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Acoustic emission characteristics of marble under uniaxial cyclic loading
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Abstract. Intractable rock engineering problems encountered in practice are related to the behavior of rocks under different
cyclic loadings, the damage evolution of rock subjected to cyclic loading is important for rock engineering design and
construction. Three different cyclic loadings were conducted on marble to explore the acoustic emission (AE) parameters
evolution during damage. It was found that the continuous decreasing correlation dimension and b value can be deemed as
robust signal of the imminent rock failure. The additional cyclic loadings increase the AE events with low energy. The Realistic
Failure Process Analysis (RFPA?) code was implemented to reproduce the AE distribution evolution of the corresponding
experiments. Numerical simulations indicate that the AE distribution changes from random to aggregate. The increasing stress
leads to the failure mode of sample shifts from shear damage dominated to tensile damage dominant. The additional cyclic
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loadings increase the number of the shear damage elements.
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1. Introduction

Rock engineering such as underground tunnels,
underground energy storage caverns, dam foundations,
bridge abutments, etc. (Liu er al. 2017). are likely to be
subjected to complicated cyclic loadings. Some studies
show that rock strength and failure have a close correlation
with the complicated loading paths (Cai 2008, Kaiser et al.
2001, Sharma et al. 1999, Zhu et al. 2018). The decreased
strength and failure behaviors can be attributed to the
complicated loading and unloading as well (Sun et al
2019). Cyclic loading poses a significant hazard on the
engineering stability. Hence, considerable efforts have been
made to assess the mechanical response of rock under
cyclic loadings (Guo et al. 2018, He et al. 2018, Wang et al.
2018, Zhang et al. 2017). Meanwhile, it was reported that
cyclic loading characteristics such as maximum stress,
amplitude, loading waveform and frequency have different
damage effects on rock. (Cerfontaine and Collin 2018,
Erarslan 2016, Taheri et al. 2016). Namely, the failure of
rock can be attributed to the accumulative damage caused
by different cyclic loadings. Therefore, attentions have been
paid to rock damage during cyclic loading as well (Munoz
and Taheri 2017, Sun et al. 2017, Zhou et al. 2017).

Meantime, the damage is closely related to the AE that
results from the released strain energy within the materials.
Since the discovery of the Kaiser effect in metallic
materials (Kaiser 1950), the AE method has been gradually
applied to study the rock damage (Goodman 1963). The AE
monitoring provides the possibility to investigate the rock
damage evolution during the entire failure process without
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any additional disturbance. Therefore, real-time monitoring
of AE events has become an important method for
disclosing the evolutionary laws of rock deformation and
damage. Numerical experiments on rock AE were
conducted and achieved beneficial results (Codeglia et al.
2017, Jin et al. 2017, Kong et al. 2018, Wang et al. 2019).
Based on the AE characteristics, the rock failure and
geotechnical engineering disaster were tried to be predicted
(Kim et al. 2019, Ma et al. 2018, Su et al. 2017, Zhang et
al. 2014). The AE has provided important guidance for the
geotechnical engineering (Zhang et al. 2015).

However, it is noted that the stress conditions in
engineering fields are complicated and frequently
encountered with different kinds of cyclic loadings. It is
indispensable to investigate AE induced by complicated
cyclic stress paths. In this study, three different cyclic
loadings are applied on marble to explore the AE
characteristics during rock failure. The corresponding
numerical simulations are implemented based on RFPAZP to
reveal the AE distribution evolution. The effect of the
additional cyclic loadings on the rock damage is discussed.
The results may play an important role on the further
understanding of rock damage under different cyclic
loadings and the rock failure prediction.

2. Test program
2.1 Test equipment and test sample

The TAW-2000D electrohydraulic servo test system is
used in this experiment. The system is composed of the
loading system and the data acquisition system (Fig. 1),
which has a load capacity of 2000kN. The force controlled
mode is applied in this test. The AE is monitored by the
SDAES digital AE detection system which produced by
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Fig. 3 Different cyclic stress paths: (a) general cyclic loading (b) cycles with SMPa additional cyclic loadings (c¢) cycles with

large additional cyclic loadings

Beijing Shenghua Technology Co., Ltd. The system consists
of four parts: sensor, amplifier, AE acquisition card, and
system software. During the test, one DH107 AE probe is
used to collect the AE data. The probe is attached on the
middle of the rock sample by a rubber band (Fig. 2). To
ensure the close contact between the probe and rock sample,
couplant is applied for the coupling. To eliminate the effect
of environmental noise, the noise of the loading system is
tested beforehand and the AE threshold is set up as 40dB. A
digital filter is implemented after the preamplifier. The
processed signal can be amplified by the main amplifier.
The marble used in this test is collected from a quarry
located in Leiyang, China. The ®50 mm % 100 mm standard
rock specimens are prepared according to the ISRM
suggested method. The average density and P-wave velocity

are measured as 2.8 g/cm? and 3600 m/s, respectively. The
samples with joint and those density and wave velocity
deviate the average value largely are disregarded.

2.2 Test method

Three different kinds of cyclic loading paths are applied
on the rock with the same loading rate of 1KN/s. The test
cyclic loading paths are provided in Fig. 3. The initial stress
is set to be 60% of the uniaxial compressive strength and
then increases step-wise in 10MPa until the failure (Fig.
3(a)). To simulate the disturbance encountered in practices,
5MPa additional cyclic loadings and large amplitude
additional cyclic loadings that are equal to the cyclic peak
stress are applied on the first kind of cyclic loading,
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respectively (Figs. 3(b)-3(c)). The initial stress is set to be
40% of the uniaxial compressive strength. Two samples
were deformed for each type of test.

3. Experimental results
3.1 AE counts and energy

Different samples present similar trend on AE counts
and accumulative energy where the AE counts can be
divided into three stages (Fig. 4). In the first cycle, the AE
is relatively active for different samples. The active AE
happens in the second cycle for Sample D3 and D5 as well.
The decreasing AE events in the following few cycles
indicate that the rock is in the elastic stage (Zhang ef al.
2015). In this stage, the micro cracks, voids, and joints are
further compressed (Xiong et al. 2018). However, the low
stress is not sufficient to produce much more micro cracks
which leads to the rare AE events in this stage. In the third
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Fig. 5 The effect of m on the variation of InC(») and Inr

stage, the number of AE events increases as the rock
approaches failure.

When additional cyclic loadings applied, the AE events
increase significantly (Figs. 4(b)-4(c)). It indicates that
small and large additional cyclic loadings both promote the
crack development. Furthermore, it shows that the AE
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number

events caused by large additional cyclic loadings are
primarily concentrated when the stress of the additional
cyclic loading is high. In last one or two cycles, the AE
events keep active even when the additional cyclic loadings
are low. As the development of the crack, the rock tends to
be unstable. On the other hand, the AE energy can be
divided into two stages. During the first stage, there is no
obvious sharp increment while in last two cycles the
accumulative AE energy increases greatly. The energy
released in last two cycles is much higher than the
accumulation of the former cycles. It indicates that the
cracks with high energy are mainly generated in last two
cycles. When the additional cyclic loadings applied, this
trend has not been changed. The accumulative AE energy
released in the former cycles is still far below the energy
that released in last two cycles, which suggests that the
increased AE events caused by additional cyclic loadings
are mainly lower energy.

3.2 Correlation dimension analysis

The correlation dimension estimates the convergence of
nearby trajectories of the attractor in the phase space. It
reflects the number of independent variables that are
necessary to describe the dynamics of the system.
Therefore, the correlation dimension can be deemed as a
measure of complexity of that being investigated, which
belongs to the fractal field of mathematics (Packard et al.
1980). The value is closely related to the mechanical
behaviors and damages of rock as well (Li et al. 2019).

3.2.1 The determination of phase space dimension

When dealing with analytical problems in big data
systems, the status variable of the data system should be
reconstructed in phase space firstly before the calculation of
the chaotic time sequence correlation dimensions (Xie et al.
2011). Generally, the method proposed by Grassberger and
Procaccia is used to reconstruct phase space to reveal more
information (Grassberger and Procaccia 1984). The phase
space dimension m is important in the application of the G-
P algorithm to determine the correlation dimension.
Therefore, the appropriate m should be decided first before
the calculation. Different m is applied to calculate the
correlation dimension in this test. Fig. 5 shows that In» and
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Fig. 8 The variation of the correlation dimension and AE
counts in last 10s before the failure of Sample 83

InC(r) present good fitness when m is relatively small.
Therefore, m is chosen as 6 in the test due to the higher
correlation coefficient.

3.2.2 The variation of the correlation dimension in
the whole cycles

Different samples present the similar trend on the
correlation dimension. Fig. 6 shows that the correlation
dimension can be divided into three stages for all samples.
The correlation dimension decreases first and followed by
an increasing stage, while when the rock comes to fail the
correlation dimension declines sharply. The three-stage
trend of the correlation dimension is consistent with the
crack development which can be divided into crack closure,
crack initiation, start of unstable crack growth. Moreover, it
shows that the additional cyclic loadings have little effect
on the three-stage trend of the correlation dimension.
Sample 83 is taken as an example to illustrate the
correlation dimension variation during the whole process
(Fig. 7). The inherent micro cracks can be compacted and
the rock is in compaction stage in the first cycle (Nicksiar
and Martin 2012). The large number of AE events and
higher correlation dimension may be contributed to friction
between the equipment and rock. The inactive AE and
lower correlation dimension in the elastic stage indicates
that few new cracks are generated. The increasing peak
stress of the cycles activates the AE events again which
indicates that the initiation and development of cracks. It
leads to the increase of the correlation dimension. In last



Acoustic emission characteristics of marble under uniaxial cyclic loading 351

e Am=0.05 y = -1.3913x + 4542
1 R2= 0.9045
15
z1
>
05
0 .
35
=- +
25 Am=0.15 y = -1.6433x + 5.5538

R2=0.9754

IgN

y =-1.5576x + 5.5084
R2=0.9915

3 Am=0.25

2 25 3 35

y =-1.4522x + 4.9667
R2=0.9592

25 Am=0.1

IgN

y =-1.6278x + 5.6159

R2=0.9925
2
15
2
>
1
05
0
2
3 Am=0.3 y=-15566x +5.5512

R2=0.9959

2 2.5 3 35

Fig. 9 The determination of b value under different magnitude intervals

two cycles, the generation and coalescence of macro cracks
produce large number of AE and the correlation dimension
presents a significant decline.

As a typical brittle material, the failure time of rock
under uniaxial loading is short. Fig. 4 shows that large
number of AE events exist in last one or two cycles as well.
Therefore, the correlation dimensions during the final 10s
are chosen to investigate as the rock comes to failure.
Sample 83 is taken as an example to illustrate. As shown in
Fig. 8, the correlation dimension presents a close
relationship with the AE counts. The decreasing correlation
dimension agrees well with the increasing AE counts while
the increasing correlation dimension is consistent with the
AE calm period. The macro cracks can be formed before
rock failure (Pei et al. 2016, Yang et al. 2014). The
fluctuation of the correlation dimension may be related to
the formation of macro cracks with higher AE events. In the
last 3s, the correlation dimension keeps low until the rock
failure. It indicates that the formation and coalescence of
the macro cracks. Namely, the continuous low correlation
dimension can be deemed as a signal of the imminent rock
failure.
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Fig. 10 The variation of the b value with the cycle number
under different magnitude intervals

3.3 b value analysis

3.3.1 The calculation of the b value

In the field of earthquake seismology, it is well known
that small-magnitude earthquakes occur frequently, whereas
large earthquakes occur rarely. Gutenberg and Richter
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proposed that the slope of the amplitude distribution can be
deemed as an effective index to estimate the state of
fracturing (Gutenberg and Richter 1936). In the laboratory
mechanical experiments on rocks, the monitoring of the AE
events follows a remarkable similarity to the cumulative
frequency-amplitude  relationship  observed  during
earthquakes (Lockner 1993). The b value from the
Gutenberg-Richter equation has been widely used to assess
the internal damage evolution of rock (Akdag et al. 2018,
Kim et al. 2014, Rodriguez and Celestino 2019). The b
value can be obtained by the following equation:

logN = a — bM, (1)

where M; is the Richter magnitude of earthquakes and it
is proportional to the logarithm of the AE amplitude (Rao
and Lakshmi 2005), N indicates the incremental frequency
(i.e., the number of earthquakes with magnitude greater
than Mp), a is constant, and b denotes the b value.
Generally, the amplitude of AE is divided by 20 to represent
the M} as shows:

M, =A/20 2)

To calculate the b value, the log frequency—magnitude
graph should be drawn, and its linear trend could be
obtained using the least-square method of curve fitting. The
b value can be obtained by the negative slope of the log
frequency-magnitude.

3.3.2 The determination of magnitude interval

Different magnitude interval can affect the result of b
value. The determination of the magnitude interval is the
premise to explore the variation of the b value before the
calculation. For the same set of data, the calculations of b
value for different magnitude interval are shown in Fig. 9.
The magnitude interval of M; is set from 0.05 to 0.3. The
number of the point in the figure decreases with the
magnitude interval which leads to higher goodness of fit.
However, the unconventional data will affect the result
significantly when the data point in the figure is small. The
large magnitude interval can lead to the two-dimensional
data shrink into a single point and the information of the
system cannot be presented and analyzed correctly.
Otherwise, the smaller magnitude intervals will result in a
discrete data distribution in which the lower fitness is not
credible.

failure

The variation of b value of the Sample D3 in each cycle
calculated by different magnitude intervals is shown in Fig.
10. The b value increases with the magnitude intervals
where the 0.05 interval has the lowest value and the 0.3
interval presents the highest value. The b values calculated
by different magnitude intervals present similar trend. It
seems that the higher interval can produce stable results.
However, it should be noted that there are only 5 points in
Fig. 9(f) when the magnitude interval is set as 0.3. The
increasing interval will reduce the data point in the figure
which makes the result incredible. The 0.05 and 0.1
intervals present a little difference with the others. It
indicates that the lower interval cannot reveal the system
characteristics as well. Therefore, it can be concluded that
only when the magnitude interval is within a certain range
the effect of the magnitude interval determination on the b
trend can be neglected. According to the results above, the
magnitude interval is set as 0.2 in this test.

3.3.3 The variation of the b value

The variation of b value with the cycles is shown in Fig.
11. The trend of the b value of different samples is similar
and can be divided into three stages. In the first cycle, the b
value is relatively higher. Later, the b value decreases first
and followed by an increased stage. As the rock approaches
failure, the b value presents a decreasing trend again.
According to the results of Lei et al. (Lei et al. 2000) and
Colombo et al (Colombo Ing et al. 2003), the decreasing b
value indicates the uniformly distributed and the interaction
between the cracks. Therefore, it can be deemed that the
first decreasing trend of b value may be related to the
inactive of AE and later increasing and decreasing b value
can be contributed to the generation of AE with small and
large amplitude, respectively.

Within the last 10s before rock failure, most of the b
value is less than 1.0 and fluctuates within a certain range
before the failure (Fig. 12). According to the previous study
(Cox and Meredith 1993, Hatton et al. 1993), the b value
lower than 1.0 denotes the formation of the macro cracks
and the failure of the material. Therefore, the figure
indicates that the extensive formation of macro crack in last
10s. Meantime, some higher b values suggest the active
generation of the micro cracks as well. The higher and
lower b values coexist in last 10s. In last 3s, the b value
keeps decreasing until failure. The continuous decreasing b



Acoustic emission characteristics of marble under uniaxial cyclic loading 353

Correlation dimension
b value

1 3 5 7 9
Cycle number

25 ¢ D3-1.2 2.5
c
o
‘B
3
£ 3
S S

>
s o
=
I
b
Q
]
1 3 5 7 9 11
Cycle number
25 25
D5-1.3
c 2
2
(%2}
S (5]
£ 153
5 g
s roe
=
=
£ 05
(o]
O
0 0

1 3 5 7 9 11
Cycle number

25 1 15
87-1.1
c
S 2L
[72]
s 1
E 15 2
° ©
= s
2 o
=] 1
E 41 05
-
o 0.5
o
0 + 0
1 3 5 7 9

Cycle number

D4-1.2

b value

Correlation dimension

0 1 1 1 1 0
1 3 5 7 9 11

Cycle number

D6-1.3

Correlation dimension
b value

1 3 5 7 9
Cycle number

Fig. 13 The variation of the correlation dimension and b value with the cycle number

value denotes the unstable state of the rock and can be
deemed as the indication of the imminent rock failure as
well. It is noted that the additional cyclic loadings present
little influence on the trend. All samples share the same
trend on the b value and correlation dimension variation. It
suggests that these two parameters are robust to the stress
paths, and are closely related to the rock damage and failure
prediction.

3.4 The relationship between the correlation
dimension and b value

Calculated by different AE sequence, the correlation
dimension and b value are both related to the crack
development within the rock. Fig. 13 shows that the
correlation dimension presents almost simultaneous
fluctuations with the b value for different samples. In the
initial stage, both the correlation dimension and b value
decrease with cycles and followed by an increased stage
while they decrease sharply as the rock approaches failure.
The continuous decreasing of the correlation dimension and
b value can both be deemed as the indication of the
imminent failure. The difference is that most of the b values

are lower than the correlation dimension in the early stage,
while it presents the inverse trend in the later stage. The
correlation dimension presents a much more significant
decline compared to the b value as the rock approaching
failure. It indicates that the correlation dimension is more
sensitive to the macro cracks formation.

4. Numerical simulation

The spatial and temporal evolution of AE cannot be
obtained by one AE probe in the test. To make up for the
shortcomings brought by the experimental equipment,
RFPA is employed to reproduce the tests. In RFPA, finite
element method is used to calculate and analyze the stress.
It assumes that the domain consists of elements with the
same shape and size and there is no geometric priority in
any orientation. The elements of the rock are assumed to be
linear elastic, isotropic and damage-free before loading. The
elastic energy stored in the element can be obtained by the
stress and strain of the element. Once the element is
damaged, all the elastic energy is released in the form of
acoustic emission (AE). The rock constitutive relationship
and the code details can be found in Tang (1997).
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4.1 Mechanical model and parameters

The corresponding numerical simulations are performed
by RFPA?P. The sample is simplified to a plane
axisymmetric model of dimensions 50*100 mm?. A total of
200*400 = 80,000 quadrilateral elements in the same size
are employed for meshing the model. The basic parameters
of the models are as follows: homogeneity index m = 3;
mean elastic modulus = 39.8 GPa; poisson’s ratio = 0.27;
mean uniaxial compressive strength = 355.8 MPa; ratio of
compressive and tensile strength = 10.

4.2 Simulation results

Fig. 14 illustrates the AE distribution evolution of the
general cyclic loading. The white and red color cycles in the
AE figures represent elements failed in shear and tensile,
respectively. The larger the size of the cycles, the higher the
energy released when the element is failed. Evident AE
events occur when the stress is above 30MPa. The shear
failure elements are predominant when the stress is low.
The stress increases from 30MPa to 40MPa in the first cycle
leads to the increase of AE events, while no element
damage occurs in the unloading stage (Fig. 14(a)). In the
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second cycle (Fig. 14(b)), rare AE events happen until the
stress reaches 40MPa. Once the stress is beyond 40MPa,
AE events tend to be active again. In the following cycles,
the sample presents similar results with the first two cycles.
The AE distributions at the peak stress of each cycle are
shown in Fig. 14(c). It indicates that the sample failure
shifts from shear dominant to mixed mode of the shear
damage and tensile damage. In the 10™ cycle (Fig. 14(d)),
the lower stress produces large number of AE events and
the distribution of the AE begins to gather in certain zones
while with tensile damage dominant. The cluster of AE
promotes the generation of the macro crack where the
sample tends to be unstable and the AE becomes active
even during the unloading stage. In Step 315, the tensile
damage plays a dominant role while the shear damage is
relatively little. During the unloading stage, more and more
fractures are coalesced accompanying with a large number
of AE events, and two macro cracks formed when the stress
decreases to 120MPa.

The additional cyclic loadings cased rare AE events in
the early stage compared to the general cyclic loading. Fig.
15 illustrates the AE distribution of the last two cycles when
the SMPa additional cyclic loadings applied. In the 8" cycle
(Fig. 15(a)), the AE occurs in every step including the
unloading stage. The AE events are mainly induced by
tensile damage elements. At the same time, the AE
produced by each same additional cycles decrease
gradually. It can be concluded that the small additional
cyclic loadings caused limited damage to the rock in the
carly stage. The AE keeps active in the 9" cycle (Fig.
15(b)). The number of AE keeps increasing with the
additional cyclic loadings. It suggests that the effect of the
small additional cyclic loadings can be divided into two
stages. In the first few cycles, the damage that caused by
small additional cyclic loadings is little, and the damage
decreases with the disturbing cycles. As the increase of the
stress, the damage caused by additional cyclic loadings
increases significantly and the damage increases with the
disturbing cycles.

The large additional cyclic loadings present similar
effect with the small additional cyclic loadings. The AE
caused by large additional cyclic loadings during the 8" and
9% cycles are shown in Fig. 16. In the 8% additional cyclic
loadings (Fig. 16(a)), only when the stress increases to
90MPa, the AE events begin to be reactive. When the stress
decreases to 80MPa, only rare AE events occur. The first 7
cycles present similar results where the AE only keeps
active when the additional stress is high. The number of AE
events produced in each additional cycle decreases
gradually until the next additional cyclic loading with
higher stress (Fig. 16(b)). In the 9" cycle, the AE
distribution shifts from the random to be clustered (Fig.
16(c)). The large additional cyclic loadings produce large
number of AE events in the last cycle until the rock failure.
The application of large additional cyclic loadings has
intensified the rock damage significantly which leads to the
failure of the sample eventually.

5. Discussions

Both the experimental and numerical results indicate
that the additional cyclic loadings increase the number of

AE events greatly. The additional cyclic loadings have
certainly intensified the rock damage. The sparse AE
distributions in the former additional cycles suggest the
lower additional cyclic loading has limited effect on rock
damage. As the increase of the peak stress of the additional
cyclic loading, the number and the amplitude of AE events
presents a corresponding increase. Meantime, the AE
induced by the additional cyclic loading of same peak stress
decreases with the increasing number of cycles when the
stress is low. Only when the peak stress increases to 80% of
the sample strength, this downward trend can be changed.
The peak stress of the additional cyclic loading affects the
AE generation significantly. However, the proportion of
accumulated AE energy produced by the additional cyclic
loading is low. It seems that the increased AE produced by
additional cyclic loading is mainly attributed to the
generation of micro cracks with low energy. The additional
cyclic loading presents little effect on the macro cracks
formation. In terms of the correlation dimension and b
value, it shows that samples with different additional cyclic
loadings applied present consistent trend with the samples
that no additional cyclic loadings applied. It can be inferred
that even the additional damage has been induced by the
additional cyclic loadings to the rock, the effect is limited
and the rock failure model keeps unchanged compared to
the general cyclic loading. Therefore, the correlation
dimension and b value can be deemed as robust parameters
to predict the rock failure even though some disturbance
exists.

6. Conclusions

To understand the damage evolution of rock under
complex stress environment better, three different cyclic
loadings are carried out on marble. The corresponding
numerical simulations are conducted based on the RFPA?P
code to reproduce the failure process. Detailed damage
analyses based on the AE characteristic evolutions are
performed. The primary results are as follows:

o Different cyclic loadings present similar trend on the
AE counts and accumulative energy. Additional cyclic
loadings increase the number of AE events with low energy
significantly.

e The correlation dimension and b value present similar
trend where the variation can be divided into three stages
for all samples. Before the failure of rock, both the
correlation dimension and b value declines sharply and the
continuous decreasing of the correlation dimension and b
value can be deemed as a robust signal of the imminent
rock failure.

o Numerical simulations indicate that the increased peak
cyclic loading leads to the sample failure mode shifts from
shear damage dominated to tensile damage dominated.
Additional cyclic loadings increase the number of the shear
damage elements.

e The effect of additional cyclic loadings can be mainly
attributed to the formation of micro cracks with low energy.
The number of AE caused by additional cyclic loading is
related to the peak stress of cycles. Additional cyclic
loading presents little effect on the rock failure mode.
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