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Abstract In this study, uniaxial compression tests 
and simultaneous acoustic emission (AE) monitor-
ing were carried out on four rocks (yellow sandstone, 
white sandstone, marble and limestone). The mechan-
ical properties and AE energy evolution characteris-
tics of different rocks were analysed. With the help of 
critical slowing down (CSD) theory, the AE precur-
sor characteristics of their failure were investigated. 
It is pointed out that the AE during rock loading has 
a CSD phenomenon. A sudden change in the vari-
ance of one of the CSD indicators can be regarded 
as a precursor to failure, and it has the advantage 
of being more accurate and sensitive to failure than 
the autocorrelation coefficient. The stress level of a 
rock’s failure precursor is closely related to its brit-
tleness characteristics. The higher the brittleness of 
the rock, the more backward the failure precursor is, 
and the more difficult the early warning is. The study 
aims to provide new indicators and references for the 
monitoring and early warning of rockbursts and other 

disasters induced by rock fracture in deep under-
ground engineering.

Article highlights

1. Analyzed the mechanical properties and acoustic 
emission response of different rocks.

2. The critical slowing down theory was introduced 
to explore the precursor characteristics of acous-
tic emission for different rock failures.

3. The precursor of rock failure is closely related to 
its brittleness and energy evolution.

Keywords Acoustic emission · Failure precursor of 
rock · Critical slowing down · Brittleness

1 Introduction

In deep underground rock engineering, such as tun-
nelling and coal mining, the rock is often in an 
extremely high geostress condition. Rock bursts, roof 
breakage and other disasters induced by rock frac-
ture under high stress conditions seriously affect the 
safe construction of the project (He et  al. 2005; Li 
et al. 2020, 2023b; Zhao et al. 2021; Ma et al. 2023). 
Therefore, monitoring and early warning of rock frac-
ture, especially the determination and identification of 
the precursors of failure, are very important. Accurate 
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identification of failure precursors and timely preven-
tive treatment can reduce casualties and economic 
losses.

Acoustic emission (AE) is a transient elastic wave 
emitted locally by a material as a result of a rapid 
release of energy. It has a wide range of applications 
in the field of rock mechanics and engineering as a 
powerful geophysical tool for rock stability monitor-
ing (Hirata et al. 2007; Cai et al. 2007; Přikryl et al. 
2003; Lockner 1993; Ohnaka and Mogi 1982). The 
AE signals during rock fracture can invert the frac-
ture mechanism, location, scale, and deeply reflect the 
fracture activity and damage degree. Common analy-
sis methods mainly include parametric analysis and 
waveform analysis. The parametric method mainly 
analyses the characteristic parameters of AE (e.g., 
counts, energy, amplitude, etc.) to characterize the 
progressive damage process of rocks (Moradian et al. 
2010; Li et al. 2021a). The RA (ratio of rise time to 
amplitude) and AF (average frequency) values of the 
AE can effectively reflect the tension or shear mecha-
nism of the fracture (Ohno and Ohtsu 2021). The 
waveform method focuses on time–frequency conver-
sion of signals to obtain the frequency characteristics 
of the signal (Soma et al. 2002). Large-scale ruptures 
tend to correspond to low-frequency signals, and the 
opposite is true for small-scale signals (Jiang et  al. 
2021). The time-series evolution of AE signal char-
acteristics has received much attention from scholars 
in the hope of identifying precursors of failure. Sud-
den changes in the timing parameters of the AE, as 
well as in the frequency, can be regarded as a sign 
of fracture. A decrease in the b-value of the AE is 
also considered to be a precursor of a major fracture 
(Dong et al. 2022). Fractal theory was applied to fur-
ther reveal structural features of the data for AE and 
to provide new indicators (Kong et al. 2022). A num-
ber of artificial intelligence methods have also been 
pursued (Li et al. 2023a; Di et al. 2023).

Critical slowing down (CSD) theory describes the 
phenomenon of distributed fluctuations that promote 
the generation of a new phase near a critical point 
before the dynamical system switches from one phase 
to another. Such distributed fluctuations are usually 
characterised by increased time, slower recovery and 
reduced resilience (Zhang et  al. 2021). Rock failure 
and instability are self-organised critical behaviours 
of a system that is transitioning from a stable to an 

unstable state. Therefore, it is possible to introduce 
CSD theory to study AE precursors of rock failure. 
Some studies have been carried out. For example, 
Shen et  al. (2020) used CSD to study the change 
characteristics of infrared radiation during loading of 
water-bearing rocks. The AE signals of water-bearing 
rocks were analysed with CSD by Li et  al. (2021b). 
Zhou et  al. (2023) used CSD to investigate the AE 
precursors of rock failure after freeze–thaw cycles. 
However, due to the complexity of the stratigraphy 
in underground engineering, it is necessary to inves-
tigate the failure precursors of different types of rocks 
and to verify the applicability of the CSD theory to 
different rocks.

Therefore, in this paper, four rocks were selected 
to carry out uniaxial compression experiments, 
including yellow sandstone, white sandstone, marble 
and limestone. Moreover, the AE monitoring was also 
carried out simultaneously. The mechanical proper-
ties and AE response characteristics of different rocks 
were analysed. The CSD theory was introduced to 
investigate the AE precursors of the failure of differ-
ent rocks. Finally, the correlation between the brittle-
ness, energy evolution behaviour of the rocks and the 
failure precursors was explored. The study aims to 
provide new indicators and references for the moni-
toring and early warning of rockbursts and other dis-
asters in deep underground engineering.

2  Experimental procedure

2.1  Sample preparation

Four different rocks were used to carry out the study. 
These were yellow sandstone (YS), white sandstone 
(WS), marble (M) and limestone (L). Their densi-
ties are 1.8  g/cm3, 2.7  g/cm3, 3.1  g/cm3 and 2.4  g/
cm3, respectively. They were machined into standard 
cylindrical samples with a diameter of 50 mm and a 
height of 100  mm for uniaxial mechanical property 
testing according to the standards of the International 
Society of Rock Mechanics. The specimen is physi-
cally shown in Fig. 1. X-ray diffraction tests were also 
carried out to derive their specific mineralogical com-
positions as shown in Table 1. Figure 2 shows their 
microstructural image obtained by polarised light 
microscopy observation.
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Fig. 1  Specimen physical 
picture

Table 1  Mineral 
components

Rock types Quartz (%) K-feldspar (%) Plagioclase (%) Calcite (%) Clay (%)

Yellow sandstone 59.5 37.5 0 0.8 2.1
White sandstone 32 4.5 52.8 0.5 10.3
Marble 0 0 0 100 0
Limestone 1.1 0 0 96.1 2.8

Fig. 2  Polarised micro-
scope images. a Yel-
low sandstone; b White 
sandstone; c Marble; d 
Limestone
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2.2  Test programme

As shown in Fig.  3, the test system mainly consists 
of a loading system and an AE monitoring system. 
The loading system adopted the new SANS micro-
computer-controlled electro-hydraulic servo pressure 
testing machine. The AE acquisition system adopted 
the 24-channel Micro-II type AE monitoring host 
of American Physical Acoustics Corporation with a 
NANO-30 AE probe and a preamplifier. The centre 
frequency of the AE probe used for the experiment 
was 150 kHz. During the experiment, the loading 
rate of the press was set to 500 N/s, and the thresh-
old, amplification and acquisition frequency of the 

AE signal acquisition were set to 40 dB, 40 dB and 
2 ×  106/s, respectively. The AE probe was placed 
close to the surface of the specimen and a lead break 
test (Dahmene et  al. 2016) was carried out, all to 
ensure that the signals from the rock fracture were 
captured in their entirety. Turn on the press and AE 
acquisition simultaneously. Load until the specimen 
was fully destroyed. Each rock has three replicate 
specimens. Table 2 gives the numbers and test results 
of all specimens.

Fig. 3  Schematic diagram of the test system

Table 2  Specimen number and test results

Rock types Sample no. USC (MPa) E (GPa) Stress level at the 
precursor point (%)

B

Value Average Value Average Value Average Value Average

Yellow sandstone YS-1 38.3 38.0 6.0 5.8 0.86 0.87 0.68 0.67
YS-2 36.6 5.4 0.87 0.66
YS-3 39.1 6.2 0.88 0.68

White sandstone WS-1 69.8 70.1 11.3 11.3 0.98 0.98 0.87 0.88
WS-2 68.3 10.3 0.99 0.89
WS-3 72.1 12.3 0.96 0.87

Marble M-1 52.3 51.6 13.3 13.3 0.86 0.84 0.62 0.60
M-2 49.3 12.4 0.83 0.60
M-3 53.1 14.2 0.84 0.59

Limestone L-1 45.1 45.5 8.8 8.6 0.94 0.92 0.71 0.71
L-2 48.2 8.1 0.92 0.70
L-3 43.2 9.0 0.91 0.71

Fig. 4  Stress–strain curves
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3  Experimental results and analysis

3.1  Mechanical properties

Figure  4 illustrates the stress–strain curves for the 
different rocks used in the experiment. All speci-
mens underwent approximately four stages of the 
loading process, including compaction, elastic 
deformation, crack propagation and failure. The 
compaction phase had an upward concave curve, 
due to the closure of the original pores and cracks. 
This was followed by elastic deformation, when 
the stress increased linearly with strain. With the 
increase of stress, the cracks inside the specimen 
developed and expanded, the damage intensified, Fig. 5  Uniaxial compressive strength and elastic modulus

Fig. 6  Time-series variation of AE energy. a Yellow sandstone; b White sandstone; c Marble; d Limestone



 Geomech. Geophys. Geo-energ. Geo-resour.           (2023) 9:161 

1 3

  161  Page 6 of 13

Vol:. (1234567890)

and the curve gradually became non-linear. The 
strain hardening behaviour was exhibited. Loaded 
to peak stress (i.e., uniaxial compressive strength, 
UCS), the specimen will fail completely, with a 
gradual drop in stress.

The mechanical parameters, including UCS and 
elastic modulus E, of all the rock specimens are sta-
tistically presented in Fig. 5. Specifically, the UCS 
of yellow sandstone, white sandstone, marble and 
limestone specimens averaged 38  MPa, 70.1  MPa, 
51.6 MPa and 45.5 MPa, respectively, whereas the 
E were 5.8 GPa, 11.3 GPa, 13.3 GPa and 8.6 GPa, 
respectively.

3.2  AE time-series response

Figure  6 shows the time series variation of the AE 
energy during the loading of specimens from different 
rocks. In general, the AE energy variations reflected the 
deformation as well as the fracture process of the speci-
mens well. In the early stage of loading, there were 
some fluctuations in the AE energy during the compac-
tion phase due to the random character of the original 
cracks and pores. During the elastic deformation phase, 
there was basically no fracture inside the specimen, so 
the AE was less active and the energy value stayed at 
a very low level. In the late stage of loading, a large 
number of cracks developed and expanded as well as 
penetrated inside the specimen, and the AE response 
was strong with high energy values. Furthermore, after 
loading to peak stress, the AE energy also peaked when 
failure occurred. It seems that the peak AE energy of 
a rock with high strength is also higher, due to the fact 
that its failure is more violent. Specifically, the peak AE 
energy of white sandstone could reach 1800  mV  μs, 
which was significantly higher than other rocks. It also 
had the highest strength of the four rocks.

4  Critical slowing down based precursor 
extraction

4.1  Critical slowing down theory

Variance and autocorrelation coefficient (AC) are sta-
tistical parameters used to quantitatively character-
ise the CSD phenomenon (Zhang et al. 2021; Li et al. 
2021b; Kong et al. 2015). In this paper, the AE energy 

parameters reflecting the fracture activity were taken 
as representative parameters for subsequent analyses in 
order to reveal the CSD characteristics of the rock load-
ing process. The precursor features of the failure were 
extracted by characterising the change of its steady 
state.

The variance, denoted s2, is the characteristic quan-
tity that describes the deviation of the data from the 
mean value x . S is the standard deviation. Specifically, 
it can be written as:

where xi is the ith datum; n is the number of datums 
in the sequence.

The autocorrelation coefficient describes the cor-
relation of the same variable at different times. When 
the lag length of the variable x is j, the autocorrela-
tion coefficient a(j) can be expressed as:

Assuming that there is a forced disturbance in the 
state variable with period ∆t, the equilibrium regres-
sion is approximated as an exponential regression 
with a recovery rate of γ during the disturbance. The 
following equation exists in the regression model:

where yn is the deviation of the system variables to 
equilibrium; βn is a normally distributed random 
quantity.

When γ and ∆t do not depend on yn, Eq. 4 reduces 
to the first-order autoregressive model AR(1):

Analyze the AR(1) process through variance:
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where Var is the variance; M is the mathematical 
expectation.

As the system approaches the critical point, the 
recovery rate for small amplitude perturbations 
decreases. When the system approaches the critical 
point, the recovery rate γ tends to 0 and the AC tends 
to 1. From Eq. 6, the variance tends to infinity, so the 
increase of variance and AC can be used as a precur-
sor signal that the system is approaching the critical 
point.

4.2  Window length and lag length

When calculating variance and AC, the appropriate 
window length and lag length should be determined. 
The window length refers to a selected sequence con-
taining a specific amount of data, and the lag length 
refers to the lag from the sequence containing a spe-
cific amount of data to a new sequence with the same 
window length.

Fig. 7  Changes in CSD indicators for different window lengths. a Variance; b Autocorrelation coefficient

Fig. 8  Changes in CSD indicators for different lag lengths. a Variance; b Autocorrelation coefficient
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Taking the AE energy sequence of YS-1 speci-
men as an example, the effect of different window 
lengths on the change of CSD indicator was stud-
ied with the lag length fixed at 100. Figure 7 illus-
trates the results of the calculations. Overall, the 
window length had essentially no effect on the 
timing of abrupt changes in variance and AC, only 
on the magnitude of the rise and fall of the curve. 
The longer the window length, the smaller the 
magnitude of the change in the indicators. Then, 
the effect of the lag length on the indicator change 
was explored with the window length fixed at 200. 
Figure  8 illustrates the calculation results. The lag 
length did not affect the variance. It had some effect 
on the AC. Usually the larger the lag length, the 
weaker the data correlation (Li et  al. 2021b). It is 

important to choose the appropriate window length 
and lag length according to different data lengths.

4.3  Precursor recognition

Here a window length of 200 and a lag length of 100 
were chosen to calculate the CSD indicators of the AE 
energy during loading of different rock specimens.  
Figure  9 shows the final calculation results. During 
the early stages of loading, mainly the compaction and 
elastic deformation phases, the specimen was inter-
nally stable. Even if there were small cracks, the system 
would return to a stable loading state relatively quickly 
due to the fast recovery rate. The AE signals were 
weak, and therefore the variance and AC did not change 
much. In the later stages of loading, a large number of 

Fig. 9  Time-series changes in CSD indicators. a Yellow sandstone; b White sandstone; c Marble; d Limestone
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cracks expanded erratically and the specimen gradu-
ally lost its ability to return to its original state. The AE 
response was strong and exhibited the phenomenon of 
CSD. Variance and AC showed growth. In general, the 
variance was essentially unchanged in the earlier period 
and had a high sensitivity to fracture in the later period, 
where the abrupt change was significant. Although the 
AC also showed an increasing trend in the later stages, 
its overall change was choppy and not conducive to 
the judgement of failure precursors. There were fewer 
pseudo-signals of variance, so this indicator is recom-
mended as an important reference indicator for rock 
failure monitoring. In addition, the direct use of the AE 
energy parameter as a precursor indicator has the prob-
lem of difficulty in selecting the critical value in engi-
neering. The CSD theory further exploits the evolu-
tionary and structural characteristics of AE data, which 
is more valuable for failure warning in engineering. 
Considering the sudden change point of variance as the 
precursor point of failure, the precursor time point of 
each specimen is labelled in Fig.  9. For example, the 
YS-1 specimen destroyed at 152.8 s, and its precursor 
point occurred at 131.6 s of loading. The ratio of stress 
at the precursor point to peak stress was counted for all 
specimens and the results are shown in Fig.  10. The 
precursors for marble were the most advanced, averag-
ing at 84% of peak stress. Whereas, the precursors of 
failure in white sandstone were on average at 98% of 
the peak stress, making early warning of its failure the 
most difficult.

5  Discussions

In fact, the failure of a loaded rock is a strain energy-
driven state instability (Pan and Lu 2018; Wang et al. 
2022). During loading, part of the work done by the 
environment is stored in the rock as elastic strain 
energy, and the rest is dissipated due to fracture and 
irreversible deformation. The calculation formulas for 
the total energy U, elastic energy Ue, and dissipated 
energy Ud input from the outside is as follows (Li et al. 
2021a, b; Ma et al. 2020):

Their evolution is schematically illustrated in 
Fig.  11. The response of AE as a radiated signal 
reflecting the release of local strain energy implies 
the intensification of damage and fracture within the 
specimen, which is essentially an energy dissipa-
tion behaviour. Figure 12 shows the evolution of the 
variance of AE versus dissipation energy for differ-
ent rock specimens. The evolution of variance index 
is synchronous with the change of dissipated energy.

Rocks with more significant pre-peak energy dis-
sipation tend to have more advanced precursors. For 
example, the marble in the test had a more significant 

(7)U = ∫ �

0
�d�

(8)Ue =
�2

2E

(9)Ud = U − Ue

Fig. 10  Stress levels at precursor points Fig. 11  Schematics of energy evolution during rock loading
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strain-hardening behaviour before peak stress. A sig-
nificant amount of strain energy was dissipated dur-
ing the crack propagation phase prior to final failure. 
AE also responded significantly, so its precursor was 
more advanced. In contrast, white sandstone had less 
pre-peak energy dissipation and its precursor point 
was very late. The ratio of pre-peak energy dissipa-
tion actually reflects the brittleness characteristics of 
the rock material (Wang et al. 2022). Specifically, it 
can be evaluated by a classical brittleness index BI 
(Hucka and Das 1974):

where Uep is the strain energy stored within the speci-
men at peak stress, and Up is the total strain energy 

(10)BI =
Uep

Up

Fig. 12  Time-series variation of variance and dissipation energy. a Yellow sandstone; b White sandstone; c Marble; d Limestone

Fig. 13  Relationship between rock brittleness and failure pre-
cursors
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input at peak stress. Higher BI means more brittle 
rock. The brittleness index BI was calculated for all 
the specimens and its relationship with the stress level 
of the precursor was explored. The results are shown 
in Fig. 13. There is a significant positive correlation 
between the brittleness index and the stress level of 
the precursor, which can be well described by a linear 
function. In general, brittle rocks have less dissipated 
energy before the peak and their failure is sudden and 
therefore more difficult to be warned. The brittleness 
of rock materials is an inherent material property that 
depends on their material composition, cementation, 
and microstructure.

Moreover, this is closely related to the proneness 
dynamic hazards such as rockbursts. It is suggested 
that reducing the brittleness of rocks by means of 
some material modification, such as water immer-
sion (Li et  al. 2021a, b; Li et  al. 2023c) or heat 
treatment (Xu et al. 2022), may reduce the difficulty 
of warning of rock failure and may reduce the risk 
of rock bursts.

6  Conclusions

In this paper, uniaxial compression tests were car-
ried out for four types of rocks, including yellow 
sandstone, white sandstone, marble and limestone. 
The acoustic emission (AE) signals during the load-
ing process were also monitored. The mechanical 
properties of different rocks and the time-series 
changes of AE energy parameters were analysed. 
The critical slowing down (CSD) theory was intro-
duced to investigate the AE precursors of rock fail-
ure. The main conclusions are as follows:

1. AE energy during rock loading has a CSD phe-
nomenon. At the late stage of loading, the CSD 
indicators variance and autocorrelation coeffi-
cient (AC) grow. The larger the window length, 
the smaller the fluctuation of variance curve and 
AC curve. The lag length has no effect on the 
variance, but it affects the rise and fall of the AC 
curve.

2. The direct use of AE energy as a monitoring indi-
cator has the drawback of difficult selection of 
warning values, while the CSD indicator further 
exploits the evolutionary and structural charac-
teristics of the data, which is of broad engineer-

ing significance. The change in variance is more 
accurate compared to the AC and is more sensi-
tive to fracture. Abrupt changes in variance are 
suggested as precursors of rock failure.

3. The more brittle the rock, the more sudden the 
failure and the more difficult it is to warn of the 
failure. The brittleness of the rock has a positive 
correlation with the stress level at the failure pre-
cursor point. This is related to the law of energy 
dissipation during loading. It is recommended 
that rock brittleness be attenuated by means of 
material modification in order to reduce the risk 
of rockburst and the difficulty of AE warning.
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