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Rock deformation or fracture is accompanied by the phenomenon of acoustic emission (AE). Due to the heterogeneity and
anisotropy of rock materials as well as the complexity of their fracture, AE signals recorded by sensors at different positions have
different characteristics. To explore factors influencing these differences, this study examines the effects of the physical properties
of rocks, such as heterogeneity, anisotropy, and viscosity, on AE waveform signals from the perspective of the rock material and its
fracture characteristics as well as the characteristics of the propagation of different AE waveform signals. The results show that the
frequency (f) of the AE signals generated by rock fracture is inversely proportional to crack length (c) and directly proportional to
the rate of crack growth (v). During signal propagation, the comprehensive effects of such factors as the heterogeneity, anisotropy,
and viscosity of rocks as well as environmental noise weaken the energy of the signals and enhance the distribution of signal
frequency. Each factor differently influences the time frequency of AE. A model for the propagation of AE signals was built and
verified. Finally, as for on-site rock mass engineering, the low-frequency signals should be analysed prior to analysis in rock mass

disaster monitoring.

1. Introduction

As a typical multiphase composite geological body, rocks are
nonuniform, anisotropic, and viscous under the compre-
hensive action of materials (particles), structure (coupling
between particles, diagenetic environment, and transfor-
mation), and boundary conditions (stress, temperature,
water, and the free boundary) [1-3]. As the fracture of
engineering rock mass becomes increasingly complex, the
problem of the inaccurate prediction of failure precursors
has become increasingly prominent. To simplify models for
the analysis of large-scale rock mass failure on-site, the rock
mass is regarded as an isotropic body [4, 5].

In the 1960s, Lekhnitskii [6] derived the general equation
for the anisotropy and elasticity of rock mass from the
generalized Hoek law, where this provided the theoretical

basis for examining the anisotropy and heterogeneity of rock
materials. Methods of inverse analysis using the 3D finite
element method (FEM), the Monte Carlo method, Bayesian
analytical method, graphic discussion method under the
Bragg condition, fractal measurements, and unit step in-
crements in variation have been applied to measure the
stress, strain, and displacement of rock media [7-10]. In
terms of the anisotropy (including material and stress an-
isotropy), a certain correspondence has been noted between
the velocity ratios of transverse and longitudinal waves and
the lithology and geometric distribution of mesoscopic
fracture in rocks containing moisture. The presence of
moisture enhances the anisotropy of rocks [11-14]. The rate
of loading, distribution of coupling, and direction of weak
planes further increases the influence of anisotropy and
heterogeneity on rock fracture behaviours and should thus
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be considered in examining the engineering stability of rock
or rock mass [15]. The separation between particles within
rocks and particle fracture can lead to the phenomenon of
disproportionation in the propagation of AE signals, such as
in the reflection and refraction of the waves, and can even
eliminate low-energy signals. Noise enhances the distribu-
tion of the frequency signals [16]. The existence of het-
erogeneity affects their propagation, and anisotropy makes
the location of AE signals more difficult [17, 18].

The complexity of a rock medium and its rupture can
distort the results of monitoring [19]. Research on factors
influencing the mechanism of propagation of AE signals can
promote the application of AE-based methods to identify
rock fracture and can improve the accuracy of prediction of
instability-induced fracture in the rock mass.

This study examines the effects of the heterogeneity,
anisotropy, and viscosity of rocks as well as noise on their AE
waveform. To this end, potential functions for transverse and
longitudinal waves under different factors are formulated
based on different wave equations in case of AE.

2. Influence of Rock Material and I'ts Fracture on
Characteristics of AE Propagation

2.1. Typical Characteristics of Rock Materials

2.1.1. Anisotropy. The anisotropy of rocks can be divided
into two types [20]. One is caused by the diagenesis of rocks
and formed by the directional arrangement of particles and
the mutual association among them. It is called material
anisotropy. The other is caused by differences in the exis-
tence, arrangement, and distribution of microstructural
planes, such as pores and microfractures in rocks, which
change with the process of fracture. This is called stress
anisotropy.

(1) Material Anisotropy. A rock is a typical anisotropic
geological body. In the process of diagenesis, macroscopic
anisotropy is caused by differences in the arrangement of
mineral grains and fracture distribution at the microscopic
scale.

(2) Stress Anisotropy. Assuming that the rock is composed of
a series of hexahedrons, its stress tensor at any position can
be decomposed into a spherical stress tensor with equal
stresses in all directions and a deviant stress tensor. The
spherical stress tensor causes the volumetric deformation of
the rock material and the deviant stress tensor distorts it
(deformation and fracture). Stress anisotropy is mainly
caused by the deformation, expansion, and interpenetration
of pores in rocks. With an increase in stress, the pores
undergo a process of “compression — closure — ex-
pansion — interconnection.” The stress tensor is different
in different parts of the rock, which leads to a difference in
pore compression or deformation in six directions and leads
to stress anisotropy.

Figure 1 shows the images of granite debris obtained by a
scanning electron microscope with a magnification of 300x.
The rock was a typical intrusive igneous rock formed by early
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magmatic activity in Yanshan, and the direction of invasion
determines its anisotropy. In rock fracture experiments,
stress anisotropy is caused by fracture behaviour.

2.1.2. Heterogeneity. The rock is a collection of minerals
with prominent heterogeneity [21]. The granite shown in
Figure 1 was porphyritic, where the porphyry crystals were
mainly potassium feldspar and quartz. The main minerals
were potassium feldspar, plagioclase, and quartz as well as
small amounts of biotite and amphibole. This type of granite
is called weakly altered medium-to-coarse-grained por-
phyritic granite. Its mineral composition and corresponding
contents are shown in Table 1. As a magmatic rock, granite is
crystalline. It is deformed by a change in lattice bond length
and its fracture is the rupture of this bond.

2.1.3. Viscosity. The rock is a typical viscous material [22].
The propagation of AE signals in it involves the mutual
conversion of kinetic and potential energies due to the vi-
bration of rock particles. For AE propagation, the rock
prevents the reciprocal motion of particles which leads to a
loss of AE energy. For lower energy waveforms, when the
energy loss is too large, the component is easily lost. In
particular, the high-frequency components of some AE
signals have less energy and are prone to being lost during
propagation.

2.2. Analysis of Influential Factors and Model Building.
Under the action of deviating stress, the rock can be
damaged and can even rupture. AE waveform signals
generated by the fracture source are mixed with some re-
flected, refracted, and overlapping AE signals during
propagation, which distorts them. Therefore, signals re-
ceived by the sensors are divided into four types: (1) source
signals of the fracture behaviour of rock, (2) signals distorted
by anisotropy, (3) signals distorted by heterogeneity, and (4)
signals distorted by noise jamming. According to the
physical meaning of wave propagation and the influence of
rock properties on wave propagation, equation (1) can be
obtained and expressed as follows:

S =(1-8,@) * (s; (&) +s, (1) +s5(1) +s5(8)), (1)

where S(t) represents the AE signals received by a sensor at
time t, s, () is AE source signal caused by rock fracture at
time t, s, (t) is the signal distorted by anisotropy at time ¢,
s; (t) is the signal distorted by heterogeneity at time ¢, &, (¢) is
the signal attenuation coeflicient caused by viscosity at time
t,and s; (t) is noise jamming at time t. It is worth noting that
&, (t) is a quantitative index that describes the signal at-
tenuation during the signal spread through rock media and
reflects the viscosity of rock media. Therefore, it can be
determined by monitoring the attenuated signal during wave
propagation tests.

The temporal sequence of AE reflects the law of energy
dissipation during rock fracture and is determined by the
size of the fracture as well as the energy stored and released
by the rock. The AE frequency domain provides information
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FIGURE 1: Images of granite debris obtained by a scanning electron microscope (x300). (a) Debris #1. (b) Debris #2.

TasLE 1: Composition and corresponding contents of the granite.

Composition Content Features and structure Particle size Remarks
(%) (mm)
Potash 3540 Granular 2-8 Slight kaolinization and sericitization; most of them are
feldspar altered along the twin crystal lattices.
Plagioclase 2530 Visible double crystal and ring 05-3 Different degrees Of.kdehIllZatIOIl and sericitization; a few
band structure sericites are uncovered.
Quartz 30~35 Semiautomorphic to granular 1.5-8 —
Biotite 3~5 Flake — —
Amphibole 3~5 Long columnar — —

about the source of fracture, such as the size of the fracture,
the energy dissipation, and the degrees of opening and
closing of the fracture surface, especially for the classification
and identification of crack patterns. It is one of the most
accurate methods to represent the fracture source.

2.2.1. Time Sequence. Signal energy is the area of the signal
envelope; that is, the AE signal is integrated there. The time
sequence of AE is expressed from the perspective of energy
as follows:

! t t t t t
j S(Wdt =(1- fe (t.) * (L_l 5, (Hdt - IH 5, (Odt + JH 5 (Hdt + L_l 5 (t)dt) . L_l R(n)dt. )
t—1
Then,
E(S)=(1-&®) = (E(s (1) = E(s, (1) = E(s3 (1)) + E(s5 (1)) ® } 3)
E(S) =(1-& (1) (E(s; (1)) = E(s, (1)) + E(s5(1) + E(s5(1)) @ ]

where E (S,) is signal energy received by the sensor at time ¢
and E (s, (t)) is energy generated by the rupture at time .
s; (£) is the main component of the signals and is a positive
number (+). E(s,(t)) is the reduction in energy due to
heterogeneity at time t and is a negative number (-);
E (s5(t)) is the reflection or refraction caused by anisotropy
at time f. @ When passing through an open fissure with a

degree of opening D >wavelength (1), the energy decreases
(-). @ When passing through a closed fissure or an open
fissure with degree D <wavelength(A), the energy is
superimposed (+). If the filling in the open crack is liquid,
longitudinal AE waves cannot pass through and only
transverse waves can. &, (¢) represents signal attenuation due
to viscosity at time t and is positively correlated with the



propagation distance at time ¢, <1. E (s5 (t)) is energy carried
by noise at time ¢ and is a positive number (+).

o0

mm:jiﬁmamm=f1%mam&+J

+ Fs(w) + Fs (w),

where F(w) represents the frequency distribution of AE
signals received by the sensor at time t, F; (w) represents the
frequency distribution corresponding to rock fracture at
time t, F, (w) represents signal distortion caused by rock
heterogeneity at time ¢ and the change of frequency due to
reflection or refraction between crystals, F; (w) represents
the change in frequency caused by signal distortion due to
anisotropy at time ¢, and F (w) represents the frequency
corresponding to noise signals at time ¢ and is a superpo-
sition effect.

(1) Rock Fracture Behaviour. Rocks of different scales are
damaged or destroyed, and the frequency band of AE signals
has a positive correlation with the scale of fracture [23, 24].
For large-scale damage at an engineering site, the frequency
is generally distributed in lower band. Rock fracture in the

1
fN[T+®Nﬂ1—W$W

Equation (6) can be changed as follows:

OG-

By inserting ¢ = v- T into the above, we get

0=-mor f ~

—mor — ~
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2.2.2. Frequency Domain. We apply the Fourier transform
to signal S(#) to determine its frequency distribution:

%mamw+J %mam&+J ss(t)e ™ dt = F, (w) + F, (w)
(0] (0] —00

(4)

laboratory features small-scale cracks, and the frequency is
generally distributed in the higher band. The relationship
between the frequency of AE signals and the crack-related
information they convey is as follows:
1
f~[T+@wx1—wwkm9r

(5)

where T is the time of crack closure, opening, or slippage, cis
crack length, v is the speed at which a crack is formed, 0 is the
angle between the direction of signal propagation and the
crack surface, 0 € [-7, 7], and  is the rate of propagation of
AE signals in a rock.

0 = —morm is discussed below, and equation (5) can be
changed to

1
[T+ (c/v)(1 + (vIB)

0=rm. (6)

0=m. (7)

L [r @)+ (3))

R R ) S

We then make the following transformation:

J1(~T<2—;>, 0= —norjl[~T<2+;>, 0=-m
9
That is,

1
fN(zr—dm’

1 (10)

0= —ﬂorf "‘m,

0=nm.
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According to equation (10), the frequency of AE signals
generated by rock damage or fracture is related to T (the
time it takes for a crack to close, open, or slip) and ¢ (crack
length). If a rock material is determined, then f is the rate of
propagation of AE signals in a rock and can be regarded as a
constant.

We can further transform equation (10), where v = ¢/T:

1 1 1 1
= awmupy T sy O
(11)

According to equation (11), the frequency distribution of
AE signals generated by rock damage or fracture is inversely
proportional to ¢ (the length of the crack); that is, the longer
a crack is, the lower the frequency is. The frequency dis-
tribution of the AE signals is proportional to v (speed of
crack propagation); that is, the faster crack propagation is,
the lower the frequency is.

(2) Signal Distortion Caused by Heterogeneity. The rock
material is a collection of minerals. As shown in Figure 2,
suppose that there are three minerals in a rock: mineral 1,
mineral 2, and mineral 3. The AE source/fracture source
generates AE signals at point A, which propagate to sensors
No. 1 and No. 2. Suppose that fracture point A occurs, and
the AE signals received by sensor No. 1 are
F1 =8;1+82+8"3, that is, three superimposed composite
signals. Sp1 is the reflected signal when signal S1 meets
mineral 3, S2 is the signal obtained directly from the fracture
source A, and §"3 is the signal of $3 that has undergone two
interfacial refractions through mineral 2. The AE signals
received by sensor No. 2 are obtained by S1, which un-
dergoes two interfacial refractions through mineral 3.
Therefore, under the influence of heterogeneity, both S1 and
S2 are distorted, and heterogeneity thus has a prominent
influence on AE propagation.

(3) Signal Distortion Caused by Anisotropy. According to
reasons for its occurrence, anisotropy can be divided into
material anisotropy (rock body) and stress anisotropy
(fracture). Material anisotropy is the physical property of the
rock medium itself and so is not discussed here.

The existence of deviator stress leads to damage to or the
destruction of the rock, which causes stress anisotropy. This
leads to damage and fracture in various directions and with
differences. Open cracks and sliding, staggered closed cracks
are formed, which distort the AE signals. As shown in
Figure 3, under the influence of anisotropy, if fracture occurs
at point A, the AE signal received by sensor No. 1 is
F1 =81+ S'2, which is a composite of two superimposed
signals. Syl is the refraction of signal Sp1 in an open crack
that is obtained when S1 is reflected in a shear-slip crack.

S'2 is the refracted signal of S2 in an open crack. The AE
signal received by sensor No. 2 is F2 = S'1 + S2, where S'1
is the refraction of S1 through a shear-slip crack, S;2 is S2
that first undergoes interfacial reflection from an open crack
and then is refracted through a shear-slip crack. In addition,
when 82 and Spl pass through an open crack, they lose

=]
N

SU
A

Mineral #3 s'1
Sl /\

L7
Mineral #1 .~ 151

Mineral #4

FIGURE 2: Schematic diagram of the influence of heterogeneity on
AE signal propagation.

Shear-slip crack

i\Open crack

FIGURE 3: Schematic diagram of the influence of anisotropy on AE
signal propagation.

energy, which leads to the loss of some high-frequency
signals. Under the influence of the anisotropy of rock, the
interfacial reflection and refraction of the fracture surface
cause signal distortion and energy attenuation. Anisotropy
thus has an impact on AE propagation.

(4) Noise Jamming. Noise jamming causes the superimpo-
sition of AE signals, which in turn increases the energy and
complicates the frequency components. By analysing the
noise signals, this interference can be eliminated. In addi-
tion, the energy stored in rocks is dissipated, caused by
fracture, and some of it is used to overcome the damping
force [25]. The viscosity of the rock reduces the energy
carried by AE signals.

Assuming that AE signals travel a unit wavelength, the
energy decreases by &. The factors influencing changes in
the AE signals during rock fracture are summarised in
Table 2: rock fracture behaviour and signal distortion
caused by anisotropy, heterogeneity, viscosity, and noise
jamming.



6 Advances in Civil Engineering

TasLE 2: Influential factors for and properties of AE signals during rock fracture.

Impact angle Factor Composition of influencing factor repsr};glzct):tcion Impact property
Fracture T (the time it takes for a crack to close, open, or slip) and ¢ Composition of a sienal
. (the length of the crack). If the rock is determined, 8 is a Si(t) oSt &
behaviour fixed value itself
Frequency Heterogeneity When. AE.51gnals pass through the boundag of mineral Sy(1) Signal distortion
domain grains, intergranular reflection or refraction occurs
Anisotro There are open cracks and sliding, staggered closed cracks S50 Sienal distortion
Py that cause the reflection or refraction of AE signals ? 8
Viscosity Rock material itself S4(t) Signal distortion
Noise jamming Signal superposition Ss(1) Complicated
Rupture . .
behaviour The energy dissipated during a rupture +E(S:(1)) Energy body
Heterogeneity The energy carried by reflected or refracted signals +E(S,(1)) Energy superposition
Time The energy carried by reflected or refracted signals. The .
. - Energy superposition
sequence Anisotropy  energy decreases when the signal passes through an open +E(S5(1)) energy attenuation
crack
Viscosity Rock material itself —E(S4(1)) Energy attenuation
Noise jamming Environmental factors +E(S5(1)) Energy superposition

2.3. Analysis of Stages of Rock Fracture Behaviour. The above
models are used to explain the physical mechanism of
changes in AE during rock damage and fracture.

(1) In the initial stage (stage 1), only the closure of an
original crack occurs inside the rock, and new cracks
do not emerge. AE signals are generated by the
closure of the original crack, and AE energy in terms

E(S,) =(1-&,(t)) = (E(s; (1)) + E(s,(t)) + E(s5(t))) time sequence }

F(w) = Fy (w) + Fy (w) + Fs (w)

(2) The elastic stage: AE signals are caused by crystal
deformation. AE energy in the time sequence is
composed of heterogeneity E (s, (t)), viscosity &, (¢),
and noise jamming E(s;(t)). In the frequency do-
main, it is composed of heterogeneity s, (t) and noise
jamming s (t).

>

E(S)=(1-&@)* (E(s,(t)) + E(s5(t))) time sequence
F(w) }

F,(w)+ Fs(w) frequency domain
(13)

E(S)=(1-& ) * (E(s; (1)) + E(s,(t)) £ E(s5(t)) + E(s5(t))) time sequence }
F(w) = Fyy (W) + Fyy (w) + Fyg (w) + Fs () '

(4) Postpeak stage: the rock has failed due to instability

and has lost its bearing capacity. The composition of

AE signals at this time is similar to that in the plastic

of time sequence is determined by its behaviour
E (s, (t)), heterogeneity E (s, (t)), viscosity &, (t), and
noise jamming E (s (t)). In the frequency domain, it
is composed of crack behaviour s, (), heterogeneity
s, (t), and noise jamming s (£).

(12)

frequency domain

(3) The plastic stage: new cracks are formed in the rock.

As the loading increases, the cracks penetrate one
another to form a macroscopic shear-slip surface or
open cracks. AE signals are jointly determined by the
fracture behaviour, heterogeneity, anisotropy, vis-
cosity, and noise jamming. It consists of rupture
behaviour E (s, (t)), heterogeneity E (s, (t)), anisot-
ropy E(s;(t)), viscosity &, (t), and noise jamming
E (s5 () in terms of time sequence and is composed
of rupture behaviour s, (t), heterogeneity s, (f),
anisotropy s, (¢), viscosity &, (), and noise jamming
s5(t) in terms of the frequency domain.

(14)

frequency domain

phase and is also determined by fracture behaviour,
heterogeneity, anisotropy, viscosity, and noise jam-
ming. It is expressed as in the following equation:
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E(S,) =(1-&,(t)* (E(s; (1)) + E(s, (1)) £ E(s5(t)) + E(s5(1)))
F(w) =F,(w)+ F,(w)+ Fs(w) + Fs (w)

In short, changes in AE during rock damage and fracture
evolution are complex, and factors influencing it in different
stages are not the same.

3. Propagation Characteristics of AE
Waveform Signals

3.1. Features of AE Waveform Signals. Under the action of
external force, rocks with microscopic particles as a unit
undergo mechanical movement and accumulate a certain
amount of potential energy owing to elastic strain. The
occurrence of deviatoric stress causes local deformation or
even fracture, and the accumulated elastic strain-based
energy is released in the form of elastic waves. The propa-
gation of elastic waves is a process in which energy prop-
agates from the fracture source to the surrounding media,
that is, the propagation of AE signals. It can be described
according to the theory of elastic waves.

A point in an elastic body and a section with an arbitrary
normal direction can be decomposed into normal stress and
shear stress in general. When the AE waveform passes
through any position in the rock medium, the force affects
the process of energy transfer. This effect can be divided into
a spherical stress (normal stress) tensor and a deviatoric
stress (shear stress) tensor. The spherical stress (normal
stress) tensor appears as volumetric deformation and ex-
pansion and contraction along the direction of propagation.
The form of the movement is a longitudinal wave (P-wave,
expansion and contraction wave). The deviatoric stress
(shear stress) tensor appears as shear deformation with a
direction of propagation vertical to the direction of motion.
Itis a transverse wave (S-wave, shear wave). According to the
orthogonal plane rule, it can be further divided into an SV-
wave and an SH-wave (Figure 4).

According to differences in the modes of propagation of
different AE wave signals, they can be divided into S-waves
and P-waves (Figure 4). The direction of propagation of the
S-wave is perpendicular to that of resonance and can be
further divided into an SV-wave and an SH-wave that have a
deviatoric stress effect and reduce energy. The direction of
propagation of the P-wave is consistent with that of reso-
nance, and it forms a spherical stress tensor to reduce
energy.

time sequence
. (15)

frequency domain

3.2. Propagation Characteristics of AE Signals in Rocks

3.2.1. AE Longitudinal and Transverse Waves. In the same
medium, the propagation of vertical and horizontal waves is
determined by the wave equation, and the process of
propagation of AE signals is shown in the following
equation:

1 ¢
Vp-— 220
y vf, ot*
(16)
1 0%y
Viy-— L=
v ve ot

The energy transfer mode of the transverse wave (S-
wave, shear wave) is shear transfer, and its shape changes
into that of a deviatoric stress tensor. The mode of propa-
gation of rock materials is viscous and leads to a loss of
energy during the propagation of the transverse wave. A
longitudinal wave (P-wave, expansion and contraction
waves) is compressed and expanded along the direction of
propagation, which leads to a deformation of volume and
has the effect of a spherical stress tensor. For this type of
propagation, rock materials exhibit elastic characteristics;
that is, the propagation of the longitudinal wave does not
lead to the loss of energy.

3.2.2. Reflection Characteristics of the Free Interface on a
Rock Boundary

(1) P-Wave. As shown in Figure 5, there is no other medium
on the surface of the rock boundary, and the P-wave signal
¢, (P) reflects only along the boundary between air or
vacuum and the rock. When the P-wave encounters a rock
boundary, it produces positive stress on the rock as well as
tangential stress at a certain angle of incidence, which results
in waveform conversion to form a reflected wave ¢, (P) and
a reflected wave y; (SV).

According to the law of propagation of the P-wave and
S-wave in elastic media, we assume that the density of the
medium is p, the longitudinal wave velocity is vp, the
transverse wave velocity is v, the incident angle is «, the
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FIGURE 4: Classification of AE signal waveform. (a) Longitudinal wave (P-wave). (b) Transverse wave (S-wave).
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FIGURE 5: Propagation of acoustically emitted P-wave on rock boundaries.

reflection angle of the P-wave is also «, and that of the SV-
wave is 3. The potential functions of the P-wave, reflected
P-wave, and reflected SV-wave are then as follows:

jw(t
jw(t -
jw(t -

X sin @ —z cos « L
= A, ex - incident P — wave

1 1
Vp

)
)

)

X sin &+ 2z cos «

¢, = A, exp reflected P — wave (17)

Vp

x sin f+z cos
Vs

vy = Asexp reflected SV — wave

The rock is a viscous medium. According to the prop-
agation of the P-wave, the rock exhibits elastic deformation
without energy loss. Due to the mode of propagation, the
reflected SV-wave has the effect of deviatoric stress

accompanied by the loss of energy. Suppose that the incident
P-wave is reflected at point O (xq,yo) on the rock
boundary, forms a reflected SV-wave, and propagates to
point B (xp,yp). The length of the journey is
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log = \/(xB —x0)> + (¥ — ¥o)* and the velocity of the SV-
wave is vgy; then, the loss of energy is I1gy = p/vgy € and € is
termed the damage factor. Moreover, ¢ is a time-varying
factor that describes the energy loss during signal propa-
gation because of fracturing evolution.

The relationship between the energies carried by the
incident P-wave, reflected P-wave, reflected SV-wave, and
the attenuation of the SV-wave is as follows:

E, = E, + E; + Igy. (18)

v, = B, exp[jw(t -

Vs

v, = B, exp[jw(t -

Vs

Assuming that the incident SH-wave propagates from
the fracture source A(x,,y,) to the rock boundary
O(x0, ¥0)» the length of travel is

lho = \/(xA ~x0)* + (¥4 - ¥0)>. The reflected SH-wave
propagates from point O to point B(xp, y5), where the

distance travelled is [, = \/(xo —x)* + (¥, — yp)*, and the

velocity the of incident SH-wave and the reflected SH-wave

is vgy. Then, the loss of energy is Ilgy = ITi Gident SHwave T

I efiected St wave = Lao/ Vst + los/Vsi = Lao + Lo/ Vsv-
The incident SH-wave propagates from point A to point

O on the rock boundary, and the reflected SH-wave forms
and propagates from point O to point B. The relationship
between the energies carried by the incident SH-wave and
the reflected SH-wave and the attenuation in the SH-wave is
as follows:

E, = E, + E; + I, (20)
(3) Propagation Characteristics of the Wave along the Rock-

Grain Boundary. The important physical properties of rock
minerals are their density, Poisson’s ratio, and Young’s

x sin f—z cos

x sin S+ z cos f3

(2) S-Wave. As shown in Figure 6, the SH-wave y, (SH) is
reflected only on the boundary. According to the propa-
gation mode of the S wave, mode conversion does not occur,
and only the reflected SH-wave vy, (SH) exists.

Due to the law of propagation of the S-wave, suppose
that the medium density is p, velocity of the transverse wave
is vy, and the incident angle and the reflection angle are both
B. The potential functions of the incident and reflected SH-
wave are then as follows:

)] incident SH — waves
(19)

)] reflected SH — wave

modulus. Different mineral particles form rock materials
through cementation or crystallization, and the rate of
propagation of AE signals in different minerals is different.
When it encounters mineral boundaries, the waveform is
reflected or refracted. We discuss this separately for P-waves
and S-waves.

P-wave: the signal ¢, (P) of the P-wave is subjected to
reflection, refraction, and waveform conversion, resulting in
the reflected P-wave @, (P), reflected SV-wave y;(SV),
refracted P-wave ¢, (P), and refracted SV-wave y,(SV)
(Figure 7).

We assume that the density of mineral I is p,, its
Poisson’s ratio is A,, the velocity of the longitudinal wave is
vp;» the velocity of the transverse wave is vy, the density of
mineral II is p,, its Poisson’s ratio is A,, the velocity of the
longitudinal wave is vp,, and the velocity of the transverse
wave is vg,. Suppose that the incident angle of the P-wave is
a, its reflected angle is also «, the reflected angle of the SV-
wave is B, its refraction angle is &, and the refraction angle of
the SV-wave is '. The relationship between the energies
carried by the incident P-wave, reflected P-wave, reflected
SV-wave, refracted P-wave, and refracted SV-wave is as
follows:
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FIGURE 6: Propagation of acoustically emitted S-wave on rock boundaries.
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FIGURE 7: Propagation of AE P-wave on mineral boundaries.

[ xsin a—z cos a |
¢, = A exp jw(t - —) incident P wave
L Vp1
x sin o+ z cos «
0, = A, exp ( ) reflected P wave
x sin f+ z cos
v, = Ajexp ]w(t /3 ﬁ) reflected SV wave  ¢. (21)
x sin o' +z cos a
¢, = A exp ]w<t )] refracted P wave
P2
x sin ' +z cos
Yy, = Asexp ]w<t F F )] refracted SV wave
Vs2
According to rock viscosity, the reflected SV-wave and  the total loss of energy is
refracted SV-wave lose energy during propagation. Suppose Ty = I ected svwave T Urefracted SV wave = loa/Vs1 + log/Vsa-

that the incident P-wave is reflected and refracted at point
O (x0, ¥o) on the mineral boundary, the reflected SV-wave
V¥, propagates to point A (x5, ¥5), and the refracted SV-wave
v, propagates to point B(x,, ¥,). The length of the reflected

SV-wave is I, = \/(xo —x,)*+ (¥ — y4)* and that of the

refracted SV-wave is 55 = \/(xo —x5)* + (o — yp)’; then,

When the incident P-wave propagates to the AE source/
fracture source and then to point O of the mineral boundary,
reflected and refracted P-waves form, and the mode of
conversion changes to a reflected SV-wave and a refracted
SV-wave. The relationship of the total energy is as follows:

E,=E, +E; +E, + E; + Igy. (22)
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S-wave: according to the propagation characteristics of
the S-wave, mode conversion does not occur. As shown in
Figure 8, on the mineral boundary point O, the SH-wave is
y1 (SH), reflected wave is y2 (SH), and refracted wave is ¢3
(SH).

Assume that the density of mineral I is p,, its Poisson’s
ratio is A,, the velocity of the longitudinal wave is v;;, and

Y, = A, exp jw(t

x sin f— zcos/:’)
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the velocity of the transverse wave is vg,. The density of
mineral II is p,, its Poisson’s ratio is A,, the velocity of the
longitudinal wave is vp,, and the velocity of the transverse
wave is vg,. Suppose that the incident angle of the SH-wave
v, is B, the reflected angle of SH-wave vy, is f3, and the
refracted angle of SH-wave y; is B'. The potential function of
each wave component is then as follows:

incident S wave

V5 = Ajexp

Suppose that the incident SH-wave propagates from the
fracture source/AE source point A (x,, y,) to the mineral
boundary  O(xp,y5),  where  its  length  is

Lio = \/(xA ~x0)* + (¥4 — yo)’. The reflected SH-wave

propagates from point O to point B(xjg, y5) over distance

log = \/(xo —xp)* + (¥, — yp)’ and the refracted SH-wave
propagates from point O to point C(x, ¥) over distance

loc = \/(x0 xc)* + (¥o — yc)*. Then, the total loss of en-

ergy is Mgy =
+HReﬂected SHwave T HRefracted SHwave — lAO/
Vs + lop/vs) + loc/Vsy-

The incident SH-wave propagates from point A to point
O on the rock boundary, and the reflected SH-wave forms
and propagates from point O to point B. The refracted SH
wave propagates from point O to point C. The relationship
between the energies carried by the incident SH-wave, re-
flected SH-wave, refracted SH-wave, and the attenuation of
the SH-wave is as follows:

HIncndent SH wave

E, =E, + E; + IIgy. (24)

(4) Propagation Characteristics of AE Signals through Cracks.
According to such physical phenomena as opening, closing,
and filling, cracks can be divided into open cracks, open-
filled cracks, and closed cracks. For these three types of
cracks, the propagation of the P-wave and S-wave is dis-
cussed separately.

(i) Open cracks

Such cracks are not filled with any material. As-
suming that the open surface of the crack is D,
whether the AE waveform can pass through the crack
is determined by its wavelength A:

Vv, = A, exp jw<t X sin ﬁ Tz cos ﬁ)] reflected SH wave

—jw<t x sin B/ +zcosﬂ ]

' (23)
refracted SH wave
{ A>D, signals can pass through a crack, (25)
A<D, signals cannot pass through a crack.

(ii) Open-filled cracks

Such cracks have different effects on the propaga-
tion of the P-wave and S-wave according to the
difference in the filling materials. If the filling is
solid, it can be analysed using equation (3); if the
filling is liquid, its shear modulus is zero, and it does
not return to its original shape under shear stress;
that is, it is not shear-resistant. In general, liquids
cannot pass through transverse waves.

(iii) Closed fissure

The AE waveform is reflected and refracted here. In
addition, the P-wave undergoes waveform con-
version, and reflected and refracted SV-waves occur.

4. Discussion

The time-frequency characteristics of AE are determined
here by using the stress or deformation of rocks. According
to equation (11), the frequency distribution of AE signals is
inversely proportional to ¢ (crack length) and directly
proportional to v (crack growth rate). This is why ultra-low-
frequency seismic signals occur in case of ultra-large-scale
fractures, such as in earthquakes [26, 27], low-frequency
microseismic signals occur in case of earthquakes in mines
that lead to rock failure, and higher-frequency signals occur
in laboratory experiments [28, 29].

AE technology is an effective method for characterising
rock damage or fracture. The material characteristics of
rocks, such as heterogeneity, anisotropy, and viscosity, as
well as the stages of crack evolution can distort the results of
monitoring. The complexity of the rock medium and its
fracture also lead to complex AE waveform propagation. In
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FIGURE 8: Propagation of AE S-wave on mineral boundaries.

addition, different boundary conditions lead to different AE
signals.

The characteristics and transmission of AE during rock
damage or fracture caused by multiple factors (damage
fracture, loading condition, lithology, size, structure, and
moisture) affect the results of analysis. Signals received by a
sensor can still reflect the essential characteristics of rock
damage and fracture.

5. Conclusions

In this study, the effects of the physical properties of rocks on
AE waveform signals are examined from the perspective of
the rock material and its fracture characteristics as well as the
characteristics of the propagation of different AE waveform
signals. The major findings and conclusions can be sum-
marised as follows:

(1) The time-frequency characteristics of AE show the
complex rules during rock deformation or fracture
and are affected by its heterogeneity, anisotropy, and
viscosity as well as noise jamming. Meanwhile, they
are also influenced by the fracture morphology and
rock structure. The frequency (f) of the AE signals
generated by rock fracture is inversely proportional
to crack length (c) and directly proportional to the
rate of crack growth (v).

(2) The factors influencing the characteristics and
propagation of AE signals are varied. Among them,
the elastic phase is affected by heterogeneity, vis-
cosity, and noise jamming. During signal propaga-
tion, the comprehensive effects of such factors
weaken the energy of the signals and enhance the
distribution of signal frequency.

(3) A mathematical model has been developed for
analysing the propagation of AE signals based on the
fracture behaviour of rocks, and their anisotropy,
heterogeneity, and viscosity as well as environmental
noise jamming by considering the differences in the
wave equation of its components. Namely, the AE
wave can be divided into a transverse wave (S-wave,

shear wave) and a longitudinal wave (P-wave, ex-
pansion and contraction wave), and they can be
considered, respectively, in the mathematical model.
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