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Abstract  The laws of acoustic emission (AE) 
before and during rock failure are different under dif-
ferent stress states. In this article, a new multi-func-
tional true triaxial geophysical (TTG) apparatus was 
applied to analyze the AE law of sandstone under 
different stress paths. The results show that (1) with 
the increase of Lode angle, the tensile fractures in the 
sandstone increase initially, followed by a decrease. 
The number of AE decreases initially, followed by 

an increase, while the average energy of AE signal 
increases initially, followed by a decrease. (2) Dur-
ing the loading process, the IB values of rock can be 
divided into wave type, band type and mixed type, 
which represent crack propagation process driven 
by external force, self-driving and mixed driving. It 
can provide a basis for early warning of underground 
engineering construction disasters. (3) The variation 
characteristics of RA and AF in rock failure process 
show the corresponding relationship with IB value. 
The RA value corresponding to the IB value of band, 
wave and distribution type distribution mainly con-
centrated around 0.05, 0.03 and widely distributed, 
respectively. According to the value of RA, the types 
of cracks show different characteristics under different 
driving forces. (4) With the increase of Lode angle, 
the failure types of rocks change from single oblique 
fracture (− 30°) to double-X-type fracture (10°), and 
finally changes to single-X-type fracture when Lode 
angle is 30°. The fracture angle of rock decreases 
initially, followed by an increase with the increase of 
Lode angle. Therefore, it is important to explore the 
AE law of rock failure process under different stress 
states for the early warning of underground engineer-
ing construction disasters, and can provide a guidance 
for the application of human underground space.
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Article Highlights 

•	 With increasing Lode angle, the number of acous-
tic emission (AE) signals in rock first decreases 
then increases, while the average AE energy first 
increases then decreases.

•	 The improved b-value (IB) of AE can indicate 
the crack propagation mode as driven by external 
force, self-driving, or mixed-driving, providing a 
basis for early warning of underground construc-
tion disasters.

•	 The fracture angle and failure mode of rocks 
change with increasing Lode angle, from single 
oblique to double X-type, and finally to single 
X-type fractures.

Keywords  Acoustic emission law · Crack type · 
Improved b-value · Stress path

1  Introduction

The failure process of geo-materials, such as sand-
stone, coal, shale, et al., are accompanied by complex 
crack propagation. The crack propagation law depend 
on the micro-component of material and its stress 
state (Becker et  al. 2010; Murphy and Prendergast 
2002). Deep rocks are commonly under true triaxial 
stress conditions (σ1 ≥ σ2 ≥ σ3) because of geological 
tectonic evolution. Some triaxial compression tests 
were usually conducted under conventional triaxial 
stress states to investigate crack propagation pro-
cess (σ1 ≥ σ2 = σ3) (Liu and Shao 2018; Walton et al. 
2018). However, ignoring the effects of intermediate 
principal stress (σ2), it is hard to reflect the failure 
process of rocks under in-situ stress state. In previous 
true triaxial experiments, Mogi et  al. (1967, 1971) 
conducted experiments on the effects of intermediate 
principal stress with the self-developed true triaxial 
experimental apparatus. Many scholars have Consid-
ered the intermediate principal stress (Drucker and 
Prager 1952; Ewy 1999; Lade 1977), and proposed 
the true triaxial strength criterion and discussed the 
applicability of rock strength criteria (You 2009; Benz 
and Schwab 2008; Danas and Ponte Castañeda 2012). 
Despite rock strength study considering intermediate 
principal stress (σ2), there are few researches focus 
on the dynamic damage process under different true 

triaxial stress load paths. In this study, we conducted 
experiments on changing the Lodes angle under fixed 
hydrostatic stress. The principal stress directions (i.e., 
σ1 ≥ σ2 ≥ σ3) are maintained and only their magnitudes 
are changed within 1/6 of the π-plane. Hence, θσ var-
ied from − 30° to + 30°, which is sufficient for inves-
tigating the mechanical properties of isotropic materi-
als in the entire π-plane. This loading method exclude 
the change of the mean stress, and the influence of 
the change of Lode angle on the damage of sandstone 
was investigated separately.

AE techniques have been widely applied in struc-
tural health monitoring (Lovejoy 2008). When rocks 
are subjected to loads, micro-cracks start initiating 
and propagating, and eventually leading to the final 
failure (Li et  al. 2019a; Wang et  al. 2020). As one 
kind of elastic waves, AE propagates through mate-
rials to AE sensors (Sagar and Prasad 2012). Frac-
ture type can be inferred by analyzing AE waveforms 
(Li et  al. 2019b). Therefore, these waves have been 
introducing in test of mechanical properties such as 
the damage of degree (Carpinteri et al. 2007; Huguet 
et  al. 2002), classification of cracks (Aggelis 2011; 
Karger-Kocsis and Fejes-Kozma 1994), monitoring 
of stress concentration areas (Gao and Xing 2018) 
and location of cracks (Nicolas 2018).

Recently, some studies have applied AE techniques 
on the true triaxial experiments. For instance, Nico-
las et al. (Su et al. 2017) studied the failure behaviors 
of rocks (i.g. granite, sandstone and cement mortars) 
induced by local dynamic disturbance under true tri-
axial compression by AE signals. Su et  al. analyzed 
the AE activity during rock burst, and found a ‘qui-
escent period’ in the evolution of both AE hits and 
elastic waveforms on the eve of rock burst. Nasseri 
et  al. conducted experimental research on the AE 
tests of Fontainebleau sandstone under true triaxial 
compression combined with micro-CT tomography 
(Nasseri et  al. 2014). Browning et  al. compared the 
cracks evolution of dry sandstone under true triaxial 
and conventional triaxial compression (Browning 
et al. 2017a). They found that the intermediate prin-
cipal stress suppresses the total number of cracks and 
constraints their growth orientations subnormal to the 
minimum principal stress. However, in their work, 
the hydrostatic stress is constant changing, which 
will affect the destruction morphology of the mate-
rial. These studies neglect the study of rock failure 
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processes with different stress paths under the same 
hydrostatic stress.

To further investigate the influence of different tri-
axial compression stress conditions on the rock fail-
ure process, we studied the influence of Lode angle 
on AE characteristics of sandstone failure under 
the hydrostatic stress of 100  MPa by using a multi-
functional true triaxial geophysical (TTG) apparatus 
(Li et al. 2016). The results can provide guidance for 
monitoring of rock crack propagation and disaster 
warning in engineering practice under true triaxial 
stress states. Furthermore, these investigations into 
rock failure characteristics and AE properties under 
true triaxial conditions are of paramount importance. 
They provide essential insights into underground rock 
stress states and failure mechanisms, playing a criti-
cal role in advancing the fields of rock mechanics and 
geological engineering. This research is also vital for 

practical applications, including the design of under-
ground structures and the optimization of resource 
extraction, highlighting its significance in both scien-
tific research and engineering practice.

2 � Experiment procedure

2.1 � Experimental apparatus

The multi-functional true triaxial geophysical (TTG) 
apparatus, as shown in Fig. 1a, can provide load up to 
6000 kN in two axial directions, 4000 kN in the third 
axial direction, and 60 MPa fluid injection pressure. 
There are two AE load plans (AELP) in this appa-
ratus and each AELP is imbedded four AE sensors. 
The resonant response of the AE sensors used in the 
AEPL is around 300 kHz, the AE sensors have good 

Fig. 1   The test system and specimen. a true triaxial equipment 
test and acoustic AE test equipment b Specimen and its load-
ing schematic, c image of the AE load plate, d internal struc-
ture of the AE load plate, e the AE system. In b, The two load-

ing faces in the direction of the minimum principal stress (σ3) 
are the contact faces of the AE sensors, eight green points in 
figure is the position of the AE sensors, and the opposite face 
sensors position is completely symmetric
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frequency response at the range of 100–900  kHz. 
To avoid mechanical vibration and ambient noise, 
the threshold of the AE system was 55 dB. The pre-
amplifier gain was locked to 40 dB and the sampling 
rate was 1 MHz.

2.2 � Specimen

Sandstone was collected from Sichuan basin, China. 
According to international rock mechanics stand-
ards, the sandstone is machined into cubic specimens 
measuring 100 × 100 × 100 mm for three-dimensional 
servo loading. Although the size of these rock speci-
mens has certain limitations in reflecting the prop-
erties of larger-scale rocks, this size is generally 
accepted in current research on rock mechanical prop-
erties. The physical properties of the sandstone are as 
follows: uniaxial compressive strength is 68.7  MPa, 
uniaxial tensile strength of Brazilian test is 3.96 MPa, 
elastic modulus is 4.99  GPa and porosity is 4.78%. 
The sandstone specimen is shown in Fig. 1b.

2.3 � Experimental scheme

Rocks have significant effects of hydrostatic stress. To 
avoid the effects of hydrostatic stress during rock fail-
ure, we studied the effects of stress path in rock failure 
process under a fixed hydrostatic stress. In this work, 
the stress cylinder coordinate system was introduced 
to represent the stress states of rocks. For isotropic 
materials, the relationship between stress and strain 
is independent of the coordinate-system’s orienta-
tion and solely depends on the magnitude of the three 
principal stresses. As illustrated in Fig. 2, the principal 
stress space is composed of three orthogonal principal 
stresses, measured in terms of stress magnitude. When 
the mean stress (p) is constant, a specific three-dimen-
sional stress path on the π-plane can be characterized 
by the three principal stresses. The π-plane refers to the 
plane in the principal stress space whose normal passes 
through the origin of coordinates and whose external 
normal is the line of equal inclination σ1 = σ2 = σ3 = p. 
The projections of the three principal stress axes 
onto this plane are mutually 120° apart. As shown in 
Fig. 2a, OO′ represents the normal to the π-plane, with 
its length equal to the mean stress p; O′A represents the 
deviatoric stress component q of stress OA. The Lode 
angle θ, on the π-plane, is the angle between the x-axis 
and the deviatoric stress component, representing the 

relationship between the intermediate principal stress 
(σ2) and the maximum and minimum principal stresses 
(σ1 and σ3). The stress at any point can be determined 
by three parameters: p, q, and θ (for excample, the 
point S).

Formulas (1)-(7) demonstrate the relationships and 
mathematical expressions between the mean stress (p), 
deviatoric stress (q), Lode angle (θ), the intermediate 
principal stress coefficient (b), and the three principal 
stresses (σ1, σ2 and σ3).

where p, q and θσ represent hydrostatic stress, devia-
toric stress and lode angle, respectively. σ1, σ2, σ3 rep-
resent Maximum, intermediate, and minimum princi-
pal stresses, respectively.

In this study, the directions of the three principal 
stresses remain constant (σ1 ≥ σ2 ≥ σ3). Due to the 
pronounced isotropic mechanical characteristics of 
homogeneous sandstone, their magnitudes are altered 
only within a 1/6 range on the π-plane. The range of 
variation for θ is from − 30° to + 30°, encompassing 
typical stress paths. By examining the mechanical 
properties of sandstone specimens within this range, 
a comprehensive understanding of the mechanical 

(1)p =
�1 + �2 + �3

3

(2)q =

√

(�1 − �2)
2 + (�2 − �3)

2 + (�3 − �1)
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behaviors across the entire π-plane can be achieved. 
The yielding behaviors of geotechnical materials is 
essentially considered as a response to the stress state, 
and using θ as a parameter effectively characterizes 
the mechanical properties under various three-dimen-
sional stress states. Moreover, when the mean stress p 
is fixed, the θ and q reflect the magnitude relationship 
among the three principal stresses on the π-plane. 
Geometrically, this is manifested as different 3-D 
stress paths, as shown in Fig.  2b. Therefore, stress 
state in π plane can be divided into four sections by 
the Lode angle, as shown in the Table 1.

In this experiment, six different Lode angles 
were tested under the initial hydrostatic pressure 
of 100  MPa. The specimen was kept under the pre-
determined hydrostatic stress of 100  MPa before 
Lode angle loading test. The specific experimental 
scheme is displayed in Table 2.

3 � Results and discussion

3.1 � The distribution of RA and AF values

The AF value and RA values are usually used to 
evaluate the crack types occurred in geo-material 
engineering (Aggelis et  al. 2012). The classification 
principle and criterion are shown in Fig.  3. Many 
scholars have used this principle to classify crack 
types (Haneef et al. 2013; Li et al. 2018).

According to previous studies (Aggelis 2011), AE 
signals are shear cracks signals and tensile cracks 
signals when the AF/RA ratio is small and large (Li 
et  al. 2019a; Wang et  al. 2020), respectively. RA 

is the growth rate from the initial movement of the 
stress wave to the maximum peak, as shown in Fig. 3. 
Thus, the RA value can be used to characterize the 
rate of energy release during rock rupture. The rate of 
the AF/RA is determined by the vibration frequency 
and the energy release rate during crack propaga-
tion. Therefore, characteristic of crack propagation in 
rocks with different Lode angles can be fully reflected 
by analyzing the distribution law of the AE signal 
AF-RA.

Figure 4 shows the single distribution of RA and 
AF produced during the Brazil splitting experiment. 
We found that the distribution of RA and AF is uni-
form, but there is a concentrated distribution of a 
certain frequency in the high frequency area. This 
may be caused by a specific material under a spe-
cific stress state. In order to get more accurate distri-
bution characteristics, we analyzed the distribution 
statistically. The final statistical result is shown in 
Fig. 4b. Most region of Fig. 4b are clear and the AE 
signals of Brazilian splitting are distributed in high 
frequency region. The RA and AF values of the AE 
signals are mainly distributed at the range of 0–0.5 
and 150–300, respectively. According to the formula 
(ω = 2π k1/2 m1/2), the frequency of the AE waveform 
is related to the nature of the material and its stress 
state. Meanwhile, in the Brazilian splitting experi-
ment, most cracks are assumed as tensile cracks. 
The RA values are always at the range of 0–0.2. 
Therefore, the minimum frequency of signals is 150 
and RA at the range of 0–0.2 can be considered as 
tensile cracks. The variation of AF at small interval 
indicates that materials produced crack signals have 

Fig. 2   Schematic of Lode 
angle θ; a principal stresses 
space, b π-plane and θ 
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similar densities and stiffness. There are also some 
shear cracking signals (high RA and low AF) in 
Fig. 4. These shear cracks are generated by the local 
compression at the end of disk in Brazilian splitting 
experiment.

The distributions of RA-AF under different Lode 
angles are shown in Fig.  5. The distribution of 
RA values will appear obvious in high frequency 
region under different conditions. As a results, the 

corresponding relationship of AF-RA will also 
change under different stress paths subsequently. The 
AF values of AE signal increases with the increase 
of Lode angle at the range of 0.01–0.1. However, the 
AF value of AE signal at the range of RA from 1 to 
10 decreases with the increase of Lode angle. When 
the Lode angle is 10°–20° the amount of AE signals 
increases significantly in the RA range of 0.01–0.1. 
According to the distribution of AF-RA in Brazil 
splitting experiment, the tensile failure signals of 
sandstone is characterized by AF greater than 150 
and RA between 0.01 and 0.2. Therefore, it can be 
inferred that with the increase of Lode angle, the ten-
sile fractures in sandstone increase at the beginning 
and then decrease.

As shown in Fig. 5, the signals with high AF val-
ues clearly show a band distribution. Because the 
frequency of AE is determined by materials and 
stress states, the band distribution represents the 
AE signals produced by the same materials. Rock 
failure include the collapse of cement and parti-
cle breakage. Since most of the cracks in Brazil-
ian splitting experiment are tensile cracks and the 
probability of particles breakage in Brazilian split-
ting experiment is relatively small. According to the 
experimental results of the Brazilian splitting, the 
AF values of AE during the experiments are greater 
than 150, as shown in Fig. 4b. Therefore, it is con-
cluded that the band distribution signals are gener-
ated by tensile failure of rock cement. There is a 
certain band distribution at high frequencies, which 

Table 1   Relationship between the Lode angles interval and 
stress states

Lode angle Stress states

30° Compression
30° > θ > 0° Compression-shear
0° > θ >  − 30° Tensile-shear
− 30° Tensile

Table 2   Stress path of Lode angle tests

Lode angle Loading rate (kN/s)

σ1 σ2 σ3

 − 30°  + 1  − 0.500  − 0.500
 − 20°  + 1  − 0.347  − 0.653
 − 10°  + 1  − 0.185  − 0.815
 + 10°  + 1  + 0.227  − 1.227
 + 20°  + 1  + 0.532  − 1.532
 + 30°  + 1  + 1.000  − 2.000

Fig. 3   Crack classification method based on the waveform principle. a Waveform principle, b crack classification method
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may be produced by the rupture of different cement 
materials in Brazilian splitting experiment.

According to the previous studies, the RA values 
can reflect the type of cracks, and the energy can 
reflect the severity of the damage process. There-
fore, the occurrence frequency of signals, that is 
the amount of AE signals at different range of RA 
values, can reflect the proportion of crack types 
with high energy. We can get the ratio of energy 
consumption of different crack types, and infer the 
main type of fractures that induce rock failure. At 
the same time, we calculate the average energy 
(total energy/total number of hits) in each interval 
of RA.

To compare the AE characteristics under different 
stress paths intuitively, we set the same value range 
for the axes as 5000. Therefore, we can compare the 
change of quantities of AE signal with different Lode 
angles, as shown in Fig.  6. In triaxial tension state, 
the number of AE is higher than that of triaxial shear 
state, which is consistent with the results of previ-
ous literature (Browning et  al. 2017b). They found 
that with the increase of σ2, the amount of AE gen-
erated by rock will decrease. However, the maximum 
Lode angle in their experiments was 0° (σ1 = 82 MPa, 
σ2 = 43  MPa, σ3 = 4  MPa), which did not reflect all 
stress path changes. In this experiment, we found that 
the number of AE signals will increase again with the 
further increase of σ2, and up to the triaxial compres-
sion state (Lode angle is 30°).

The numbers of AE signal are different under dif-
ferent stress paths. When RA values is around 0.1, the 
number of AE signal decrease firstly then increase 
with the increase of Lode angle. The minimum 
amount occurs when the Lode angle is − 10°. The 
Brazilian splitting experiment shows that the RA val-
ues less than 0.1 represent extension cracks. However, 
the type of crack extension represented by different 
RA values requires further study.

The amount of energy consumed by crack propa-
gation changes with the change of Lode angles. With 
the increase of Lodes angle, the energy of signals 
with RA value at the range of 0–1 increased signifi-
cantly, and reaches a maximum when Lode angles is 
up to 30°. This indicates that with the increase of RA, 
the distribution of AE signals is similar in number 
generated from − 30° to 30°, but the energy carried 
by same type of cracks is quite different. Therefore, 
to compare the energy changes of cracks release with 
different Lode angles, the energy carried by average 
single AE waveform in each RA interval has been 
calculated. It can be referred that the average energy 
carried by a single AE waveform also increases with 
the increase of Lode angle, and reaches a peak value 
when Lode angle is 20°. The frequency of AE wave-
form does not increase significantly with the increase 
of Lode angles, as show in Fig.  5, and the ampli-
tude with different Lode angles does not change sig-
nificantly, the average amplitude of whole process is 
around 62 dB as shown in Table 3.

Fig. 4   Distribution of RA and AF in sandstone Brazilian split-
ting experiment. a The RA and AF signals distribution occur 
during compression, b the static result of the RA and AF dis-

tribution. Here we define that when more than 2 AE signals 
appear in the same area, the statistical results will display in 
that area



	 Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:54 

1 3

   54   Page 8 of 17

Vol:. (1234567890)

Formula (8) shows that the energy carried by 
instantaneous vibration is proportional to the square 
of the amplitude and frequency. The instantaneous 
vibration energy of the crack propagation does not 
increase with the increase of the Lode angles. There-
fore, the energy increase of a single waveform indi-
cates that the duration of the waveform is longer, 

hence, with Lode angles increase, the internal crack 
initiation and propagation time of rocks is longer, that 
is, the crack length is larger.

(8)E =
m

2
⋅ �2

⋅ a2

Fig. 5   Relationship between RA and AF values during rock failure in different Lode angle. a–f θ =  − 30°–30°
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where the m, ω and a represents mass, frequency and 
amplitude, respectively.

With the increase of Lode angles, the crack length 
also increased. The strain energy is consumed by 
internal long cracks, which promotes the expansion 
of main fractures, and result in the decrease of rock 
strength continuously.

It is similar to the results discussed by Song et al. 
(2019), with the increase of the ratio of σ2 and σ3, the 

energy concentrated on the surface of rock fracture 
increase gradually. The accumulated energy on rock 
fracture eventually causes the shear scratches on bro-
ken section become obvious.

3.2 � Crack propagation

Stress paths will significantly influence the direction 
and proportion of the damage of cement and particles 

Fig. 6   Statistical values of RA and energy in sandstone under different Lode angle stress paths
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in rocks and concrete, thus forming different fracture 
modes. Some scholars have discovered that waveform 
features of AE signals are closely related to frac-
ture modes of concrete (Huguet et al. 2002; Aggelis 
et  al. 2011). Different fracture modes produce AE 
events with different amplitudes and frequencies (Li 
et al. 2019b). The trend of the improved B-value (IB 
value) reflects crack size in rocks, and it is a statistical 
method based on the amplitude of AE signals (Shio-
tani et al. 1994). A larger IB value indicates that the 
internal material damage is mainly damage at micro-
scale, and a smaller IB value indicates that the dam-
age is mainly heavy damage. The mathematical prin-
ciple is expressed as follows:

where N(w1) and N(w2) are the numbers of events 
with an amplitude greater than μ-α1σ and μ-α1σ, 
respectively. In IB value analysis, the number of 
amplitude is calculated as follows:

where n(a) is the number of events at da, when the 
data is fitted to the Gutenberg-Richter equation, the 
appropriate value of β ranges from 50 to 100 accord-
ing to the results of the correlation coefficient fitting. 
A value of β is consider suitable when the log N and 
AE amplitude fitting similar with a straight line.

In IB value analysis, statistical methods are used to 
determine the range of AE amplitude, and N(w1) and 
N(w2) are calculated as follows:

where μ, σ represent the mean and standard devia-
tion of amplitude, respectively; α1, α2 are constants. 

(9)IB =
log10 N(w1) − log10 N(w2)

(�1 + �2)�

(10)∫
∞

0

n(a)da = �

(11)N(w1) = N(� − �2�) = ∫
∞

�−�2�

n(a)da

(12)N(w2) = N(� + �1�) = ∫
∞

�+�1�

n(a)da

According to relevant literature and experience, we 
set β = 50, α1 = 1 and α2 = 0.

Figure 7 shows the characteristic of IB value dur-
ing rock failure. According to previous studies (Rao 
and Lakshmi 2005), high IB values indicate a set of 
small AE events which associates with the initia-
tion of micro-cracks and slow expansion of existing 
cracks. While low IB values indicate macro-crack 
formation, and rapid crack propagation. As shown 
in Fig. 7, there are two types of events in the experi-
ments. One is that the IB value fluctuates with the 
increase of strain, which indicates that with the strain 
increase, the initiation micro-cracks and the rapid 
expansion of macro-cracks occur alternatively. The 
fluctuation IB value means cracks expansion requires 
constant input of energy from the outside (that is, the 
strain increases continuously). These cracks expan-
sion is called stable expansion. When the loading 
stops, the crack also stops expanding. The other type 
of IB value distribution is a band distribution, which 
indicates that under a certain strain condition, both 
the micro-cracks initiation and macro-cracks rapid 
expansion occur in rocks. Cracks with IB values of 
band characteristics belong to unstable propagation 
cracks. These crack propagations do not require con-
tinuous external energy input, and the self-storing 
strain energy provides the energy for crack propaga-
tion. These cracks are the main crack propagation 
types that cause disasters. Therefore, the distribution 
characteristics of IB value can be used as the early 
warning signal of underground engineering. Mean-
while, there is a distinct mixed distribution of IB 
values before rock failure. The mixed distribution is 
different from the band distribution and fluctuation 
distribution. It indicates that rock failure process is 
complex because the complex signals in the process.

According to the different IB value distribution 
patterns during the loading process, we can judge the 
damage degree of rocks. At the initial stage of hydro-
static stress loading (0–100  kN), a short strip-like 
distribution occurs. This stage is the internal skeletal 
structure adjustment, crack closure and micro-crack 
propagation during the initial loading. As the hydro-
static stress continues to increase (10–100  kN), the 

Table 3   Average amplitude 
of whole process. (unit: dB) Lode angle  − 30°  − 20°  − 10° 0°  + 10°  + 20°  + 30°

Ave-amp 62.9 62.8 62.9 62.1 62.4 61.9 62.4
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IB value begins to fluctuate with the increasing of 
strain, which indicates that the internal crack propa-
gation relies on the externally energy. With the fur-
ther increase of the hydrostatic stress state of the rock 
(100–1000 kN), the IB value has two types of distri-
bution at the same time (mixing distribution), which 
indicates that the cracks generated in the rock in this 
stage contain spontaneously generated and externally 
driven cracks.

In the deviatoric stress loading period, the IB 
value showed a fluctuation distribution at first, then 
a significant band-like distribution appeared in rock 
failure. Band-like distribution signals indicate that 
cracks in rock expand spontaneously and rock is 
going to failure. The fluctuation distribution at first 
in deviatoric stress loading, which is similar to the 
distribution in the hydrostatic stress phase. This 
similar signal distribution means that the changes in 
rock at two stages are similar. They are consuming 
external energy for the adjustment of internal skel-
etal structural and stress redistribution. The engi-
neering disasters are not likely to occur at this stage.

The crack damage characteristics at different load-
ing stages were analyzed by IB value. The spontane-
ously expansion cracks mainly occur in the period of 
the increase of hydrostatic stress and pre-peak stage, 
and the external drive cracks mainly occur at the ini-
tial loading stage of deviatoric stress. The IB value 
method mainly concentrates on the sequence of crack 
propagation. The individual signals contain a lot of 
crack information in their waveforms, which can help 
us to inverse crack types. Therefore, the nature of 
individual waveforms needs further investigation. In 
this article, the distribution of RA and AF values is 
used to analyze the single waveform signal in sand-
stone damage.

3.3 � RA‑AF characteristic in sand rock failure process

In the loading process, the rock will experience dif-
ferent failure stages and produce different cracks. 
The AE characteristics are different, and then show 
different IB distribution characteristics in different 
stages. To further analyze the variation characteris-
tics of RA and AF in different failure stages, the fre-
quency distribution characteristics of RA and AF in 
AE signals generated at different stages are counted, 
and the results are shown in Fig. 8. The IB distribu-
tion characteristics of rock in different loading stages 

are different, and the corresponding RA and AF fre-
quency distribution are also different. In initial load-
ing stage, IB mainly presents bands and fluctuation 
distribution, and RA values are mainly around 0.04, 
0.05 and 0.1. With the increase of load, the distribu-
tion frequency of RA value at 0.1 first increases, and 
then decreases slowly. During the whole loading pro-
cess, the distribution frequency of RA is mainly at 
0.03, 0.05 and 0.1. The peak value of AF distribution 
frequency distributes at the range of 150–175, which 
has little change in different rock stages. To further 
analyze the relationship between the variation charac-
teristics of IB value and the frequency distribution of 
RA-AF, we analyzed the RA-AF distribution of typi-
cal IB value during experiment. The detailed analysis 
is shown in Fig. 9.

We analyzed the relationship between different IB 
distributions and RA. When Lode angle is 10° and 
the strain is at range of 0.8–0.9, as shown in Fig. 9a, 
the IB value distribution shows a significant fluctua-
tion characteristic. In this stage, the AF value distri-
bution of AE is between 100 and 250, and the maxi-
mum value appears around 175. The value of RA is 
less than 0.5, and its peak value is 0.03, while the 
number of signals greater than 0.03 is relatively low. 
This shows that the AE with crack propagation has 
a smaller RA value when IB value fluctuates. When 
Lode angle is 20° and the strain is at the range of 
0.11–0.12, the IB value distribution shows obvious 
band distribution characteristics, as shown in Fig. 9b, 
the corresponding range of AF value is narrower 
(125–240), and the maximum value appears around 
160. It shows that when the IB value of the AE sig-
nal shows a band distribution, the RA value of these 
signals increase. The peak value of RA distribution 
appears at 0.05, the RA distribution at 0.03 is low, 
and the proportion of AE at 0.1 is increased.

When Lode angle is − 20° and the strain is around 
0.4–0.5, the distribution of IB value shows a sig-
nificant band distribution, as shown in Fig.  9c. The 
change of AF in AE of rock fracture is similar to the 
other two types. When the IB value of the AE signal 
shows a mixed distribution, the rock not only gener-
ates large number of signals with low RA values, but 
also generates large number of signals with RA = 0.1. 
Mixed distribution of IB value is produced in rock 
failure. It indicates that there are types of crack dam-
age in rocks, which confirms the conclusion for IB 
distribution analysis.
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According to the previous analysis, the frequency 
of AE signal generated by rock fracture is related to 
rock properties and the stress state. Rocks used in this 
experiment are homogeneous, so the change of AF is 

not obvious during the loading process. RA value is 
related to crack size and propagation state. Therefore, 
RA can show differences in different stages, and it can 
be used as an index to monitor rock failure process.

Fig. 7   The corresponding characteristic of IB value and stress–strain
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3.4 � The influence of Lode angle on break angle

Based on the analysts of AE waves, we find that with 
the change of Lode angle, rock experience different 
failure stages, and result in different failure models. 
We have obtained rock fracture morphologies with 

CT (computed tomography) with different stress 
paths. The fracture morphology results are shown in 
Fig. 10.

Previously, studies on rock fracture mainly focus 
on the way that fix minimum principal stress and 
increase the intermediate principal stress. It was found 

Fig. 8   The corresponding relationship of IB value and RA-AF at different loading stages
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Fig. 9   The corresponding relationship between different IB value and RA-AF
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that the fracture angle decrease with the increase of 
intermediate principal stress (Mogi 2007). However, 
keeping the minimum principal stress constant, the 
increasing of intermediate principal stress will also 
lead to the increase of hydrostatic stress. According 
to the previous study, the increasing of hydrostatic 
stress can also cause the decrease of fracture angle 
(Ma and Haimson 2017). It is hard to separate these 
two effects. In this work, we kept the hydrostatic 
stress constant and increased the deviatoric stress 
until rock failure with different Lode angles (posi-
tive relation with intermediate principal stress coef-
ficient). It can be seen from the experimental results 
that cracks in specimens are not a flat surface. The 
internal cracks always twist and bend, which results 
in a great difference between surface crack and inter-
nal crack. Therefore, it is inaccurate to determine the 
fracture patterns only from the specimen surface. We 
observe the characteristics of rock distortion cracks 
from the inside, and find that the pattern of rock fail-
ure changes as Lode angle changes. When Lode angle 
is relatively low, the conjugate crack does not pen-
etrate, and rock formed a single inclined fault plane. 
When Lode angle is − 10°, the internal cracks appear 
to X pattern crack. As Lode angle increase, the X pat-
tern crack is becoming increasingly apparent (such 
as Lode angle is 10°). When Lode angle is 20°, other 
secondary cracks are generated around the X pattern 
crack. When Lode angle is 30°, crack pattern changes 
from double X-type crack to single X-type crack, and 
large number of second cracks are generated around 
these X-type crack. These changes in rock failure 
modes indicate the variation of stress distribution 
under loading with different Lode angles. According 
to the above analysis, the rock failure model changes 
twice with the increase of the Lode angle, rock fail-
ure modes transform from an uninterrupted X-type 
crack to a double X-type crack, which is then con-
verted into a single X-type crack. In our experiments 
using the Mogi-type rock testing machine, it’s crucial 
to acknowledge the presence of end effects that may 
impact the fracture patterns at the ends of the rock 
specimen. Efforts were made to mitigate these effects, 
such as applying lubricants and adding shims, yet it 
was not possible to eliminate their influence com-
pletely. These end effects primarily affect the frac-
tures at the specimen’s ends, with minimal impact on 
the internal fractures. Since rock fracturing typically 
initiates from the interior, we can confidently assert 

that our experimental results, focusing on these inter-
nal fracture patterns, are reliable.

4 � Conclusions

In this article, we have investigated the AE law of 
sandstone under true triaxial stress conditions. The 
AE characteristics during rock loading under hydro-
static pressure of 100 MPa was studied. Considering 
the relatively novel experiment and analytical meth-
ods, the conclusions of this article are as follows:

(1)	 The AE characteristics of tensile cracks in the 
sandstone are obtained by Brazilian splitting 
experiment. By comparing the distribution char-
acteristics of AF and RA values with different 
Lode angles, we found that with the increase 
of Lode angle, the number of tensile fractures 

Fig. 10   Fracture types with different stress path
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in sandstone increases initially, followed by a 
decrease. With the increase of Lode angle, the 
number of AE signals in rock failure decreases 
initially, followed by increases. While the average 
energy of AE signals increases initially, followed 
by decreases.

(2)	 The change of IB value can be used as the basis 
to analyze the size of rock crack. The IB value 
of rock during loading process can be divided 
into wave type, band type and mixed type, which 
represent the process of crack propagation driven 
by external force, self-driving and mixed driving, 
respectively. It can provide basis for warning of 
underground construction disasters.

(3)	 The variation characteristics of RA and AF in 
rock failure process is related to IB value. The 
RA value of AE mainly concentrated on 0.05 and 
fluctuated around 0.03. The RA value of mixed 
mode distributed widely. According to the value 
of RA, it can be seen that the types of cracks are 
different under different driving forces.

(4)	 With the increase of Lode angle, rock failure 
mode changes from single fracture (− 30°) to 
double-X-type fracture (10°), and changes to sin-
gle-x-type fracture when Lode angle is 30°. Rock 
fracture angle initially, followed by increases 
with the increase of Lode angle.
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