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Abstract: A series of acoustic emission (AE)-integrated conventional triaxial compression tests (CTTs) were conducted 
to evaluate the mechanical properties of hard red sandstone. Under conventional triaxial stress states, the crack closure 
stress, crack initiation stress, and damage stress ranged in 13.75%−22.34%, 31.84%−42.19%, and 63.85%−75.93% of 
the peak strength of sandstone, respectively. The AE parameters reflected the confining pressure (σ3) effect on 
microcrack propagation, with σ3=5 MPa identified as the threshold affecting both the timing of numerous AE hits and 
the distribution range of peak frequencies of AE signals before the final failure of each specimen. The AE property 
analysis showed that shear cracks played a dominant role in rock failure in CCTs, which ranged in 60%−85% of the 
total number of cracks. A smaller σ3 value promoted shear failure, whereas a larger σ3 value inhibited it. Furthermore, 
the appropriate dataset selection range to accurately calculate the cohesion force and internal friction angle in CTTs and 
variable-angle shear tests was determined. 
Key words: red sandstone; mechanical parameters; stress threshold, acoustic emission characteristics; internal friction 
angle; cohesion force 
                                                                                                             
 
 
1 Introduction 
 

As a typical sedimentary rock, sandstone is a 
widely encountered natural material on both the 
surface and underground [1−3], such as high-steep 
slopes [4] and underground tunnels [5]. However, 
the lack of comprehensive research on the 
mechanical and failure characteristics of sandstone 
has resulted in a dearth of effective control 
measures for engineering projects involving this 
material. Consequently, various geological disasters 
have occurred [6,7], posing severe risks to 
construction personnel and causing substantial 
economic losses. Thus, analyzing the mechanical 
properties and failure characteristics of sandstone 

through laboratory tests could provide insights into 
the mechanisms of rock engineering disasters. 

It is often assumed that sandstone is subjected 
to conventional triaxial stress, that is, σ1(maximum 
principal stress, i.e. peak stress) > σ2(intermediate 
principal stress) = σ3(minimum principal stress, 
confining pressure), particularly in underground gas 
and oil storage projects. Consequently, researchers 
have conducted laboratory tests and numerical 
simulations to analyze the mechanical and failure 
characteristics of sandstone under such stress 
conditions. Researchers have investigated trends in 
residual strength [8], permeability [9,10], seismic 
source characteristics [11], porosity [12,13], and 
geological structure formation [14] with increasing 
the confining pressure. Moreover, in engineering  
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applications, the influence of environmental factors 
such as water and temperature, mineral composition, 
and internal structure on the mechanical properties 
of sandstone cannot be overlooked [15−19]. 

Numerous laboratory studies have demonstrated 
the close relationship between rock strength and 
initiation of microcracks during loading [20,21]. 
Understanding the stress thresholds of rocks is 
essential to accurately evaluate the damage evolution 
process from a microscopic perspective [22]. These 
stress thresholds, from the beginning of loading to 
the final failure of the rock, include the crack 
closure stress (σcc), crack initiation stress (σci), 
damage stress (σcd), and peak strength (σmax). 
Acoustic emission (AE) detection technology is a 
nondestructive method that is widely used in 
laboratory experiments to characterize rock failure 
behavior [23−25]. AE monitoring systems are often 
employed as auxiliary tools to detect microcrack 
activity in sandstone under various stress conditions, 
thereby facilitating the study of failure mechanisms. 
For example, through AE monitoring, changes in 
AE parameters have been used to effectively depict 
the failure modes of sandstone in compression–
shear coupled stress states [26,27] and under biaxial 
fatigue stress conditions [28]. Furthermore, the 
time–frequency characteristics of signals provide 
valuable insights into the microcrack propagation 
and evolution processes in sandstone [29,30]. 
However, existing research has primarily focused 
on failure features in specific uniaxial stress states, 
making it difficult to detect the AE signals of rocks 
under triaxial stress conditions. 

Therefore, in this study, a series of AE- 
integrated conventional triaxial compression tests 
(AE-CTTs) were conducted under varying confining 
pressures to comprehensively study the mechanical 
and failure characteristics of hard red sandstone. In 
addition, uniaxial compression tests (UCTs) and 
variable-angle shear tests (VASTs) were conducted 
to compare the difference in the mechanical 
performances of red sandstone under different stress 
states. The findings of this study can provide 
valuable insights for the safe design and 
construction of rock engineering projects. 
 
2 Experimental 
 
2.1 Test apparatus 

An MTS-815 electrohydraulic servo testing 
system, with a maximum triaxial load, maximum 

confining pressure, and loading precision of 
2600 kN, 140 MPa, and ±0.5%, respectively, was 
used, and a photograph of the system is shown in 
Fig. 1(a). In addition, a PCI-2 AE system was used 
to collect AE signals during the failure process of 
red sandstone. A conventional triaxial testing fixture 
equipped with specialized RT100 AE sensors was 
used (Figs. 1(b, c)). AE sensors were in direct 
contact with the surfaces of rock specimens. AE 
preamplifiers, sampling threshold, sampling rate, 
and sampling length were set to be 40 dB, 40 dB, 
10 MSPS, and 10k, respectively. 
 

 
Fig. 1 Photographs of MTS-815 test system: (a) Overview 
of testing system; (b) Test fixture; (c) RT100 AE sensors 
 
2.2 Specimen preparation 

Cylindrical red sandstone specimens with a 
diameter of 50 mm and a height of 100 mm were 
prepared, as illustrated in Fig. 2(a). To minimize the 
influence of irrelevant variables, all rock specimens 
were drilled from the same rock mass and polished 
carefully to ensure that non-parallelism and 
non-perpendicularity were less than 0.2 mm, in 
accordance with the International Society for Rock 
Mechanics (ISRM) standards [31]. All specimens 
maintained good integrity and homogeneity. 

The AE sensors were installed at fixed 
positions owing to the limitations of a conventional 
triaxial testing fixture. In the CTTs, near the upper 
and lower ends of the rock specimen, four AE 
sensors were symmetrically mounted, as shown in 
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Figs. 2(b, c). Before loading, each AE sensor was 
checked using a broken lead test. To ensure that the 
AE sensors closely adhered to the surface of the 
rock specimen and expelled any air, a film of a 
coupling agent was placed on the contact surface 
between the sensor and the rock specimen. A ring 
iron washer and a custom AE sensor fixture were 
used to secure the AE sensor close to the surface of 
the rock specimen during loading. 
 

 
Fig. 2 Photographs of CTT fixture device and specimen: 
(a) Red sandstone specimen; (b) Conventional triaxial 
fixture; (c) Installation fixture for AE sensors; (d) Failed 
rock specimen 
 
2.3 Experimental scheme 

Before loading, petroleum jelly was applied to 
the surfaces of the rock specimens in contact with 
the loading blocks as antifriction treatment to 
reduce the influence of friction and the end effect 
on the results. The loading mode was selected as 
the displacement control mode with a loading rate 
of 0.10 mm/min. To determine the mechanical 
properties of the rock, such as the elastic modulus E 
and Poisson’s ratio ν, three extensometers (two 
axial and one radial) were set up in CTTs. To 
measure the basic parameters of sandstone more 
accurately, CTTs were conducted under confining 
pressures of 0, 2, 5, 8, 10, 12, 15, and 20 MPa, 
based on the in-situ stress distribution of 
underground engineering within a depth range of 
50−800 m [32]. In addition, the tests were repeated 
2−5 times under the same stress conditions to 
minimize accidental errors. 
 
3 Results and analysis 
 
3.1 Shear strength parameters in CTTs 
3.1.1 Evaluation method 

CTTs were used to measure the cohesive force 
(c) and the internal friction angle (φ) of sandstone 

through the common tangent drawing method. The 
specific calculation method is as follows: assuming 
that number of CTTs (n) under different confining 
pressures have been completed, the maximum 
principal stress and minimum principal stress of the 
ith test are σ1i and σ3i, respectively. The following 
formula can be obtained based on the Mohr–
Coulomb criterion:  

1 3 1 3( ) ( )1 1cos sin
2 2i i i icσ σ ϕ σ σ ϕ− = + +      (1) 

 
Let,  

1 3 1 3
1 1( ),  ( )
2 2i i i i i iy xσ σ σ σ−= = +          (2) 

 
Equation (1) can be expressed as follows:  

yi=ccos φ+xisin φ                         (3) 
 

The square of the deviation can be used to 
describe the degree of deviation as follows:  
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By solving Eq. (5), we can obtain  
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In a rectangular coordinate system, Mohr 

stress circles under various confining pressures can 
be drawn with the normal stress σ as the abscissa 
and the shear stress τ as the ordinate. The center of 
each circle is at (σ1+σ3)/2 and the radius is (σ1−σ3)/2. 
Equations (1)−(7) can be used to compute the 
common tangents of Mohr stress circles. The sum 
of the squares of the distances between the common 
tangent and all tangent points of Mohr stress circles 
is minimized. This common tangent is the shear 
strength line, the intercept of the common tangent 
on the ordinate axis is c, and the angle between the 
common tangent and the abscissa axis is φ. 
3.1.2 Effect of σ3 on mechanical properties 

Based on the results of the peak strength σmax 
under different confining pressures σ3 in the CTTs, 
the c and φ values of red sandstone were 25.59 MPa 
and 45.29°, respectively. The results of CTTs and 
UCTs are presented in Table 1 and Figs. 3 and 4. It 
should be noted that the results presented in Table 1 
are the average values of repeated tests. 
 
Table 1 Mechanical properties of red sandstone in 
different CTTs 

σ3/MPa σmax/MPa E/GPa ν 

0 117.39 22.46 0.212 

2 132.63 23.16 0.205 

5 157.90 24.28 0.189 

8 182.64 26.84 0.169 

10 190.44 26.35 0.179 

12 195.47 26.16 0.151 

15 213.08 26.61 0.172 

20 231.52 26.22 0.159 

 
The measured E and v values of red sandstone 

under uniaxial stress were 22.46 GPa and 0.212, 
respectively. However, for deep-buried projects 
with high in situ stress, σ3 to be loaded in the test 
should be selected according to the level of in situ 
stress. Figure 4 shows that the peak strength 
continues to increase as σ3 increases, and       
the upward trend resembles a parabolic curve. The  

 

 
Fig. 3 Mohr stress circles and shear strength line 
 

 
Fig. 4 Effects of σ3 on peak stress (a), Poisson’s ratio (b), 
and elastic modulus (c) 
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Poisson’s ratio v of sandstone initially decreased 
and then slightly increased with an increase in σ3, 
reaching its minimum value at σ3=12 MPa. This 
indicated that confining pressure could restrain the 
radial deformation of sandstone, but excessive σ3 
would inhibit axial deformation. The elastic 
modulus E of sandstone initially increased rapidly 
with an increase in σ3, reaching its maximum value 
at σ3=8 MPa, and then decreased. When the σ3 value 
was small, even slight changes in σ3 exerted a 
disproportionately significant influence on the 
deformation properties of red sandstone. These 
findings suggest that, in shallow-buried underground 
engineering projects with low in-situ stress, it is 
crucial to consider the influence of σ3 on the 
properties of the rock mass. Furthermore, different 
design reference parameters should be selected 
based on the varying confining pressures and in-situ 
stresses. 
 
3.2 Stress thresholds in CTTs 

The strength behavior of rock can be evaluated 
based on four types of stress thresholds, that is, the 
crack closure stress (σcc), crack initiation stress (σci), 
damage stress (σcd), and peak strength (σmax) [22]. 
The stress–strain curves measured in CTTs and the 
corresponding four types of stress thresholds during 
the loading process of each rock specimen are 
shown in Fig. 5. 

According to the calculation method described 
by NICKSIAR and MARTIN [33], the stress 
thresholds under different σ3 values were calculated. 
The red dashed line in Fig. 5 represents the tangent 
line at the maximum value of volume strain (εv), 
and the tangent point indicates that the volume of 
red sandstone has been compressed to the greatest 
extent and started to shift from compression to 
expansion. The vertical coordinate of the tangent 
point is σcd. The purple dashed line connects the 
intersection of the brown dotted line of σcd and the 
axial strain (εa) curve to the origin, determining σcc. 
The pink dashed line connects the intersection of 
the brown dotted line of σcd and the lateral strain  
(ε1) curve to the origin, determining σci. The brown 
dotted line from top to bottom in Fig. 5 represents 
σmax, σcd, σci, and σcc. The specific results of CTTs 
under different σ3 values are presented in Table 2 
and Fig. 6. 

The σmax, σcd, σci and σcc of sandstone showed 
an obvious linear relationship with σ3. However, 
based on the slopes of the fitted lines, it was 
observed that σcd was predominantly influenced by 
σ3, whereas σci was the least affected and σcc was 
moderately affected. The values of σcc, σci and σcd 
ranged in 13.75%−22.34%, 31.84%− 42.19%, and 
63.85%−75.93% of σmax, respectively. As shown in 
Fig. 6(c), σcd, σci and σcc showed a decreasing trend 
from σ3=0 to 2 MPa, indicating that the closure of 
natural cracks is promoted when σ3 is small and 
new cracks generated faster. When σ3 reached 
8 MPa, σcd, σci and σcc showed a significant upward 
trend with an increase in σ3. This suggests that 
natural crack closure is inhibited but still occurs at a 
faster rate compared with that under a lower 
confinement state (σ3<8 MPa). Moreover, the 
initiation and unstable growth rates were 
considerably slower when subjected to an applied 
confining pressure equal to or exceeding 8 MPa 
than below this threshold. 
 
3.3 AE characteristics in CTTs 

The variation of σ3 in CTTs can influence the 
failure mode of the rock, which is reflected in the 
characteristics of AE parameters. AE can also be 
utilized to monitor the development of microcracks 
and the overall damage in sandstone under 
conventional triaxial stress. To thoroughly analyze 
differences in AE parameter characteristics, this 
study investigated typical AE data from three 
perspectives: AE hit, AE frequency, and AE 
amplitude–frequency characteristics. For obtaining 
repeated test data under identical conditions, only 
one comprehensive data file was selected as a 
representative for analysis. 
3.3.1 Evolution law of AE hits 

As shown in Fig. 7, in all CTTs, the number of 
AE hits was very low for a long period from the 
beginning of loading to rock failure, and several AE 
hits appeared within 50−150 s before the peak 
strength was reached. The time of appearance of 
several AE hits also differed under different σ3 
values. When σ3 was smaller than 5 MPa, it started 
to appear within 50 s before the peak, and, when σ3 
was larger than 5 MPa, several AE hits appeared 
within 150 s before the peak strength. The onset of 
many AE hits can be regarded as a precursor to rock 
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Fig. 5 Stress–strain curves in CTTs: (a) σ3=0 MPa; (b) σ3=2 MPa; (c) σ3=5 MPa; (d) σ3=8 MPa; (e) σ3=10 MPa;      
(f) σ3=12 MPa; (g) σ3=15 MPa; (h) σ3=20 MPa 
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Fig. 6 Effects of confining pressure on different stress 
thresholds in CTTs: (a) σmax; (b) σcd, σci and σcc;       
(c) Proportion of σcd, σci and σcc in σmax 
 
damage. Based on these observations, rock failure 
can be predicted 50 s in advance when σ3 is small 
(≤5 MPa) and 150 s in advance when σ3 is larger 
than 5 MPa. The cumulative number of AE hits 
generated throughout all CTTs ranged from 3000 to 
4500, significantly higher than that generated under 
uniaxial compression, showing a slowly increasing 

trend with an increase in σ3, as presented in Fig. 8 
and Table 3.  
 
Table 2 Stress thresholds of red sandstone under 
different stress states 

σ3/MPa σcc/MPa σci/MPa σcd/MPa σmax/MPa 

0 26.23 42.51 75.85 117.39 

2 26.49 41.88 84.03 131.62 

5 29.17 55.23 103.67 157.39 

8 25.04 58.41 119.63 182.12 

10 28.55 70.05 135.44 190.93 

12 32.19 72.35 138.84 194.97 

15 36.04 85.14 151.96 212.57 

20 39.08 97.46 175.40 231.02 
 
3.3.2 Peak frequency distribution of AE signals 

As shown in Fig. 9, the peak frequency of the 
AE signal was mainly distributed in the range of 
0−100 kHz and 100−200 kHz, with a small amount 
of it in the range of 300−400 kHz. When σ3 was low 
(between 0 and 5 MPa), the peak frequency in the 
range of 100−200 kHz rapidly increased as σ3 
increased. After σ3 exceeded 5 MPa, the proportion 
of AE signals with a peak frequency of 300− 
400 kHz also increased as σ3 continued to increase. 
3.3.3 Relationship between amplitude and frequency 

of AE signals 
The amplitude–frequency relationship of CTTs 

under different σ3 values is shown in Fig. 10, where 
A is the AE amplitude, and N is the quantity of AE 
counts. Maintaining a loading rate of 0.10 mm/min 
for all CTTs inherently increased the likelihood of 
collision and extrusion between the sandstone and 
the pressure block, consequently leading to the 
generation of detectable signals monitored by the 
AE system. Hence, a meticulous analysis of AE 
amplitude–frequency characteristics is imperative. 
The evaluation of the efficacy of correlation 
analysis between amplitude and frequency for 
monitoring fatigue cracking and propagation across 
various materials, as substantiated by several 
scholars [34], was judiciously employed to 
scrutinize any aberrant AE signals. 

In all conducted CTTs, a robust correlation 
between amplitude and frequency was observed, 
particularly in the logarithmic coordinate system, 
when σ3 remained below 15 MPa. The linear 
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Fig. 7 Changes in AE hits in CTTs with time: (a) σ3=0; (b) σ3=2 MPa; (c) σ3=5 MPa; (d) σ3=8 MPa; (e) σ3=10 MPa;   
(f) σ3=12 MPa; (g) σ3=15 MPa; (h) σ3=20 MPa 
 
relationship between amplitude and frequency 
exhibited a commendable goodness of fit at 
approximately 0.7, indicative of a heightened AE 

signal concentration and a concomitant reduction in 
noise signals. However, as the stress level σ3 
exceeded 15 MPa, an uptick in noise signals ensued, 
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potentially impinging upon the amplitude–
frequency linear relationship, consequently 
diminishing the goodness of fit to approximately 
0.6. This shift underscores the complex interplay 
between stress levels and AE signal characteristics, 
warranting further investigation to comprehensively 
elucidate the underlying mechanisms. 
 

  
Fig. 8 Effect of σ3 on cumulative number of AE hits in 
CTTs 

 
Table 3 Cumulative AE hits in CTTs under different 
confining pressures 

σ3/MPa Number of AE hits 

0 2409 

2 3245 

5 3350 

8 3557 

10 3743 

12 3716 

15 3880 

20 4359 

 
4 Discussion 
 
4.1 Parameters of shear strength in different tests 

The cohesion force c reflects the ability of 
sandstone to withstand anisotropic unequal pressure, 
whereas the internal friction angle φ reflects the 
strength under the condition of anisotropic unequal  

 

 
Fig. 9 Effects of σ3 on AE peak frequency distribution 
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Fig. 10 Influence of σ3 on amplitude–frequency relationship: (a) σ3=0 MPa; (b) σ3=2 MPa; (c) σ3=5 MPa; (d) σ3=8 MPa;   
(e) σ3=10 MPa; (f) σ3=12 MPa; (g) σ3=15 MPa; (h) σ3=20 MPa 
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Table 4 Shear strength parameters of red sandstone in 
CTTs under different σ3 values 

σ3/MPa c/MPa φ/(°) 

2, 5, 8, 10, 12, 15, 20 28.39 43.22 
2, 5, 8, 10 21.68 49.69 

5, 8, 10, 12 27.51 43.41 
8, 10, 12, 15 35.03 38.82 
10, 12, 15, 20 35.25 38.54 

 
Table 5 Shear strength parameters of mechanical of red 
sandstone in VASTs under different α values 

α/(°) c/MPa φ/(°) 

45, 50, 60, 70 23.07 35.32 
45, 50, 60 25.23 33.92 
50, 60, 70 20.76 39.51 

 
stress [35]. The determination of these two 
parameters is crucial for studying the stability of 
underground engineering projects. Generally, two 
common methods for determining the c and φ of 
rock are CTTs with different σ3 values and VASTs 
with varying shear angles (α). In this study, a series 
of VASTs under different α values were conducted. 
Tables 4 and 5 present the evaluation results of c 
and φ determined in CTTs and VASTs, respectively. 
As σ3 increased, c gradually increased, whereas φ 
gradually decreased in CTTs. The results of c 
obtained in CTTs and VAST ranged in 21.68− 
38.74 MPa and 20.76−25.23 MPa, respectively. 
Similarly, the results of φ obtained in CTTs and 
VASTs ranged in 38.54°−49.69° and 33.92°− 
39.51°, respectively. 

The failure modes of red sandstone in VASTs 
with different shear angles are illustrated in Fig. 11, 
which shows that, as α increases, the sandstone 
failure tends to be simpler, with the predominance 
of shear failure. At α=45°, the damage resulting 
from compression became more pronounced. Hence, 
it is logical to opt for VASTs with shear angles 
ranging from 50° to 70° to calculate the shear 
strength parameters. By considering that the failure 
mode of rock in CTTs is not as distinctive as that 
under varied shear angles, c and φ can be calculated 
using the results of CTTs with σ3 values ranging 
from 5 to 12 MPa. 
 
4.2 Classification of tension–shear microcracks 

Defining the proportion of tensile and shear 
cracks generated during the failure process of 

sandstone in a conventional triaxial stress state is 
important to determine the potential damage modes 
in underground engineering. It was proved that the 
generation of tensile cracks is accompanied by AE 
signals with large average frequency (fa) and small 
ar (ar=tr/A, tr is the rise time) while the generation of 
shear cracks is accompanied by AE signals with 
small fa and lager ar. In the x−y coordinate system, a 
scatter plot of fa−ar is drawn with fa as the vertical 
coordinate and ar as the horizontal coordinate. Then, 
by determining a dividing line, the AE signal of the 
tension-shear crack can be discriminated. The 
dividing line (y=3x+75) [26] was applied. The 
points distributed above this dividing line represent 
the tensile cracks, whereas those below represent 
the shear cracks. The statistical analyses performed 
to classify the microcracks in CTTs are shown in 
Fig. 12. 
 

 
Fig. 11 Failure modes of sandstone in VASTs with α=45° 
(a), α=50° (b), α=60° (c), and α=70° (d) 
 

In CTTs, the proportion of tensile cracks 
versus shear cracks with increasing σ3 is listed in 
Table 6. Under the conventional triaxial state 
condition, σ3 had a significant influence on the 
failure pattern of sandstone. Shear cracks play a 
significant role in the sandstone damage process. At 
σ3=0−5 MPa, the proportion of shear cracks 
increased with an increase in σ3, reaching its highest 
value of 84.55% at 5 MPa. This indicates that a 
small σ3 value can promote shear damage, thereby 
increasing the proportion of transgranular cracks. 
When σ3 was larger than 5 MPa, the proportion of 
tensile cracks increased with increase in σ3. The 
proportion of shear cracks at σ3=10 MPa was lower 
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Fig. 12 Statistical charts of microcrack classification for sandstone in CTTs 
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Table 6 Proportion of tension and shear cracks of 
sandstone under different σ3 values 

σ3/MPa Proportion of 
tensile cracks/% 

Proportion of 
shear cracks/% 

0 25.01 74.99 

2 16.22 83.78 

5 15.45 84.55 

8 19.95 80.05 

10 27.84 72.16 

12 30.27 69.73 

15 37.67 62.33 

20 39.68 60.32 

 
than that in the uniaxial compression stress state. 
This indicates that, beyond a certain level of σ3, the 
shear failure of sandstone is suppressed and tensile 
damage is promoted, thus increasing the proportion 
of intergranular cracks. When σ3 ranged from 5 to 
10 MPa, the change in the curve was more 
pronounced; however, when σ3 ranged from 15 to 
20 MPa, the change was smaller. Therefore, the 
larger the σ3, the less pronounced the inhibitory 
effect on internal transgranular-shear breakage in 
the sandstone. According to the above analysis, 
when the surrounding rock of the underground oil 
and gas storage project is in the conventional triaxial 
stress state and σ3 ranges from 5 to 10 MPa, special 
attention is needed on the change in the failure 
mode of the surrounding rock, focusing on its 
protection. 
 
5 Conclusions 
 

(1) The σmax and all three stress thresholds, i.e., 
σcd, σci and σcc, were positively correlated with σ3. 
Furthermore, σcd was the most affected by σ3, 
whereas σcc was the least affected. The activity of 
internal cracks accelerated when σ3 ≤ 2 MPa, 
whereas a large σ3 value inhibited the closure of 
natural cracks and the generation and expansion of 
new cracks. 

(2) The first sharp increase in the number of 
AE hits can be regarded as a precursor to damage. 
The peak frequencies of AE signals were primarily 
ranged in 0−100 kHz and 100−200 kHz, and an 
increase in σ3 increased the peak frequency of AE 
signals. 

(3) The c and φ values measured in the CTTs 

and VASTs differed. The results of φ and c 
measured in CTTs and VASTs were more accurate 
and reasonable when σ3 and shear angle ranged in 
5−12 MPa and 45°−70°, respectively. 

(4) Shear cracks dominated the failure process 
of sandstone in CTTs. The proportion of tensile 
cracks increased and then decreased with an 
increase in σ3. The shear failure of sandstone was 
promoted when σ3 ≤ 5 MPa and suppressed when 
σ3 ≥ 10 MPa. The suppression effect per unit of σ3 
was more pronounced when σ3 ranged in 5−10 MPa 
and less apparent when σ3 ranged in 15−20 MPa. 
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摘  要：设计了一系列结合声发射的常规三轴压缩试验(AE-CTTs)评估一种硬质红砂岩的力学性能。在常规三轴

应力条件下，砂岩的裂纹闭合应力、裂纹起裂应力和损伤应力分别占峰值强度的 13.75%~22.34%、31.84%~42.19%

和 63.85%~75.93%。声发射参数可以反映围压(σ3)对微裂纹扩展的影响，σ3=5 MPa 是影响砂岩声发射撞击数激增

时间点和最终破坏前声发射信号峰值频率分布范围的阈值。声发射特性分析表明，剪切裂纹在砂岩常规三轴

压缩破坏过程中占主导地位，占裂纹总数的 60%~85%，且较小的围压会促进剪切破坏，而较大的围压则会抑制

剪切破坏。此外，确定了在常规三轴压缩试验和变角剪切试验中用于准确计算内聚力和内摩擦角合适的数据集选

取范围。 

关键词：红砂岩；力学参数；应力阈值；声发射特征；内摩擦角；内聚力 
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