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Prospective discrimination of rock instability and fracture is a key problem in

mining, slope stability, earthquake triggering, and other research fields. Through

the rock fracture experiment, scientists put forward the load unload response

ratio (referred to as LURR) to detect the non-linear deformation process of the

strain stress curve, judge the degree of rock damage and instability fracture,

which is accepted worldwide and has been widely used in seismic risk

assessment. But, the extraction of response parameters (including strain,

energy, well water level, etc.) are faced with many difficulties in actual

observation, which makes the application of results uncertain. In this paper,

the change of relative wave velocity is proposed as the loading unloading

response parameter. Through rock mechanics experiments, a prospective

discrimination method of rock instability and fracture process is constructed.

The change characteristics of the LURR in the process of rock instability and

fracture under stress are studied, the experiment result show that: when

approaching the main fracture, the LURR calculated by taking the transverse

strain energy as the response quantity obviously rises and fall back, the acoustic

emission energy release rate and event rate are close to exponential

acceleration process; The LURR by taking the change of relative wave

velocity as the response parameter, first decreases, then fluctuates near

zero, and rapidly decreases to below zero when it reaches the critical

failure. The change combination of the above parameters’ response ratio

can effectively judge the process of rock deformation, instability and

fracture under stress. Moreover, this study of the load unload response ratio

which takes the change of relative wave velocity as the response parameter,

makes up the deficiency of the traditional load unload response ratio method in

judging the rock instability of the medium under stress.
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1 Introduction

Study on the process of rock instability and fracture is the core

content of rock mechanic. Reveal the evolution process of rock

instability and fracture is of great significance to the prediction of

dynamic disasters of rock mass, such as: earthquake mechanism,

stability of roadway engineering, mining and slope instability. In

order to reveal the seismic physical process, many scholars have

carried out a large number of experimental studies on rock

instability by using different observation measures and different

observation conditions, exploring the process of rock instability

and fracture under different loading modes, many results of

predicting the precursor characteristics of rock instability and

fracture have been obtained (Ma et al., 2019; Kwiatek G et al.,

2014; Yamashita F et al., 2021; Ma et al., 2022a; Ma et al., 2022b; Li

and Ma, 2021; Chen et al., 2009; Lei et al., 2000).

However, the preparation process of the rock instability and

fracture is extremely complicated, but its physical essence lies in

the deformation, instability and fracture process of the medium.

Just because the rock instability prediction is extremely

complicated and difficult, it is necessary to vigorously look for

physical parameters that can essentially reflect the instability

process. At the same time, it must be physically related to the

local instability and rupture of the medium (Yin et al., 1994; Yin

et al., 1995). The theory of loading and unloading response ratio

that can quantitatively describe the damage degree and instability

failure of rock, and is often used to detect the deformation stage

before the peak value of strain stress curve (Yin, 1987). Yin et al.

(2004) and Wang (1998) tested a large number of earthquake

cases on the variation law of loading and unloading response

ratio before moderate earthquakes, and the results showed that

more than 80% of the earthquake cases had loading and

unloading response ratios significantly greater than 1 before

earthquakes, so it can be applied to earthquake prediction

(Liu et al., 2012). With the development of more than

30 years, it has been widely used in the field of earthquake

prediction. Many scholars use different geophysical

parameters as responses, and have carried out a large number

of experimental studies at different scales, including physical

mechanism, experimental studies, numerical simulation and

earthquake prediction practice (Yu, 2004; Yu et al., 2006; Yu

et al., 2010; Yin et al., 2013; Yin et al., 2002; Zhang H et al., 2005a;

Zhang W et al., 2006a; Zhang Y et al., 2006b), and made a series

of progress. Experiments and numerical simulations also confirm

the correctness of the theory of loading-unloading response ratio

(Yin et al., 1995; Zhang et al., 2013). But, in the actual field

observation, it is difficult to measure the stress and strain of the

block, so it is equally difficult to measure the deformation

modulus during loading and unloading (Yin et al., 2017). The

response change based on magnitude energy depends heavily on

seismic activity, and many earthquake source faults are locked for

a long time, so it is impossible to obtain the relevant response

from seismic activity itself (Lei and Wang, 2022). Moreover, the

response based on other geophysical parameters (water level,

temperature, etc.) is limited by the scale of observation and the

density of observation points, so it is difficult to apply it to field

regional scale observation.

Therefore, it is an important research direction to develop the

loading/unloading response ratio method with the wave velocity

change rate as the response. Considering the impenetrability of

the Earth’s interior and the observation problem of regional scale.

Because, among the information parameters of seismic waves, the

seismic wave velocity is the most accurate and reliable parameter,

the measurement method is relatively mature. A large number of

laboratory experiments show that the wave velocity of rocks will

change with the change of stress (Birch, 1990; Nur et al., 1971). It

increases with the increase of wave velocity pressure and is

related to loading and unloading cycles (Yang and Shi, 2004).

Therefore, the continuous and accurate measurement of wave

velocity can be used as a “stress meter” to reflect the state change

of stress field in underground media. After years of development,

the observation method based on wave velocity measurement has

been preliminarily applied and developed in the laboratory

ultrasonic scale observation research (Yang et al., 2020; Song

et al., 2012). Xie et al. (2017) even obtained the observation

accuracy of relative wave velocity change as high as 10–6 by using

the observation method of coda interference. Moreover, more

importantly, it can be used to monitor the change of medium

wave velocity at field scale. For example, the air gun seismic

source detection technology in land water has the characteristics

of environmental protection, high repeatability, etc. It can spread

hundreds of kilometers through superposition, and the

measurement accuracy of relative wave velocity change is

10–4~10–3. It can observe diurnal and semidiurnal changes

caused by atmospheric pressure or solid tide. This high-

precision wave velocity measurement provides a reliable

technical means for responding to the state and change of

weak stress field in underground media (Wang et al., 2016).

Based on the active ultrasonic source, this paper carried out

experimental research before and after rock fracture under cyclic

loading. An important highlight of the paper is that developed the

new LURR could make up for the lack of general LURR, and has

theoretical significance for the study of earthquake prediction

methods since instability of fault occurs after the peak point of

strain-stress curve. At the same time, it is possible to use the wave

velocity change under small stress disturbance to detect the stability

of rock or engineering structure in the future, which shows a

potential engineering significance of the results of this paper.

2 Experiment introduction

2.1 Experimental system

The system includes: loading and unloading operation system,

signal excitation system, acoustic emission waveform acquisition

Frontiers in Earth Science frontiersin.org02

Zhang et al. 10.3389/feart.2022.1069046

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1069046


system and strain acquisition system as shown in Figure 1. In the

experiment, CTM microcomputer servo-controlled hydraulic

universal testing machine of Institute of Geology, Seismological

Bureau of China was used, with a maximum loading capacity of

1000 kN. The signal generator continuously excited two sinusoidal

signals (100 s/s) with an interval of 10 m, a transmission frequency

of 100 KHz, a voltage of 2 Vpp and a preamplifier of 40 dB, which

were amplified to 40 V by a power amplifier (Yang et al., 2020).

The AE probe model is RS-2A, its frequency range is 50–400 KHz,

and its center frequency is 150 KHz. The AEwaveform acquisition

system with 16 AE probes is used for recording. The AD

conversion resolution is 16 Bit, the sampling frequency is

3MHz, and the sampling frequency of LB-V multi-channel

digital strain gauge is 100 Hz.

Before loading, the clocks of the press operating system,

acoustic emission data acquisition and strain observation system

should be networked and synchronized to avoid the clock error

affecting the calculation accuracy of the subsequent wave velocity

change. The signal generator continuously excites two sinusoidal

signals, which are amplified to 40Vpp by a power amplifier. The

received signals are recorded in a 16-bit precision data collector

at a sampling rate of 3 m/s, and the time length of the received

waveform is 10 m. Each probe has 969 s continuous seismic

records, and there are 3 million sampling points in 1s data. In this

paper, the data is processed according to the data format with a

time resolution of 1 s.

2.2 Sample and observation system

Granite samples with pre-cracks are used in the experiment.

The sample size is 99.48 mm × 98.04 mm × 146.50 mm, as shown

in Figure 2. The physical and mechanical properties of marble

materials are as follows: compressive strength is 162 MPa,

Young’s modulus is 72.7 GMa, Poisson’s ratio is 0.21, p-wave

velocity is 5 km/s. The specimen is oblique cut in echelon in 45°

axial direction, and macro fault zone is prefabricated for rock

specimen by mechanical cutting method to simulate the

geometric structure of tensile echelon fault. The cutting tool is

a high-speed electric cutting machine. The upper fault is about

5.3 cm, and the lower fault is about 5.0 cm, all of which are cut

through. The wheel blade of the cutting machine is an ultra-thin

diamond saw blade. The width of the fault zone is about 3 mm

and the depth of the fault zone is about 42 mm. The prepared

sample is mixed with 1:1 gypsum and water and then filled into

the crack to simulate the fault zone with low strength. It is placed

for 24 h for the test after solidification. The test rock samples are

processed according to the international rock mechanics test

method.

The experimental system consists of 13 piezoelectric ceramic

sensors (AE probe CH3-CH16) and one excitation probe (S) to

excite ultrasonic waves. Piezoelectric ceramic sensors (14 AE

probes in total, as shown in Figure 2) are installed on the rock

samples. Nine red five-pointed probes are distributed on the first

surface, one purple five-pointed probe is distributed on the

second surface, three black five-pointed probes are distributed

on the third surface, and one green five-pointed probe is

distributed on the fourth surface. The center dot S is the

position of the excitation probe. Before installation, wipe the

contact surface between the probe and the rock with paper towel

dipped in absolute ethanol to remove the dust on the sample

surface. Apply honey evenly on the contact surface of the probe

with the rock to ensure the coupling. The active excitation system

is excited by double-pulse sine wave, and the acoustic emission

data acquisition system is used to continuously record the active

excitation ultrasonic wave and acoustic emission waveform. At

the same time, six groups of strain gauges are deployed on the

four surfaces of the rock sample, and each group includes

longitudinal, transverse and oblique strain records. The strain

data acquisition system is used to record the strain, and the whole

process of rock failure is recorded by strain gauges.

2.3 Experimental process

The rock pattern is fixed on the servo-controlled hydraulic

universal testing machine, and the loading system is used for

cyclic loading and unloading at the loading speed of 2 kn/s and

FIGURE 1
Schematic diagram of experimental system.
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the unloading speed of−2 kn/s. As shown in Figure 3, there

are eight stages of cyclic loading and unloading, with each

loading lasting about 80 s (the first loading lasting 100 s)

and unloading lasting about 40 s. The whole cycle loading

time lasts for 960 s. According to the empirical formula (p=F/

S), in the first stage, the stress drops by 20.5 MPa in the loading

section and 8 MPa in the unloading section. And the stress

drops in the subsequent loading and unloading sections (2–7)

are 16.4 and 8.2 MPa respectively. This loading method

can simulate the effect of the tidal force of the Sun and the

Moon, and the correlation of its response can be used as

the response of the loading and unloading stages, respectively,

and the sample reaches shear failure in the last stage of

(~78 MPa) loading.

3 Theory and results

3.1 Loading and unloading response ratio
theory

The theory of loading and unloading response ratio describes

the evolution process of earthquakes with the Y value of loading

and unloading response ratio in source areas, and the Y value can

quantitatively measure the source process of the medium in

source areas to a certain extent, so it is possible to predict

earthquakes (Mora et al., 2002).

The theoretical principle is as follows: Assuming that the

system is loaded and unloaded, X+ and the X− response rates of

the loading and unloading periods are divided, the loading and

unloading response ratio Y is defined as when the medium is in

the elastic deformation stage X+ � X− � C, therefore, Y � 1.At

the stage of damage X + >X−.When Y> 1 the medium is about

to be destroyed, Y the value becomes larger and larger, reaching

its peak value. Taking different physical quantities as responses,

X the expressions are different. Taking seismic energy as the

response, the loading and unloading response ratio is expressed

as:Ym

Ym �
∑N+

i�1
Em
i( )+

∑N−

i�1
Em
i( )−. (1)

In Eq. 1: E represents seismic energy, and “+”and

“-”represent loading and unloading, respectively (Liu and Yin,

2013). M is a constant between 0 and 1. When m=1, it means

energy, m=1/2, it means energy Benioff strain, and m=1/3 or 2/3,

it means the line scale and plane scale of the source area.

M=0 indicates the earthquake frequency. N+ And N− the

FIGURE 2
Sample model and observation system.

FIGURE 3
Loading and unloading curve.
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number of earthquakes loaded and unloaded in the study period

respectively (Yin et al., 2000).

3.2 Strain energy response results

The stress-strain relationship (curve) shows the whole

process of rock failure, as shown in Figure 4. At the initial

stage of rock loading, the cracks in the rock closed elastically,

and the strain curve showed strong consistency with the stress

loading and unloading curve, and the strain increased linearly

with the stress. When the extreme stress reaches ~65 MPa, the

main crack occurs, and the strain gauge 5 records the occurrence

time of the main crack to ~810 s, and the main crack occurs near

the bottom area of the precast crack Fp, which is mainly because

the sensitivity of axial stiffness to crack initiation and penetration

is weaker than the non-linear lateral deformation (Zhang et al.,

2017), and the stress accumulation of the precast crack structure

is concentrated and the brittleness is weak. At the same time, the

rock cracks spread unsteadily along the transverse direction, and

the strain curve suddenly changes abnormally, and the

deformation is large, which indicates that the occurrence time

of the main rock fracture can be defined at this time.

Although the loading and unloading time in this paper is

different, when the response quantity takes the average strain

energy of each loading and unloading interval, it accords with the

loading and unloading theory (Yin, 2004; Wang et al., 2004).

Firstly, taking the strain energy as the response quantity, the Y

value of the loading and unloading ratio response in all directions

is calculated. As shown in Figures 5A–C. It is found that the

loading and unloading curves basically coincide with the strain

curves in the low stress stage, especially in the elastic stage, so the

Y value of the loading and unloading response ratio is

approximately 1. However, as the extreme stress approaches,

more strain energy will be converted into permanent

deformation of rock every time it is unloaded. Moreover, this

change is getting bigger and bigger. Therefore, with approaching

the extreme stress, before the main fracture occurs, the loading

and unloading response ratios of strain gauges 5 and 14 near the

rock bridge area are obviously inconsistent, and the values of the

loading and unloading response ratios are obviously increased

and decreased, indicating that the initiation and penetration of

rock cracks mainly extend along the vertical axis. At the same

time, the time series of the loading and unloading response ratio

of the rock increased obviously before it became unstable, and the

loading and unloading response ratio was abnormal. Before the

rock was fundamentally damaged, the loading and unloading

response ratio in many directions showed synchronous response.

3.3 Acoustic emission response results

Studying the evolution law of acoustic emission activities can

characterize the whole process of rock damage and instability.

Acoustic emission testing is a method to study the evolution

process of rock damage frommeso-fracture scale (Zhang H et al.,

2005b). During the test process, the micro-fracture signal inside

the rock was recorded by acoustic emission monitoring system,

and the variation law of acoustic emission characteristic

parameters was obtained by post-processing. The records of

acoustic emission event release rate and acoustic emission

energy release rate in the experimental process are shown in

Figures 6A, B. The results show that in the initial loading stage,

there are very few acoustic emission events in the rock, and only a

FIGURE 4
Strain-stress curve.
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few acoustic emission events occur when the stress reaches about

10 MPa. At this time, acoustic emission phenomena occur at

intervals, and the event rate and energy release rate are low.

When the stress exceeds 28 MPa, the AE event rate gradually

increases, but it is far less than that near the peak value. The AE

events generated at this time are mostly due to the collision and

friction between particles radiating elastic waves during the

initial micro-crack closing process under external load. When

the stress increases to 40 MPa, the AE event rate increases

rapidly, and the first peak appears. Here, the stress is regarded

as the crack initiation stress, and the AE event propagation rate

gradually increases linearly. At this time, the crack is still in a

stable propagation stage. When the stress reaches 60 MPa, the

main fracture occurs, and the AE event rate increases non-

linearly. At this time, the AE event rate has developed rapidly

at a certain rate.

When rock is subjected to repeated loading and unloading

experiments, only when the load reaches the previous maximum

load will obvious acoustic emission occur. This “memory”

phenomenon of materials is called Kaiser effect (Kaiser, 1950).

The loading and unloading stages in this paper meet Kaiser effect

law from 1 to 4. Subsequently, the Kaiser effect was also

confirmed in the compression experiments of sandstone and

quartzite (Goodman, 1963). The discovery of Kaiser effect

FIGURE 5
Load unload response ratio of strain energy in three directions (A–C).

FIGURE 6
AE energy release rate (A) and event release rate (B).
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provides a new method to solve the problem of medium damage

estimation in rock mechanics. However, when there is damage

inside the rock, when the load is less than the highest stress level

experienced in the previous period, the acoustic emission begins

to increase significantly. This phenomenon is called Felicity effect

(Fowler, 1986), as shown in Figures 6A, B. Felicity effect appears

in the acoustic emission activity in the 5–8 stages, which indicates

that with the continuous accumulation of stress, the rock has

been damaged, and the acoustic emission activity has obviously

intensified.

The energy of acoustic emission events recorded in the

experiment reflects the elastic energy released when

microcracks in rocks are generated or expanded. Therefore, by

analyzing the acoustic emission energy, we can study the

evolution law of elastic energy release of rocks. Let the energy

of acoustic emission events recorded in the time tk be:

E tk( ) � ∑
t< tk

e t( ) k � 1, 2, . . . , tk ≤ tc( ), (2)

Where: tc is the critical moment, e(t) is the energy of acoustic

emission events, and the number of acoustic emission events

recorded in the moment tk is:

N tk( ) � ∑
t< tk

n t( ) k � 1, 2, . . . , tk ≤ tc( ). (3)

tc is the critical moment and n(t) is the number of acoustic

emission events.

As shown in Figure 7, the energy release law of acoustic

emission and the cumulative law of acoustic emission events are

in good agreement with the cumulative law of the number of

events. At the initial loading stage, the energy release of acoustic

emission in rock is relatively stable, and the closer the energy

release is to the linear process, the energy release does not

obviously accelerate. When the time reaches about 400 s, the

release degree of acoustic emission energy is obviously

enhanced, and the inside of the rock changes dramatically.

The inside of the rock is in the process of initial microcracks

closing under external load, and the mutual collision and

friction between particles are intensified. When the time

reaches about 810 s, the rock is in a high stress state, and

the main rock fracture occurs, and the AE energy release is

closer to the exponential acceleration process. The changes of

the above acoustic emission characteristic parameters are

directly related to the development and evolution of the

internal damage of rocks, and the sudden increase of energy

and events can be used as precursors of the catastrophic failure

of rocks.

FIGURE 7
Acoustic emission energy release and cumulative event rate.

FIGURE 8
change of energy loading and unloading response ratio.
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Meanwhile, according to the loading and unloading theory,

any geophysical quantity that can reflect the instability process of

the system can be taken as the response quantity (Yin et al.,

2013). In seismology, the energy E of seismic waves and its

related quantities are often used as response quantities, because

they can directly carry the media information of the source area.

In the experiment, a large number of acoustic emission events

were recorded during loading and unloading. According to Eq. 1,

take m =1, that is, use energy as the response, and get the change

of Y value of loading and unloading response ratio with time, as

shown in Figure 8.

From the experimental results, the loading and unloading

response ratios of all channels reflect basically the same law, that

is, when the load level is low and the damage degree of rock is

small, the value of loading and unloading response ratio Y

fluctuates around 1, and the rock is relatively stable. When

the load level is high and close to the critical load of main

fracture, the value of loading and unloading response ratio Y

increases briefly, and the damage degree of rock is large. Then,

the value of loading and unloading response ratio Y decreased

briefly, and the main rupture occurred during the decline of

loading and unloading response ratio. When the critical load is

reached or exceeded, and before the rock is fundamentally

damaged, the degree of rock damage is greater, and the value

of the loading and unloading response ratio Y will increase

sharply. The above experimental results are consistent with

the discussion on the relationship between material failure,

earthquake occurrence and critical sensitivity in statistical

meso-damage mechanics (Bai et al., 2004; Zhang et al., 2004).

At the same time, these results also show that the loading and

unloading response ratio Y can be used as an important

precursor to reflect rock instability and earthquake occurrence.

3.4 LURR based on wave velocity change

3.4.1 Principle of methods
According to the theory of loading and unloading response

ratio, it can be known that the loading and unloading response

ratio Y is a parameter that can quantitatively reflect the

approaching instability degree of non-linear system, and it can

be defined as

Yk � K+
K−

. (4)

Equation 4: K+ indicates the relative wave velocity response

rate in loading stage K− indicates the relative wave velocity

response rate in unloading stage.

K � dv/v
Δσ . (5)

Equation 5: Δσ represents the variation of stress load, dv/v

Indicates the change of wave velocity, the variation of K wave

velocity and the linear relationship between two physical

quantities. K value is used to quantitatively express the change

rate of wave velocity with stress, and Fit value is used to

characterize the coincidence degree between scatter value and

fitting curve.

The accuracy of wave velocity measurement is the key to

construct the loading and unloading response observation

method with the relative wave velocity change as the response

quantity, and the high-precision wave velocity measurement

results can better respond to the stress state and change in the

rock medium (Wang et al., 2020). Assuming that the time delay is

caused by the relative velocity that changes uniformly in space,

the relative wave velocity change in the medium can be

expressed as:

dv

v
� −dt

t
. (6)

In Eq. 6, v represents the wave velocity in the medium, dv

represents the wave velocity change in the medium, dt represents

the arrival time difference of some coda windows, and t

represents the arrival time difference. By measuring the linear

change relationship of the arrival time difference with time at

different times, the wave velocity change in the medium can be

obtained. The specific steps are as follows:

Assuming that the ultrasonic coda signal received by the

probe is sum before and after, two active ultrasonic coda

excitations are x1 and x2, two columns of Green’s functions

are sum after cross-correlation with the excitation wavelet are r1
and r2, and their velocities are v1 and v2 respectively. By

stretching parameter τ compressing r1 along the time axis, by

the expansion factor r1[t − τ], the wave velocity variation from v1
to v1[t − τ] can be obtained. By cross-correlation analysis with r2
and r1[t − τ], when the coefficient reaches the maximum value

by Eq. 7, the more accurate travel time variation can be obtained,

and then the wave velocity variation of medium can be calculated

by Eq. 8.

RRt1,t2
r1,r2 τ( ) � ∫t2

t1
r1 t 1 − τ( )[ ]*r2 t( )dt����������������������∫t2

t1
r21 t 1 − τ( )[ ]dt∫t2

t1
r22 t( )dt

√ . (7)

When a certain value τ of the expansion τ max factor is RR(τ)
taken to maximize, the wave velocity variation of the r1 and r2,

two series of signals can be obtained.

dv

v
� v1 − v2( )

v1
. (8)

The waveform analysis t1, t2 windows of the direct wave and

the coda wave are respectively represented in the above Eq. 7, and

the measured time change can be carried out in time domain or

frequency domain (Zhang J, 2014). As shown in Figure 9A. In

addition, the requirement of sufficient scattering (≥4 times the

average free path) should be considered when measuring the

coda wave, and in order to keep the stability of the results, the
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appropriate coda wave measurement window should be selected.

Through continuous attempts, the window of coda signal

selected in this experiment is 1.7–2.2 m.

Through the wave velocity measurement method, the average

direct wave velocity and the relative variation of the wake wave

velocity of 13 AE sensors are obtained as shown in Figure 9B. It is

FIGURE 9
measurement window (A) and change of average relative wave velocity (B).

FIGURE 10
Rate of change of direct wave velocity in each loading and unloading stage (A–H).
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found that the two wave velocity curves are in good agreement

with the loading curve, and the relative change of the direct

wave velocity is obviously higher than that of the coda wave. As

the stress increases, the increase of relative wave velocity

decreases. After the main rupture, the wave velocity decreased

obviously, but the decrease was small. When the critical load

is reached, the change of relative wave velocity decreases in a cliff-

like way.

3.4.2 Calculation results
The least square method (LSQ) is used to fit the K value. As

shown in Figures 10A–H. The calculation results of the K value of

the relationship between the relative wave velocity change and

the stress quantitative change show that there is a high linear

relationship in the initial stage of loading. The wave velocity

increases with the increase of stress. The relative wave velocity

change rate decreases with the increase of stress (K value), and

the K+ value of the loading interval is slightly higher than the K-

value of unloading, as shown in Table 1. As the stress increases,

new cracks are generated in the rock, and the damage degree

increases. When unloading, some cracks open with the stress

decreasing, which leads to the wave velocity in the unloading

process being smaller than that in the loading process. When the

stress reaches ~50 MPa, the rock is damaged, and the change of K

value in each loading and unloading interval is obviously

inconsistent. A large number of cracks enter the compaction

stage, and the wave velocity during unloading is larger than that

during loading, and the K value during loading is lower than that

during unloading. With the continuous loading of the stress, the

increase of the wave velocity began to decrease from ~68 MPa,

and the variation trend of the average wave velocity curve was

inconsistent with that of the stress curve, showing a discrete stage

deviating from linearity. This is mainly because after loading to

the damage stress, the microcracks continue to increase, the

microcracks gradually penetrate, and the expansion of rock

samples accelerates, which leads to the rapid decline of wave

velocity and amplitude. This feature can be regarded as a sign of

approaching the main fracture. So, the change of wave velocity

during repeated loading can be used as an evaluation method of

rock damage.

As shown in Figures 11A–H, the calculation result of the K

value of the quantitative relationship between the relative wave

velocity change of the wake wave and the stress shows that the

curve is highly consistent with that of the direct wave. But there

are some differences between them. In the initial loading elastic

stage, due to the compression closure of the initial micro-cracks,

the wave velocity increases with the increase of stress, but the

increasing amplitude gradually decreases. This is because with

the increase of stress, the closing degree of the initial micro-

cracks gradually increases, and the closing degree of the micro-

cracks decreases under the same stress increment, which leads to

the decrease of the increasing amplitude of the wave velocity.

When the crack closing stress reaches ~60 MPa, the relative wave

velocity basically reaches the peak, and the relative wave velocity

changes by 2.3%. The increase of wave velocity decreases

significantly faster than the direct wave, mainly because the

coda wave is more sensitive to the change of the medium

after multiple reflections and refractions in the medium.

Moreover, it can also be observed from Figure 7 in this paper,

the acoustic emission events at this stage begin to increase and

the energy release intensifies. It can be seen that in a certain

period of time, the fault has been in an unstable stage. Compared

with the wave velocity change in the initial stage, the wave

velocity change of rock medium is obviously abnormal at this

stage, and the relationship between the wave velocity change and

the stress change is obviously deviated from the non-linear state.

With the continuous accumulation of stress and reaching the

stress peak value of ~70 MPa, the fault enters the sub-instability

stage, at which time the observation accuracy can reach 2.9125 ×

10–8, and the wave velocity change suddenly drops. The wave

velocity change curve and the stress loading curve show a linear

negative correlation, that is, when loading, the wave velocity

change decreases, indicating that they are in a strongly discrete

non-linear state. At this time, the value of k is −2.9 × 10−3 Mpa–1,

TABLE 1 Parameter changes at different stages.

Direct wave K value (load) K value (unload) LURR(Y) Code wave K value (load) K value (unload) LURR(Y)

1 2.7 × 10−3 Mpa−1 2.6 × 10−3 Mpa−1 1.038 1 0.51 × 10−3 Mpa−1 0.41 × 10−3 Mpa−1 1.243

2 2.3 × 10−3 Mpa−1 2.2 × 10−3 Mpa−1 1.045 2 0.37 × 10−3 Mpa−1 0.28 × 10−3 Mpa−1 1.321

3 2.2 × 10−3 Mpa−1 2.0 × 10−3 Mpa−1 1.100 3 0.24 × 10−3 Mpa−1 0.22 × 10−3 Mpa−1 1.090

4 1.9 × 10−3 Mpa−1 1.9 × 10−3 Mpa−1 1.000 4 0.18 × 10−3 Mpa−1 0.18 × 10−3 Mpa−1 1.000

5 1.6 × 10−3 Mpa−1 1.9 × 10−3 Mpa−1 0.842 5 0.14 × 10−3 Mpa−1 0.15 × 10−3 Mpa−1 0.9330

6 1.4 × 10−3 Mpa−1 1.7 × 10−3 Mpa−1 0.823 6 0.12 × 10−3 Mpa−1 0.13 × 10−3 Mpa−1 0.9231

7 0.5 × 10−3 Mpa−1 3.1 × 10−3 Mpa−1 0.258 7 0.006 × 10−3 Mpa−1 0.16 × 10−3 Mpa−1 0.0375

8 1.5 × 10−3 Mpa−1 −2.9 × 10−3 Mpa−1 -0.517 8 0.03 × 10−3 Mpa−1 −0.11 × 10−3 Mpa−1 −0.272
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which means that the change of relative wave velocity at this time

shows a cliff-like decline with the increase of stress.

According to Figure 12A of the relationship between

average wave velocity change and stress, it is observed that

in the elastic stage, the wave velocity change and stress can keep

a good linear relationship, and the accumulation and release of

stress are relatively stable. In the damage stage, the relationship

between stress and relative wave velocity is in a non-linear state

FIGURE 11
Change rate of coda wave velocity in each loading and unloading stage (A–H).

FIGURE 12
Relationship between relative wave velocity change and stress (A) and LURR of direct wave and coda wave (B).
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before the main fracture occurs and the internal damage of

rock occurs. In the stage of rock instability, the stress is

negatively correlated with the change of relative wave

velocity, that is, when the stress increases, the wave velocity

decreases in a cliff-like manner, which reflects the

drastic changes in the medium at the later stage of loading,

which can be used as an important precursor before rock

fracture.

According to the loading and unloading theory and the

theoretical formula with relative wave velocity as the response,

the loading and unloading response ratios of the two wave

velocities are calculated respectively. Figure 12B shows the

changes of LURR with the relative wave velocity changes of

the direct wave and the code wave as the response during the

rupture incubation process. In the initial stage, the response ratio

of loading and unloading is close to 1. As the main rupture

approaches, the corresponding ratio of loading and unloading

fluctuates around zero, and decreases rapidly and becomes

negative, then the main rupture comes. The results show that

when the rock approaches the main fracture, the response ratio of

loading and unloading decreases sharply, and then there is a

minimum value, and even a negative value when the rock is

unstable, the result is more consistent with the loading and

unloading obtained in response to the P-wave travel time in

the process of rock fracture preparation (Xu et al., 2002).

Therefore, this feature can be regarded as a sign of rock near

instability fracture.

4 Discussion

Whether the response ratio is negative or not is related

to the stress state at the lowest point of the stress cycle

after the peak value. The degree of bearing capacity reduction

or energy release. The stress at the lowest point is larger,

and its response wave velocity variation is larger than the

wave velocity variation corresponding to the highest stress.

When the bearing capacity decreases or the energy release

exceeds the energy reduced by external force unloading,

the response ratio will be negative. When the stress at

the lowest point is smaller, the response wave velocity

variation is smaller than the wave velocity variation

corresponding to the highest stress, the bearing capacity

decreases or the energy release is less than the energy reduced

by external force unloading, then the response ratio may

not be negative, but it may be the smallest. Therefore, the

minimum value (even negative value) after the rapid decrease

of loading and unloading response ratio can be used as a sign

of approaching instability and rupture.

5 Conclusion

The experimental study of rock instability and fracture under

cyclic loading was carried out, and the following conclusions

were obtained:

When the cyclic loading reaches the 7th stage, the loading

time reaches ~810 s, and the stress reaches ~65 MPa, the main

fracture occurs. The main fracture point is near the bottom area

of Fp, which is mainly caused by the concentrated stress

accumulation and weak brittleness in the pre-crack position.

With the approach of main rupture, the response ratio of loading

and unloading calculated by taking transverse strain energy as the

response quantity increases and decreases obviously. Before the

occurrence of main fracture, the rock is relatively stable, the value

of loading and unloading response ratio Y fluctuates around 1.

When the load level is high, close to the critical load of the main

fracture, the Y value of the loading and unloading response ratio

rises briefly and then falls back, the main fracture occurs during

the falling of the loading and unloading response ratio. When the

load level is high and exceeds the critical load, and before the rock

is fundamentally failure, the value of the loading-unloading

response ratio Y will increase sharply, the energy release of

acoustic emission is closer to the exponential acceleration

process. The sudden increase of energy/event can be used as a

precursor to the catastrophic failure of rock. Based on the results

of constructing the loading and unloading response ratio in

response to the change of relative wave velocity, it is found

that the corresponding loading and unloading ratio fluctuates

around zero as the main rupture approaches. When the critical

load (~68 MPa) is reached, it decreases rapidly and becomes

negative before the rock fundamentally failure, which is

consistent with the change pattern of the wave velocity ratio

in the process of fracture incubation. This feature can be regarded

as a sign of approaching instability.
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