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Abstract. In this paper, the study on the spatial distribution of acoustic emission
(AE) events in rock salt under different stress conditions was reported. The study
showed that under indirect tensile stress condition, the AE events were mainly
induced by the stress concentration near the loading surface and by intergranular
deformation before rock failure, while during failure and the post-failure process
the AE events were essentially related to the damage development, especially near
the tensile failure surface. Under uniaxial compressive stress condition, the closure
of initial micro-cracks including those artificially produced during coring and
sample preparation and intergranular deformation were the main mechanisms
responsible for the occurrence of AE events at the initial_deformation stage, and
then transferred to damage development until the post-failure stage was met. In
triaxial compression tests, the influence of the closure of initial micro-cracks and
intergranular deformation was still the main cause for AE events at the confining
pressure loading stage and the initial axial loading stage. However, the influence
of plastic deformation becomes more pronounced at the plastic yield stage and the
post-peak stage. Intensive occurrence and accumulation of AE events before rock
failure was noticed under different stress conditions. In indirect tensile tests, the
recorded AE events were mainly accumulated along the failure surface. However,
this reasonable phenomenon was not evident in uni- and triaxial compression tests,
where the spatial distribution is generally homogeneous.
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1 Introduction

Due to its low permeability, self-sealing capacity, and outstanding practicability of
mining activities, rock salt is internationally considered as an ideal host rock for
gas/oil underground storage and radioactive waste repositories. Extensive studies
have been carried out on the mechanical properties of rock salt and various results
were achieved [1-7].

As an important non-destructive monitoring method, the acoustic emission
(AE) monitoring technique is widely used to investigate the damage evolution and
rock failure process. For instance, Obert [8] and Hodgson [9] used the AE
monitoring method to identify the failure position during the excavation of
underground structures. Li [11] confirmed the validity of the Kaiser Effect [10] for
rock. Filimonov[12-13] revealed that the acoustic emission is stronger in rock salt
than in clay rock and shale, and obtained the effect of the loading rate on AE
properties. Alkan[14] studied the dilation properties of rock salt under triaxial
compressive conditions. Based on experimental investigation, Liu et al. [15-17]
established the relationship between fractal dimensions of AE events spatial
distribution and the energy release in indirect tensile and uniaxial compression
tests. Based on these investigations, the relationship between the recorded AE
events and the deformation as well as the failure states of rock salt have been
systematically studied. However, little attention has been given to the formation
mechanism of the AE distribution during the whole loading process under
different stress conditions.

In this paper, through a series of experimental investigations under different
stress conditions the full process of rock salt failure in direct tensile tests, uniaxial
compression tests and triaxial compression tests, respectively, is analyzed by the
characterization of AE distribution.

2 Test Equipments and Methods

2.1 Test Equipments and Rock Samples

The test equipment consists of a MTS815 Flex Test GT rock test system and a 3D
AE monitoring system of PCI-II (Fig. 1). The maximum axial loading is 4600 kN,
and the maximum confining pressure and pore pressure are both 140 MPa. The
PCI-II AE system includes 8 channels for the spatial AE-detection. The central
frequency of AE sensors is 300 kHz. 8 AE sensors were installed symmetrically in
a radial direction along the cylinder surface and the distance from the sensor to the
nearest end surface is about 10 mm for uniaxial compression tests. For indirect
tensile tests, the sensors were placed on both sides of the possible tensile failure
surface and the distance between the sensor and the circle edge is about 2 mm. For
triaxial compression tests, the sensors were placed on the outside of the triaxial
cell. There were 4 sensers for each end of the specimen surface, respectively.
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The rock samples were taken at a depth of 500 m in Anning, Yunnan Province
of China. Following the “Standards of the engineering rock test methods”
(GB/T50266-99) [18] and “Standards of rock test for water conservancy and
hydroelectric power” (SL264-2001) [19], the samples were prepared using the dry
lathing method. The sample size of indirect tension and compression tests were
D90xH50mm and D90xH200mm, respectively. The samples had an average salt
content of up to 79%.

Fig. 1 MTS815 Flex Text GT rock mechanics test system

2.2 Test Methods

For indirect tensile tests, namely the Brazil split tests, the loading process was
controlled by axial displacement (LVDT). The loading rate was 0.05 mm/min
before peak stress, and then transferred to 0.1 mm/min until rock failure. For
uniaxial compression tests, the axial loading rate was 30 kN/min from the start of
loading until the elastic deformation finished; then, the loading was transferred to
LVDT control, with a loading rate of 0.1mm/min. For triaxial compression tests,
the axial loading process was also controlled by axial displacement with a loading
rate of 1.0mm/min, and the loading rate for confining pressure was 3.0 MPa/min.
In all of the above tests, the testing temperature was room temperature (25°C).

3 Test Results and Analysis

3.1 AE Events Properties for Indirect Tensile Tests

The recorded AE events were categorized according to axial stress increments. For
instance, the inserted graph “20~40% in Fig. 2 showed the recorded AE events
and their spatial distribution of the stress increment between 20% to 40% of the
peak stress. While the increment “100~60%" depicts the recorded AE events from
100% to 60% of peak stress at the post-failure stage.
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Fig. 2 Spatial distribution of AE events of rock salt for indirect tensile test

In Fig. 2, due to the stress concentration around the loading surface, it was
noticed that the AE events were recorded along the lines of loading contact points
of rock sample at the beginning of the loading process, and finally expanded to the
central part. The number and distribution of recorded AE events were similar at
the stages “20~40%”, “40~60%” and “60~80%”. In these phases, the occurrences
of AE events were mainly induced by damage development near the loading
surface and relative deformation between grains. However, with the increase of
tensile stresses, the influence of stress concentration at the contact lines became
less evident and the damage development became more dominant for AE events,
presented at the stage “80~100%”. This is concluded from the result, where the
recorded AE events were mainly located near the failure surface in the central part
of the rock sample. The distribution of recorded AE events and the provoking
process remained dominant at the post-failure stage (100-60%) of the peak stress.

Fig. 2 also presents the overall accumulation process of AE events along the
failure surface, and the evolution process of the initiation, propagation and
coalescence of micro-cracks during indirect tensile tests. According to the test
results of 5 specimens, the maximal and minimal tensile strength of rock salt was
1.52 MPa and 1.30 MPa, respectively. The average tensile strength was 1.38 MPa.

Fig. 3 showed the corresponding final failure pattern and AE distribution of the
test presented in Fig. 2. It indicated that the failure surface expanded along the
loading line (dashed line) in Fig. 3(a), and inclined slightly to the right on the
other side, as presented in Fig. 3(b). As a result, the distribution of recorded AE
events (Fig. 3(c), seen from the sample's back side) is not symmetric, thus many
AE events appeared on the right side. The distribution state of AE events in Fig.
3(c), is in accordance with the failure state in Fig 3(b).



Spatial Distribution of Acoustic Emissions of Rock Salt 333

(a) sample front (b) sample rear (c) location of acoustic emissions

Fig. 3 Failure state and AE spatial distribution for indirect tensile test

3.2 AE Events Properties for Uniaxial Compression Tests

As shown in Fig. 4, during uniaxial compression tests, the recorded AE events
were mainly accumulated around the loading surface at the beginning of loading
process, in a cone-shape and inverted cone-shape pattern. The stress distribution in
the rock sample was strongly influenced by the end restraint effect at this stage,
and the AE events were essentially induced by the closure of original micro-cracks
and relative deformation between grains. With the increase of axial stress, the AE
events expanded to the central part, which indicated that internal damage had
taken place. At the following stages, with the damage development, the
accumulations of AE events were mainly located in the central and the lower part,
and the influence of end restraint effect had already become quite low. At the
post-failure stage (“100-80 %), the recorded number of AE events was less than
those at the peak stress stage.

Since rock salt is a typical crystallized sedimentary rock, not only the
propagation and coalescence of micro-cracks, but also the friction and relative
deformation between grains can generate acoustic emission. As a result, the
accumulation of AE events along a certain failure surface is not as evident as
observed in indirect tensile tests. Under uniaxial compressive conditions,
numerous micro-cracks were generated during rock salt failure, in contrast to a
single macroscopic failure surface in Brazil split tests. The average compressive
strength was 25.17 MPa, which is generally approx. one order of magnitude
higher than the tensile strength.

Fig. 5 shows the final failure pattern and the location of AE events after
uniaxial compression. Due to the existence of argillaceous impurities in the upper
part of the sample, the rock salt purity of the upper part is less than that of the
lower part. As a result, in the lower part, the rock becomes more brittle and
stronger than in the upper part [20], so the rock failure is mainly concentrated in
the lower part. Although an obvious tensile crack (dashed lines) was generated in
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the lower part of the sample in a vertical direction after failure, numerous
microcracks were equally observed due to the deformation and fracture of crystals
in rock salt. That was the reason the distinct macroscopic failure surface was not
obvious, even though the AE events were predominantly accumulated around the
failure surface.
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60~80%
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Fig. 4 Spatial distribution of AE events of rock salt for uniaxial compression test

Fig. 5 Failure state and AE spatial distribution for uniaxial compression test
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3.3 AE Events Properties for Triaxial Compression Tests

In triaxial compression tests, the AE events were recorded even during the
hydrostatic loading process, as shown in Fig. 6. The distribution of AE events was
somewhat arbitrary and similar to those recorded in the “100-80%” post-peak
stage in Fig. 4. This can be attributed to the fact that the AE events were mainly
induced by the closure of initial microcracks and defects under compressive stress
in this phase. Since new microcracks were hardly generated in the hydrostatic
loading process, the number of recorded AE events decreased with the increase of
confining pressure. The results confirmed that the hydrostatic pressure is helpful
in promoting the self-sealing process of microcracks in rock salt. Therefore, the
self-sealing process of rock salt can be enhanced by increasing the hydrostatic
pressure in the laboratory.

Compared to the distribution of AE events in uniaxial compression tests,
significant differences can be noticed in triaxial compression tests. At the
beginning of a triaxial compression test (0~20% of peak stress), even though the
AE events were also essentially induced by the closure of initial microcracks and
relative deformation between grains under uniaxial compressive stress, the end
restraint effect was less evident than that under uniaxial compressive condition. As
shown in Fig.7, the stress of yield deformation was about 40% of the peak stress.
Therefore, the AE events were mainly located in the central and the lower part of
the sample within 20~40% of peak stress. In this stress range, even though the
closure of initial microcracks and relative deformation between grains in rock salt
were still the main mechanisms responsible for the occurrence of AE events, the
internal damage also starts to be initiated and to propagate. As a result, more AE
events were recorded in this phase. When the axial stress exceeds 40% of the peak
stress, the AE events were mainly generated by the relative deformation between
grains and yield deformation. In the range of “40-60%”, the AE events were
concentrated in the central and upper part of the sample. With the increase in
deviatoric stress (“80-100 %), as a result of the significant plastic deformation
and progressive damage development, the maximum number of AE events were
captured in this range. In the post-failure regime (100-80%), due to the increase in
the plastic deformation and damage evolution, considerable AE events are also
recorded.

A special feature of crystallized soft rocks is that both the strength and
deformation capacity of rock salt can be significantly increased by increasing the
confining pressure. As shown in Fig. 7, the maximum axial deformation was
almost 50%, i.e. about 16 times the deformation obtained in uniaxial compression
tests. As a result, the original margin of internal grains becomes blurred, and no
distinct failure surface is observed (Fig. 8(b)). Moreover, due to the non-uniform
distribution of impurities and micro cracks in rock salt, the deformations of rock
samples in vertical and lateral directions were not homogenous. The boundary of
the deformed sample became uneven (Fig. 8(b)), and non-uniform spatial
distribution of AE events in rock salt after failure was recorded (Fig. 8(c)).
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Fig. 6 Spatial distribution of AE events of rock salt under hydrostatic pressure condition
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Fig. 7 Spatial distribution of AE events of rock salt for triaxial compression test
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Fig. 8 Failure state and AE spatial distribution for triaxial compression test (;=20MPa)

4 Conclusions

The experimental results confirm that the stress condition had a significant
influence on the spatial distribution of AE events during the whole loading process
of salt rock. In indirect tensile tests, AE events were mainly generated along the
loading surface at the beginning, and then expanded to the center of rock sample
when the stress was increased. At the post-failure stage, the AE events were
essentially related to the damage development around the failure surface.

Under uniaxial stress conditions, the distribution of AE events was strongly
influenced by the end restraint effect. Before the rock failure, the AE events were
essentially induced by the relative deformation between grains of rock salt, while
the influence of damage development by macroscopic fracturing became more
pronounced at the post-failure stage.

In triaxial compression tests, both in the hydrostastic phase and at the beginning
of axial loading process, the closure of microcracks and the relative deformation
between grains of rock salt might be the main mechanisms responsible for the
occurrence of AE events. It was similar to the situation in uniaxial compression
tests. However, the end restraint effect was less evident in triaxial compression
tests. When the stress level exceeded the yield stress, the AE events were mainly
induced by the relative deformation between grains and the further damage
development.

In indirect tensile tests, a good consistency was obtained between the
distribution of AE events and the orientation of the final failure surface. In
contrast, due to the intensive microcrack formation, which was induced under a
compressive stress condition and large plastic deformation, the accumulation of
AE events along the single failure surface was not noticed in either uniaxial or
triaxial compression tests.
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