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Abstract Acoustic emission (AE) tests were performed on
saturated karst limestone under uniaxial and triaxial compres-
sion. Mechanical properties, AE characteristics, and the ener-
gy mechanism of rock failure were analyzed. The peak AE
activity under uniaxial compression occurred near the peak
stress of the rock. Under triaxial compression, the AE activi-
ties of the rock samples first decreased then increased with
increases in confining pressure. AE activity exhibited a certain
lag, and the peak AE appeared when the stress had decreased
significantly. Stratification of the average signal level occurred
at low confining pressures. The critical confining pressure was
between 15 and 20 MPa, and at this pressure a dramatic
change occurred in the AE characteristics of the limestone.

Total strain energy, dissipated energy, and elastic strain energy
at peak stress showed good exponential relationships with
confining pressure and peak rock strength.

Keywords Karst limestone . Uniaxial compression . AE .

Triaxial compression . Energymechanism

Introduction

Karst disaster is one of the most severe and common geolog-
ical hazards in the construction of underground structures,
such as traffic tunnels, mines, and hydraulic tunnels (Guo
et al. 2014). There is a close relationship between the hazard
and the surrounding rocks in the karst area. Limestone is
widely present in karst areas, and researchers have studied it.
Previous studies on limestone have mainly focused on the
following aspects.

1. Physical and mechanical properties of rock. The most
basic research subjects include density, porosity, water
content, and mechanical properties (e.g., compressive
strength, tensile strength, elastic modulus, and Poisson’s
ratio) under different loading conditions.

2. Acoustic emission (AE) characteristics. The AE tech-
nique can collect and analyze acoustic waves during rock
failure, and the AE characteristics and parameters can
well reflect the rock fabric and damage evolution process
(Lokajicek et al. 1996; Prikryl et al. 2003; Iturrioz et al.
2013, 2014; Wang et al. 2014). Common parameters in-
clude event rate, ring-down counts, energy rate, ampli-
tude, average signal level (ASL) and frequency. Farahat
and Ohtsu (1995) studied the relationship between the
plastic damage and the AE events in concrete subjected
to uniaxial compressive loading, and found that as the
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plastic damage increases the AE signal activity also
increases. Amitrano (2003) analyzed the AE and the me-
chanical behavior of granite samples under triaxial com-
pression, and found that the size of AE events show pow-
er law distributions in accordance with the Gutenberg-
Richter law observed for earthquakes, which is character-
ized by the b value.

Brantut et al. (2011) conducted triaxial tests on gypsum
polycrystal samples at confining pressures (Pc) ranging
from 2 to 95 MPa and temperatures up to 70 °C. During
the tests, stress, strain, elastic wave velocities, and AEs
were recorded. They found that at Pc ≤ 10 MPa, the mac-
roscopic behavior is brittle, and at Pc < 20 MPa the mac-
roscopic behavior is ductile. Yang et al. (2014) conducted
AE tests on limestone under triaxial compression and an-
alyzed the characteristics of damage evolution using AE
parameters, and found that confining pressure can cause
the decrease of AE activities in compaction stage, and the
highest AE ring-down count values occur after macro-
scopic failure of the specimen.

Liu et al. (2015) studied the AE signal in the recogni-
tion of different rocks (granulite, granite, limestone, and
siltstone) using wavelet transform and an artificial neural
network, and found that different rocks had different
rupture features and AE characteristics. Vervoort and
Govaerts (2006) studied the Kaiser effect in limestone
samples under triaxial compression. Xiao et al. (2013)
analyzed the AE features of limestone under uniaxial
compression, and established the limestone damage
model based on the AE features. Tuncay and Obara
(2012) compared stress values obtained from AE and
compact conical-ended borehole overcoring stress mea-
surement techniques applied at an underground limestone
mine in Japan. Lee and Rathnaweera (2016) studied the
deformation and fracturing of Bukit Timah granite in
Singapore under uniaxial and triaxial loading conditions.
The crack volumetric strain approach has been shown to
be a more precise method for identifying crack initiation,
and the results of the AE detection technique are consis-
tent with those of the crack volumetric strain approach.

3. Energy mechanism. Rock failure is a process of
microcrack initiation, propagation, and coalescence, and
it is the net result of energy absorption, dissipation, and
release (Xie et al. 2005, 2008; Zhang and Gao 2012; You
and Hua 2002; Li et al. 2014). Mikhalyuk and Zakharov
(1997) established the general mechanism of variation in
the energy capacity of dynamic deformation with varia-
tion in loading intensity and conditions based on
experiments with various intrusive rocks, and compared
qualitative data on the dissipation of dynamic loading
energy in the regions of quasielastic and elastoplastic
deformation. Zhang et al. (2013) analyzed the energy
evolution characteristics of limestone during the entire

deformation process in samples subjected to uniaxial
and conventional triaxial compression, and unloading.
Tang and Li (2014) and Tian and Yu (2014) studied the
energy mechanism of rock failure under triaxial pressure
and analyzed the energy change equations for several
stages in the compression process with the aim of
explaining rock failure modes at high confining pres-
sures. The results revealed linear relationships between
peak stress and confining pressure and between Young’s
modulus and confining pressure.

Guo et al. (2014) conducted experiments on natural
and saturated karst limestones under uniaxial and
triaxial loading and studied the energy features and
energy mechanism during failure. Chen et al. (2016) con-
ducted a series of conventional triaxial compression tests
on granite from Kirchberg (Saxony, Germany) and per-
formed corresponding numerical simulations to study
prefailure damage characteristics, and deduced a new
failure criterion based on correlations between
maximum elastic strain energy density and uniaxial
compressive strength and confining pressure. Huang
and Li (2013) conducted axisymmetric triaxial compres-
sion loading/unloading tests on marble specimens with
different initial confining pressures and different
unloading rates, and found that the failure mode gradually
changes from shear to tensile with increasing unloading
rate. The prepeak conversion rate of strain energy in-
creases with increasing unloading rate. This increase is
enhanced by initial confining pressure.

Studies on karst limestones have focused on mechanical
properties combined with AE characteristics or on mechanical
properties combined with the energy mechanism, but no stud-
ies have combined the three aspects. The hazard of water and
mud inrush in karst tunnels is closely related to the decrease in
rock strength because of the saturated conditions. Therefore,
typical karst limestone was chosen for this study and the me-
chanical properties, AE characteristics, and energy mecha-
nism of the limestone under saturated conditions were inves-
tigated in AE experiments. Fracture formation and develop-
ment and the final failure mode were explored. The aim of the
study was to clarify the mechanism of tunnel disasters in karst
areas to reduce or prevent their occurrence.

Experimental methods

Rock sample preparation

Fresh rocks (about 40 cm × 40 cm × 30 cm) without obvious
large-jointed crevices were obtained from the entrance to
Qiyueshan Tunnel in Hubei Province, China. The fresh rocks
were sealed at the construction site and then transported to the
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laboratory. According to testing standards, the rocks were ma-
chined strictly into Φ 50 mm × 100 mm cylindrical samples
(Fig. 1). The free water immersion method was used for
saturation.

Equipment and loading conditions

The loading equipment used comprised a RMT-150B
computer-controlled triaxial apparatus. The system can
provide 1,000 kN of maximum axial load, 20 mm of

maximum axial displacement, and 50 MPa of maximum
confining stress. A DS2-16B AE monitor system was
used during the test. The threshold value was set to
50 mV and the preamplifier gain was set to 40 dB as used
in previous studies to eliminate the effect of noise on the
AE test, and the sampling frequency was set to 3.0 MHz.
The loading modes included uniaxial and triaxial com-
pression. For uniaxial compression loading, the displace-
ment control mode was used, and the deformation rate
was 0.002 mm/s. AE detection was synchronized with
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(a) Fresh rocks (b) Rock samples 

Fig. 1 Rock sample preparation

(a) RMT-150B (b) DS2-16B AE monitor system

(c) Uniaxial compression (d) Triaxial compression

Fig. 2 Experimental instruments



the loading process. As shown in Fig. 2c, two AE sen-
sors were placed symmetrically on the sides of the lime-
stone sample. Petroleum jelly was applied to the contact
face as a couplant between the sensor and the sample.
Three rock samples were repeated in the uniaxial com-
pression test.

In the triaxial compression test, the confining pressures
applied were 5, 10, 15, 20, and 25 MPa. First, the axial
stress and confining stress were loaded at the same time.
The axial stress loading rate was 1.0 kN/s, and the con-
fining stress loading rate was 0.05 MPa/s. When the con-
fining pressure reached the target value, it was held con-
stant during the test. Triaxial compression was then added
with an axial displacement rate of 0.005 mm/s until sam-
ple failure. AE was recorded during triaxial compression.
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(a) The whole stress-strain curve of rock under uniaxial compression 

(b) Larger image of volumetric strain curve 

Fig. 3 The whole stress–strain
curve of rock under uniaxial
compression

Fig. 4 Rock stress-strain curves under triaxial compression



As shown in Fig. 2d, two AE sensors were placed sym-
metrically on the sides of the triaxial cell. The sensors
were fixed onto the triaxial cell using two magnetic press-
ing blocks with petroleum jelly applied between the block
and the cell.

Mechanical properties and failure characteristics

Mechanical properties under uniaxial compression

As shown in Fig. 3a, the front peak stress–strain curve of the
saturated water sample shows an BS^ shape, which is consis-
tent with the stress–strain curve for karst limestone obtained
by Li et al. (2007). In this study, the stress–strain relationship
of the saturated limestone under uniaxial compression can be
divided into the following stages:

1. Initial compression stage (O–A): The native internal frac-
tures close during compression, the stress–strain curve is
nonlinear and slightly concave. The stress–volumetric
strain and stress–transverse strain are also nonlinear.

2. Elastic deformation stage (A–B): Most fractures have
closed, and stress–axial strain, stress–volumetric strain,
and stress–transverse strain are all linear. Initially, the
cracks increase to a certain length with increasing stress;

eventually, the cracks stop increasing, and can then be
considered stable (Zhang and Gao 2012; Xiao et al.
2013).

3. Stable fracture growth stage (B–D): In stage B–C, inner
rock fractures begin extending, and the volume strain–
axial strain curve deviates from linearity. Starting from
point C, the rock enters the dilatancy stage. The inner
fractures begin to link with one another, and this usually
corresponds to the characteristic points of the rotation of
the volumetric strain curve.

4. Unstable fracture growth stage (D–E): In this stage, frac-
ture development shows a qualitative change: the stress
concentration at the crack tip is obvious, and continuous
fracture growth causes stress and energy release.
Transverse strain and volumetric strain are both increas-
ing, and a large number of fractures extend and coalesce.
A macroscopically fractured surface begins to form.

5. Failure stage (after E): Macroscopic fracture surfaces
form, the dilatancy is strong, strength decreases rapidly
until the rock breaks completely and loses carrying capac-
ity. Notably, the stress–strain curves of the rock samples
exhibit a difference due to the nuances of the internal
defects (cracks, pores, and other joints), but they can be
analyzed generally as the general pattern of karst lime-
stone deformation and failure. The ultimate failure of
the rock is marked by the formation of a coalescent failure
surface, and the rock divides into blocks. In the entire
deformation process before final failure, both elastic de-
formation and brush-fire damage occur, which make the
inner stress distribution complex (Yang and Zhou 2010).

Mechanical properties under triaxial compression

As shown in Fig. 4, in the triaxial compression tests,
samples are subjected to the compression, elastic and
plastic deformation stages, and then entered the softening
stage. The samples show more obvious plasticity under
confining pressure than under uniaxial compression.
When the sample reaches peak stress, the stress curves
shows some ductility, which is different from the sharp
decline in the stress curves under uniaxial compression.
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(a) σ3=5MPa (b) σ3=10MPa (c) σ3=15MPa (d) σ3=20Mpa (e) σ3=25MPa

Fig. 6 Forms of rock failure
under different confining
pressures

Fig. 5 Fitting curve of peak stress versus confining pressure



Ductility increases with increasing confining pressure.
Confining pressure inhibits particle breakage and crack
slippage during compression, thus increasing shear failure
strength and post-peak carrying capacity. Yield stress and
peak stress increase with confining pressure. As shown in
Fig. 5, peak strength increases linearly with increasing
confining pressure.

Failure characteristics

As shown in Fig. 3a, rock failure under uniaxial com-
pression produces many longitudinal cracks in the load-
ing direction. The failure surface is rough, which indi-
cates tension destruction. As shown in Fig. 6, the rock
produces a smooth fracture surface under triaxial
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(a) uniaxial compression

(b) σ3=5 MPa

(c) σ3=10 MPa

Fig. 7 Acoustic emission ring-down counts and energy rates under different confining pressures



compression, which indicates shear failure. When con-
fining pressure is low, the macroscopic fracture surface
is mainly shear failure, but local splitting damage is
also present. The pattern of fracture indicates the pres-
ence of tension and twist. The fracture surface becomes
increasingly smooth with increasing confining pressure,

and white powder is produced on the shear plane. The
degree of fracture increases with increasing confining
pressure, and this phenomenon is closely associated
with energy absorption and release (which is discussed
below in the sec t ion Ana lys i s of the energy
mechanism).

Acoustic emission characteristics and energy mechanism of karst limestone under uniaxial and triaxial... 1433

(d) σ3=15 MPa

(e) σ3=20 MPa

(f) σ3=25MPa

Fig. 7 (continued)



Analysis of AE characteristics

AE technology is used to monitor rock failure in real-time. It
uses the variation in the characteristics of parameters during
the test. We studied the AE characteristics of saturated lime-
stone under uniaxial and triaxial compression.

AE ring-down counts and energy rate

As shown in Fig. 7, the tests revealed the rules
governing the changes in AE ring-down counts and en-
ergy rates during the test. A detailed analysis and de-
scription are provided below.

The rock sample produces AE activity during the
entire loading process under uniaxial compression. At
the beginning of loading, the primary fractures close,
and failure and friction of some fractures cause a small
amount of AE activity. With the increase in stress, the
sample enters the elastic stage, and the stress is insuffi-
cient to form new fractures. However, the slipping of
some fractures produces AE activity at low levels. With
continuous loading, the sample enters the fracture devel-
opment stage, and the fractures begin to extend, new
cracks form, and AE activity gradually increases.
When the rock reaches the dilatancy stage, interaction
among the cracks begins to intensify, and the fractures
begin to coalesce, and macroscopic cracks gradually
form. AE activity is highest before peak stress (Su
et al. 2011). Confining pressure enhances the plasticity
of the limestone. With increasing confining pressure, the
post-peak curve of the limestone changes from strain
softening to ideal plasticity. The AE characteristics of
the limestone under triaxial compression are clearly dif-
ferent from those under uniaxial compression.

The changes in AE activity under triaxial compression can be
summarized as follows:

1. Initial compaction stage: Confining pressure causes the
primary fractures to close tightly, which increases the in-
tegrity and stiffness of the rock sample. AE activity de-
creases considerably more under triaxial compression
than under uniaxial compression. Different levels of AE
activity with high energy may exist because the limestone
rock in the test contained many fractures, and some orig-
inal internal cracks were not closed completely because of
the low initial confining pressure. The original cracks
close and cause AE activity with increasing stress, but
the duration is short.

2. Elastic stage: The stress is insufficient to form new frac-
tures, but the slipping of some fractures produces AE
activity at low levels. As shown in Fig. 7, the AE activity
increases slowly in the elastic stage under uniaxial

compression. Confining pressure enhances rock integrity
and stiffness, and fractures can be considered stable

3. The sample enters the plastic stage when axial stress
reaches its ultimate value. The inner fractures coalesce,
the interaction among fractures increases, which enhances
the AE activity. The AE peak under triaxial compression is
slightly behind the stress peak, and it appears where the
stress decreases sharply. This phenomenon is due to the
binding constraint of confining pressure; the rock sample
still has high bearing capacity at the stress peak, obvious
friction and slide among blocks occurs in the process, and
stress decreases sharply to the residual stress, which causes
the AE peak to move backwards (Yang et al. 2014).

4. With increasing confining pressure, the AE characteristics of
the limestone rock change significantly.When the confining
pressure is less than 15 MPa, the maximum AE appears
where the stress decreases sharply.When the confining pres-
sure increases to 20MPa, there is no obvious AE peak in the
loading process.When σ3 = 5MPa, theAE cumulative ring-
down is 1.70 × 105, and when σ3 = 15 MPa, cumulative
ring-down is 0.98 × 105, a decrease of about 60%. However,
when the confining pressure is 20 MPa or 25 MPa, the AE
activity is much larger than that under 15 MPa of confining
pressure. So under triaxial compression, the AE activity of
the rock first decreases and then increases with increasing
confining pressure.

Analysis of AE amplitude and ASL

As shown in Fig. 8, we studied the characteristics of AE
amplitude and ASL during the loading process using AE
tests. In the uniaxial compression tests, AE activity occurs
during the entire loading process, and the AE ASL does not
show stratification. In the triaxial compression tests, AE ac-
tivity lags behind, and the AE amplitude is mainly in the
range 50–75 mVand clear stratification of ASL occurs when
the confining pressure is low (σ3 < 15 MPa). AE activities
with high amplitude appear when the stress decreases sharp-
ly. With increasing confining pressure, the stratification of
ASL disappears and the AE amplitude increases to 50–
125 mV under high confining pressure (σ3 > 20 MPa).
Therefore, the critical confining pressure that causes the
AE characteristics of the limestone to change rapidly is be-
tween 15 and 20 MPa.

Energy mechanism of saturated limestone

Energy theory

Based on the energy conservation law, the energy theory of a unit
volume of rock is described as follows (Xie et al. 2005, 2008):
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W ¼ U ¼ Ue þ Ud ð1Þ

where W is the work done outside, U is the energy absorbed
from outside,Ue is the freeable elastic strain energy, andUd is the

dissipated energy. The relationship between Ue andUd is shown
in Fig. 9.

According to Xie et al. (2005), You and Hua (2002), and
Huang et al. (2012), only axial stress acts on the rock under
uniaxial compression:
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σ3=5 MPa 

σ3=10 MPa 

(a)

(b)

(c)

uniaxial compression 

Fig. 8 Characteristic of acoustic emission amplitude and average signal level (ASL) under different confining pressure



U ¼ ∫ε10 σ1dε1 ð2Þ

U e ¼ 1

2Ei
σ1

2≈
1

2E0
σ1

2 ð3Þ

where Ei is the unloading elastic modulus, and E0 is the initial
elastic modulus. In the analysis Ei can be replaced by E0.

Under triaxial compression, both axial stress and confining
pressure act on the rock, and σ2 = σ3:
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σ3=15 MPa 

σ3=20 MPa 

(d)

(e)

σ3=25MPa (f)
Fig. 8 (continued)



U ¼ ∫ε10 σ1dε1 þ 2∫ε30 σ3dε3 ð4Þ
U e ¼ 1

2Ei
σ1

2 þ 2σ3
2−2μ σ3

2 þ 2σ1σ3
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≈
1

2E0
σ1

2 þ 2σ3
2−2μ σ3

2 þ 2σ1σ3
� �� �

ð5Þ
U d ¼ U−U e ð6Þ

Guo et al. (2014) considered that the amount of energy
absorbed by the rock during the hydrostatic pressure stage is
small and can be disregarded. Accordingly, the energy
absorbed during the hydrostatic pressure stage was
disregarded in the analysis of the energy mechanism in this
study.

Energy mechanism

Sample damage is the result of a process of macroscopic fail-
ure evolution driven by energy; it results from the combina-
tion of accumulation and transformation of dissipated energy
and elastic energy. Dissipated energy can cause damage to
rock leading to deterioration and loss of strength. Internal
energy release is the reason for sudden rock failure (Guo
et al. 2014). Figure 10 shows the laws governing the changes
in strain energy and AE activity under different loading
conditions.

1. Initial stage: The original cracks close. The rock sample
absorbs mechanical energy from outside, and some of the
energy is stored as elastic energy. The original cracks
close; friction and slippage among the cracks consume
energy and produce AE activity. AE activity with high
energy may also be present because of the closure of orig-
inal cracks.

2. Elastic stage: The original cracks are completely closed,
and the energy input from outside is mainly used for elas-
tic compaction; thus, most of the energy is transformed
into elastic strain energy stored in the rock.

3. Stable stage of fracture growth: New fractures appear, so
some of the energy is consumed as surface energy and

other forms of radiant energy; however, most of the ener-
gy is stored in the rock as elastic strain energy.

4. Unstable stage of fracture growth: The fractures extend to
the rock surface, many cross-cracks gather, and fracture
propagation enters an unstable stage. The proportion of
elastic strain energy decreases, whereas that of dissipated
energy increases significantly. In this stage active AE is
often present.

5. Failure stage: The fractures link, and macroscopic cracks
appear. The stored elastic strain energy is released and
decreases sharply, accompanied by strong AE.
Meanwhile, dissipated energy increases rapidly, and the
rock divides into blocks of different sizes.

The analysis indicates that energy conversion during
rock failure can be divided into three stages. The first is
energy accumulation (including initial, elastic, and stable
stages of fracture growth), in which the input energy is
mainly converted into elastic strain energy. The second
stage is energy dissipation (corresponding to the unstable
stage of fracture growth), in which the proportion of elas-
tic strain energy decreases, whereas that of dissipated en-
ergy increases significantly. The third stage is energy re-
lease (corresponding to the formation of macroscopic
cracks and post-peak failure stage), in which the elastic
strain energy is released as kinetic energy, radiation ener-
gy, and friction heat energy with strong AE activity.
Internal elastic strain energy and dissipation energy are
present in the entire process of rock deformation and fail-
ure. The ratios of the two energy types are different and
changing; thus, the rock shows the characteristics of en-
ergy accumulation, dissipation, and release. The energy at
the peak stress according to the test results is shown in
Table 1 and Figs. 11 and 12.

As shown in Table1, the total strain energy (U), dissipation
strain energy (Ud), and elastic strain energy (Ue) of the satu-
rated limestone sample are all higher under triaxial compres-
sion than under uniaxial compression. With increasing confin-
ing pressure, the ratio of the maximum releasable strain ener-
gy (Ue) decreases at peak stress, whereas the ratio of dissipat-
ed energy (Ud) increases.

As shown in Fig. 11, the total energy (U), dissipated energy
(Ud) and elastic strain energy (Ue) at peak stress of the lime-
stone samples have good exponential relationships with con-
fining pressure. When confining pressure is low, the growth
rate ofU is slow; when σ3 > 15MPa, the growth rate increases
sharply. The ultimate strength of the rock increases gradually,
and more energy from outside is required. When confining
pressure is low, the growth rate of Ud is slow; when σ3 > 20
MPa, the growth rate increases sharply. With increasing con-
fining pressure, plastic deformation before peak stress in-
creases. The rock thus experiences a long period of plastic
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Fig. 9 Relationship between Ue and Ud



flow failure. Ud and plastic deformation show a positive cor-
relation. High confining pressure can prevent the storage of
elastic energy. Considering the two aspects, dissipated energy
increases with confining pressure, and the ratio ofUd toU also
increases. When confining pressure is 25 MPa, Ud/
U = 55.80%, Ud/Ue = 1.26, and Ud is larger than Ue.

As shown in Fig. 12, the total energy (U), elastic strain
energy (Ue), and dissipation energy (Ud) at peak stress in-
crease with peak strength of the rock. When peak strength is
low, U and Ud increase with σpeak slowly; when σpeak is larger
than 250 MPa, the growth rates of U and Ud increase sharply.
U, Ud and Ue at peak stress show good exponential
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σ3=5 MPa 

σ3=10 MPa 

(a)

(b)

(c)

uniaxial compression

Fig. 10 Characteristics of AE and strain energy under different confining pressures



relationships with σpeak. The square of the correlation coeffi-
cients are all larger than 0.95.

At the macro level, the energy is mainly stored as elastic
strain energy in the early stage of rock deformation. The en-
ergy is then dissipated through rock damage. In the failure
stage, the energy is mainly released sharply. At the microscop-
ic level, many mechanisms cause strain hardening or strain

softening of the rock, and whether the energy will be stored
or released depends on the final result of the energy competi-
tion mechanism. Regarding the energy-driven nature of rock
failure, the difference in dissipated energy under different con-
fining pressures inevitably leads to different failure modes.
The dissipated strain energy under triaxial compression is
clearly higher than that under uniaxial compression, which
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(d)

(e)

(f)

σ3=15 MPa 

σ3=20 MPa 

σ3=25 MPa 

Fig. 10 (continued)



has an exponentially increasing relationship with confining
pressure. With increasing confining pressure, the rock-
fracturing mode is developed from the failure of a single shear
plane with less energy consumption to more shear failure
planes with more energy dissipation (Tian and Yu 2014).

The formulas from the regression analysis in Figs. 11 and
12 have the same form, which indirectly indicates that the
peak stress of rock samples has a linear relationship with con-
fining pressure, and also confirms the result shown in Fig. 5.

Discussion

1. In the experiments, the confining pressure in the triaxial
compression tests was provided by hydraulic fluid. The
rock specimen was wrapped in rubber, and the hydraulic
fluid and triaxial cylinder were outside the rubber.
Therefore, the sensors were not in direct contact with the
rock sample. The faint initial AE signals occurring during
initial loading might be difficult to receive because of the
attenuation of the rubber, hydraulic fluid, and cylinder.
However, the strong AE signals occurring during the
yielding stage and macroscopic fracture stage are little
affected, so there is a minimal effect on the qualitative
analysis of AE characteristics during rock failure (Su
et al. 2011). Yang et al. (2014) found that under the same
experimental conditions, the maximum values of AE ring-
down counts and test energy when the detectors are inside
the triaxial cell are, respectively, 27% and 32% higher
than the values obtained when the detectors are outside.
The tests showed that the peak AE ring-down counts un-
der uniaxial compression is more than 10 times that under
low confining pressure, and the cumulative AE ring-down
counts under uniaxial compression are more than 20 times
those under low confining pressure. Considering the ab-
sorbing effect of the hydraulic fluid and cylinder wall, AE
activity remains significantly stronger under uniaxial
compression than under low confining pressure. When
there is no confining pressure, the internal cracks grow
rapidly, and the AE activity is intense during rock failure.

2. Guo et al. (2014) found that the strain energy of karst
limestone at peak stress under natural and saturated con-
ditions increases linearly with confining pressure. In the
current study, total strain energy (U) and dissipated strain
energy (Ud) at peak stress show an exponential growth
relationship with confining pressure. Guo et al. (2014)
found a maximum confining pressure of 20MPa, whereas
the maximum confining pressure in the current study was
25 MPa. The experimental results indicate that when con-
fining pressure is less than 20 MPa, the relationship be-
tween strain energy and confining pressure is approxi-
mately linear. When confining pressure increases from
20 MPa to 25 MPa, the total strain energy (U) and dissi-
pated strain energy (Ud) increase sharply (the former in-
creased from 0.8999MJ/m3 to 1.6940MJ/m3, an increase
of about 100%, and the latter increased from 0.3564 MJ/
m3 to about 0.9452 MJ/m3, and increase of about 200%).
The curve-fitting results show an exponential growth
relationship.

3. Many scholars have studied the laws governing the
changes in AE fractal characteristics and fractal dimen-
sion values in the rock failure process and established
rock strength fractal models through AE tests (Wu et al.

Table 1 Strain energy of
saturated limestone at peak stress
(whereU is the total strain energy,
Ud is the dissipation strain energy,
and Ue is the elastic strain energy
of the sample)

Loading U (MJ/
m3)

Ue (MJ/
m3)

Ud (MJ/
m3)

Ue/U Ud/U Ud/Ue

Uniaxial
compression

σ3 = 0 MPa 0.1668 0.1549 0.0119 0.9287 0.0713 0.0768

σ3 = 0 MPa 0.1841 0.1830 0.0011 0.9940 0.0060 0.0060

σ3 = 0 MPa 0.1529 0.1407 0.0122 0.9202 0.0798 0.0867

Triaxial
compression

σ3 = 5 MPa 0.1832 0.1679 0.0153 0.9165 0.0835 0.0911

σ3 = 10 MPa 0.3417 0.2908 0.0509 0.8511 0.1489 0.1750

σ3 = 15 MPa 0.5044 0.3788 0.1256 0.7510 0.2490 0.3315

σ3 = 20 MPa 0.8999 0.5425 0.3564 0.6036 0.3964 0.6569

σ3 = 25 MPa 1.6940 0.7488 0.9452 0.4420 0.5580 1.2623
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2012; Zhou and Liu 2010). These studies indicate that the
continued reduction in AE fractal dimension values is a
sign of rock failure. Therefore, further study of the four
aspects of karst limestone, namely mechanical properties,
AE characteristics, fractal features, and energy character-
istics, is necessary.

Summary

1. Brittle failure of saturated limestone is intense under uni-
axial compression. It is related to tension destruction and
shows connection of longitudinal cracks. Under triaxial
compression, yield stress and peak strength increase with
increasing confining pressure, and the post-peak stress
curve of limestone changes to ideal plasticity from strain
softening. The rock produces a shear plane under triaxial
compression, which is related to shear failure. With in-
creasing confining pressure, the rock failure mode de-
velops from a single shear plane with low energy con-
sumption to more shear failure planes with high energy
dissipation.

2. AE activity under triaxial compression differs from that
under uniaxial compression. The rock sample produces
AE activity during the entire loading process under uni-
axial compression, which gradually increases in strength
with the increase in stress. AE activity is most powerful
before peak stress. Under triaxial compression, confining
pressure causes the primary fractures to close tightly,
which increases the integrity and stiffness of the rock
sample. The AE peak appears with a sharp stress decrease
and rock macroscopic failure.

3. With increasing confining pressure, the AE characteristics
of limestone change significantly. Under triaxial compres-
sion, the AE activities of the rock decrease first then

increase with increasing confining pressure. When the
confining pressure is less than 15MPa, intermittent peaks
exist, and the maximum of AE appears where the stress
decreases sharply. When the confining pressure increases
to 20 MPa, no obvious AE peaks emerge during the load-
ing process. Considering the AE amplitude and ASL char-
acteristics, the amplitudes are mainly in the range 50–
75 mV and a clear stratified phenomenon appears when
the confining pressure is low (σ3 < 15 MPa). The AE
amplitude increases to 50–125 mVand the stratified phe-
nomenon disappears under high confining pressures
(σ3 > 20 MPa). Accordingly, the critical confining pres-
sure is between 15 and 20 MPa, and it causes a dramatic
change in the AE characteristics of the limestone.

4. Energy conversion stages in rock during the loading pro-
cess can be divided into accumulation, dissipation, and
release. AE is a part of the dissipation energy, which is
strong in the energy release stage. The regression analysis
shows that the total energy (U), dissipated energy (Ud),
and elastic energy (Ue) at peak stress show a good expo-
nential relationship with confining pressure and peak
strength.
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