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The rockburst phenomenon occurs in dry red sandstone under high in situ

stress, and the rockburst effect is weaker for a water-bearing rock. The

rockburst effect on red sandstone with different water contents is analyzed

in this paper. A true triaxial testing machine is used to conduct the loading, and

acoustic emission recording equipment and a high-speed camera are used to

monitor the acoustic signal inside the rock and the rock-caving situation

throughout the entire process in order to analyze the characteristics of the

acoustic emissions and the ejection formof the rockburst. The results show that

rockburst occurs in dry red sandstone and 50% saturated red sandstone but not

in saturated red sandstone. The phrase characteristics of the stress–strain curve

of the dry rock varymore significantly than those of the water-bearing rock, and

the elastic strain energy inside the rock decreases gradually as the water

content increases. The double peak of the acoustic emissions curve occurs

during the failure process of the dry rock and gradually transitions to a stepped

pattern as the water content increases. The ejected fragments of dry red

sandstone during the rockburst are abundant and large. The true triaxial test

results illustrate the characteristic effect of the rockburst on red sandstone with

different water contents, reveal the failure mode and ejection characteristics of

red sandstone with different water contents, and demonstrate the influence of

the water content on the rockburst characteristics of red sandstone. The results

of this study provide a theoretical reference for the study of the rockburst

mechanisms of similar hard rocks.
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Introduction

Rockburst, a common geological disaster in the process of deep engineering

construction, often occurs suddenly and destructively, threatening the safe

construction and production in the engineering industry (Mazaira and Konicek,

2015). With the increase in construction depth, rockburst disasters are becoming

more serious. Suorineni et al. (2014) even described rockburst as a cancer, indicating
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the danger of rockbursts in engineering projects. A railway tunnel

(Liu et al., 2013) with a length of 16,449 m contained a rockburst

section of up to 9,500 m (58% of the total) according to statistics.

The Mount Longmen highway tunnel (design stage) in western

China is approximately 25,000 m long, and more than 19,000 m

of the tunnel located at depths of greater than 500 m, so the

rockburst section of this tunnel is expected to be 15,000 m.

Rockburst disasters have been reported worldwide and have

caused significant losses of life and property. Rockburst is an

inevitable problem in deep engineering construction. Mechanical

mechanisms, monitoring and early warning, excavation

optimization, and dynamic control have been the key research

topics in the last decade (Feng et al., 2019). Among them,

rockburst mechanics is the foundation of other research fields,

and thus, this topic has notable theoretical significance and

engineering value.

Even though there is currently no consensus on the

formation of the rockburst mechanism, academics have

explored and explained the mechanism of rockburst through

methods such as field research, theoretical analysis, mechanical

tests, numerical simulations, and similarity tests, yielding fruitful

results (Afraei et al., 2018; Zhou et al., 2018). In the early days of

this research, rockburst studies mainly focused on rockburst

damage modes. Li et al. (2017) summarized six types of

geomechanical models of rockburst based on geological

analysis. Early uniaxial rock mechanics test (Zhao and Jiang,

2010) have evolved into a true triaxial excavation simulation,

including the installation of various monitoring instruments to

observe the rockburst process (He et al., 2012), analyze the shape

and kinetic energy of rockburst blocks (Su et al., 2017a; Su et al.,

2017b), and study the acoustic emission spectrum characteristics,

energy release (Zhao and Cai, 2014; Zhao et al., 2014), and

rockburst tendency (Gong et al., 2020). (Zhang et al., 2019a;

2019b; 2019c; Zhang et al., 2021) proposed a strain energy

determination method for rocks under true triaxial

compression (TTC), and investigated the energy evolution

process and mechanism of different hard rocks under true

triaxial compression (TTC) using strain energy analysis (Qu

et al., 2022). In order to accurately and effectively predict the

occurrence of rock bursts, a multi-indicator evaluation method

for the occurrence of rock bursts at deep subsurface rock

openings was established (Xu et al., 2022). explored the effects

of temperature on energy storage and dissipation properties and

rockburst susceptibility, revealing that high temperatures can

damage the ESC of rocks, which is essential for reducing

rockburst susceptibility. To accurately predict rockburst

hazards among complex influencing factors, a rockburst

hazard prediction model based on binary classification of

Gaussian processes (GPC) was proposed after determining the

intrinsic relationship between multiple factors and rockbursts in

coal mines (Lan et al., 2022). (Du et al., 2022) established an

analytical model to quantitatively describe the physical process of

rockburst in mine tunnels, and investigated the calculation

method of dynamic release of elastic properties during the

physical process of rockburst (Chen et al., 2022). proposed a

bagged ensemble of Gaussian process classifiers (GPCs) to

evaluate the rockburst damage potential of unbalanced data

sets. The macroscopic block characteristics of rockburst

fragments reflect the degree of rock fragmentation, which

increases with the loading rate (Sun et al., 2022). (Yan et al.,

2022) found that the prediction results of the rockburst intensity

classification prediction model and SVM discriminant method

based on the analysis of a large number of sample data processing

were in good agreement with the actual rockburst intensity (Xia

et al., 2022). proposed a data-driven approach based on spectral

clustering to predict rockburst intensity (Yang et al., 2020).

investigated the degree of influence of red sandstone specimen

shape and rock material on rockburst sensitivity, and it was

found that cubic specimens exhibited stronger rockburst

sensitivity than cylindrical specimens. The rockburst

characteristics of red sandstone with different arrangements of

prefabricated holes were investigated by uniaxial compression

tests, and it was found that the rockburst effect of red sandstone

containing prefabricated holes was weaker than that of intact

specimens (He et al., 2021). It was found that water gushing is

highly likely to occur within the broken enclosure section, and

the permeability and porosity of the enclosure increases with

time due to the granular structure of the broken enclosure that

easily forms water-conducting channels (Ma et al., 2022a). Li

investigated the pore structure and hydraulic properties of

fractured rock masses and found that at lower compressive

stress levels, fractured rock masses showed greater

compressibility, while fractured gangue with more small

particles showed greater stress sensitivity (Li et al., 2022).

Studying the hydraulic characteristics of fault rocks during

water-silt scouring, the higher the silt concentration, the

higher the erosion effect is inhibited by silt flow (Ma et al.,

2022b). Liu conducted rockburst tests on horizontally laminated

surface sandstones under double-sided unloading and found that

rockbursts occur asynchronously on two free surfaces (Liu et al.,

2021). Rockbursts are very likely to occur after excavation and

unloading of deep rock masses, and it was found that water

injection into the rock mass before excavation can effectively

reduce the rockburst effect (Cai et al., 2021). It can be seen that

the water content of the rock and the rock burst effect, the study

of rock burst effect of different water content of the rock, rock

burst prevention and control has important significance.

Because the different mechanical properties of red sandstone

with different water contents are different, we believe that the

rockburst tendency of the rock is related not only to the stress

state but also to the water content. According to the published

literature, few studies have been carried out on the rockburst

characteristics of rocks with different water contents under true

triaxial conditions. Thus, based on laboratory true triaxial

compression tests, in this study, the energy characteristics of

red sandstone with different water contents were systematically
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investigated. In addition, a high-speed camera and Micro-II

acoustic emission control acquisition system were used to

reveal the failure modes and ejection characteristics of the

specimens under true triaxial conditions and to determine the

rockburst characteristics of red sandstone, providing a reference

for similar rockburst mechanism research.

Laboratory experiments

Experimental equipment

The test system is mainly composed of test loading system,

measurement and control system, and monitoring system. The

loading system is a high-pressure servo dynamic true triaxial

tester, which can perform uniaxial tensile, compression, shear

test and conventional triaxial test as well as true triaxial test and

other comprehensive rigidity testing machine, as shown in

Figure 1. The maximum vertical loading pressure of the test

host is 5,000 kN, and the maximum loading pressure in the

horizontal direction is 3,000 kN. The tester can realize the special

function of unloading the excavation under high ground stress

conditions by quickly unloading the single-sided pressurizing

device under the simultaneous loading of three directions and six

sides. The measurement and control system is mainly composed

of servo controller, computer and sensing elements, which can

monitor the whole process of the test and has powerful data and

graphic processing capability. The monitoring system is divided

into an acoustic emission monitoring system and a high-speed

camera to monitor the damage process of the specimen from the

inside out in a comprehensive manner. The load compression

rate of the true triaxial loading system is 10 N/s-10 kN/s, the

displacement measurement range is 0–10 mm, and the

deformation measurement range is 0–10 mm.

Acoustic emission monitoring instrument is the Micro-II

Digital AE System acoustic emission acquisition system

developed by the U.S. PAC, the main core component of the

system is an eight-channel acquisition analysis and waveform

processing acoustic emission function card PCI-8 board, the

acoustic emission system can simultaneously use four sensors for

array data acquisition. The high-speed digital camera is

developed by SVSI, the maximum resolution of the camera is

1,280×1,024 pixels, and the maximum frame rate is 532 fps.

Test program

In the tests, three-direction and five-side loading were

adopted, that is, one horizontal direction remained free, and

the other five sides were loaded to the set stress. The loading

method of the test was as follows: 1) At a rate of 0.5 MPa/s, the

stress was simultaneously loaded to theminimum principal stress

in the three-directions. σ3 remained unchanged, and the sample

was loaded to the intermediate principal stress at a rate of

0.5 MPa/s σ2 and σ3 remained unchanged, and the sample was

loaded to the maximum principal stress at a rate of 1 MPa/s, until

failure of the specimen occurred. The minimum principal stress

σ3 was 5 MPa, and the intermediate principal stress σ2 was

10 MPa. 2) After installing the fixture for the specimen, the

specimen was placed in the holder, carefully leveled, and fixed in

FIGURE 1
Test loading system.

Frontiers in Earth Science frontiersin.org03

Chen et al. 10.3389/feart.2022.1087849

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1087849


place. The displacement sensors and acoustic emission probes

were installed, the monitoring and observation equipment was

debugged and prepared for the tests. 3) The load and strain data

were recorded in real-time during the tests. An acoustic emission

instrument was used to record the acoustic emission data

throughout the entire process of the true triaxial sandstone

rockburst tests. The high-speed camera recorded continuously

to capture the failure process of the specimen. 4) After the test,

the rockburst fragments that peeled off and were ejected from the

free face were collected in order to analyze the scale and mass

distribution characteristics of the rockburst fragments. After the

fragments were collected, the specimen was removed from the

testing machine, and the fixture was disassembled to

preliminarily protect the parent rock and collect a

morphological map of the parent rock at various angles after

failure occurred. A schematic diagram of the loading and a

physical diagram of the specimens are presented in Figure 2.

The specimens were standard 100 mm × 100 mm × 200 mm

blocks. The specimens were divided into three different water

contents: dry, 0.5 K (i.e., 50% saturated), and saturated (Ks is

the saturation coefficient). The maximum water content was

2.2% after the rock water absorption test. The dry rock samples

were numbered GZ-1–GZ-5. The 0.5-Ks rock samples were

numbered HS-1–HS-5, and the saturated rock samples were

numbered BH-1–BH-5, resulting in a total of 15 samples with

five samples for each working condition.

Analysis of test results

Analysis of ejection process and fracture
characteristics

Five rock samples were tested under each set of working

conditions, and those with relatively good test phenomena were

selected for analysis, namely, GZ-3 was selected for the dry rock

samples, HS-2 was selected for the 0.5-Ks rock samples, and BH-4

was selected for the saturated rock samples. The ejection process

during the failure of the red sandstone with different water

contents is shown in Figure 3.

For GZ-3 sample, first, a small number of particles were

ejected in the lower M region. As the axial pressure increased,

particles were ejected in the AB area on the upper-end surface of

the sample. At the same time, plate-like debris was ejected in the

MNO area on the lower part of the rock sample, with a fast

ejection speed, long distance, and severe destruction.

FIGURE 2
Schematatic diagram of the true triaxial loading test with a single face in the air. Panel (A) is the schematic picture of the rock sample, Panel (B) is
the physical picture of the rock sample.
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First, the upper end of HS-2 split into plates and collapsed.

Then, the middle and upper part of the sample collapsed, with

many fragments but no ejection, and sliding only occurred along

the free face. During the entire failure process, there was no

ejection of rock debris, but severe damage occurred.

Sample BH-4 did not undergo rockburst, and only a local

rock plate fracture formed in the lower surface, with a small

number of fragments slipping and mild damage.

According to the failure process of the red sandstone with

three different water contents, the dry rock was damaged very

violently, accompanied by a large number of ejection fragments.

When the damage to the rock block involved a fast ejection speed

and long ejection distance, the rockburst phenomenon was very

violent. For the red sandstone with a water content of 50%, no

debris ejection occurred, but the rock block collapsed and a small

number of fragments formed in the upper part during the failure

process, so the rockburst effect was significantly reduced. The

saturated red sandstone did not undergo rockburst, and the

failure mode was dominated by the formation of a fracture

and sliding of the rock blocks.

Figure 4 shows the failure modes of the red sandstone with

different water contents. As can be seen from Figure 4A, the

failure modes of the dry red sandstone involved the cracking of

small thin sections in area B at the free face, but no fragments

were ejected. The deep ejection area was located in the lower

part. The cracks were mainly concentrated in the rear of the

specimen (opposite to the free surface). There were a vertical

crack and shear crack in the upper part, and two shear cracks in

the lower part, which extended through the middle of the

specimen, forming an X shape. Finally, the specimen was

damaged by splitting, shearing, and rockburst. Figure 4B

shows the sample with 50% saturation. Plate-like fragments

were ejected from the shallow surface of the free face, and

multiple small vertical splitting cracks formed in the upper-end

surface of the rock sample without obvious crack expansion. A

shear oblique crack extended from the lower left corner of the

specimen to the middle of the upper-end surface, leading to the

final failure of the rock sample. Figure 4C shows the sample in

the saturated state. As can be seen from Figure 4C, no rockburst

or rock block ejection from the free face occurred, and the free

face remained intact without pits. Two obvious shear cracks

penetrated from the tips on both sides of the lower-end face and

converged in the middle of the upper-end face, forming a

staggered shear zone. There was no splitting crack, no plate

crack bulging, and no rockburst during the failure of this

specimen.

Analysis of stress–strain characteristics

Figure 5 shows the stress–strain curves of the red sandstone

with different water contents. The changes in the characteristics

were analyzed and compared. In terms of the peak stress, the

peak stress of the dry red sandstone was the highest, reaching

155.8 MPa; the peak stress of the 50% saturated specimen was

148.5 MPa, and the peak stress of the saturated specimen was

117.2 MPa. It can be seen that as the water content increased, the

stress required to cause failure of the red sandstone gradually

decreased. The most obvious decrease occurred under the

saturated condition.

FIGURE 3
Ejection process of red sandstone destruction under different
water content.
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According to the slope of the stress–strain curve, the overall

change in the stress–strain curve in the dry state can be divided

into three stages. The first stage is the gently increasing stage, in

which the stress–strain curve gradually rises gently with a small

overall slope. The second stage is the sharp increase stage, in

which the stress–strain curve is steeper and has a large slope. The

FIGURE 4
Destruction patterns of red sandstone at different water contents. Panel (A) shows the dry rock samples, Panel (B) shows the 50% saturation
rock samples, Panel (C) shows the full water rock samples.

FIGURE 5
Stress-strain curves of red sandstone at different water contents.
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third stage is the gentle stage, in which the slope of the

stress–strain curve changes from steep to slow. For 50%

saturation, the stress–strain curve is generally an inclined

straight line without any phrase change characteristics. For

the saturated state, the stress–strain curve exhibits a gentle

shape in the early stage, increases linearly in the middle stage,

and becomes gentle before failure occurs. By analyzing the

stress–strain curves of the red sandstone with three different

water contents through comparison, it was found that the

stress–strain curve of the dry red sandstone has a strong

phrase characteristic and a large slope. As the water content

increases, the phase characteristic of the stress–strain curve

weakens and the slope decreases. Therefore, it can be

concluded that if the dry rock is more brittle, the rockburst is

more serious, and increasing the water content will reduce the

brittleness of the rock and weaken the rockburst phenomenon.

Analysis of energy evolution
characteristics

According to the first law of thermodynamics, if a volume

unit of a rock mass is considered to deform under the action of

external forces, it can be assumed that there is no heat exchange

between the physical process and the outside world, that is, all of

the work done by the external forces can be absorbed by the rock.

According to the principle of the conservation of energy,

U � Ue + Ud (1)

where U is the energy produced by the work done by the external

force, Ue is the releasable elastic strain energy, and Ud is the

dissipative energy.

Figure 6 shows the stress–stress–strain curve of the entire

process of rock deformation and failure. The damage to the

internal units of the rock and the resulting plastic deformation

consume part of the energy absorbed by the rock, which is

irreversible, i.e., the dissipative energy Ud in Figure 6. The

elastic deformation generated by the rock is recoverable after

the external force is unloaded. Another part of the energy

absorbed by the rock is converted into elastic strain energy to

form elastic deformation, which is the releasable elastic strain

energy Ue in Figure 6 and is reversible under certain conditions.

In Figure 6, E is the elastic modulus.

The total strain energy and elastic strain energy in the

principal stress space are expressed as follows:

U � ∫
ε1

0
σ1dε1 + ∫

ε2

0
σ2dε2 + ∫

ε3

0
σ3dε3 (2)

Ue � 1
2
σ1ε

e
1 +

1
2
σ2ε

e
2 +

1
2
σ3ε

e
3 (3)

where σ1, σ2, and σ3 are the maximum principal stress,

intermediate principal stress, and minimum principal stress in

three directions, respectively; ε1, ε2, and ε3 are the principal

strains in the three principal stress directions; and εe1, ε
e
2, and εe3

are elastic strains in the three principal stress directions.

According to the generalized form of Hooke’s law, the elastic

strain can be expressed as follows:

εei �
1
E

σ i − μi σj + σk( )[ ] (4)

FIGURE 6
Stress-strain curve of the whole process of deformation and
damage of red sandstone. Panel (A) shows the dry rock samples,
Panel (B) shows the 50% saturation rock samples, Panel (C) shows
the full water rock samples.
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where σ i, σj, and σk (i, j, k=1, 2, 3) are the principal stresses, andE and

μi are the unloaded elasticmodulus and Poisson’s ratio, respectively. In

order to facilitate calculation, the elasticmodulus and Poisson’s ratio in

the late elastic stage are uniformly adopted in this paper.

In the late elastic stage, two points a and b are taken, and

εia and εib (i=1, 2, 3) are the principal strains at these two

points in the three principal stress directions, respectively. In

the true triaxial state, the Poisson’s ratio can be expressed as

follows:

μ1−2 �
ε2b − ε2a
ε1b − ε1a

(5)

μ1−3 �
ε3b − ε3a
ε1b − ε1a

(6)

μ2−3 �
ε3b − ε3a
ε2b − ε2a

(7)

where μ1−2 is the Poisson’s ratio in the direction of the maximum

principal stress and intermediate principal stress, μ1−3 is the Poisson’s
ratio in the direction of the maximum principal stress andminimum

principal stress, and μ2−3 is the Poisson’s ratio in the direction of the

intermediate principal stress and minimum principal stress.

According to Eqs. 2–7, the equation for calculating the elastic

strain energy in the true triaxial stress state is

Ue � 1
2E

σ21 + σ22 + σ23 − 2 μ1−2σ1σ2 + μ1−3σ1σ3 + μ2−3σ2σ3( )[ ]
(8)

Therefore, the total energy absorbed, the elastic strain energy, the

dissipative energy, and their respective proportions in the process of

the deformation and damage of the rock can be calculated using the

above principles and equations to analyze the change.

It can be seen from Figure 6 that the elastic strain energy

Ue of the rock in the dry state is consistent with the total

energy U absorbed during the failure process, and the

dissipative energy Ud approximates the horizontal change,

with the peak value of the elastic strain energy reaching

0.71 MJ/m3 and the peak value of total energy absorbed

reaching 0.73 MJ/m3. In the rock with 50% saturation, the

peak value of the elastic strain energy is 0.68 MJ/m3, the peak

value of the total absorbed energy is 0.70 MJ/m3, and the

dissipated energy approximates the horizontal change where

Ue is in good agreement with U. In the saturated state, the

elastic strain energy and total absorbed energy of the rock

decrease more significantly, with a peak elastic strain energy

of 0.45 MJ/m3, a peak total absorbed energy of 0.57 MJ/m3,

and an approximate horizontal change in the dissipative

energy.

Based on the analysis of the total stress–strain curves for

the three different water contents through comparison, it can

be concluded that the elastic strain energy of the rock in the

dry state is the highest, the total energy absorbed in the

failure process is greater, the energy released during the

failure is greater, and the rockburst phenomenon is more

prominent. As the water content increases, the elastic strain

energy of the rock decreases. The total energy absorbed

during the failure decreases, and the energy released

during the failure decreases, gradually weakening the

rockburst phenomenon.

FIGURE 7
Characteristics of acoustic emission count rate changes
during the destruction of red sandstone with different water
content.
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Analysis of acoustic emission
characteristics

Figure 7 shows that the acoustic emission activity of the dry

sample is quiet in the compaction stage and the elastic deformation

stage, with almost no formation of cracks. However, due to the

instantaneous release of a large amount of elastic energy before the

failure of the specimen, the acoustic emission count rate increases

suddenly and double peaks of the count rate appear. Between the two

peaks, there is a very short quiet period with obvious brittle failure.

The acoustic emission record of the sample with 50% saturation is

more active than that of the dry sample in the compaction-density

stage, and the count rate increases in a stepwise manner near the

failure time. This indicates that when the rock is weakened by the

presence of water, the microcrack expansion is more stable, and the

brittle damage occurs with a sudden increase of about twice the count

rate at the time the final damage occurs. The acoustic emission record

of the saturated sample is also more pronounced than that of the dry

sample in the compaction stage. The acoustic emission signal

continues to be active and has a higher count rate value in the

yielding stage, and the microcracks continue to accelerate, expand,

and penetrate, resulting in shear failure.

As can be seen from Figure 8, the cumulative energy of the dry

sample in the compaction-density and elastic deformation stages

does not fluctuate, and the curve rises in a stepwisemanner before the

damage occurs. According to the acoustic emission count rate, the

rock sample is damaged once before the final failure occurs; however,

at this time, the failure strength does not reach the point where the

overall sample becomes unstable. Subsequently, the cumulative

energy increases sharply and the acoustic emission activity

increases substantially in an instant. The cumulative energy of the

sample with 50% water saturation increases slightly in the elastic

stage, then the curve rises steeply during the failure stage, suddenly

releasing a large quantity of energy. Unlike the sample count rate, the

damage count rate increases with the activity signal, indicating that

after immersion, the microcracks continue to form before failure

occurs due to the softening effect of the water on the sample. In

addition, the final energy released is about 33% lower than that

released in the dry state. In the saturated state, due to the continuous

development of microcracks, the cumulative energy continues to

increase after the compaction stage. The final cumulative energy of

the failure is greater than those of the dry and 50% water-saturated

samples because the static brittle failure is an overall failure mode. In

addition, violent ejection only occurs on the surface of the free face

during the failure of the sample through rockburst. It can be seen

from Figure 4 that two shear cracks penetrate the water-saturated

sample from top to bottom, while only one crack forms under the

other two working conditions, indicating that the penetrating shear

cracks need to release more and more energy.

Analysis of characteristics of
rockburst fragments

The rockburst fragments can be used to visually analyze the

amount of energy released during the damage. According to the

results of the true triaxial rockburst tests on samples with different

water contents, statistical analysis of the scale characteristics of the

FIGURE 8
Cumulative energy variation characteristics of red sandstone
with different water content.
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rockburst fragments and the mass distribution characteristics of the

different particle groups of samples GZ-3 and HS-2 with rockburst

characteristics was conducted and the fractal dimension of the

rockburst fragments was calculated based on the statistical results

of the mass distribution characteristics.

Scale and weight characteristics of
rockburst fragments

Table 1 shows the statistical results of the scale of the rockburst

fragments. The main statistical object used to obtain the scale

distribution characteristics of the rockburst fragments of the

samples with different water contents was the rockburst

fragments with a maximum length of greater than 5 mm. The

same standard was adopted to measure the maximum values of the

three directions (i.e., the length, width, and thickness). A total of

167 rockburst fragments from the dry sample and 122 rockburst

fragments from sample HS-2 (soaked in water for 8 h, water content

of 1.18, 50% saturation) were analyzed. The longest rockburst

fragments from samples GZ-3 and HS-2 were 63.88 mm and

75.16 mm, respectively; the widest rockburst fragments from

samples GZ-3 and HS-2 were 58.74 mm and 66.46 mm,

respectively; and the thickest rockburst fragments from samples

GZ-3 and HS-2 were 11.10 mm and 8mm, respectively.

It can be seen from Figure 9 that as the length to thickness

ratio increased, the oscillations of the width to thickness ratios of

both specimens were small and the increasing trend was not

obvious; while the oscillations of the length to width ratios were

larger and both samples exhibited an increasing trend. The

distributions of the three ratios were obvious, and each ratio

exhibited significant variability, illustrating the characteristics of

the two rock samples in the form of clastic plates.

Figure 10 shows the results after sieving and measuring the

rockburst ejection fragments from the two samples according to

four particle size ranges: particles (<0.075), fine (0.075–5),

medium (5–30), and coarse (>30).
Figure 10A shows the rockburst ejection fragments from the

dry sample, and it can be seen that most of the coarse fragments

are flaky and irregular in shape, but there are a few blocky

fragments, which are rectangular and small in scale. Most of the

medium fragments are flakes, followed by blocks with irregular

shapes. The rockburst ejection fragments from the 50%

saturation sample are shown in Figure 10B. Most of the

coarse and medium fragments are flakes, and there are fewer

blocky fragments with irregular shapes. Based on the

TABLE 1 Rockburst debris scale statistics results.

Specimen number Number of statistics Length/Thickness Length/Width Width/Thickness

max min ave max min ave max min ave

GZ-3 167 14.56 2.29 6.57 3.28 1.02 1.53 9.80 1.40 4.41

HS-2 122 13.51 2.31 5.79 3.07 1.06 1.55 8.25 1.37 3.73

FIGURE 9
Rock explosion debris scale ratios of red sandstone with different water content. Panel (A) shows the dry rock samples, Panel (B) shows the 50%
saturation rock samples.
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symmetrical weight, the total mass of the rockburst fragments

from sample GZ-3 is significantly higher (nearly 40%) than that

of the fragments from sample HS-2. The masses of the particles

and fine particle fragments from sample GZ-3 account for 2.19%

and 14.3% of the total mass of the fragments; while those from

sample HS-2 account for 1.48% and 9.62%, respectively.

Compared with sample HS-2, the particles and fine particles

from sample GZ-3 not only have significantly higher masses, but

they also account for significantly higher proportions.

Table 2 shows the masses of the rockburst ejection fragments

with different particle sizes. As can be seen from Table 2, themass of

each fragment size category for the dry sample is higher than for the

50% saturation sample. In particular, the mass of the coarse particles

is 37% higher. The rockburst effect on the dry rock is intense, and

many fragments are ejected. Figure 11 shows the percentages of the

rock fragments with different particle sizes. The coarse particles

account for the largest percentage of the total mass (61.19–63.92%),

while the particles account for the smallest percentage (1.48–2.19%).

FIGURE 10
Sieving results of rock-burst ejected debris from red sandstone with different water content.
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It can be seen that the proportion of the coarse particles formed by

the rockburst process is the highest.

The mass distribution characteristics of the rockburst fragments

from the two samples with different water contents show that the

formation of the rockburst fragments from the dry red sandstone

sample consumed more energy than the formation of the fragments

from the water-bearing sample, which indirectly demonstrates that

as the soaking time and the water content increase, the energy

provided by the sample during the rockburst decreases. This also

reflects the degree by which the strength of the rockburst decreases.

Energy consumption characteristics of
rockburst fragments

Rockburst, which is a non-linear dynamic phenomenon,

consumes a large amount of energy in the production of the

fragments formed by fracturing and fragmentation under

compression. The larger the area of the fragment is, the greater

the energy consumed is. The fractal dimension can be used to

relate the fracture fragmentation to the energy dissipation.

The basic definition of the fractal dimension is as follows:

N � CR−D (9)

R is the feature scale, N is the number of objects with a feature

scale of greater than or equal to R, C is the scale coefficient, and D

is the fractal dimension.

According to the above definition, the most basic expression

of the fractal dimension and the mass-frequency relationship are

as follows:

N � N0 R/R max( )−D (10)
N � N0 M/M max( )−b (11)

where R is the characteristic size of the fragments, Rmax is the

maximum characteristic size of the fragments,N is the number of

fragments with a scale that is greater than or equal to the

characteristic scale, N0 is the number of fragments with a

scale that is greater than or equal to the characteristic scale,

M is the mass of the debris, Mmax is the maximum mass of the

debris, b is the mass-frequency distribution index, and D is the

fractal dimension.

By comparing the equations, it can be concluded that the

fractal dimension D and the mass-frequency distribution index b

have the following relationship:

D � 3b (12)

The b value can be obtained through fitting, and then, the

fractal dimension D can be calculated. The calculation results are

presented in Table 3.

It can be seen from Table 3 that the fractal dimension values of

the rockburst of the red sandstone with two different water contents

are both greater than 2, which are similar to the fractal dimension

values of rockburst debris of different lithologies obtained by Miao,

(2008) and Miao, (2009). The rockburst debris formed during the

rockburst consumes a large amount of energy, and the fractal

dimension decreases as the water immersion time and water

content increase. From the perspective of the fractal results, the

energy consumed by the formation of the rockburst debris from

the water-bearing red sandstone specimen soaked for a long time is

smaller than that of the dry rock sample. This is conducive to the

accumulation and instantaneous release of energy, leading to the

formation of a large amount of rockburst debris and thus consuming a

large amount of energy.

Failure mechanism of red sandstone
with different water contents and
engineering construction
understanding

The red sandstone used in this study was characterized by a

high porosity, and its main components were clastic minerals,

as well as clay minerals such as montmorillonite and kaolin.

TABLE 2 Different particle size debris mass.

Classification Particle diameter/mm Weight/g

GZ-3 HS-2

Micro- grained <0.075 5.31 2.13

Fine-grained 0.075–5 35.03 13.89

Medium-grained 5–30 53.85 36.07

Coarse-grained >30 148.54 92.31

FIGURE 11
Percentage of different particle sizes.
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Montmorillonite disintegrates and softens when exposed to

water, which compresses the internal voids. In addition,

kaolin particles flow under the action of pore water pressure,

resulting in the redistribution of the particles and filling of the

pores and cracks. Therefore, the porosity of the saturated

sample was lower than that of the dry sample. In fracture

mechanics and damage mechanics, the rockburst mechanism

not only refers to the energy release speed but also to the stress

concentration caused by the uneven stress on the microcracks,

voids, and defect areas in the rock mass on the molecular scale

in the area where the energy is concentrated and released. For

the saturated sample with a low porosity, the impact of the

stress concentration inside the specimen was greatly reduced,

which was not conducive to the occurrence of rockburst. The

compressive capacity of montmorillonite decreased after

expansion, increasing the deformation during compression.

The water content also reduced the friction coefficient

between the clastic minerals, leading to increased

deformation. The plastic deformation ratio of the specimens

increased substantially, while the elastic energy decreased, so

the failure phenomenon of the samples changed from plate

crack failure during rockburst to static brittle failure as the

water content increased.

According to the conclusions drawn from the contents of this

paper, the water content has a large influence on the rockburst

incubation process of red sandstone. Project construction

process, the choice of appropriate rockburst prevention

measures can effectively reduce the risk and intensity level of

rockburst. In the construction of projects with similar

surrounding rock conditions, rock bursts are reduced by

increasing the water content of the surrounding rock mass. In

the excavation, immediately after the palm face and excavation

hole wall spray high-pressure water, and at the same time can use

the gunhole and anchor borehole to inject water into the deep

part of the rock body, through this way to improve the physical

and mechanical properties of the surrounding rock body, change

the damage form of the surrounding rock, reduce the elastic

strain energy reserve capacity, so as to effectively reduce the risk

of rockburst.

Figure 12 reflects the rockburst effect in a dry tunnel and a

water-bearing tunnel with similar burial depths in both tunnels.

After the excavation of dry tunnels, the rock explosion effect is

significant, mostly manifested as stone projectile avalanche,

avalanche distance and stone volume is inversely proportional

relationship. There is almost no rock explosion in water-

bearing tunnels, and the fractured surrounding rocks are

collapsing under hydraulic conditions in a falling block.

There is a large area of water in the tunnel for a long time,

the water content of the rock in the tunnel is high, it is difficult

to occur rock explosion phenomenon. According to these two

TABLE 3 b-value and D-value of different particle size debris.

Number Saturation (%) b D Number of debris σ1/MPa

GZ-3 0 0.72 2.16 167 155.8

HS-2 50% 0.69 2.07 122 148.5

FIGURE 12
Rockburst characteristic effects in dry and water-bearing tunnel. Panel (A) is the dry tunnel, Panel (B) is the water-bearing tunnel.
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engineering examples can be seen, the actual project, the rock

explosion phenomenon mainly exists in the burial depth and

dry hard rock tunnel, high water content of the tunnel rock

explosion effect is weak, rock explosion phenomenon is

relatively small. According to the engineering examples, it

can be seen that the relationship between the realistic tunnel

rock burst effect and the water content coincides with the

results of this experimental study.

Conclusion

(1) Rockbursts are evident in the destruction of dry red

sandstone. When the water content as increased, rock

fragments were not ejected when the rock was damaged,

indicating that the rockburst phenomenon was weakened.

The failure modes of the dry red sandstone were mainly

splitting, shearing, and rockburst. As the water content

increased, the failure mode tended toward shear failure.

(2) The stress–strain curve of the dry rock exhibited obvious

phase characteristics and had a relatively large slope. As the

moisture content increases, the phase characteristics of the

overall stress-strain curve diminish and the overall slope

becomes smaller. In addition, the peak stress decreased as the

water content increased.

(3) The acoustic emission activity of the dry sample was quiet in

the compaction stage and the elastic deformation stage. The

acoustic emission count rate suddenly increased,

accompanied by a double peak value of the count rate,

when the rock sample was damaged. The acoustic

emission record of the 50% saturation sample was more

active in the compaction stage than that of the dry sample,

and the count rate increased in a stepwise manner near the

time of the failure.

(4) The dry rock produced abundant rockburst debris with

larger particle sizes, while the 50% saturation sample

produced less debris with smaller particle sizes. The

fractal dimension values for the rockburst of the red

sandstone with different water contents were all greater

than 2, and the fractal dimensions of the rockburst of the

samples with different water contents were similar.
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