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Abstract

Different frequency bands (FBs) of acoustic emission (AE) signals from rock fractures contain diverse information about the
physical and mechanical properties of a rock. This study proposes a frequency division processing method for the standard
description expressions of discrete signals and for defining the integrated characteristics of AE signals. The frequency evo-
lution of rock fracture-related AEs was investigated under uniaxial loading conditions, and rocks in dry and saturated states
were examined and compared using AE information in FBs. The correlation between the water state and FBs of AE signal
was addressed. The FB features (e.g., energy concentration) were analyzed, and their changes in water conditions were also
considered by focusing on the FBs with the greatest energy concentrations. During rock fracturing, dry and saturated samples
developed various shear-tensile damage patterns or “rock bridge” modes. The moisture property of rock affected the peak
strength, plastic deformation, and intensity of the rock destruction, and the statistical relationship observed between rise time/
amplitude and average frequency showed that the crack characteristics depended on the presence or absence of moisture.
The most suitable FB to distinguish the water state was 31.25—62.5 kHz. The parameter  (i.e., variable energy coefficient)
exhibited a sudden increase in the FB of 0-31.25 kHz. This rapid change was more remarkable than that in the other FBs.
This FB should be considered useful for monitoring to help predict the final rupture. The method developed here provides a
new way for examining the rock damage characteristics and discovering the fracturing behavior patterns.
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Introduction

Rock damage by rupture is a process in which internal cracks
are initiated, then extended, and finally joined, thus breaking
the rock. Cracks can vary in size from micro-scale to macro-
scale (Scholz 1968; Kranz 1983; Yangidani et al. 1985; Tang
1997; Wu et al. 2000; He et al. 2010). The acoustic emission
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(AE) phenomenon is defined as elastic waves associated
with a rapid release of localized stress energy that is propa-
gated with a material. AE has been proven to be a useful
tool for investigating rock fractures (Lavrov 2003; Liu et al.
2015; Li et al. 2017). Various researchers have studied AE
monitoring to understand rock mechanics and fracturing.
AE or micro-seismic (MS) characteristics were initially
considered part of earthquake research. When increas-
ing stress was applied to various brittle materials, elastic
shocks (AE signals) began to occur at some stress states
and increased generally with stress. They occurred further
frequently with the increasing degree of heterogeneity (Mogi
1962). The experiment was monitored with an array of trans-
ducers around a sample to permit the full-waveform capture,
location, and analysis of MS events for understanding the
physical processes that generate seismicity within volcanic
edifices. Basalt from Mount Etna (Italy) was selected as the
rock sample (Benson et al. 2008). Then, strong similarities
were observed between the small quakes that follow main
earthquakes (the so-called aftershock sequence) and the AE
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activity that follows sample fracturing. The spectrograms
of natural and laboratory seismicity were similar once
allowance was provided for the different frequencies. They
inferred that the evolution of the seismic signal with time
was similar, suggesting that the underlying physical process
was the same (Burlini and Toro 2008).

Researchers proposed that different fracture mechanisms
generated different AE signals. The failure process of frac-
tured marble was locally progressive, and the AE event
accumulation was strongly related to the loading process
and stress redistribution in rock. Natural fractures were
widely distributed among rocks, and the spatial evolutions
of different natural fractures could be successfully located
and tracked by AE information (Enomoto and Hashimoto
1990; Pei et al. 2016). A signal-processing method inspired
by a musical staff was proposed to describe the AE signal
comprehensively. The processed information required a
small storage space to maintain high fidelity (Zheng and
Wu 2015). The cracking levels were detected through the
parametric analysis of AE signals, thereby correlating these
parameters to stress—strain plots of rocks. The number of
AE hits was related to the number of cracks, and the AE
energy was related to the magnitude of the cracking event
(Moradian et al. 2016). The AE patterns triggered by stress
level, loading time, and loading history were discussed and
summarized. A damage variable based on AE parameters
and a methodology for its determination were established.
The rock fracturing evolution was quantified by AE infor-
mation combined with other monitoring equipment (Chen
and Yu 1984; Wieser et al. 2015; Zhang et al. 2015; Rod-
riguez et al. 2016; Wang et al. 2016; Meng et al. 2016).

An analysis of continuous waveforms from 40 to 60 dB
channels demonstrated a wide range of waveform ampli-
tudes for investigating the influences of AE equipment
parameter settings on the monitoring effect. Two regimes
of fracturing (nucleation and quasi-static fault propaga-
tion and dynamic fault propagation) were identified, and
their AE characteristics were discussed and investigated
(Goodfellow et al. 2014). Various rupture modes of rock
damage can be identified by complex frequency compo-
nents. Certain characteristics of AE signals can be cap-
tured before rock burst occurs. The continuous waveform
of low-frequency and high-amplitude values was closely
related to rock burst occurrences. H-type waveforms with
high dominant frequencies were caused by shear failure,
and L-type waveforms with low dominant frequency were
produced by tension failure (Jia 2013; He et al. 2015; Li
et al. 2017). The beginning of rock rupture was character-
ized by an increase in the high-frequency components of
AE signals. A high frequency of AE components has been
identified in some situations, whereas a low frequency of
AE components can indicate an imminent rock burst (Arm-
strong 1969; Calder and Madsen 1989; Lu et al. 2012).
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Several characteristic parameters were extracted as discri-
minant indicators to distinguish between the seismic events
and blasts that generate seismic waveforms. Fisher classi-
fier, naive Bayesian classifier, and logistic regression were
used to establish the discriminators between seismic events
and blasts. Research results showed a reasonably good dis-
criminating performance (Dong et al. 2016a, b, 2017). A
modification of the original AE b value is proposed on the
basis of the use of AE energy signals. The evolution of
the energy b value indicates the onset of severe damage
(Sagasta et al. 2018).

The results of these studies have been used to apply the
AE technology further in studying rock damage. However,
understanding the mechanical and fracturing properties of
rocks is a complex problem, and the use of AE patterns to
identify and predict rock ruptures entails various difficul-
ties, such as selecting a suitable frequency band (FB) for
monitoring rock failure predictions.

The present study conducts physical experiments on dry
and saturated conditions using an AE-monitoring system
to study the inner mechanism and unstable warning of rock
fracturing, including the generation, development, and ter-
mination stages. Finally, for these research results, the AE
signals must be identified, and the most suitable FBs for
monitoring rock deformation and fracturing should be cap-
tured. This research will be important for predicting the final
rupture of rocks.

Basic theory of AE analysis in rock fracturing
AE waveform information of rock fracturing

AE refers to the generation of transient elastic waves pro-
duced by a sudden redistribution of stress and can result
from the initiation and growth of cracks, slips, and disloca-
tion movements in rocks. Therefore, the AE signal waveform
is determined by the type of fracture source and affected by
the propagation path and sensor performance.

The AE signals caused by rock fracturing differed widely
due to the varied fracture origins, but they have two main
types (He et al. 2010; Zhang et al. 2015). One is a burst form,
which often appears early during rock failure; its waveform
possesses a short increase time and rapidly reaches its peak
before slowly decreasing (Fig. 1a). The other is continu-
ous form, which generally appears when multiple fractures
occur simultaneously (Fig. 1b), resulting in the difficult
localization of the fracture/AE origins. This problem may
be resolved by further developing the AE-monitoring equip-
ment or AE machine parameter settings.

Thus, the typical AE signal of rock fracturing can be
divided into burst and continuous signals.
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Fig. 1 Typical AE signal of
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Figure 2 shows a typical AE signal (Fig. 2a) and its fre-
quency distribution (Fig. 2b). The frequency characteris-
tics are obtained using the fast Fourier transform. The sig-
nal is determined through spectral frequency analysis, and
the main frequency is the highest frequency amplitude.

Value of rise time/amplitude (RA) and average
frequency (AF)

The RA value is the rise time divided by the amplitude. The
AF (unit: kHz) is defined as the ratio of threshold crossings
divided by the signal duration. The RA and AF can be used
to analyze the fracture types, which are presented in Egs. (1)
and (2), respectively (Ohtsu et al. 2007; Shiotani 2008):

Rise Time

RA= ———
Amplitude @)

_ Counts
Duration Time

2

The cracking type can be classified by the following
factors (Farhidzadeh et al. 2014): (1) Mode I, tensile crack,
with high AF and low RA values and (2) Mode II, shear
movement, with low AF and high RA values (Fig. 3).

Average Frequency

RA value

\ 4

Fig.3 Conventional crack classification (Farhidzadeh et al. 2014)

Fundamental principle of wavelet packet
decomposition (WPD)

Wavelet packet transform is a useful tool for signal process-
ing. Wavelets are oscillations resulting from multiple small
wavelets and are often analyzed using polynomial, sine,
cosine, and other functions (Mallat 1989; Cleophas and
Zwinderman 2013). Various actual and simulated transient
signals have been analyzed using the discrete wavelet trans-
form, which demonstrates the power of wavelet analysis.
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Wavelet packet analysis can decompose the high and low
frequencies of an original AE signal. Decomposition must
not occur in numerous layers; otherwise, the calculation
redundancy is increased, which affects the processing speed,
although few layers will not provide useful FB selection
(Torresani 1992).

The WPD has the characteristics of orthogonality,
independence, and multi-resolution, and its layer number
is determined by the signal and requirements for feature
parameters. After decomposition, the frequency range of
each FB can be solved by the following formula:

oAU =D A

G0 = [WW] 3)
where f(j, i) is the frequency range of the number j of FB
after i layer decomposition (j = 1,2, ... ,2%) and [, denotes
the sampling frequency.

In the multi-resolution analysis, L*(R) = EBWj Gje2),
indicating that the analysis decomposed the L?(R) of Hil-
bert space into W; (j € Z) of the orthogonal collections in
accordance with different scale factors. WPD is expressed
as follows:

P
@ U].Z_k,jm jkmeZ “)
m=0

VVj:

j=1,2,..5k=1,2,...,;m=0,1,2,...,2F — 1, where k
is the number of decompositions and m represents the posi-
tion number of decomposition FB.

We used x(i) of the discrete signal to WPD, and x,, of
the decomposed signal belongs to U] ?ﬁ;’” of the sub-space. N
indicates the length of x*™(i) of the discrete signal, and the
energy can be expressed as

N
E,6(0) = o ¥ (@) ®)
i=1

The energy of every sub-FB can be represented by the
percentage of total energy using the method of normalized
relative energy. The relative energy of m-band can be solved
as follows (Yen and Lin 2000):

E, (xkm(i
E, (m)= ﬁ (6)
Characteristics of AE signals during rock fracturing
Characteristics of AE signals
Rock material is typically non-continuous with the charac-

teristics of non-uniformity and anisotropy, and its initial rup-
ture has certain randomness. The appearance of rupture area
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localization is important to final failure due to the evolution
of fracturing process. Therefore, the AE generated by rock
fracturing should have the following characteristics:

e Rock fracturing occurs rapidly but produces large
amounts of AE signal data. The wavelet basis function
should be selected to handle large data.

e Various rocks have different geological settings, and
a given rock will have multiple scales of flaws, which
will influence its AE signal. The wavelet basis function
should be sensitive to flaw signals and insensitive to
external disturbances.

e The particulate nature of a rock leads to the distribu-
tion of numerous micro-structure planes inside it, which
can produce AE signals with different frequencies under
various stress levels and modes. The wavelet basis func-
tion should be selected to provide compact support and
attenuation, given that AE signals are abrupt and com-
plex.

Discrete wavelet packets offer more compact calcula-
tions and faster processing than continuous wavelet packets,
thereby rendering them favorable for processing the large
data sets associated with AE signals.

Introduction of wavelet packet transform during AE signal
processing

In “2.3 The fundamental principle of wavelet packet decom-
position (WPD),” CAi and CDi (the low- and high-frequency
components of AE signals, respectively) are decomposed to
create the full binary tree. For n levels of decomposition, the
WPD produces 2" different sets of coefficients (or nodes).

Experimental investigations
Rock samples and preparation

Gabbro is a large group of dark, often phaneritic or coarse-
grained, mafic intrusive igneous rocks that are chemically
equivalent to basalt. Gabbro forms when molten magma is
trapped beneath the Earth’s surface and slowly cools into a
holocrystalline mass. Most of the oceanic crust is composed
of gabbro, which is formed at mid-ocean ridges. Gabbro is
also found as plutons associated with continental volcanism.

All samples were processed into cuboids of
50 mm X 50 mm X 100 mm. Dry and saturated samples were
prepared as follows. (1) Dry samples: five rock samples were
oven-dried at 105 °C for 48 h. (2) Saturated samples: five
rock samples were prepared through the free water absorp-
tion method. The samples were partially immersed for 2 h
in a water sink, in which one quarter of each is covered.
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The water depth was then increased to half coverage for an
additional 2 h. Three-quarters of the samples were immersed
for another 2 h and then finally fully submerged for 48 h
before use.

Table 1 lists the experimental and loading conditions of
all 10 samples of gabbro specimens.

Experimental setup and method

The experimental system comprises the loading and AE
systems (Fig. 4).

e Loading system Compression tests were conducted on
a servo-controlled rock-testing machine (ATW-3000,
Chaoyang Test Instrument Corporation, Changchun,
China). The deformation and applied vertical force can
be monitored. The capacity of the axial load transducer
is up to 3000 kN.

o AE-monitoring system The AE activities of rock fractur-
ing were recorded using an AE detector with eight chan-
nels. The multi-parameter AE data, including waveform,
hit, ring-down counts, and amplitudes, are obtained using
a computer-based AE system (PCI-2, Physical Acoustic
Corporation, NJ, USA).

e AE Sensor The AE sensor selected was a resonance type,
namely, PAC Type R6a, with a resonance frequency
of 45 kHz. The response FB of R6a ranges from O to
120 kHz. The AE sensor is a typical ceramic piezoelec-
tric element.

The equipment setup should be consistent to guaran-
tee the conformity of the experimental data (Ishida et al.
2017). The sampling time was set at 0.2 ps, and a memory
length was set at 2 k (2048 words). In this case, the record-
ing time period was approximately 0.4 ms (0.2 ps x2048).
The pre-trigger was set at 1 k, and the sampling rate was set
at 1 MHz.

With regard to noise handling, this experimental envi-
ronment has two main noise sources. The first type of
noise, which is caused by the end effect, is minimized by
controlling the non-parallelism of the two ends to less than
0.02 mm. The second type of noise, i.e., touching noise,
can be produced when rock samples are in contact with the
terminal of the loading system. A 10 kN preload was applied
to reduce the touching noise. In addition, a high-strength
adhesive was used to ensure a good connection between the
caps and samples.

Testing results
Analysis of rock mineral composition

The experiment of mineral species identification (Fig. 5)
established the content of each mineralogical component,
including augite (25-30%), carbonate (20-25%), magnetite
(35-40%), quartz, and calcite. Weathering action induced
severe clay alteration in the rocks’ carbonate components.

Weathering action can decompose “III carbonate” com-
ponents into calcite minerals, which in turn can react with
water in saturated samples. Calcite dissolution can destroy
the micro-structural integrity in the saturated gabbro speci-
mens, rendering them prone to cracking.

Analysis of rock failure evolution

Figure 6 shows the curves for stress, AE energy, and AE-
accumulated energy with respect to the loading time of
the two types of rock specimens. The AE energy and AE-
accumulated energy during the entire loading process can be
divided into four stages.

Stage I, the initial stage (OA) The rock has slight defor-
mation and low deformation rate with weak AE activity. The
AE energy and AE-accumulated energy are distributed at a
low level, resulting from opening or closing micro-cracks
in the specimens.

Table 1 Dimension of rock

N . ‘Water conditions No. Control model Loading rate Dimension (mm3)
samples and loading conditions (N/s)

Dry GXW-1 Force 500 50.02x49.86%x 100.04
GXW-2 50.12%49.54x99.98
GXW-3 51.06%50.62%x100.32
GXW-4 49.92%x50.86%99.60
GXW-5 50.42x49.92x100.14

Saturated HSXW-1 Force 500 50.34%49.96x99.64
HSXW-2 50.22%50.52x 100.38
HSXW-3 50.14%50.82%x 100.52
HSXW-4 50.32x51.02x100.02
HSXW-5 50.80x48.98x100.10
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Fig.4 Experiment equipment. a |
a Experiment system; b load-
ing system; ¢ AE-monitoring
system; d acquisition card; e

preamplifier

—l AE Sensor

Control

Cabinet _I_’Q’
1

Stage I1, the linear elastic stage (AB) The rock specimens
cannot be damaged, and the AE activity has almost stopped.

Stage 111, the nonlinear elastic stage (BC) When the
rock mass is near the final fracturing, the deformation rate
will increase, and the rock mass is gradually transformed
from the steady state to the unstable state. The stress curve
remains linear; however, the AE energy and AE-accumu-
lated energy curves show that rupture has occurred, but did
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2 Channels

not affect the bearing capacity of the rock. The AE-accumu-
lated energy curves in this stage indicate distinctive breaking
characteristics similar to a number of shear-damaged “rock
bridges.”

Stage 1V, the final breaking stage (CD) The rock mass
is unstable at the rock fracturing stage, and the deforma-
tion rate increases rapidly. Several peak numbers of stress
appear, and the AE-accumulated energy reaches its peak.
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The stress, AE-accumulated energy, and AE energy curves

undergo several oscillations during this period.

Rock fracture analysis

Macroscopic crack analysis All 10 gabbro samples were
tested at this uniaxial experiment. Figure 7 shows the typical

Fig.5 Chemical composi-

tion distribution/10 X 10(+).
I—Augite; [I—plagioclase;
[II—carbonate; IV: aggregate of
carbonate; V—magnetite

3507

fracture patterns of the dry and saturated samples. Figure 7a

presents a typical fracture of a dry sample that appears as
a double cone body; tensile (C1) and shear (S1) fracturing
surfaces are observed in rocks. Figure 7b displays a typi-
cal fracture of a saturated sample that appears as a single
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small cracks, are observed. Shear (S2, S3, and S4) cracks
are labeled. Crack patterns of numbers C2 and C3 exhibit a
tensile fracturing mode. In addition, a small scale of tensile
cracks can be seen in the saturated specimen.

Dry and saturated specimens show the same fracturing
modes. A common cracking pattern involves shear and
tensile cracks. The observed rupture is caused by a typical
shear—tensile failure. Both specimens had the same distribu-
tion of mineral particle sizes and hardness of mineral grains
despite varying micro-geological structures. However, the
carbonate ingredients of saturated samples undergo severe
clay alteration. The differences in the rupture intensity show
that dry samples are more brittle than saturated samples.

Mesoscopic crack analysis RA and AF presented a statisti-
cal relation (Appendix 3), and the influence of water on the
cracking model is shown in the results of this study. Dur-
ing the test, four typical periods (Fig. 8), namely, stage I
(the initial stage, OA), stage II (the linear elastic stage, AB),
stage III (the nonlinear elastic stage, BC), and stage IV (the
final breaking stage, CD), were divided in the rock defor-
mation and fracture processes in accordance with the AE
parameter distribution of RA versus AF. Figure 8 shows the
corresponding density maps of crack distribution during
rock fracturing evolution in the dry and saturated samples.
The distribution densities in blue color are lower than those
in red color (color bar in Fig. 7). Thus, the tensile crack is
more intensive than the shearing crack in the rock fractur-
ing process between dry and saturated samples. These two
watery states have common characteristics, and the percent-
age of shearing crack presents a remarkable positive corre-
lation in the first three stages (the initial, linear elastic, and
nonlinear elastic stages) and negative correlation in the last
stage (the final breaking stage).

A comparison shows that the AF value of the dry sample
is higher and its tension fracturing is more developed than
those of the saturated sample. However, the RA value of
the saturated sample is greater, indicating that the shearing
failure of saturated rock is higher than that of the dry sam-
ple. Tension and shearing are fracture types with low- and
high-energy releases, respectively; these characteristics can
be observed in the AE energy curves (Fig. 6).

The severe carbonate-to-clay transformation at watery
state is accompanied by calcite formation. Unlike in dry
samples, the saturated granules chemically react, thereby
destroying their structural integrity and leading to tensile
cracking that easily occurs in the saturated gabbro samples.
In general, water conditions can change the crack distribu-
tion of rock fracturing evolution. Susceptibility to shear
cracking happened in saturated rock during the uniaxial
loading process due to water non-shearing characteristics.

Figures 6, 7 and 8 indicate the formation of a number of
shear-damaged surfaces on the rock samples. The mechanics
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and AE characteristics show that water reduces the intensity
of rock failure. The dry samples suffer complete collapse,
whereas the saturated samples remain whole. The uni-
axial compressive strengths of dry and saturated samples
are 246.7 and 154.5 MPa, respectively. Both the types of
samples undergo multiple bursts of “rock bridge” modes.
The AE-accumulated energy is expressed as a ladder, and
the AE energy is set as a peak number with an intermittent
appearance.

A unified law of rock deformation and fracturing is dif-
ficult to achieve due to the complexity and fracturing con-
ditions of the rock, which renders the rock displacement
monitoring method difficult to use for determining rock sta-
bility. Furthermore, the plastic deformation appears before
the complete destruction of the saturated samples.

AE frequency features during rock fracturing
evolution

AE frequency division processing

The selection of an optimal wavelet basis is important for
analyzing and processing AE signals. The primary function
of the Daubechies wavelet series is compact, smooth, and
nearly symmetric with different sequences (dbN) for various
positive integers. Given the aforementioned characteristics
of AE signals, the db6 wavelet basis function is suitable for
processing rocks’ AE signals.

The AE-monitoring system had a sampling rate of
1 MHz. On the basis of the Nyquist sampling theorem
(Nyquist 2002), the Nyquist frequency was set to 500 kHz,
leading to a decomposed FB in the range of 0-500 kHz. Four
decomposed layers were selected in this study. The distri-
bution of each FB layer is decomposed by wavelet packets
(Appendix 1).

The energy amount ratio (energy spectrum coefficient), as
a characteristic parameter of AE signals, provides an effec-
tive evidence for determining rock failure. Table 2 in Appen-
dix 2 shows the energy ratio of each layer decomposed by
wavelet packets. Figure 9 depicts the energy amount ratios
of each layer.

Figure 9a presents the tree of four WPD layers. Figure 9b,
c shows the AE signal energies for dry and saturated states,
respectively, mainly focusing on CA41, CD42, CA43, and
CD44; the corresponding FBs are in the range of 0-125 kHz.

Monitoring FB during rock fracturing
Definition of precursor advantage FB

The formation of rock cracks, including the initiation, prop-
agation, and coalescence of micro-cracks, has statistical
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Fig.8 Crack model of dry and saturated states
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Fig. 9 Energy amount ratio of each layer under dry and saturated states

fractal features (Bahat et al. 2001; Ma et al. 2011; Li et al.
2015). AE and micro-cracks can be caused by element fail-
ure, thereby gradually damaging the rock (Liang et al. 2007).
The frequency distribution of AE can vary from a state of
disorganization or incoherence to a concentrated response
and is associated with the conditions of moisture, rock type,
fracture morphology, and stress state. Certain correspond-
ence is observed between frequency and fracture patterns
(Enomoto and Hashimoto 1990; He et al. 2015).

A precursor advantage FB is relatively sensitive to buck-
ling failure in the AE frequency domain corresponding to
rupture. The establishment of FB is a reliable reference for
predicting rock instability and failure.

@ Springer

Algorithm for FB monitoring

The selected precursor advantage FB is used as a reference
signal and detected as the first AE signal received from the
rock fracture. A value for characteristic parameter C can be
selected. & is the changed value at time . ©,(¢) indicates the
sample observation of the rock fracture at time z. r;(t + Af)
represents a fundamental function from time ¢ to time (¢ + At)
and can be solved as follows:

ri(t + At) = ©,(t + Ar) — C,,

r(¢) can be decomposed using wavelet packets:

@)
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rear(t+ 8) = Oy (1) — Ceay
repo(t + ) = Ocpy (1) — Cepy

reailt + A) = O¢y(1) — Cep;
repit + A) = Ocp, (1) — Cepy;

The variable energy coefficient (VEC) ¢ can be defined
as follows:

r(0.h) O, - C,

¢ = C, C, ¢))

The wavelet decomposition with i levels for ¢ is as
follows:

10 _ Ocai(D—Cea ]

Cear = C Ceai
¢ — 10 _ Ocp(®—Cop,
CD2 C CCDZ
...... ;.
Coni = 10 _ Ocai®=Cea
CAi C Cear
Copyi = 10 _ Ocpi®=Cep:
CDi c Cepi

CA41

CD42

CA43

CD44

20% 40%  60%  80%  100%
6/8max
a GXW-1

|CA41

CD42

CA43

CD44

20% 40% 60% 80%  100%
8/8max

¢ GXW-3

The precursor advantage FB is the most remarkable
during unstable rock fracture, and its VEC is expressed

as Ci = gmax'
Relation analysis of VEC with respect to time

The analysis of a specific parameter of the selected sub-
signal of the wavelet packet (CA41-CD416) considers the
reference signal as the C value. O(¢) is the numerical value
of the wavelet energy spectrum of each AE signal during
rock rupture. Previous research has confirmed that the layers
from CA41 to CD44 are the FBs with the greatest energy in
the AE signals.

Figures 10 and 11 show the relationship between ¢
(CA41, CD42, CA43, and CD44) and ¢, indicating that
watery state affects the deformation and fracturing of gab-
bro rock. {-a4; rapidly increased in the dry and saturated
states near the final buckling failure, which is a catastrophic
model for the rock instability failure.

By comparing {44, in dry and saturated samples, the
amplitude of saturated samples is considerably greater
than other ¢, and the amplitude of dry samples varies. This

CA41
CD42
|cA43
|
0 1CD44
-1 ‘:_’()“,/n -40",»& . '(10% 80% 100%
6/6max
b GXW-2
CA41
CD42
NS
CA43
6
3. , i'iii'l CD44
o icasabinidia

50%  100%
8/ Emax

d GxXw4

Fig. 10 Waveletpacket of { — ¢ from layer CA41 to CD44 for the gabbro samples under dry state
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Fig. 11 Waveletpacket of { — ¢ from layer CA41 to CD44 for the gabbro samples under saturated state

phenomenon reflects how the fracturing evolution of satu-
rated rock is more unified than that of dry rock.

Moreover, {54, present similar signals that can be found in
the early stage, e.g., a remarkable increase of {-,4; can also be
found in 20% (Fig. 10d), 75% (Fig. 11a), and 70% (Fig. 11b).
These results reflect the complexity, fracturing conditions, and
original defect distribution of the rock; ¢ is closely related to
the rock fracturing activity. The rock maintains integrity in the
first four stages, the transmission of AE signal remains com-
plete, and the speeding rate of AE signal is fast. The signals
easily overlap one another, and this similar situation occurs.

Applying the VEC alone to the instability forewarning of
the rock is insignificant. In “3.3.2 Analysis of rock failure evo-
lution,” the entire loading process can be divided into four
stages: stage I (the initial stage, OA), stage II (the linear elas-
tic stage, AB), stage III (the nonlinear elastic stage, BC), and
stage IV (the final breaking stage, CD). Unstable fracturing of
the rock is predicted to only happen in the final breaking stage
(stage IV, CD).

@ Springer

Therefore, the stress condition should also be combined to
analyze the short-term forecasting work using the VEC.

Discussion
Action mechanism of free water on rock fracturing

The influence of water on the properties of rock material and
its fracturing evolution can be analyzed from the aspects of
chemical function ([1] weathering and [2] hydration actions)
and physical function ([3] immersion wetting).

1. “Weathering action” of rock exposed to the air

The weathering action is complicated, with two chief
considerations, namely, oxidizing and hydrolytic reactions.
The typical chemical reactions performed can be shown
as follows:
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Na,_,Ca, [Al,,Si;_,Og](plagioclase) + CO, + O, + H,0
— Al,S1,05(0OH),(kaolinite) + CaCO;(calcite)
+ H,SiO, + Na*.

2. “Hydrating action” of the bubble water process

After the weathering action, the plagioclase constituent is
converted into the “III carbonate” constituent (e.g., kaolinite
and calcite). The water soluble or hydrating reaction is easy
to find in this constituent. The typical chemical reactions
performed can be shown as follows:

CaCO;(calcite) + CO, + H,0 = 2HCO; + Ca**.

Furthermore, some kaolinite constituent can be formed
in the weathering action. The kaolinite constituent has high
water absorption. The montmorillonite, illite, or halloysite
can be formed on the basis of the amount (x) of bound
water:

ALSi,05(OH),(kaolinite) + HyO — AL,Si,05(OH), - xH,0

3. “Immersion wetting” of rock fracturing experiment

Immersion wetting has marked down the friction force
of shearing slip; the saturated sample easily forms the slip-
ping cracks.

Thus, on the basis of the aforementioned actions (chemi-
cal and physical functions), the water destroyed the cohesion
of mineral particles in the saturated rock. The low energy
and intermediate frequency of AE signals will appear with
the fracturing evolution.

Most suitable FB to distinguish the dry
and saturated states of rock

Contrast analysis of AE signal in FB features

The experimental study of the AE associated with inelastic
processes, such as tensile and shear cracking, during the
deformation of rocks offers an excellent method for investi-
gating the mechanism of brittle fracture (Gowd 1980). These
cracking modes during the deformation of brittle rocks offer
different FBs in the AE signals. Therefore, the analysis of
FBs in the AE can distinguish the fracture model and thus
whether a gabbro sample is in a dry or saturated state:

AE; = E(saturated) — E;(dry), )
wherei = CA41 ~ CDA416, E;(saturated) is the energy coef-
ficient of the sub-signal after WPD while fracturing the satu-
rated samples, and E;(dry) denotes the energy coefficient of
the sub-signal after WPD while fracturing the dry samples.

In Fig. 12, the FBs at 0-31.25 (layer CA41), 62.5-93.75
(layer CA43), and 93.75-125 kHz (layer CD44) show that

AE; /%

O aogqgaoao0a0a0 o000 aaaaq
> O > O e 950 -0 g g g
= = = = =k £k k£ & £ = £
—_ N N S o N ¥ N o B e

= S Y e

Fig. 12 Column diagram of each layer ratio of energy amount under
dry and saturated states

water saturation reduced the energy concentration coef-
ficient. However, water saturation increased the energy
concentration coefficient in the FBs of 31.25-62.5 (layer
CD42) and 31.25-62.5 kHz (layer CD42), which was also
the most sensitive to the effect of water. Table 3 in Appen-
dix 3 presents the data on the energy concentration of the
sub-FB between the dry and saturated states. Figure 12
shows that the saturated state showed greater frequency
spectrum coefficients than the dry state, except for the FB
of 31.25-62.5 kHz (layer CD42: AE=+7.26, the highest
magnitude AE value). This FB was the largest and most
sensitive to water and thus is promising for investigating
and comparing the moisture state of rocks during deforma-
tion and fracturing. The FB of 62.5-93.75 kHz (layer CA43)
showed the smallest AE number of —1.95.

Overall, the moisture condition altered the microscopic
grains of gabbro, which is beneficial to the tensile cracking
of the soaked samples. The 31.25-62.5 kHz FB of the gab-
bro is attributed to tensile cracking.

Precursor advantage of FB selections

Relationship between the AE frequency domain
and physical form of cracks

The characteristics of AE frequency value and the physical
form of cracks are correlated (Haskell 1964; Ohnaka 1976):

1
"I+ /W = (v/B)cos 61

where T refers to the time of closings, openings, or slips
of cracks. ¢ denotes the length of cracks. v represents the

f

(10)
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velocity of produced cracks. € indicates the angle between
the crack surface and propagation direction of AE signals.
~ is the symbol for correlation.

Formula (10) shows that the parameters of 7 and ¢ have
a negative correlation to frequency value. This result indi-
cates that the AE signal has a low-frequency distribution
when the fracture scale increases and coasts at fracturing
formation for a short time. The evolution of rock damage is
the development of the fracture size from the micro-scale to
macro-scale. Thus, the sudden increase in response to low
FBs is an inevitable phenomenon along with the fracturing
evolution.

Selection of precursor advantage FB

The analysis in Section “Monitoring FB during rock fractur-
ing” indicated that several FBs in each moisture state experi-
ence rapid and large changes, but 0-31.25 kHz (layer CA41)
can be selected as the precursor advantage FB for three main
reasons.

First, during the final rupture process, the micro-fractures
gradually accumulated and expanded, and the high-frequency
component of the AE signal rapidly dampened during this
transmission. The amplitude of the high-frequency component
weakened to a large degree, but the low-frequency component
weakened slowly.

Second, Formula (10) shows that the fractures increased
in the middle and later fracturing periods. The FB area of
the AE signal and the fracturing size presented a negative
relationship.

Third, as axial stress increased, free water created a neg-
ative pressure in pores and was allowed to flow into them,
thereby producing low-frequency signals. This finding agrees
with the research findings of Benson and Burlini (Benson et al.
2008; Burlini and Toro 2008).

Different samples in the same moisture conditions have
various numbers of {-a4;, but all {44, in different samples

with the characterization of rock fracturing through AE
technology.

Conclusions

This work intends to establish the effect of water saturation
on rock and the features of its AE frequency domain and
then presents a new interpretation of the latter. Furthermore,
we find specific FBs to characterize the unstable fracturing
of rock and discuss interesting features related to the changes
in the rock during its failure.

1. Water affects the physical and mechanical properties of
fracturing. Dry and saturated samples experience shear,
thereby damaging “rock bridges”. Weathering induces
severe clay alterations, thereby affecting the carbonate
components of gabbro rock.

2. The different FBs of the AE signal can describe the
information about the rock’s physical properties and
mechanical processes, including the characteristics of
damage evolution and fracture. The water induces dis-
tinctive fracture features. This research identifies the FB
of 31.25-62.5 kHz as especially useful for distinguish-
ing the saturation state of gabbro.

3. Under uniaxial loading, the precursor advantages of FB
for gabbro rupture are in the range of 0-31.25 kHz dur-
ing dry and saturated states in rock samples.

Acknowledgements This work was work was supported by the
National Natural Science Foundation of China (NSFC) Young Scien-
tist Funds (No. 51604117, 51804122), the National Natural Science
Foundation of China (NSFC) (51574102, 51774138), and Hebei Prov-
ince Natural Science Fund (No. E2016209357). All these are gratefully
acknowledged.

have the same property of catastrophe due to the anisotropy ~ Appendix 1

of the rock samples. Therefore, in this study, {-,4; can be

used to monitor the final unstable fracturing in accordance  See Table 2.

Table 2 Layered FB distribution of the wavelet packet

No. CA41 CA43 CA45 CA47 CA49 CA411 CA413 CA415

Low-frequency band/ 0,31.25 62.5,93.75 125,156.25 187.5,218.75 250,281.25 312.5,343.75 375,406.25 437.5,468.75
kHz

No CD42 CD44 CD46 CD48 CD410 CD412 CD414 CD416

High-frequency band/ 31.25,62.5 93.75, 125

kHz

156.25,187.5 218.75, 250

281.25,312.5 343.75,375  406.25,437.5 468.75, 500

@ Springer
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