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Abstract
In order to study the critical slowing down characteristics of acoustic emission signals produced
by the failure of the sandstone, the YAW4306 computer controlled electro-hydraulic servo press
and the CTA-1 type acoustic emission data acquisition system were used to carry out the
sandstone uniaxial compression experiment. The experiment results show that the acoustic
emission signals produced by the destruction of sandstone have obvious stage characteristics and
the cumulative acoustic emission count has good correspondences with the damage of sandstone.
The increase of slope of the cumulative count curve of the acoustic emission indicates that the
destruction of sandstone is coming. The autocorrelation coefficient and the variance of the
critical slowing down characteristics are studied in different lag step lengths and window lengths.
It can be found that different window lengths and lag step lengths have influences on the
autocorrelation coefficient and the variance. When the window length is equal, the
autocorrelation coefficient cures corresponding to different lag step lengths are messy and are
consistent only in some parts, and the corresponding variance cures are basically coincident.
Before the sample is destroyed, the small increases of the variance curve represent the
occurrence of large cracks. The sudden and large-scale increase of the autocorrelation coefficient
and the variance of the acoustic emission count can be used as the precursor signal of the
destruction of the sandstone sample. Compared with the autocorrelation coefficient, the precursor
signal of variance is more obvious. This is of great theoretical and guiding significance for
enriching and improving the acoustic emission monitoring technology of rock mass.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Mutation is widespread in nature. The evolution of complex
chaotic systems often faces transitions between different
states. This shift is huge and catastrophic. In recent years, the
critical phenomena of complex dynamic systems have
received widespread attention in different subject areas

1742-2132/18/0502150+09$33.00 2150

(Scheffer et al 2009, Scheffer 2009, Gopalakrishnan
et al 2016). For example, there shows certain critical trans-
ition characteristics before the transition from the stable state
to the chaotic state in the ecosystem, the forests, lakes,
deserts, and biological populations (Scheffer et al 2001,
Anderson et al 2008, Vasilakopoulos and Marshall 2015,
Beck et al 2018). In climate dynamic systems, abrupt shifts
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showed that they were all preceded by a characteristic slow-
ing down of the fluctuations starting well before the actual
shift (Dakos et al 2008, Lenton et al 2008). In seismic
dynamic systems, the fractal and critical point characteristics
of seismic activity have also been recognized by many
scholars (Bak and Tang 1989, Godano et al 1993, Yan
et al 2011). In addition, some major diseases in medicine and
major events in the financial market have also shown critical
transition characteristics (Mcsharry et al 2003, Venegas
et al 2005, May et al 2008, Gidea 2017, Wang and
Zou 2017). It can be seen that the phenomenon of critical
slowdown has a certain degree of universality before sudden
catastrophes. At the same time, it shows great potential in
explaining sudden catastrophic events in complex chaotic
systems and finding mutation precursors.

The geological activities of rock masses have chaotic
characteristics in space and time, and the evolution process of
activities often shows complex dynamic -characteristics.
During the loading failure process of rock, with the change of
the external load, the internal strain energy of the rock gra-
dually accumulates, and eventually it loses its stability and the
energy is released. In this process, the energy accumulation
can be regarded as one phase state. When the sample is
destroyed, the large release of energy is regarded as another
phase state. The process of phase transition occurs from the
accumulation of energy to its release. The released energy
includes surface potential energy, electromagnetic radiation
energy, thermal energy, acoustic emission energy, etc in the
process (Eccles et al 2005, Wang et al 2011, Kong et al 2017,
Li et al 2018). The acoustic emission energy contains a large
amount of information on the evolution of rock damage
(Zhang et al 2016). Studying and analyzing it can provide
insights into the process of rock failure. Many scholars have
found that a series of critical slowing down features occur
when rock is close to breaking, including significant increases
in the count and density values of acoustic emission per unit
time, as well as a long period of time (Lei et al 2004, Kong
et al 2015, Yan-Hua et al 2016). These phenomena all indi-
cate that there is a critical shift in the acoustic emission sig-
nals generated during rock failure.

As a non-destructive monitoring technology, acoustic
emission technology has been widely used in the monitoring
and early warning of related rock geological activities
(Unander 2004, Shiotani 2006, Agioutantis et al 2016).
Whether it is in the ore mining, tunnel excavation, or natural
mountain landslide landslides, abnormal rock burst failure
will cause a series of disaster accidents. Precise forecasting
and effective preventive measures before the occurrence of
geological disasters are crucial. Rock fracture experiment is
an important physical simulation experiment to study related
geological disasters. The acoustic emission phenomenon
caused by the destruction of the rock by the external load has
been studied by many scholars. The characteristics of spatio-
temporal evolution of acoustic emission signals generated by
rock failure (Li et al 2010, Moradianz et al 2012), the rela-
tionship between damage and acoustic emission signals
(Moradian et al 2010, Khazaei et al 2015), and the processing
and conversion of acoustic emission signals (Hirata

et al 1987, Rao and Lakshmi 2005, He et al 2010, Kong
et al 2016, Siracusano et al 2016, Kong et al 2017) were
introduced by many scholars. However, in the conclusions
drawn by the predecessors, the research on the critical
slowing down characteristics of acoustic emission signals
generated by rock destruction is rarely mentioned. Based on
previous studies, we carried out sandstone uniaxial com-
pression experiments and obtained acoustic emission counts.
Based on the theory of critical transitions, the acoustic
emission signals generated by rock mass destruction are
analyzed. The autocorrelation coefficient and variance that
characterize the critical transition phenomenon show sudden
and large-scale increases before the rock fracture. That can be
used as precursors to rock failure. It has certain theoretical
and guiding significance for further enriching the early
warning information of rock mass destruction and instability.

2. Experiment

2.1. Experimental sample

The test samples were taken from the Tongjialiang Mine,
Shanxi, China. Through the processing of the sandstone
obtained in the field, the standard sandstone samples with
50 mm in diameter and 100 mm in height were prepared. The
parallelisms at both ends of the specimen satisfy the exper-
imental requirements. Through measuring, the density of the
experimental samples was about 2.62-2.71 gcm > and the
porosity was about 4.34%-5.26%. In the paper, five sand-
stone samples were performed under uniaxial loading with
force control of 300 N's™ .

2.2. Experimental system and method

The diagram of the experimental device is shown in
figure 1(a). The experimental system includes loading control
system and acoustic emission acquisition system. The loading
control system adopts YAW4306 computer control electro-
hydraulic servo press. The maximum load is 3 MN and the
experimental force resolution is 1/300 000. The relative error
of the displayed value of the experiment force is £1% and
the loading rate rang is 0—60 kN s~'. Mechanical tests such
as uniaxial compression, tension, cyclic loading and creep
can be carried out by means of force and displacement
control methods. The experimental loading method is force-
controlled loading. The loading rate was 300 N's ™.

The acoustic emission acquisition system adopts the
CTA-1 type acoustic emission data acquisition system pro-
duced by the United States Physical Acoustics company. The
system can simultaneously collect acoustic emission data
from 8 channels at high speed. There are six acoustic emis-
sion sensors on the surface of the sandstone sample and they
are divided into three groups. The first group of acoustic
emission probes is 10 mm from the upper plane, the second
group is 50 mm, and the third group is 90 mm. The first group
is parallel to the third group. The first group and the third
group are orthogonal to the second group, respectively. The
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Figure 1. The experimental system diagram.

position of the acoustic emission probe is shown in
figure 1(b). The threshold values of the preamplifier and the
acoustic emission acquisition system are both set to 45 dB.
The sampling frequency is 1 MHz. Before the beginning of
the experiment, the instruments were debugged. The experi-
ment was carried out after the debugging.

3. Critical slowing down theory

Critical slowing down is the concept of statistical physics.
When the system changes from one phase to another, the
phenomenon of dispersion and fluctuation which is favorable
for the formation of new phase will appear near the critical
point (Scheffer 2009). The phenomenon of dispersion and
fluctuation not only shows an increase in amplitude, but also
shows the phenomenon that the fluctuation time is length-
ened, the disturbance recovery rate becomes slow, and the
ability to return to the old phase becomes smaller. This
phenomenon that time is lengthened, the rate of recovery
slows down and the recovery ability becomes smaller are
called slowing down (Wissel 1984, van Nes Egbert and
Scheffer 2007, Brock 2009, Scheffer 2009). When complex
dynamical systems are approaching the critical point, such as

ecosystems, climate systems, the critical slowing down often
leads to the increase of autocorrelation coefficient and var-
iance of one parameter of the system (Brock 2006, Dakos
et al 2008, Scheffer 2009). Here refers to the acoustic emis-
sion count value of sandstone samples during uniaxial com-
pression failure.

The variance is the characteristic quantity describing the
degrzee of deviation of the sample data to the mean X, denoted
as s

ERRL ey (1)
i

where x; represents the ith data and n is the number of data
produced in the sample.

The autocorrelation coefficient is the statistic describing
the correlation between different moments of the same vari-
able, and the autocorrelation coefficient that the variable x
lags length j is denoted by a(j):

n—jr . - L=
a(j) = 2(’“’ s x)(x’“ x). o)

i=1 S

It is assumed that the state variable has a forced pertur-
bation of period At, which is approximately exponential in
the process of disturbance, and the recovery rate is A. In the
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Figure 2. Characteristics of acoustic emission signals.

regression model, it can be described as:

ABLy + s, (3)

Ynt1 = €

where y, is the deviation from the system variable to the
equilibrium state, ¢, is the random quantity that matches
the normal distribution. If A\ and At do not depend on y,, the
process can be simplified as:

Yoyl = Q) + S€n, 4

where the autocorrelation coefficient ov = e*2!. Equation (4)
is analyzed by variance:

Var(y,, ) = EG,) + (E(,))* = T Q)

When the system is approaching the critical point, the
recovery rate of small amplitude disturbances is getting
slower (van Nes Egbert and Scheffer 2007). When the
recovery rate A approaches 0, the autocorrelation coefficient «
will approach 1 and the variance will approach infinity.
Therefore, the autocorrelation coefficient and variance can be
regarded as the precursor signal of the system approaching the
critical point (Scheffer 2009, Brock 2009).

4. Results and analysis

4.1. Characteristics of acoustic emission signals during
sandstone destruction

The acoustic emission signals generated during the destruc-
tion process of the rock showed obvious stage characteristics
(Mogi 1962, Lei et al 2004, Kong et al 2015, Yan-Hua
et al 2016). The sandstone samples were subjected to uniaxial
compression until failure, and the time-stress curve and
acoustic emission count series were obtained. Due to the
space limitation of the paper, only the experimental results of
the sample 2 and the sample 5 were shown in the paper.
Figures 2(a) and (c) show the relationship between acoustic
emission signals and the time in the process of sandstone
sample failure. Figures 2(b) and (d) show the stress—strain
curve generated during the destruction of the sample.
According to the relationship between the cumulative count
of acoustic emission and time, combined with the stress—
strain curve, it can be seen that the characteristics of acoustic
emission signals generated by different stages of sandstone
failure process under uniaxial loading are different. In gen-
eral, before the destruction of the sample, the acoustic
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emission signals can be divided into three stages: initial
compaction stage, slow growth stage, and rapid growth stage.

Initial compaction stage (OA): sandstone, as a porous
medium, contains many primary cracks and pores. In the
initial stage of loading, the original cracks and pores in the
sandstone were compacted under external loads. Strain energy
accumulated at this stage. As shown in figures 2(a) and (c),
the number of acoustic emission events generated during this
phase was small and the growth was slow. The acoustic
emission counts were low at the initial compaction stage.

Slow growth stage (AB): with the loading, the original
cracks and the pores in the sandstone became compacted.
Then the sample entered the elastic phase and new cracks
began to steadily develop. This stage was called the slow
growth stage. At this stage, acoustic emission signals were
more active than the previous stage. The number of acoustic
emission counts increased and the curve of acoustic emission
cumulative counts presented a slow growth trend.

Rapid growth stage (BC): at the end of the loading, the
sandstone sample entered the yielding stage and the failure
stage. Under the external load, the new micro-cracks gener-
ated in the sandstone constantly expanded, accumulated and
penetrated, and finally formed large cracks in the direction of
the principal stress, resulting in a large number of acoustic
emission events. The curve of acoustic emission cumulative
counts increased rapidly and then the sandstone samples were
destroyed.

In summary, it can be seen that the acoustic emission
signals generated in the sandstone failure process showed
obvious phase characteristics. In the process of loading, the
acoustic emission cumulative count corresponded well to
failure process of sandstone sample. The samples were
destroyed after the sudden increase of the slope of the curve
of the acoustic emission cumulative counts.

4.2. Analysis of critical slowing down characteristics of
sandstone failure

4.2.1. Critical slowing down window length and lag step
length. The window length and lag step length were related
to the stability of the autocorrelation coefficient and the
variance in the critical transitions (Dakos et al 2008,
Scheffer 2009, Dakos et al 2012). Thus, the acoustic
emission count sequences obtained from the uniaxial
compression experiments of sandstone were studied with
different window lengths and lag step lengths. The window
length represented the basic unit for sequence computation.
The lag step length represented the length of the lag sequence
from the sequence of selected window length to another
identical sequence. The variance was the variance of the new
sequence that was obtained by lagging the fixed step length of
the selected window length. The autocorrelation coefficient
was the correlation between the sequence of the selected
window length and the new sequence obtained by that the
selected window length was lagged by the fixed step length.
First, the window length was taken as 3000 and the lag step
length was taken as 500, 1000, 1500 respectively. The effects
of different lag step lengths on the autocorrelation coefficient

and variance were compared under the same window lengths.
Then, the effects of different lag step lengths under the same
window length on the autocorrelation coefficient and variance
were compared with the lag step length of 1500 and the
window length of 2000, 2500, 3000 respectively. Due to the
space limitation, only the experimental results of the sample 2
and the sample 5 were analyzed in the paper. The remaining
groups are basically consistent with the two groups listed.

Take the window length 3000 and compare the influence
of different lag step lengths on autocorrelation coefficient and
variance. As shown in figure 3, it can be seen that when the
window length was the same, the curves of autocorrelation
coefficients corresponding to different lag step lengths were
messy. The autocorrelation coefficient curves did not show
certain regularities with changes of the lag step lengths, but
only partially in the same trend. Compared with the
autocorrelation coefficient, the variance curves with different
lag steps under the same window length were basically
coincident and the trends of curve changes are the same. That
was, the variance curve did not change with the change of the
lag step length.

Take the lag step length 1500 and compare the influence
of different window lengths on autocorrelation coefficient and
variance. As shown in figure 4, it can be seen that the
fluctuation trends of the autocorrelation coefficient curves
corresponding to the lengths of different windows under the
same lag step length were the same, and the fluctuation was
gradually stabilized with the increase of window length. The
trends of the variance curves with the change of the window
length were the same. The amplification of the variance curve
at the inflection point decreased with the increase of the
window length.

Through the comparison, it can be found that the
different window lengths and lag step lengths had influences
on the stability of the autocorrelation coefficient cure and the
variance cure. When the window length was equal, the
autocorrelation coefficient curves of different lag step lengths
were messy, and the variance curves were basically
coincident. When the lag step length was equal, the
autocorrelation coefficient cures corresponding to the differ-
ent window lengths were in the same trend and the fluctuation
tends to be stable with the increase of the window length.
The trends of the variance curves were consistent and the
amplification at the inflection point decreased with the
increase of the length of the window. There were more peaks
in the autocorrelation coefficient curve through the compar-
ison between the autocorrelation coefficient curve and the
variance curve. That was, more spurious signals were
generated in the autocorrelation coefficient curve. Therefore,
compared with the autocorrelation coefficient, the change of
variance was more obvious in characterizing the precursor
signals of sandstone failure.

4.2.2. Precursory characteristics of critical slowing down in
sandstone failure. In the process of studying the auto-
correlation coefficient and the variance of critical transition
characteristics in the dynamics system, the autocorrelation
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Figure 3. Autocorrelation coefficient and variance curve of different lag step lengths in the same window length.

and variance had their own advantages and disadvantages for
different system parameter data (Dakos et al 2012, Wu
et al 2015). The amount of data that characterized system
parameters was important. The greater the amount of data
selected, the more reliable the early warning signal in the
system (Dakos et al 2008, Carpenter et al 2009, Carpenter
et al 2011, Seekell et al 2011). The number of the data in the
lag step length and the window length had certain influences
on the stabilities of the autocorrelation coefficient and the
variance. Generally, in suitable ranges, the longer the length
of the lag step and the window length, the more stable the
autocorrelation coefficient and the variance, and the more
favorable the discovery of the early warning signal. From the
above comparison, it can be seen that there were fewer
spurious signals generated by the variance curve than the
autocorrelation coefficient curve. Besides, the precursor
signal was more obvious in the variance curve. Therefore,
we analyzed the relationship between the variance and the
acoustic emission counts by using the window length of 3000
and the lag step of 1500. As shown in figure 5, it can be seen

that before the sandstone destruction, there was small
fluctuations in stress curve at 44s on sample 2 and 1935,
2925, 392s and 408 s on sample 5, indicating that large
cracks are generated at the time. At the same time, the
acoustic emission counts produced responses and the
corresponding variance curves also produced sudden
increases. It can be known that the variation of the variance
curve in the process of sandstone destruction had good
correspondences with the acoustic emission signals. The
small increases in variance curve can indicate the occurrence
of larger cracks. It can be seen that the variance of sample 2
suddenly increased at 306 s, 86.1% of the time, 86.3% of the
stress. Then the sample was destroyed after 49s and the
variance stop growing. In figures 3(a) and 4(a), the
autocorrelation coefficient experienced the same sudden
increase at 306s. Similarly, the variance of sample 5 at
421 s, 93% of the time, 93% of the stress, appeared the same
increase. At the same time, the autocorrelation coefficients of
sample 5 in figures 3(c) and 4(c) also yielded responses. Then
the sample 5 was destroyed after 27 s. At the same time point,
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Table 1. The ratio of variance mutational point of the sample to the
failure point in the time and load.

Sample 1 2 3 5
Time 0.819 0.861 0.871 0.93
Load 0.827 0.863 0.869 0.93

the acoustic emission counts and the acoustic emission counts
density per unit time of sample 2 and sample 5 produced
sudden increases. The rest of the samples also produced
basically consistent phenomenon. The ratio of all samples that
mutation time and load point of the variance to specimen
failure time and load point are shown in table 1 (the data of
sample 4 is lost).

As a non-destructive monitoring technology, acoustic
emission technology has been widely used in geotechnical
engineering monitoring. Based on the theory of critical
slowing down, this paper studies the critical slowing down
characteristics of acoustic emission in the process of rock
mass failure. The autocorrelation coefficient and variance
which characterized the critical slowing down of rock mass
failure were obtained. The variance was significantly
increased before rock failure and the warning characteristics
were relatively obvious. This is of great theoretical sig-
nificance for enriching the acoustic emission monitoring
technology of rock mass.

5. Conclusion

In this paper, the experiment of sandstone uniaxial com-
pression was carried out on the basis of previous studies.
Based on the theory of critical slowing down, the acoustic
emission counts during the failure process of sandstone were
analyzed, and the following conclusions were obtained.

(1) During the whole loading process, acoustic emission
signals produced by sandstone failure showed obvious
phase characteristics. The cumulative count of acoustic
emission corresponded well to the damage and failure
process of sandstone. The increase of the slope of the
acoustic emission cumulative count curve indicated that
the sandstone will be destroyed soon.

(2) Different window lengths and lag step lengths had
effects on the autocorrelation coefficient and variance of
acoustic emission counts that characterize the destruc-
tion of sandstone. When the length of the window was
equal, the autocorrelation coefficient cures corresp-
onding to different lag step lengths were messy, which
were consistent only in some parts, and the corresp-
onding variance cures were basically coincident. When
the lag step length was equal, the fluctuation trends of
the autocorrelation coefficient cure and variance cure of
different window lengths were basically consistent, and
the fluctuation tended to be stable with the increase of
the window length.

(3) Before the sandstone was destroyed by loading, the
small increase of the variance curve of the critical
slowing down represented the occurrence of large
cracks during the loading process of sandstone. The
sudden and large-scale increase of the autocorrelation
coefficient cure and the variance cure can be used as the
precursor signals of sandstone failure. Compared with
the autocorrelation coefficient cure, the variance cure
was more obvious.
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