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Study on the acoustic emission
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freeze-thaw damage in cycle
loading process
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State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu University

of Technology, Chengdu, China, 2School of Emergency Management, Xihua University, Chengdu,
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Acoustic emission and thermal infrared signals are related to the process of rock
breaking. In this paper, the acoustic emission and thermal infrared signals of
rock are obtained during the loading process of indoor granite freeze-thaw
cycle test and uni-axial compression test. Then the acoustic emission signals
sent out during rock breaking are analyzed by short-time Fourier transform to
get the peak frequency. infrared radiation thermographic sensor is applied to
monitor and record the temperature change on the surface of rock so as to get
the influence of thermal infrared radiation characteristics during rock materials
deformation and breaking. Under the same axial stress, the samples passing
through more freeze-thaw cycles have higher surface temperature. Both
acoustic emission and thermal infrared temperature show that tensile failure
is the main failure factor to granite samples. As freeze-thaw effect results in
more micro fissures inside rock, the granite samples develop in the tendency of
large breakage increases and small breakage decreases. This phenomenon
shows that freeze-thaw cycle could restrict the heat release of granite sample.

KEYWORDS
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1 Introduction

Rock failure is the main cause to many geological disasters, such as collapse,
landsliding and tunnel collapse. Rock failures caused by temperature change and
fatigue loading can lead to serious losses (Mateos et al., 2012; Strunden et al., 2015;
Cui et al,, 2022; Huang et al., 2018; Song et al., 2021). The freeze-thaw deterioration
(Nicholson et al., 2000; Bayram, 2012; Freire-Lista et al., 2015; Ghobadi et al., 2015; Gao
et al, 2020; Wang et al,, 2021; Li et al., 2022) and fatigue (e.g. earthquake and blasting)
deterioration (Attewell and Farmer, 1973; Xiao et al., 2011; Zhou et al., 2021; Cui et al.,
2021) of various types of rock including sandstone, limestone and granite are widely
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studied. The joint effect of freeze-thaw-fatigue (FTF) sees worse
results in rock deterioration than the singular free-thaw effect or
fatigue effect (Shan and Liao, 2002; Cai et al., 2020a; Song et al.,
2021).

Acoustic emission signals from the inside of rock are used for
identifying where and how many times damage takes place
(Zhang et al, 2015; Meng et al, 2018; Yang et al., 2020; Li
et al., 2021a). For the thermal effects of thermal infrared wave in
electromagnetic radiation wave, it is applicable to separate
thermal infrared wave from electromagnetic radiation wave by
germanium lens with specific refraction coefficient to show the
damage degree of rock (He et al., 2017; Sun et al., 2017; Xiao et al.,
2019; Cai et al, 2020b). Measuring energy released by stress-
induced rock damage by acoustic emission (AE) and infrared
radiation (IR) abnormal phenomena is directly affected by
internal cracks or flaws of rock (Zhao and Jiang, 2010). As
AE and IR are the products of physical effect, geophysical
method can be used to monitor AE and IR and detect the
damage degree of rock, for the purpose of forecasting the
upcoming rock failure event in geological disaster and tunnel
rock mechanical engineering practice.

Most of researchers apply different loading methods and
speeds, the average infrared radiation temperature (AIRT)
during rock damaging process as well as the transient
temperature of rock failure and the variance of successive
minus infrared image temperature (VSMIT) in IR and AE
tests. They identify AIRT abnormality under high stress in
plastic stage as the IR and AE omens of rock damage and
find the control effects of stress to IR (He et al., 2010; Gong
et al.,, 2015; Kim et al., 2015; Ma et al., 2016; Li et al., 2021b). AE
signal count and AE energy increase when rock stress decreases.
But the AE parameters change little before rock cracking (Wu
et al,, 2016). Correlation dimension of AE sequence would drop
all of a sudden before rock cracking, which could be taken to
forecast of rock instability under load (Ma et al., 2018a). By virtue
of infrared thermal instrument monitoring system and AE
monitoring system, some scholars have studied the variation
characteristics of AE frequency spectrum, AE distribution and
AIRT in the process of rock damage and cracking (Ma et al,
2018b; Li et al., 2018).

Previous studies mainly focus on comparing the response
speeds to the same rock damage phenomenon of infrared and
acoustic emission, instead of the spatial relationship between
them. Infrared and acoustic emission information is of
homologous anomalies as both of them are results of damage,
which makes it difficult to identify the omens of rock damage
the
spatial)

correctly by single information source based on

corresponding  phenomenon  (temporal  and
relationship. Besides, acoustic emission signals are easily
polluted by outside noise and thermal infrared wave cannot
easily position the damage inside rock (Zhang et al., 2021). But
the problem can be solved by link up and integrate the two

independent information together. In this paper, acoustic

Frontiers in Earth Science

02

10.3389/feart.2022.1002888

Stress level - g=====-========
differencel <¥ioe s naas

Stress (MPa)

30 times
cycles

Static load

Time (s)

FIGURE 1
Schematic diagram of low-cycle multi-period cyclic loading
stress path.

emission and thermal infrared techniques are used for mutual
complementation. Taking the granite samples gone through
freeze-thaw damage as the subject of fatigue test, we collect
the acoustic emission and thermal infrared data of samples
during the test to analyze and influence of freeze-thaw in
early stage on rock fatigue damage.

2 Method
2.1 Test method

The granite for test is taken from the Luanshibao Landslide in
Litang County, Sichuan Province, China. It is made into standard
cylinder shape of 50 mm x 50 mm x 100 mm, with the high error
between both ends smaller than 0.02 mm. The cylinder shaped
samples are prepared according to ISRM specifications and
provision (ISRM, 2007), meeting the requirements for regular
rock mechanical test. Three samples numbered as S1, S2 and S3 are
made. The vertical wave speed of rock samples is used to estimate
the different damage conditions of samples before test. The vertical
wave speeds of rock samples in this paper are 5,099 m/s, 5,086 m/s
and 5,032 m/s respectively. The maximum difference between
them is only 1.3%, based on which it is concluded that the
three samples show the same damage state from the beginning.

2.1.1 Freeze-thaw Test

Put the samples into vacuum context for 30 min first, then
make it immersed into distilled water for 1,080 min. After all
preparations, free it up at the temperature of —20°C for 6 h before
melt it in 20°C water for 6 h. In this way, a 12 h freeze-thaw cycle
is completed. And the three samples will be put into cycle for
100 times (S1), 200 times (S2), and 500 times (S3) respectively.
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Schematic diagram of thermal infrared radiation detection principle (According to Cai, 2020b).

2.1.2 Fatigue Test

After freeze-thaw test, the US MTS815 test machine is applied.
Add a 0.5 Hz sine wave, fix the lower limit stress ratio at 0.3, and
increase the upper limit stress ratio from 0.4 to 0.7 by the frequency
of 0.05 every time. Impose seven loading levels to each sample and
cycle 30 times at every level. After each level of cycling, add the
stress to the next level at the loading speed of 1 kN/s. When all the
seven levels of loading are completed, increase the stress statically
at the rate of 1 kN/s until the sample is broken (Figure 1).

2.2 Monitoring

2.2.1 Thermal Infrared Monitoring

Receive the thermal radiation on the surface of rock with FLIR
T1040 IR thermographic sensor produced by FLIR Systems, Inc. The
sensor is provided with the resolution ratio of 1,024 x 768, spectrum
range of 7.5-14 um and temperature sensitivity lower than 0.02°C.
Convert the radiation energy into temperature (Boltzmann, 1884) by
the formula w,=eaT*. Wherein, T is temperature (K), w, is the
general radiation energy at T, ¢ is radiation coefficient (for gray
objects, 0<e<1, for black ones, e=1), and a=5.6696x10"* W/(m*K*)
is Stefan-Boltzmann constant. Refer to Figure 2 for the schematic
diagram of thermal infrared radiation detection.

During test, IR thermographic sensor is placed about 1.0 m
from sample and any possible impacts over thermal infrared
temperature including passing of people shall be completely
avoided. Eliminate all light sources producing thermal radiation
by all means like letting down curtain and closing windows. Before
test, samples shall be put in laboratory for at least 24 h to make
their temperature same as the ambient temperature (24°C).

2.2.2 Acoustic Emission Monitoring

The Micro-II Digital AE System acoustic emission sensor
produced by Physical Acoustics Corporation (PAC) of the
United States is applied for acoustic emission monitoring. Apply
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FIGURE 3
Diagram of test loading monitoring device.

petroleum jelly on the surface of sensor before sticking the sensor
on the surface of sample. The sensor would transfer the elastic wave
produced by rock breaking into electrical signals. The ring count of
acoustic emission is the number of electrical signals exceeding threshold.
During test, the sampling threshold of acoustic emission is set at 40 dB,
pre-amplifier gain set at 40 dB and sampling time interval at 1 us The
test loading monitoring device diagram is shown in Figure 3.

2.3 Data processing

E; is loading elastic modulus, E, is unloading elastic
modulus, ¢, is the maximum stress value in straight line
section on cycle loading curve, o}, is the minimum stress value
in straight line section on cycle loading curve, and o is the
minimum stress value in straight line section on cycle unloading
curve. &, & and ¢ are their corresponding axial strain values.
Loading elastic modulus and unloading modulus could be
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FIGURE 4

Waveform and spectrum of acoustic emission signal. (A) Acoustic emission waveform (B) Spectrum diagram.

respectively calculated by the formula E;
and E, = (0. — 0,)/ (ec — €,).
Calculate the mean thermal infrared temperature on the

(Ub - Ua)/(eb - eu)

surface of sample by formula AIRT, = +; & xlez}ILlfP (x, y).
Wherein, p is the frame index in the surface thermal infrared
image of sample, x and y are respectively refers to the number
lines and rows of temperature matrix in infrared image, and M
and N are the maximum number of lines and rows of x and y.

Acoustic emission signal is a kind of non-stationary signal which
can be analyzed by fast Fourier transform (FFT), a classic method to
analyze non-stationary signal (Takai and Mifune, 2002). FFT can
convert acoustic emission signals to frequency domain. Before FFT
process, wavelet domain denoising shall be conducted first on acoustic
emission wave signals (Figure 4A) to get the two dimensional
spectrum (Figure 4B). In the spectrum curve, the frequency of the
maximum amplitude is taken as the dominant frequency and the
frequency with amplitude lower than the dominant frequency but
higher than others as the secondary dominant frequency (Jia, 2013).

Mark the maximum amplitude value in wave form as A, the
duration for the process from first exceeding the threshold to the
peak amplitude as RT, the times of signal amplitude exceeding the
threshold as AE count and the time interval from amplitude first
reaching the threshold to lower than the threshold as duration. The
ration between RT and A is defined as RA, ration between AE
count and RT as average frequency (AF) (Figure 5A). If RA is
horizontal ordinate and AF vertical ordinate, the top left corner of
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Figure 5B is classified as tensile failure and bottom right corner as
shear failure. The division line between tensile failure and shear
failure is related to material types (JCMS-B5706, 2003).

3 Results
3.1 Freeze-thaw deformation

The relationship curve between axial and lateral strains of
rock and time throughout freeze-thaw cycle process is shown in
Figure 6. As temperature drops, both axial and lateral strains
increase, which demonstrate that sample has expansion
deformation. When the temperature reaches the bottom point,
the sample expansion reaches the maximum extent and strain
stops increasing. When the temperature rises, both axial and
lateral strains drop quickly, which represents that sample shrinks.
When the temperature increases to and stops at 25°C, both axial
and lateral strains decrease to the minimum value gradually.

3.2 Strength and modulus
As the freeze-thaw cycle index of sample increases to

200 from 100, their peak strength decreases from 190 to
168 MPa (Figure 7). In the process of fatigue loading on
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Characteristic parameters of acoustic emission signal. (A) Schematic diagram of waveform (B) Determination of fracture type.
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Stress-strain curve of granite samples under different freeze-
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S1 and S2, the maximum strain is 0.025% and no remarkable
deformation occurs (Figure 6). For S3, the peak strength is
71 MPa, and strain suddenly increases by 0.1% after 120 times
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of cycling. After very short elastic deformation, the peak strength
is soon reached during the static loading right after the cycle
loading process. Compared with S3 the strain of which decreases
gradually with the increasing strain after peak strength, the
strains of S1 and S2 quickly drop to the minimum after peak
strength. With the increasing of loading-unloading cycle index,
the elastic modulus of sample is in linear increase tendency
(Figure 8). In the process of freeze-thaw cycle index increasing
from 100 to 200, the maximum reduction of sample elastic
modulus reaches 20 MPa. And in the section of freeze-thaw
cycle index from 200 to 500, the maximum reduction of
sample elastic modulus is up to 40 MPa.

3.3 Infrared thermography and
temperature

Figure 9 shows the infrared thermographic changes of S1, S2,
and S3 throughout the loading process. For S1, abnormal local

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1002888

Liang et al.

>
w2
g

®
=1

Elastic modulus (MPa)
a
=l

——S3

100 " " "
100 150 200

Loading-unloading cycles (times)

0 50

Loading elastic modulus curve

FIGURE 8

10.3389/feart.2022.1002888

240

I~
=
-

—e—S1 ——S2

Elastic modulus (MPa)
2

——S3

120 .
100 150
Loading-unloading cycles (times)

0 50 200

Unloading elastic modulus curve

Variation of loading and unloading elastic modulus with loading-unloading cycles under different freeze-thaw conditions. (A) Loading elastic

modulus curve (B) Unloading elastic modulus curve.

high temperature phenomenon is found in four places at
882.7s (Figure 9A). Among them, three places (Al, A2, and
A3) are distributed on the rim of sample in dot-like form,
while the other one (A4) spreads obliquely up to the center
from the rim in linear form, then go on extending to the
middle or sample with the width and temperature increasing.
The temperature of A4 reaches the peak (30.5°C) at 884.2 s.
And then A4 diffuses with the temperature goes down slowly.
For S2, the first abnormal high temperature occurs at 865.3 s
(B1). After that B1 extends obliquely down to the bottom left.
The second abnormality (B2) extending obliquely up is
found at 871.4s (Figure 9B). For S3, the first point is the
abnormal low-temperature phenomenon C1 occurs at
793.2s. Then abnormal low-temperature points C2 and
C3 emerge on the upper and lower ends of sample
separately. Before sample loading, the temperature on
both ends of all samples is slightly lower than the central
temperature (about 0.4°C). After loading begins, sample
high
shrinks. Final failure of S1 is mainly controlled by the

temperature drops gradually, temperature area
main fracture developed by A4. Final failure of S2 is
mainly controlled by the two main fractures developed by
Bl and B2. And final failure of S3 is mainly controlled by
several cracks (Figure 9C).

Figure 10 displays the axial stress of samples, average surface
temperature of samples and changes in acoustic emission ring
counts along with time. The three samples (S1, S2, and S3) have a
decrease in their temperatures all the time, with the final
reductions of 0.58, 0.60, and 1.03°C respectively. Three
straight lines with slopes reducing in turn (E1, E2, and E3)
could be applied for fitting for the temperature curves of S1 and
S2. For S3, its temperature curve could be directly fit by

El and E3.
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3.4 Acoustic emission event

Before fatigue loading, S1, S2 and S3 have produced relatively
more ring counts, which are 69.36 x 10%, 82.25 x 10° and 109 x
10°. During fatigue loading, the acoustic emission events of
S1 and S2 are rare, mainly concentrated in the static loading
stage after fatigue loading. While S3 have four acoustic emission
events (at 323,415, 535, and 665 s) during fatigue loading process
with the accumulated ring counts of 331 x 10%, 3,371 x 10, 719 x
10° and 1869 x 10’ respectively (Figure 10).

The changes in the dominant frequency and secondary
dominant frequency of acoustic emission are shown in
Figure 11. The acoustic emission frequency are divided into
low, medium and high levels, which are 70-150 kHz (yellow
area), 150-285 kHz (orange area) and 285-500 kHz (green area)
respectively. During fatigue loading, 95% dominant frequency
signals and 86% secondary dominant frequency signals of the
three samples are distributed in low and high levels. The total
number of dominant and secondary dominant frequency signals
of S3 is 2.41 times S1 and 1.46 times S2. While the numbers of
dominant frequency signals and secondary dominant frequency
signals of S3 in medium level are 2.08 times and 3.66 times S1 as
well as 1.59 times and 2.94 times S2 respectively. Throughout the
whole loading process, the high frequency signal averages of
dominant frequency signals of S1, S2, and S3 are 310.6 kHz,
315.4 kHz and 308.5 kHz, the low frequency signal averages of
dominant frequency signals are 118.0kHz, 115.2kHz and
112.9 kHz, the high frequency signal averages of secondary
dominant frequency signals are 312.8 kHz, 316.0kHz and
311.0 kHz, and the low frequency signal averages of secondary
dominant frequency signals are 117.1 kHz, 119.7kHz and
114.2 kHz, respectively. It can be concluded that there is small
difference between the dominant frequency signal average and
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FIGURE 9

Evolution of thermal images at typical moments during granite loading under different freeze-thaw conditions. (A) S1 (B) S2 (C) S3.

secondary dominant frequency signal average of the three
samples.

In the condition of low freeze-thaw time (S1), the
number of tensile failure increases quickly in the period
of static loading before fatigue loading (Figure 12), then
slow down in the fatigue loading and soon grows fast again
in the static loading period after fatigue loading. The larger
curve rate of S2 than S1 during fatigue stage shows that the
tensile failure increment of S2 is remarkably more than
S1 during fatigue loading. In the condition of high freeze-
thaw time (S3), tensile failure signal starts to increase fast in
the middle of fatigue loading. Both S1 and S2 are inactive in
shear failure motion throughout the entire fatigue loading
period. But S3 has the shear failure signals increase fast in
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the middle of fatigue loading. However, its tensile failure
signals increases faster than its shear failure signals.
According to the thermal infrared curve, S3 still absorbs
heat in Stage E3, while the slope of its fitted straight line gets
smaller.

The three samples are almost the same in the dominant
frequency ratio in medium frequency signals (Figure 13).
S1 and S2 are similar in the dominant frequency ratio in
their high frequency and low frequency signals. While
S3 shows higher high frequency ratio and lower low
frequency ratio than S1 and S2. Compared with SI, the
medium frequency ratio in secondary dominant frequency
signals of S3 increases remarkably, which results in a
reduction of low frequency ratio of S3 (Figure 14).
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Historical images of axial stress, temperature and acoustic emission count of granite samples with time under different freeze-thaw cycles. (A)

S1(B) S2 (C) S3.

4 Discussion

Rock failure is the process of energy transfer, conversion and
exchange between rock and outside (Xie et al., 2004; Sun et al,,
2020). All data monitored by acoustic emission and thermal
infrared instruments come from the energy produced by rock
cracking. Rising of temperature represents the shear crack
(friction causes heat) and dropping of temperature represents
tensile crack (tensile failure absorb heat) (Zhang and Liu, 2011).
The value of comprehensive temperature depends on the
competition between the heat production by shear failure and
heat absorption by tensile failure. In the early static loading stage,
the gas (CO,, O,) escapes out of the pores and takes the heat away
as the previous defects (e.g., pore and micro cracks, etc.)
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gradually tends closed (Wu et al., 2006). Rock with the higher
porosity could absorb more gas, in the same time, thermal
infrared temperature drops more (Wu et al, 2006). The
temperature of sample keeps decreasing in the fatigue loading
stage, from which it can be concluded that micro tensile failure
keeps developing inside sample under the effect of circular
loading. Although the friction between cracks and grains
would release heat, the heat consumption by the developing
and expanding of tensile crack cannot be compensated. A great
deal of acoustic emission signals produced by sample during the
static loading process after fatigue loading shows that enough
elastic energy has been stored inside sample to trigger centralized
expansion of numerous cracks (Martin and Chandle., 1994; Song
et al,, 2019; Zhang et al., 2020). In this period, the downtrend of
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Evolution characteristics of dominant frequency and secondary frequency of acoustic emission during the fracture process of granite with
different initial freeze-thaw damage. (A) S1 (B) S2 (C) S3.
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Damage classification based on the rise time ratio (RA) value of granite with different freeze-thaw cycles. (A) S1 (B) S2 (C) S3.

temperature-time curve of sample is weakened apparently which
means that the proportion of shear failure in all failures increases
significantly. According to Figure 10, the smaller the slope of
fitted line, the more heat released by shear failure.

Acoustic emission spectrum could effectively reflect the
failure characteristics of acoustic emission source (Jia et al.,
2013; Fan et al,, 2020) and peak frequency could reflect the
frequency characteristics of signals (Ni and Iwamotoet al,
2002). Large cracks tend to produce low-frequency acoustic
emission signals, while micro ones tend to product high-
frequency signals found by Ohnaka and Mogi (1982). It
can be concluded by testing that freeze-thaw cycle could
not only increase the number of acoustic emission signals,
but also raise the proportion of high-frequency signals, lower
the proportion of low-frequency signals. In other words,
freeze-thaw cycle makes rock develop with more large
cracks and less small cracks, which may because that
freeze-thaw cycle causes more micro cracks inside rock.
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If an acoustic emission signal has relatively low RA value
or high AF value, it can be judged that the failure mechanism
is more likely to be tensile failure (Guzman et al., 2015). The
acoustic emission signals of shear failure usually have
For the
majority of materials, shear failure usually comes after
(Chang and Lee, 2004). According to
previous researches, the ratio between RA and AF on

relatively low frequency and long duration.
tensile failure

boundary is taken as 50 (Ohtsu et al., 2010; Guzman et al,,
2015; Shan et al., 2021). The changes in the numbers of rock
tensile failure and shear failure events along with test time are
shown in Figure 12. For the three samples, the numbers of
tensile signals are 57518, 103345, and 151531, the numbers of
shear signals are 20220, 25100, and 35777 respectively. With
the increasing times of freeze-thaw cycles, the number of AE
events raises remarkably, while the ratio of tensile failure
events to shear failure events also raises accordingly. All
these phenomena show that tensile failure is the major
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failure type sample. And acoustic emission shows the same
main failure type as the thermal infrared temperature.

5 Conclusion

To study the different freeze-thaw effects on rock in early
stage, different freeze-thaw fatigue coupling tests are
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conducted to granite, and thermal infrared thermal imagery
and acoustic emission monitoring system are applied to
monitor and record the whole loading process. With the
proceeding of freeze-thaw cycle, the first abnormal thermal
image occurs in advance. According to the acoustic emission
signals, it could be known that the number of AE events and
tensile crack ratio increase with the freeze-thaw cycles, but the
shear crack ratio decreases. Cracks tend to develop into tensile
cracks. After analyzing the different IR and AE signals of
granite cracking evolution under different freeze-thaw
conditions, it is believed that sample failure turns to being
controlled by micro cracks from by large-scale cracks with the
proceeding of freeze-thaw cycle. For sample have gone
through more freeze-thaw cycles, cracks are significantly
developed inside, the cracking happens earlier and plenty
of acoustic emission signals are released in the middle of
loading period.
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