif-
icantly lower than that of the latter.

Multiple acoustic emission probes can be used to locate
the position of acoustic emission events so as to clearly show
the fracture state of the rock in each stress stage and the
development trend of the fractures. The typical spatially
located fracture processes of the sandstones at different
depths are shown in Figure 8.

Figure 8 shows the AE spatial distribution evolution and
failure mode of the 350m and 750m depth sandstone sam-
ples. The sphere inside the sample represents the acoustic
emission event, and its size and color represent the corre-
sponding energy. All sandstone samples produced some
acoustic emission events at the end of the initial compaction
stage, indicating that the rock produced microcracks at the
end under uniaxial compression. Then, with the increase in
the axial stress, the microcracks began to nucleate and form
through cracks, and the samples lost their bearing capacity
after reaching peak stress, resulting in a large number of
high-energy acoustic emission events. The failure mode of
the sandstone samples from the 350m depth is mainly shear
failure, and there are some tensile cracks at the end of the
samples. The failure mode of the sandstone samples from
the 750m depth is tensile failure parallel to the axial direc-
tion, accompanied by the shedding of some shear surfaces.
The failure modes of the sandstone samples from different
depths are obviously different under uniaxial compression.
Compared with the corresponding acoustic emission event
location map of rock samples from different depths, it is
obviously seen that the acoustic emission event data points
at the corresponding position are more concentrated, form-
ing a similar fracture surface.

Under the condition of uniaxial compression, the
macrocracks after rock failure were mostly vertical cracks
caused by the tensile stress in the horizontal direction.
Figure 8 divides the whole process of the experiments
according to the percentage of peak strength. By comparing
the number and distribution characteristics of acoustic emis-
sion events in different stress segments, the evolution pro-
cess of the samples during the failure process could be
obtained. As can be seen from Figure 8, the acoustic emis-
sion events were initially concentrated at the end of the sam-
ples. With the increase of stress, the acoustic emission events
began to concentrate on the failure surface, and the cracks
gradually developed and penetrated the dense areas of the
acoustic emission events, resulting in the fracture surface.
The sandstone samples produced sudden and concentrated
acoustic emission events when the stress reaches 80%-
100% compressive strength. The high-energy acoustic emis-
sion events in the rock samples from 350m depth mainly
occurred in the middle and upper parts, forming an obvious
AE event concentration zone, which led to the formation of
local shear weak planes. Finally, the shear cracks penetrated,
resulting in macroscopic shear failure. When in 750m, a lot
of high-energy acoustic emission events occurred in the
postpeak stage, which was scattered in the middle and side
walls of the rock samples, causing the rock samples to split-
ting failure with slight shear plane fracture. It can be inferred
that the large number of acoustic emission events at the ends
of the rock samples at both depths in the initial stage was the
generation of tension microcracks. The 350m’s rock samples
began to generate high-energy shear microcracks after the
stress reached 80% of the uniaxial compressive strength
and quickly penetrated to form a fracture surface. The
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Figure 8: AE spatial distribution evolution and failure mode of sandstone samples: (a) 350m; (b) 750m.
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750m’s rock samples produced plenty of tensile fractures
with a small proportion of shear fractures in the postpeak
stage.

3.3. Crack Volumetric Strain and Fractal Dimension Analysis

3.3.1. Calculation of Crack Volumetric Strain. The deforma-
tion of rock materials is often accompanied by the stages of
crack closure, initiation, propagation, and penetration [50,
51]. Martin and Chandler [52] proposed a crack volumetric
strain calculation method through a study of granite, and it
has been widely used by scholars around the world [53, 54]:

εc1 = ε1 − εe1 = ε1 −
σ1 − μ σ2 + σ3ð Þ½ �

E
, ð1Þ

εc2 = ε2 − εe2 = ε2 −
σ2 − μ σ1 + σ3ð Þ½ �

E
, ð2Þ

εc3 = ε3 − εe3 = ε3 −
σ3 − μ σ1 + σ2ð Þ½ �

E
: ð3Þ

According to Equations (1)–(3), the crack volumetric
strain εv

c of a rock mass is obtained:

εv = ε1 + ε2 + ε3, ð4Þ

εcv = εc1 + εc2 + εc3 = εv −
1 − 2μ
E

σ1 + σ2 + σ3ð Þ, ð5Þ

where εV is the volumetric strain of the rock. In the experi-
ments of this paper, σ2 = σ3.

According to Equation (5), combined with the relevant
data measured by the tests, the crack volumetric strain in
the process of rock failure can be obtained.

3.3.2. Fractal Dimension Calculation of Spatial Distribution
of AE Events. Experiments show that the acoustic emission
sequence of rock materials has fractal characteristics in space
and that the fractal dimension is an important characteristic
parameter to reflect the fractal structure, which can quanti-
tatively describe the complexity of the internal structure of
things [55]. The box dimension can be defined as:

N rð Þ = Cr−D, ð6Þ

where N ðrÞ is the number of discrete bodies whose charac-
teristic size is greater than r, r is the radius covering natural
discrete bodies, and C is the material constant. Another form
of Equation (6) is the number-radius relationship:

M rð Þ = Cr−D, ð7Þ

where M ðrÞ is the number of bodies contained in a circle
with radius r. If the discrete body has a fractal distribu-
tion, it satisfies Equation (7). Taking logarithms on both
sides of Equation (7) at the same time, the following can
be obtained:

lgM rð Þ = lg C +D lg r: ð8Þ

The lgM ðrÞ‐lg r curve is drawn in logarithmic coordi-
nates, and its linear segment is fitted by the least square
method. If the fitting results of the two variables have a
good linear correlation, it can be considered that the dis-
tribution of the AE spatial location points under different
loads has self-similarity in the damage evolution process
of specimens. The dimension D derived from Equation
(8) is called cluster dimension.

3.3.3. Variation of Crack Volumetric Strain and Fractal
Dimension. Figure 9 shows the variation curves of the crack
volumetric strain and the fractal dimension of the sandstone
samples from the different depths. According to the crack
volumetric strain curve, the point where the crack volumet-
ric strain changed from compression to expansion is named
the “Turning Point.”

It can be seen from Figure 9 that the fractal dimension of
the sandstone samples from the different depths decreases
first and then increases with the loading process, while the
crack volumetric strain decreases first and then expands.
The Turning Point of the crack volumetric strain from com-
pression to expansion has a good matching relationship with
the lowest point of the fractal dimension, and the Turning
Point appears slightly earlier than the lowest point of the
fractal dimension. A large spatial fractal dimension indicates
a disordered and random distribution of cracks. A small spa-
tial fractal dimension indicates that the cracks are becoming
stable and orderly, thus further resulting in the formation of
a large rupture.

When the spatial fractal dimension is the smallest, it
means that the generation of cracks has the most regularity.
At this time, the crack volume state generally changes from
compression to expansion, indicating that the speed of crack
penetration and expansion in the rock has exceeded the
speed of crack closure, which further indicates that the main
fracture surface or the main crack has begun to form. Subse-
quently, the crack propagation in the rock will be accelerated
to generate penetrating cracks along the previously formed
main fracture surface [56]. With the expansion of the crack
volume, the internal structure of the rock is irreversibly
damaged, and the overall brittle instability occurs under
peak load. This process returns the interior to a chaotic, ran-
dom state, so the fractal dimension begins to increase.

Comparing the fractal dimensions of the samples from
different depths presented in Figure 10 shows that the fractal
dimension of the sandstones from the 750m depth main-
tained a significantly lower level (below 1.5) during the
entire loading process than the sandstones from the 350m
depth. This shows that the overall evolution of internal
cracks in the deep rock samples is more orderly and stable,
and its distribution is more concentrated. Therefore, the uni-
axial compression failure of the deep rock samples is more
sudden and brittle.

There are few primary fractures in the sandstones from
the 750m depth, but the volumetric strain value correspond-
ing to the Turning Point is significantly greater than that of
the sandstones from the 350m depth, which indicates that
massive secondary cracks were produced in the sandstones
from the 750m depth after leaving the original environment
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[57, 58]. This may be because when the core was drilled, the
sandstone broke away from the in situ stress environment,
and the stress was suddenly released, resulting in the gener-
ation of a large volume of secondary cracks. The secondary
cracks are often parallel to the expansion direction of the
original cracks, and the additional free surface formed is
much smaller than that of the original cracks, so the energy
needed to crush these cracks is lower. The secondary cracks
of different cleavage planes form cleavage steps because of
the height difference of each plane. After being compacted,
the energy released by the main fracture will be reduced.
This also explains the certain number of discontinuous and
low-energy AE events in the compaction stage and elastic
stage of the sandstone samples from the 750m depth in
Figure 5. In addition, this phenomenon further shows that
it is of great significance to retain the original in situ envi-
ronment when coring [59].

4. Damage Evolution Analysis of Sandstones

The crack propagation and evolution of rock have a signifi-
cant impact on the mechanical properties and failure charac-
teristics of rock. It is necessary to study the damage to rock
under different conditions [60–62]. Sandstones at different
depths have different degrees of brittleness before peak
stress. Microscopically, microcracks are formed, propagated,
and converged; that is, the cleavage force is less than the slip
force but greater than the debonding force. After the
destruction of the valence bond between atoms, a cleavage
plane is formed and microcracks are gradually generated.
The brittle rock usually does not undergo obvious plastic
deformation macroscopically, but its damage localization
degree is high. Therefore, it is necessary to define the dam-
age variable to describe this damage.

AE is the release of elastic waves generated during the
damage process; it can reflect the damage degree of rock
to a certain extent and is also related to the internal
defects of the rock and its inversion process. According
to Kachanov’s theory [63], on the further derivation of
the defect area, the AE cumulative ring count can be used
as a characteristic parameter to characterize the damage
variable, namely,

DA =
Nd

Nm
= 1 − exp −

εm

αm

� �
, ð9Þ

where DA is the damage variable characterized by the AE
cumulative ring count, Nd is the cumulative acoustic emis-
sion ring count in the process of rock failure, Nm is the
cumulative acoustic emission ring count when the entire
section is completely destroyed, and α,m are the binary
parameters of the Weibull distribution of infinitesimal
strength.

Zong et al. [64, 65] proposed that expansion in rock is
the result of the generation and propagation of microcracks
in the rock, reflecting the damage to the rock under external
load. Therefore, in this study, the Turning Point is proposed
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as the starting point of the fracture volume’s expansion and
the damage before the Turning Point is ignored. The damage
variable Dc characterized by the volume strain of the fracture
can be defined as

Dc =
0 t < tt

εc − εct
εcm − εct

t > tt

8<
:

9=
;, ð10Þ

where εc is the crack volumetric strain during the damage
process, εct is the crack volumetric strain corresponding to
the Turning Point (i.e., the maximum compressive crack
volumetric strain), εcm is the crack volumetric strain at the
end of the experiment (i.e., the maximum expansion crack
volumetric strain), and tt is the loading time point corre-
sponding to the Turning Point. The evolution law of the
damage variables calculated by Equations (9) and (10) in
the loading process is shown in Figure 11.

The damage variable Dc is closely related to the genera-
tion and types of cracks and is analyzed in detail in the sub-
sequent sections. The essence of the damage variable DA is
the change law of the cumulative AE ring count, and the
AE signal originates from the interior of the rock. It is a tran-
sient event caused by a local unstable state, which reflects the
characteristics of the rock itself. The evolution law of the
damage variable DA of the rock samples at different depths
is obviously different. The damage variable of the sandstone
samples from the 750m depth is less than 20% before failure,
while the sandstone samples from the 350m depth show a
sustained and stable damage increase in the entire loading
stage. This indicates that plastic slip dislocation occurs
between the sandstone grains in the samples from the
350m depth before peak stress and that the internal struc-
ture has been cracked. The structure of the sandstones from
750m deep did not change significantly after compression
except for a fracture appearing near the macroscopic frac-

ture surface. This also shows to some extent that the sand-
stones from the 750m depth have a uniform texture with
no obvious anisotropy. Whether there is plastic deformation
before the peak and, if so, what the scope and degree of the
plastic deformation are two of the main criteria to deter-
mine whether brittle failure of the rock will occur. The
occurrence of plastic deformation before the peak stress
may be related to the difference in the rock’s mineral com-
position at different depths [66, 67]. Different mineral com-
positions have different particle sizes, strength parameters
(strength, elastic modulus, Poisson’s ratio, thermal expan-
sion coefficient, etc.), and properties (brittleness degree)
[68]. The strength and brittleness of mineral components
determine the proportion of transcrystalline and intergranu-
lar cracks and the specific surface energy and shear crack
energy required for tensile and shear crack. Figure 12 shows
the X-ray diffraction results of rock samples from the two
different depths.

The brittle mineral content of the sandstones from the
two depths is very high, but the quartz content in the
sandstones from the 750m depth is significantly higher
than that in the sandstones from the 350m depth, and
the sandstone from the 750m depth does not contain kao-
linite. The high quartz content in the sandstone from the
750m depth makes it stronger than the sandstone from
the 350m depth, and the brittleness of quartz particles is
high, which makes the rock prone to brittle fracture. The
shallow buried sandstone contains kaolinite, and the mus-
covite content of low strength relative to quartz is higher,
which makes it easier for these areas to become the loca-
tion for the initiation of microcracks.

Based on the above analysis, the damage variable DA
can be used to better distinguish the physical properties
of the rock at the two different depths and can help to bet-
ter judge the brittleness and anisotropy of the rock. Even if
the failure processes of the specimens from different depths
are quite different, the two kinds of damage variables have
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different emphases. Combined with the analysis of the two
curves of the damage variables, the damage evolution of
the sandstone during uniaxial compression can be well
characterized.

5. Discussion

5.1. Influence of Buried Depth on the Failure Properties of
Sandstone. As mentioned above, there are some differences
in the essential physical properties of the sandstones at dif-
ferent depths in the same borehole of the tunnel, and then,
there are significant differences in the brittle characteristics,
acoustic emission characteristics, mechanical properties,
damage evolution, and other aspects obtained during the
uniaxial compression process. At the macroscale, the dif-
ferences in the essential physical properties are mainly
reflected in the differences in the failure process of the
sandstones from different depths. Rock mechanics in the
process of rock failure can be regarded as the mechanical
behavior of the fractured rock mass on the engineering
scale. In particular, the strength distribution, deformation
characteristics, and failure evolution of a fractured rock
mass under load are related to the initiation, development,
expansion, and penetration of internal microcracks at the
microscopic scale. The development of microcracks during
rock damage affects the propagation of surface macrocracks
[69, 70]. Therefore, the influence of buried depth on the
failure properties of sandstone depends to a large extent
on the types of microcracks generated in the rock and the
development process of the microcracks. The crack type
in a rock can be determined by AE parameters and the
RA and AF values [71]. Combining RA and AF values with
the macroscopic and microscopic failure characteristics of
sandstone can help to better explain the initiation, propaga-
tion, and penetration of different types of cracks in the
sandstone at different depths; this is important when per-

forming a damage analysis of the sandstone. The calcula-
tion formulas of RA and AF are as follows [72]:

RA value = the rise time
themaximum amplitude

,

The average frequency AFð Þ = AE ringdown − count
the duration time

:

ð11Þ

Tensile cracks have high RA values and low AF values;
on the contrary, shear cracks have low RA values and high
AF values. This crack classification method is based on the
JCMS-III B5706 code, of which results were confirmed
under the four-point bending tests and the direct shear
tests of concrete specimens (Figure 13).

Based on the study of Ohtsu [72], Liu et al. [73], and
Lotidis and Nomikos [74], the microcracks in sandstones
at different depths during uniaxial compression were classi-
fied by RA-AF correlation analysis (AF: RA = 2). The results
were combined with the fractal dimension, as shown in
Figure 14.

In the peak stress stage (80%σp ~ 100%σp) and the post-
peak stress stage (100%σp ~ 80%σp), the proportion of shear
cracks in the sandstone samples is higher than that in the
previous stress stages. At the same time, it is observed that
the cracks in the sandstone samples from the 350m depth
gradually change from tensile cracks to shear cracks in the
loading process, and the proportion of shear cracks is more
than 50% when the fractal dimension reaches the minimum.
However, when the fractal dimension of the sandstone sam-
ple from the 750m depth reaches the minimum, the propor-
tion of shear cracks is 0%, and the tensile cracks always
dominate the loading process. But when the fractal dimen-
sion of the sandstone samples from the 750m depth reaches
the minimum, the proportion of shear cracks is 0%, and the
tensile cracks always dominate the loading process. When
the fractal dimension is the smallest (Turning Point posi-
tion), the cracks in the rock have been compacted, and the
continuous loading leads to the accumulation of dislocations
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Figure 13: Relationship between average frequency and RA
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in the sandstone crystals on the grain boundaries. With the
continuous accumulation of defects, the main fracture sur-
face initiates. The subsequent loading causes the penetration
and extension of the main fracture surface formed at this
time until failure. Therefore, what kind of crack dominates
when the Turning Point is reached will determine the ulti-
mate failure properties of the rock. At this time, the pro-
portion of shear cracks generated in the sandstones from
the 350m depth is more than half. These shear cracks
make all kinds of microcracks connect with each other.
At the same time, new shear cracks are generated, forming
a shear plane that is not parallel to the axial direction. If
there is only a small number of shear cracks or even no
shear cracks, then under the action of load, the tensile
microcracks continue to propagate parallel to the axial
direction, and a penetrating crack surface parallel to the
axial direction will form in the subsequent failure process.
It can be seen that the proportion of shear cracks plays a
decisive role in the expansion of internal cracks and the
failure process of sandstone in this tunnel. At the same
time, it is also consistent with the speculation of 3.2.

The shear crack ratio in the sandstone samples from the
350m depth continues to increase after the Turning Point

and decreases in the postpeak stage. The curve slope of the
damage variable Dc shows an increasing trend in the failure
process until it suddenly decreases to failure in the postpeak
stage. The shear crack ratio of the sandstone samples from
the 750m depth increases continuously after the fractal
dimension reaches the minimum value, which is reflected
in the curve of damage variable Dc where the slope begins
to grow rapidly after a gentle period. The shear crack ratio
of the sandstone samples from the 750m depth increases
sharply in the postpeak stage, and the growth rate of the cor-
responding damage variable Dc also increases to a certain
high level until the end of the experiment. When the propor-
tion of shear cracks reaches the maximum in the sandstones
from the different buried depths, the curve of the damage
variable Dc is close to vertical. At this time, plenty of cracks
penetrate the samples, a large fracture surface expands, and
the instability of the rock follows. It can be seen that the
damage variable Dc characterized by the crack volumetric
strain has a good correlation with the proportion of shear
cracks. The higher the proportion of shear cracks generated
in the sandstone samples from the same depth in a certain
loading stage, the higher the degree of crack penetration,
and the higher the rate of damage growth.
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The rocks at different depths selected in this paper are all
intact rocks with good homogeneity, and the influence of the
structural plane can be approximately ignored. Considering
the microscopic crack initiation and macroscopic failure
performance, the samples from the 750m depth have higher
strength, elastic modulus, compactness, brittleness, and a
higher proportion of tensile cracks in the failure process
than the samples from the 350m depth. The failure type of
the former is mainly tensile failure without the general pos-
itive acoustic emission phenomenon of the latter. Combin-
ing the damage evolution curves and the fractal dimension
curves shows that damage of the sandstones from the
750m depth is more sudden with more obvious signal repre-
sentation when reaching the Turning Point and peak stress.

5.2. Engineering Effects of the Turning Point in the Process of
Rock Failure. The study on the characteristic parameters of
the entire process of failure of the surrounding rock from a
railway tunnel in the Qinghai-Tibet Plateau under uniaxial
compression reveals the relationship between rock failure,
acoustic emission, and the physical parameters of the rock
from different depths. In high-altitude areas, the surround-
ing rocks with deep buried depths are in high initial in situ
stress, and the rock mass around the cavern is a generally
high-strength brittle hard rock. The rock mass will show
brittle failure, causing the rock mass to frequently experience
violent damage such as ejection, expansion, collapse, and
even rock burst when unloading occurs by the mining dis-
turbance. For the engineering disasters in high-altitude and
high in situ stress areas, further research is still underway.
The study on the mechanical behavior of rocks at different
depths is helpful to further understand the failure mecha-
nism of surrounding rocks in tunnels and propose reason-
able precursor criteria to predict or judge rock failure; this
is of great significance when implementing tunnel engineer-
ing with a large depth span.

In the process of rock compression or disturbance, the
compression and penetration of cracks were carried out syn-
chronously. The Turning Point in this paper is the point at
which the crack volumetric strain state changed from com-
pression to expansion. In previous studies, the stress corre-
sponding to the Turning Point is called the crack initiation
stress, and it is believed that the rock begins to crack at this
time. However, it can be seen from the research in this paper
that different kinds of microcracks have been continuously
generated and compressed through acoustic emission moni-
toring and fractal dimension calculation and analysis, before
the rock reached the Turning Point. When reaching the
Turning Point, microscopically, the generation or penetra-
tion rate of cracks exceeds the rate of compression, but mac-
roscopically, it is manifested as rock cracking. At the same
time, the fractal dimension reached the lowest level, and
the behavior of cracks became orderly and began to concen-
trate on the weak surface or the crack surface. Hence, at the
Turning Point, which microcrack type (tensile/shear) is
dominant will determine the failure mode of the rock, and
these cracks will initiate penetrating cracks according to
the potential main fracture plane. Since then, the internal
structure of the rock has undergone irreversible changes

due to the rapid expansion and penetration of cracks. Many
scholars also defined the crack initiation stress point as the
starting point of the plastic stage. From the analysis of this
paper, this is quite correct. Moreover, the Turning Point
can be used to divide the two to facilitate subsequent analysis
when the plastic stage and the elastic stage are not clearly
distinguished in the rock stress-strain curves, such as plastic
deformation analysis, energy calculation, and brittleness
index calculation.

The Turning Point can help to predict some key failure
areas or burst points in engineering rock masses. In tunnel
excavation engineering under high in situ stress conditions,
without support, the rock near the tunnel wall exists in a
uniaxial compression state due to stress concentration, and
σci is a parameter independent of size and can reflect the
characteristics of rock materials at depth.

6. Conclusion

(1) After reaching peak stress, sandstones from the
350m depth show a ladder type of instability failure.
The sandstones from the 750m depth are destroyed
rapidly after reaching peak stress and show great
brittleness. At the same time, the elastic modulus
and uniaxial compressive strength of sandstones
from the 750m depth are significantly higher than
those of the sandstones from the 350m depth. The
number of acoustic emission events in the sand-
stones from the 350m depth is significantly larger
than that in the sandstones from the 750m depth,
but the proportion of acoustic emission events in
the 102~104 aJ (10-18 J) energy level is significantly
lower than that in the sandstones from the 750m
depth

(2) The fractal dimension of the sandstones from the
750m depth maintained a low level (less than 1.5)
during the entire loading process, which is signifi-
cantly lower than that of the sandstones from the
350m depth. This shows that the overall evolution
of internal cracks in deep rock samples is more orderly
and stable and that their distribution is more concen-
trated. As a result, the sandstone from the 750m depth
shows sudden instability failure characteristics

(3) During the loading process, the crack type in the
sandstones from the 350m depth gradually trans-
form from tensile cracks to shear cracks, and the
proportion of shear cracks generated when the frac-
tal dimension reaches the minimum is greater than
50%. However, when the fractal dimension of the
sandstones from the 750m depth reaches the mini-
mum value, the proportion of shear cracks is 0%,
and the tensile cracks always dominate in the loading
process. As a result, the final failure mode and failure
characteristics of the sandstones from the different
depths are different. The time point when the crack
volumetric strain changes from compression to
expansion coincides with the lowest point of the
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fractal dimension, which indicates that the main
fracture surface or the main cracks have been initi-
ated at this time and determine the future shear or
tensile failure of the rock. Thus, the failure character-
istics of the sandstones can be predicted by monitor-
ing the acoustic emission characteristics at the
Turning Point

(4) The damage variable Dc based on the crack volumet-
ric strain theory can better reflect the generation and
penetration of cracks in a rock and can better reflect
the effect and influence of different types of cracks
on rock damage. The damage variable DA based on
the cumulative ring count of acoustic emission can
help to better distinguish the physical properties of
rocks at two different depths and can help to better
judge the brittleness and anisotropy of a rock mass.
Therefore, the damage evolution of sandstones in
the tunnels in Qinghai-Tibet Plateau can be analyzed
by combining these two damage variables
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