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Abstract: The tensile strength of rock salt is an important parameter in the salt cavern gas storage project. Due to the
high requirements for experimental setup and rock specimens in the direct tensile test, it is necessary to find another
alternative to obtain the tensile strength. Therefore, the tensile strength and acoustic emission (AE) characteristics
obtained by the direct tensile test, Brazilian test with simplified ISRM standard, Brazilian test with China standard, and
three-point-bending test were discussed in this paper. It is noticed that the tensile testing method has an effect on the
tensile strength of rock salt and the AE counts, energy and spatial distribution. Based on the tensile strength determined
by three-point-bending test and the AE evolution characteristics, the indirect tensile strength determined by three-point-
bending test was much closer to the tensile strength determined by direct tensile test, meaning that the three-point-
bending test could be considered as a good option to obtain the tensile strength of rock salt except direct tensile test.
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mechanical properties under different stress
conditions, the deformation mechanisms and
microstructural development of rock salt have been

1 Introduction

Rock salt is characterized by low porosity, high
ductility, low permeability, self-healing ability and
good creep properties. Since the late 1940s, salt
caverns have been used for the underground storage
of oil, natural gas, petroleum and compressed air
and disposal of radioactive and chemical wastes [1-
extensive

3]. Accordingly, experimental and

theoretical investigations on the fundamental

conducted [4-6]. Since the tensile strength of rock
material dictates and controls the maximum internal
pressure of unlined underground caverns and the
maximum roof span of underground structures, a
good understanding of the tensile behavior of rock
salt is essential to the design and long-term stability
and safety analysis of the underground project.

For the past few decades, experimental studies
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have been conducted to investigate the tensile
mechanical properties of rock salt [7 —9]. In the
safety evaluation of salt cavern gas storage,
researchers determined the tensile strength of Jintan
rock salt by Brazilian disk splitting tests [10]. Based
on a series of direct tensile tests and Brazilian tests,
the tensile strength of bedded rock salt and the
relationship between direct and indirect tensile
methods were determined and proposed [11]. In
addition, the three-point bending test is also an
alternative to study the tensile strength and fracture
toughness of rocks. In the three-point bending test,
the bending tensile stress presents a triangular load
distribution on the section. The tensile stress at the
tip reaches the maximum and decreases toward the
middle of the specimen. Theoretically, the tensile
strength derived from the material mechanics
bending strength theory has high reliability.
Therefore, based on the maximum load
measurements from notched three-point-bending
tests, both tensile strength and fracture toughness of
rock or concrete can be determined [12—-13].

In general, the laboratory testing methods for
investigating the tensile behavior of rocks are not
unique, which can be generally classified as direct
tension method and indirect tension method. The
direct tensile test is the most fundamental and
straightforward method for determining the tensile
strength of rocks. However, the laboratory test has
high requirements for the experimental set-up and
samples [14]. For instance, the specimen’s two end
surfaces  should be strictly parallel and
perpendicular to the axial line of the specimen. The
axial lines of the testing machine, the measurement
device and the sample should be completely
aligned. Otherwise, it is hard to successfully derive
accurate testing results [15]. Profited from the
convenience and flexibility of testing machine, the
indirect tension methods, particularly the Brazilian
test and flexural test such as three- and four-point-
bending tests are widely adopted [16—20]. However,
there are
implement the indirect tension methods, such as
two-dimensional plane simplification, homogeneous
material, and linear elastic behavior before brittle
failure [20]. Thus, some researchers are suspicious
of the feasibility and accuracy of those indirect
tension method in determining rock tensile strength
[21-22]. Moreover, the set-up and loading process

many assumptions to successfully

of the same indirect tension method may be
different according to the standards in different
countries. For example, according to the
International Society for Rock Mechanics (ISRM)
standard, two steel loading jaws with a radius of 1.5
times the specimen’s radius should be applied in
contact with the disk specimen in Brazilian test
[23]. In China standard, two steel bars with 1 mm
diameter should be employed in Brazilian test [24—
25]. Consequently, different testing results may be
derived. Since the stress distribution or effective
volumes are different in different tension methods,
significant differences can be observed in the tensile
strengths determined from different tensile tests, and
even in the relationship between the direct tensile
strength and indirect tensile strength for different
rock materials [26—-27]. Moreover, the investigation
conducted on rock salt to identify the effect of
tensile testing method on the peak stress at rock
failure is very limited.

The objective of this work is to investigate the
tensile strength of rock salt. Three types of tensile
test, i.e., direct tensile test, Brazilian test and three-
point-bending test were carried out. When carrying
out the Brazilian test, two methods were adopted,
namely Brazilian test with simplified ISRM
standard and Brazilian test with China standard. The
relationship  between strength
determined from different tension methods was

tensile values
discussed. In order to study the damage evolution
characteristics during the three types of tensile test,
the loading —unloading cycles were also performed
in each type of the tests. The microcracking
processes induced by different tension methods
were detected by a 3D acoustic emission test system.

2 Experimental

The rock specimen adopted in this study is
pure rock salt, with a salt content more than
90.00%. The rock specimens for tensile tests were
prepared following the standard of Ref. [24]. Three
types of tensile tests were conducted including
direct tensile test, Brazilian test and three-point-
bending test. The cylindrical specimen in direct
tensile test is adopted with a diameter of 100.0 mm
and a height of 100.0 mm. For the Brazilian test, the
flattened disc specimen is 90.0 mm in diameter and
45.0 mm in thickness. For three-point-bending test,



J. Cent. South Univ. (2023) 30: 1345-1358

1347

the specimen is cuboid with 210.0 mm in length,
100.0 mm in height and 50.0 mm in width. A notch
is carefully introduced at the center of the bottom
surface of specimen with 15.0 mm in depth and
1.5 mm in width.

The tensile tests were carried out on a MTS815
rock mechanics test system. The axial loading
capacity for compression is 4600 kN. Figure 1
shows the experimental setup for different tensile
tests. In direct tensile test, the device with position-
limit spring for alternating tension — compression
1(a)). The
experimental device is developed by our research

cyclic test [28] is used (Figure
team which can provide a completely reversed

loading condition: direct tensile stress and
compressive stress, which can be easily applied for
investigating the tensile behavior of rock material
(LIU et al 2019 [14]). The axial displacement is
measured by two linear variable differential
transformers (LVDT). In the direct tensile test, the
axial LVDT is used to control the tensile rate to be
0.01 mm/min. Considering the influence of the
loading and unloading stress paths in the salt cavern
reservoir on rock salt, and in order to reveal the
damage evolution characteristics of rock salt under

different tensile methods, loading and unloading are

AE sensor

performed before the peak until the tensile stress
reached about 80% of the peak stress. And then, in
order to obtain the post-peak deformation curve, the
control rate is reduced to 0.001 mm/min until a
complete stress—strain curve is obtained.

For Brazilian test, the experimental set-up
suggested by China standard is different from that
suggested by ISRM standard. In order to compare
the feasibility of these two standards in determining
the tensile strength of rock salt, two testing
methods, namely Brazilian test with simplified
ISRM standard and Brazilian test with China
standard, are adopted. As presented in Figure 1(b),
the Brazilian test with simplified ISRM standard is
performed by replacing the two steel jaws in the
ISRM standard by two flat steel cushions. In
Brazilian test with China standard (Figure 1(c)), two
steel bars are placed between the flat steel plate and
the rock specimen to provide a symmetric line
loading. The Brazilian test is controlled by LVDT
with the rate of 0.3 mm/min for both loading and
unloading, and the lower limit load of unloading is
0.3 kN. Loading and unloading cycles were
performed about every 0.5 kN before the peak, and
4 -5 loading and unloading cycles were carried out
after the peak.

(b)

Compresswe load P,

%‘ ‘ / Flat steel|

4
&

Compressive
load P, |

Figure 1 Illustration of experimental setup for different tensile tests: (a) Direct tensile test; (b) Brazilian test with
simplified ISRM standard; (c) Brazilian test with China standard; (d) Three-point-bending test



1348

J. Cent. South Univ. (2023) 30: 1345-1358

The compression in three-point-bending test is
applied along the top centerline of the rock
specimen, with two supports close to the ends at
bottom (Figure 1(d)). The span between supports is
160 mm. The load point displacement is measured
by LVDT. During the test, loading and unloading
are controlled by the crack mouth opening
displacement (CMOD) with 0.1 mm/min of the
notch opening displacement rate. The lower limit
load of unloading was 0.1 kN.

During the three types of tensile test, a 3D
acoustic emission system is employed to record the
initiation and propagation process of microcracks
inside the specimen. Eight Micro30 AE sensors are
fixed on the surface of the rock salt specimen
through the fixing device developed by our research
team (Figure 1) [14]. According to the lead break
test before the tensile tests, the parameters of the AE
sensors are selected with a working frequency of
150 kHz, a threshold of 30 dB and a preamplifier
gain of 40 dB.

In direct tensile test, the direct tensile strength
o, can be calculated from the equation:

0= Z (1)

where P, is the peak tensile load; A is the cross
sectional area of the specimen.

the disc
compressed between two flat plates (or flat plates

In Brazilian test, specimen is
with steel bars), which provides compressive load
along the diameter direction of the specimen. The
indirect tensile strength o,, can be calculated as [24]:
o= 2P,

" nDH

2

where P, is the peak compressive load; D and H are
the diameter and thickness of the disc specimen,
respectively.

In three-point-bending test, the compression is
applied along the centerline of the rock specimen,
and the indirect tensile strength can be estimated by
the maximum compressive load. The fracture will
firstly occur at the tip of the notch. For simplicity,
the compressive stress at the loading point is equal
to the tensile stress at the tip of the notch at the peak
compressive load P. The indirect tensile strength
for three-point-bending test o, can be estimated by
[12-13]:

3P.S

" 2K(L—ay 3)

O-lt
where S is the span between supports; K is the width
of specimen; L and a refer the height of the
specimen and the depth of the notch.

The tensile strength of rock salt determined
from direct and indirect tensile tests is listed in
Table 1. In order to comprehensively reflect the
influence of loading and unloading stress paths on
the tensile strength of rock salt during the design,
construction and operation of the salt cavern gas
storage project, and to effectively compare and
analyze the tensile strength measured by different
tensile test, the average value of the maximum
tensile stress obtained under monotonic loading
and loading —unloading cycles is taken as a
comprehensive index in this paper, which is listed in
Table 1 as “average strength”. The average tensile
strength of rock salt determined by direct tensile test
is 0.84 MPa. The
determined by three-point-bending test is 0.81 MPa,

indirect tensile strength
which is much closer to the tensile strength
determined by direct tensile test. The indirect tensile
strength determined by Brazilian test is the highest,
which is 1.97 MPa in Brazilian test with simplified
ISRM standard and 1.15 MPa in Brazilian test with
China standard. Figure 2 shows the representative
stress — strain curves or load — displacement curves
obtained from different tensile tests. It can be
noticed that the axial strain at peak stress induced
by direct tensile test is the smallest among the three
types of tensile test. The highest axial deformation
is induced by Brazilian test. The inconsistent results
of tensile strength and deformation are allowed,
since the stress distribution or effective volumes are
different in different tensile methods.

Different from direct tensile test, in which the
rock specimen is completely under a tensile stress
condition, the compressive deformation may also be
induced in Brazilian test and three-point-bending
test. Particular to Brazilian test, the deformation in
vertical direction is induced not only by the tensile
fracture occurred at the center of the disc specimen
but also by the compression — tensile fracture
occuring at the contact surface between the plate
and specimen. For rock salt, it has abundant
capacity of compression — tensile deformation. The
contact area between plate and specimen is



J. Cent. South Univ. (2023) 30: 1345-1358

1349

Table 1 Experimental results from direct and indirect tensile tests

Experimental type Specimen No.

Peak load/kN  Tensile strength/MPa  Average strength/MPa

UT-1 6.48 0.83
UT-2 6.61 0.84
Direct tensile test UT-3 6.05 0.77 0.84
UT-4 6.18 0.79
UT-5 7.42 0.95
o d-1 12.53 1.93
With S“;‘fig‘:g ISRM d2 13.96 2.19 1.97
d-3 11.43 1.79
Brazilian test il 6.03 095
f-2 6.58 1.03
With China standard -3 9.11 1.38 1.15
f-4 7.53 1.18
f-5 7.54 1.19
b-1 1.21 0.86
b-2 0.91 0.68
Three-point-bending test b-3 1.20 0.89 0.81
b-4 0.97 0.74
b-5 1.08 0.87

observed to increase significantly with the increase
of loading stress. Consequently, the axial strain in
Brazilian test is relatively high. Moreover, the large
contact surface allows an end restraint effect to the
rock specimen in Brazilian test, which leads to a
relatively high tensile strength. For Brazilian test
with China standard, the two steel bars placed
between the plate and specimen may cause the
stress concentration near the loading surface.
strength determined by
Brazilian test with China standard is lower than that
determined by Brazilian test with simplified ISRM
standard.

Based on the cycles

performed at different stress levels, the damage of

Therefore, the tensile

loading — unloading

rock salt during the three types of tensile tests is
calculated. The damage is estimated by [29]:

&\ E
D=1—(1—8)E 4)
where E is the initial undamaged elastic modulus,
which is equal numerically to the slope of the
tangent to the stress — strain curve at the onset of
loading; £ is the elastic modulus with damage,
which
modulus in each unloading stage; ¢ is the maximum

is equal numerically to the unloading

axial strain in each loading—unloading cycle, and ¢,

is the inelastic strain after each unloading.

In Eq. (4), the degradation of elastic modulus
and accumulation of inelastic strain are both
considered in the calculation of damage. Figure 3
shows the damage evolution process of rock salt
during different tensile tests (taking specimens
UT-3, d-3, f-2 and b-2 as examples). It can be
noticed that the damage in different tensile tests all
experiences a process of rapid increasing first at low
stress levels, and then slow increasing when the
damage is accumulated to some extent. The damage
degree where the damage rate starts to decrease is
higher than 0.8 in direct tensile test, Brazilian test
with China standard and three-point-bending test,
but lower than 0.6 in Brazilian test with simplified
ISRM standard. The Brazilian test with simplified
ISRM standard determines the highest tensile
strength, and also the smallest damage. This result
may be attributed to end restraint effect induced by
the contact surface between the plate and the
specimen, which may restrict the development of
the tensile fracture and lead to a relatively high
tensile strength. The highest damage is determined
by three-point-bending test, corresponding to the
smallest tensile strength. In direct tensile test, the
inelastic strain is very small and the degradation of
elastic modulus dominates the evolution of damage.
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Figure 2 Stress—strain curves and load—displacement curves of different tensile tests: (a) Direct tensile test; (b) Brazilian
test with simplified ISRM standard; (c) Brazilian test with China standard; (d) Three-point-bending test

However, in Brazilian test and three-point-bending unloading cycle is more evident, which may play
test, the inelastic deformation after one loading — the main part in the evolution of damage.
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Figure 3 Damage evolution process during different tensile tests: (a) Direct tensile test; (b) Brazilian test with simplified
ISRM standard; (c) Brazilian test with China standard; (d) Three-point-bending test

3 Acoustic emission characteristics

Since the acoustic emission characteristics of
rock salt in the same tensile test showed good
consistency, Figures 4 and 5 give the representative
curves of different tensile tests. Figure 4 presents
the evolution of cumulative AE counts and AE
energy rate in different tensile tests. The spatial
distribution of AE events at different loading stages
(different percentages of the peak stress P) is shown
in Figure 5. In direct tensile test, the monitored AE
signal is weak and the number of AE events is very
limited in the early loading stage (0-50%P). With
increasing tensile stress (50% — 70%P), some AE
events with low energy are recorded (Figure 4(a))
and widely distributed inside the specimen
(Figure 5(a)). When the loading is close to the peak
stress (70%—100%P), a large amount of AE events
with high energy are detected and there is a rapid
increase in the cumulative AE counts. The AE

events mainly concentrate along the failure surface
as presented in Figure 5(a).

As presented in Figures 4(b) and (c) and
Figures 5(b) and (c), AE events are observed in the
early loading stage (0—25%P) of the Brazilian test.
The AE events
compressive zone near the loading surface at the
beginning of the test, which could be attributed to

are mainly localized at the

the close of the intrinsic microcracks inside the
specimen under compression. Then the occurrence
of AE events is accelerated and the cumulative AE
counts grow continuously with increasing loading
stress (Figures 4(b) and (c)). It is noticed that the
cumulative AE counts in both two kinds of Brazilian
tests are much higher than those in the direct tensile
test and three-point-bending test. The number of the
cumulative AE counts is the highest in the Brazilian
test with simplified ISRM standard due to the large
area of compression—shear failure at the end of the
specimen, resulting in a large number of AE counts.
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,) in different tensile tests: (a) Direct tensile test

(UT-2); (b) Brazilian test with simplified ISRM standard (d-3); (¢) Brazilian test with China standard (f-3); (d) Three-
point-bending test (b-4)
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Figure 5 AE spatial distributions at different loading stages in different tensile tests: (a) Direct tensile test (UT-2);
(b) Brazilian test with simplified ISRM standard (d-3); (c) Brazilian test with China standard (f-3); (d) Three-point-

bending test (b-4)

However, due to the influence of the steel bar, only
a small amount of AE counts occurred at the end of
the specimen in the early stage of loading caused by
compression in the Brazilian test with China
standard. So, the number of AE counts is lower than
that of Brazilian test with simplified ISRM standard,
but higher than that of the direct tensile test and the
three-point-bending test. From Figure 5(b), the AE

events in the Brazilian test with simplified ISRM
standard started to be observed at the center of the
disc specimen at the loading stage of (55%—75%)P,
which indicates the initiation of the tensile fractures
at the center of the disc specimen. From about 75%
of the peak stress, the microcracks at the center are
connected with the microcracks near the contact

surfaces, and finally the macroscopic failure of the
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specimen along the loading direction is developed.
Accordingly, a rapid increase in the cumulative AE
counts is noticed (Figure 4(b)). The AE events
appearing at this stage have a relatively high energy.

Unlike the Brazilian test with simplified ISRM
standard, due to the stress concentration induced by
the steel bars between the plat and specimen in the
Brazilian test with China standard, the concentration
of the AE events around the loading point is more
evident (Figure 5(c)). The AE events are observed to
expand from the loading point to the center of the
disc specimen. The AE events at the center of the
specimen are detected clearly not until the stress
level is up to 75%P. Overall, the distribution of AE
events is more linearly centralized along the loading
direction during the peak stress loading stage. At the
stage, the AE
decentralized and distributed inside the specimen.

post-peak events are more
This suggests that the connecting fracture has been
formed during the peak stress loading stage. The AE
events after peak stress are mainly induced by the
compressive deformation of the disc specimen.

In three-point-bending test (Figure 5(d)), some
AE events are detected at the tip of the notch at the
beginning of the test (0 —5%P), indicating that the
initial fracture occurrs at the notch tip. With
increasing compression, the AE events accumulate
along the vertical path between the loading point
and the notch tip. From about 60% of the peak
stress, a large number of AE events with high
energy are detected, and a sharp increase in
cumulative AE counts is observed (Figure 4(d)).
During the peak stress loading stage, the rock
specimen is not completely failed, and still has a
certain bearing capacity. A large amount of AE
events are detected during the post-peak failure
process  with  the increasing  deformation.
Furthermore, a distinct Kaiser effect could be
observed in the three types of tensile tests. Before
peak stress, no obvious AE event is detected during
the unloading stage or when the loading stress is
lower than the maximum stress level of the previous
loading — unloading cycle. In the post-peak stage,
many AE events are detected only when the axial
deformation during loading is larger than the

maximum axial deformation of the previous loading

—unloading cycle.
When the stress level is close to the peak
strength of rock

specimens, the macroscopic

deformation and failure occur due to the
accumulation and propagation of microcracks inside
the specimen, and the induced AE events are
observed to have high energy. From the
experimental results, the energy amplitude of the
majority of the AE events at the peak stress loading
stage is observed to be higher than 50. Figure 6
shows the spatial distribution of the total AE events,
the AE events with energy amplitude > 50 and the
failure pattern of the representative specimens in
different tensile tests. It can be noticed that the AE
events mainly occurred and concentrated along the
failure surface during the three types of tensile test,
especially for the AE events with high energy
(energy amplitude >50). Rock salt is composed of
crystalline grains. Under the direct tensile stress, the
tensile stress on the specimen is prone to form stress
concentration at the contact part of each crystalline
grain, where micro-cracks initiate and expand to
form a tensile failure (Figure 6(a)). Under the
indirect tensile stress (Brazilian test), due to the
influence of flat steel (simplified ISRM standard)
and steel bars (China standard), the failure must
occur along the predetermined failure surface, so
that the applied load must split all the crystals on the
failure surface. Affected by the two different contact
methods of loading, large-area compressive shear
failure occurs at the two ends of the rock salt
specimen in the Brazilian test with simplified ISRM
standard, and the tensile failure occurs only in the
middle of the specimen. The opening of tensile
failure is much larger than that of the specimen
loaded with steel bars, and the failure pattern is
relatively curved, close to an S-shaped open failure
(Figure 6(b)). In the Brazilian test with China
standard, the specimen is loaded with a steel bar,
which caused the tensile failure to penetrate through
both ends of the specimen. The failure pattern is
relatively regular and straight (Figure 6(c)). In the
three-point-bending test, the maximum tensile stress
occurs at the tip of the notch, where the crack
initiates and develops to cause the tensile failure
(Figure 6(d)).
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Figure 6 AE spatial distributions and failure patterns for different tensile tests: (a) Direct tensile test (UT-2); (b) Brazilian
test with simplified ISRM standard (d-3); (c) Brazilian test with China standard (f-3); (d) Three-point-bending test (b-4)

4 Discussion

The direct tensile test is the most fundamental
and straightforward method for determining the
tensile strength of rocks. The rock specimen in
direct tensile test is under a simple tensile stress

condition, and the tensile strength determined by
direct tensile test is more reliable and real. The only
drawback of direct tensile test might be the high
requirements for experimental setup and rock
specimens. Therefore, the direct tensile test is
preferred if an experimental apparatus is available
to provide an axial tension.
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Brazilian test, as the indirect tensile test, is the
most commonly used tensile test method. But the
tensile strength obtained by this method is
significantly higher than that obtained by the direct
tensile test. In Brazilian test, the contact area
between plate and specimen is increased
significantly with the increase of loading stress.
Therefore, the large contact surface allows an end
restraint effect to the rock specimen in Brazilian
test, which leads to a relatively high tensile strength.
Comparing the results of the two kinds of Brazilian
test with different standards, the tensile strength
obtained by tests is closely related to the type of
loading contact. In Brazilian test with China
standard, the two steel bars placed between the plat
and specimen provide a symmetric line loading,
which may partly eliminate the influence of end
restraint effect. Therefore, the indirect tensile
strength determined from Brazilian test with China
standard is less than that determined from Brazilian
test with simplified ISRM standard, meaning that
the Brazilian test with China standard in an indirect
tensile test method is much closer to the direct
tensile test.

According to the experimental results, the
tensile strength determined by three-point-bending
test is the closest to the tensile strength determined
by direct tensile test. Meanwhile, the AE events are
first detected at the tip of the notch at the beginning
of the three-point-bending test, indicating that the
initial fracture occurred at the notch tip. Although
the rock specimen is not completely under a tensile
stress condition, the notch tip at the center of the
bottom surface of specimen where the initial
fracture occurs is under a pure tensile state. That is
the rock failure in three-point-bending test is caused
mainly by tensile stress. Moreover, the three-point-
bending test can be easily conducted with a
compression test machine, and the specimen can be
easily prepared with a simple geometrical shape. We
therefore think that the notched three-point-bending
test is another alternative to obtain the tensile
strength of rocks.

Considering the stress cycle of loading and
unloading in underground salt cavern, the rock salt
will undergo the tension — compression cycles, and
the tensile strength will be affected by the stress
path, which has not been discussed in depth in this
paper. Based on the analysis and discussion of the

test methods of the tensile strength of rock salt in
this paper, we also expect to consider the influence
of the tension — compression cycles in the further
research, so as to provide more reliable support for
the underground rock salt project.

5 Conclusions

Focusing on the effect of different tensile test
methods on the tensile strength of rock salt, the
direct tensile test, Brazilian test with simplified
ISRM standard, Brazilian test with China standard,
and three-point-bending test were performed. The
main results are as follows.

1) The average tensile strengths of rock salt
determined from direct tensile test, three-point-
bending test, Brazilian test with simplified ISRM
standard and Brazilian test with China standard are
0.84, 0.81, 1.97 and 1.15 MPa, respectively. The
Brazilian test with ISRM standard measures the
highest tensile strength. The indirect tensile strength
determined by three-point-bending test is much
closer to the tensile strength determined by direct
tensile test.

2) The microcracking process during the three
types of tensile test can be clearly illustrated by the
evolution of cumulative AE counts and AE energy
rate and the spatial distribution of AE events. The
AE events mainly occur and concentrate along the
failure surface, especially for the AE events with
high energy amplitude. For Brazilian test, the AE
events are mainly localized at the compressive zone
near the loading surface at the beginning of the test,
which could be attributed to the close of the
intrinsic microcracks inside the specimen under
compression. For three-point-bending test, the AE
events are first detected at the notch tip which is
under a pure tensile state.

3) Based on the tensile strength determined by
three-point-bending test and the AE evolution
characteristics, the three-point-bending test may be
a good option to obtain the tensile strength of rock
salt except direct tensile test.
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