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rization of red sandstones using
uniaxial compression experiments

Kui Zhao,a Zhen Huang *ab and Bin Yua

This paper proposes calculation formulae for damage variables that are characterized by four methods

based on acoustic emission (AE), crack volume strain, a damage statistic constitutive model, and

dissipation energy. Damage variables characterized by the four abovementioned methods are positively

correlated to each other. An obvious inflection point exists in the curve of the damage variable

characterized by AE and the strain, and the damage strength point is located before the inflection point.

Both the high and low frequencies of the AE signals increase after the damage strength point, and the

high-frequency signals mainly appear after the damage strength point, indicating that the damage

strength point is located before the starting point for the formation of a large quantity of cracks. No

obvious inflection point exists in the curve of the damage variable characterized by the crack volume

strain and the strain; the curve is approximately a straight line before the peak stress point, and the

damage strength point is located after the starting point of the approximate straight-line segment.

Damage variable initially changes very slightly and begins to increase nonlinearly before the damage

strength point; the curve is approximately a straight line after the damage strength point, and no obvious

inflection point exists in the curve. Damage variable fluctuates slightly before the damage strength point

and increases sharply in an approximately linear manner after the damage strength point. The damage

strength point is located near the inflection point at which the damage variable begins to increase

sharply, and the dissipation energy is the most effective method to identify the damage strength point.

The value of the damage variable characterized by the crack volume strain is the largest whereas that

characterized by the dissipation energy is the smallest. The value of the damage variable characterized

by the crack volume strain is highly consistent with that of the damage variable characterized by AE,

indicating that the crack volume strain is the most closely related parameter to AE.
1. Introduction

In the process of rock compression, the crack initiation strength
(sci), damage strength (scd), and peak strength (sf) are three
important stress thresholds associated with the demarcation
points between different damage stages of the process. The
damage strength (scd) represents the starting point of unstable
crack extension. When the stress exceeds the damage strength,
the cracks continue to extend unstably until the breaking of the
rock even if the stress does not increase continuously but
remains constant. Therefore, scd is also referred to as the long-
term strength of the rock and is an important index for repre-
senting the high-stress damage of hard rocks. This index is of
great importance to the long-term stability of surrounding
rocks.1 Researchers in both China and overseas have extensively
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studied the damage strength of rocks. For determining the
damage strength of rocks, the two most commonly used
methods include the AE method and the strain measurement
method based on rock compression experiments.2

Martin et al.3,4 studied the damage strength of Lac du Bonnet
granite by using the strain measurement method. They argued
that the damage strength did not depend on the sample size
and was approximately equal to 80% of the peak stress
measured in the standard uniaxial compression test. They also
performed a cyclic loading/unloading test, and the test results
indicated that the damage strength was closely related to the
accumulated amount of damage of the test sample. Lau et al.5

performed an incremental cyclic loading/unloading damage
control test based on the strain measurement method and
comprehensively studied the relationship between the damage
strength and the accumulated damage due to cyclic loading/
unloading under each cycle condition. Kim et al.6 performed
a uniaxial compression test on KURT granite and recorded the
stress, strain, and AE data simultaneously during the test. The
test results showed that the damage strength was equal to 62–
84% of the peak stress and that the maximum error of the
RSC Adv., 2018, 8, 40267–40278 | 40267
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damage strength determined by the strain measurement
method and the AE method was 16%. In practice, the AE
method is recommended for determining damage stress.
Eberhardt et al.7 performed a uniaxial compression test by using
the strain measurement method and found that the damage
strength of pink Lac du Bonnet granite was equal to 75% of the
peak stress. In addition, they analyzed the relationship among
the accumulated damage, damage strength, and AE parameters
under the cyclic loading/unloading condition and established
the relationship between the stress and the accumulated
damage parameters characterized by AE before the damage
strength point.

Xue et al.8 discussed the inuence of different measurement
methods on the measured values of the damage strength of
rocks in detail, and based on a large quantity of statistics found
in the literature, they found that the ratio of the damage
strength to the peak stress was almost never inuenced by the
type of rocks and the size of the mineral grains that constituted
a rock. Chunsheng et al.9 performed a uniaxial compression test
on marble samples acquired from the Baishan Formation at the
Jinping-II Hydropower Station. The damage strength deter-
mined by the AE method was equal to 80% of the peak stress,
and the test results were approximately the same as those for
Lac du Bonnet granite. Using the strain measurement method,
AE method, and longitudinal wave velocity measurement
method, Bin et al.10 performed a uniaxial compression test and
found that the damage strength of Jinping marble was equal to
82–86% of the peak stress. This indicated that the three
methods were all able to determine the damage strength of the
test samples accurately. Liang et al.11 and Wang et al.12 studied
the relationship between the damage strength and the peak
stress under loading conditions with different strain rates.
Liang et al.11 also explored the law of change governing the
damage stress of rocks and the strain energy at the peak stress
point. Liu et al.13 used the relative volumetric strain stiffness
method to measure the damage strength of marble under
different ambient pressure conditions. The measurement
results showed that the ratio of the damage strength to the peak
stress reduced with an increase in the ambient pressure. Zhao
et al.14 experimentally found that the damage strength could be
determined accurately by using the accumulated AE impact
count in conjunction with the stress and strain measurement.
In addition, they discussed the dependence of the damage
strength on the ambient pressure. Zhou et al.1,15 systematically
summarized the four methods for calculating the crack initia-
tion strength and damage strength of rocks and demonstrated
the reliability of each calculation method. They also systemat-
ically studied the damage strength of granite andmarble as well
as the relationship between the damage strength and the
ambient pressure.

The abovementioned domestic and foreign studies on the
damage strength of rocks mainly focus on the following aspects:
(1) specic methods for testing and determining the damage
strength of rocks, (2) the inuence of different loading condi-
tions (including the ambient pressure and the loading rate) on
the damage strength, and (3) the relationship between the
damage strength and the damage parameters under a cyclic
40268 | RSC Adv., 2018, 8, 40267–40278
loading/unloading condition. The present study aims to obtain
the relationship curves of the strain and the damage variables
characterized by different methods and explore the law of
change governing such damage variables at the damage
strength point, thereby revealing the damage characteristics at
the damage strength point. The study results will provide not
only a basis for reasonably characterizing the damage variables
at the damage strength point but also a certain scientic basis
for recognizing the damage strength.
2. Experimental
2.1. Experimental program

The test samples are hard and fragile coarse-grained red sand-
stones. Before the test, a polished thin section of the sandstones
is created and its material composition is observed through
electron microscopy imaging. The polished thin section
contains mainly quartz and small amounts of feldspar, white
mica, and heavy sand. The rock core is drilled and the end faces
are polished to produce a few standard cylindrical test speci-
mens with a height of 100 mm and a diameter of 50 mm. The
end faces should be smooth, and the upper and lower end faces
should be parallel to each other (the extent of nonparallelism
should be less than 0.05 mm), as shown in Fig. 1. For the
present test, 12 effective test specimens are created. For the
uniaxial compression test, the loading system used is a triaxial
rheometer for high-pressure rock temperature control (GDSVIS
400 kN, HPTAS, GDS Instruments, UK) and the AE system used
is a sound emitter (PAC-II, Physical Acoustics, USA), as shown in
Fig. 2. The AE sensors (UT1000) possess a wide operating
frequency ranging from 1 kHz to 1MHz. The damage strength is
determined by using the volumetric strain method and the AE
method so as to study various damage parameters at the
damage strength point. During the complete loading process,
data such as stress, strain, and time are acquired and appro-
priate relationship diagrams are drawn. The sound emitter is
able to simultaneously acquire and record various parameters
(including the energy, amplitude, ring count, center frequency,
and peak frequency) and the signal waveform.

The present test mainly pertains to the stages before the peak
stress but not the areas aer the peak stress; therefore, the
loading method used is based on load control. The loading rate
is 0.1 MPa s�1. During the test, loading and AE monitoring
should be carried out simultaneously. The sampling frequency
of AE is set to 1 MHz, and the pregain and the trigger threshold
are set to 40 dB. Two AE sensors were symmetrically mounted
on the cylinder surface of the rock sample. And two groups of
transverse and longitudinal gauges are respectively pasted on
the two symmetrical sides in the middle of the test specimen,
and the strain data acquisition interval is set to 0.5 s.
2.2. Determination of damage strength

The crack volumetric strain method is widely used to determine
crack initiation strength and damage strength. During the
uniaxial compression test, the actual volume strain of the test
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Photographs of the test specimen (left image) and corresponding microimage.
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specimen in the loading process is obtained according to the
axial strain and radial strain:

3v ¼ 31 + 232 (1)

where 3v refers to the measured volume strain, 31 refers to the
axial strain (in the uniaxial loading direction), and 32 refers to
the radial strain. The values for both 31 and 32 are obtained
through the test.

The crack volume strain is equal to the measured volume
strain minus the elastic volume strain. In a uniaxial compres-
sion state, the crack volume strain can be expressed as follows:

3cv ¼ 3v � 1� 2m

E
s (2)

where s refers to the uniaxial loading stress, E refers to the
elastic modulus of the rock, and m refers to the Poisson's ratio of
the rock.

Damjanac and Fairhurst16 provides a key drawing for deter-
mining the damage stress by the volumetric strain method and
the AE method, as shown in Fig. 3.17 When the volume strain
begins to develop stably in the negative direction, the rock
enters the expansion stage. The inection point in the stress
and volume strain curve indicates the volume expansion of the
Fig. 2 Illustration of the test equipment.

This journal is © The Royal Society of Chemistry 2018
rock. The stress corresponding to the maximum volume strain
point in this curve is the damage strength, which indicates the
formation of unstable cracks. As indicated by Zhou et al.15 the
above method for calculating the damage strength according to
the inection point of the volume strain of the test specimen
has a denite physical meaning and can produce accurate
results. For the purpose of engineering practicability, damage
stress needs to be determined by the AE method.6 The present
study also analyzes the AE characteristics of the damage
strength. Therefore, the damage strength is also measured by
the AE method in addition to the volumetric strain method.

It is generally believed that cracks are more likely to develop
and expand in the damage strength stage. In this stage, the
number of AE events are clearly more than that in the earlier
stage.9 The ring count can roughly reect the strength and
frequency of signals. Based on the literature on the determi-
nation of the damage strength by the AE method, this paper
describes how to determine the damage strength in terms of the
ring count.
3. Results and discussions

According to the test results, the damage strength is determined
separately by the volumetric strain method and the AE method.
RSC Adv., 2018, 8, 40267–40278 | 40269
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Fig. 3 Stages in the progressive failure of intact rock in compression (after Martin et al.17).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
1:

36
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The effective test results are obtained for eight test specimens in
total. As an example, consider the test results for test specimen
5 (Fig. 4). The point at which the accumulated ring count
increases sharply (the inection point) is determined as the
damage strength point. Table 1 lists the values of the ratio of the
damage strength determined by the volumetric strain method
and the AE method to the peak stress. The values of the volume
Fig. 4 Test result from the uniaxial test on specimen 5.

40270 | RSC Adv., 2018, 8, 40267–40278
strain at the damage strength point and the peak stress point
are also listed in this table; these values are subsequently used
to calculate the damage parameter at the damage strength
point. The volumetric strain method is considered as an effec-
tive method to determine the damage strength point. Hereaer,
unless otherwise noted, the damage strength point is consid-
ered to have been determined by the volumetric strain method.
3.1. Damage variable characterization at damage strength
point

3.1.1. Damage variable characterized by AE. In the
following sections, this paper assumes that the peak stress
point represents a totally damaged state of the material. Based
on a statistic model, Tang et al.18 assumed that the accumulative
parameter pertaining to the AE in the process of rock loading is
related to the extent of damage, as expressed below:

DA ¼ N

Nm

(3)

where DA refers to the damage variable characterized by the AE
method, N refers to the accumulative parameter pertaining to
AE, and Nm refers to the total accumulative parameter pertain-
ing to AE. If N and Nm represent the accumulative parameters
pertaining to the AE at the damage strength and peak stress
points, respectively, the value of DA obtained by eqn (3) will be
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06972g


Table 1 The ratio of the damage strength determined by the volumetric strain method and the AE method to the peak stress

Specimen number

Volumetric strain
corresponding
to damage strength point
(10�3)

Volumetric strain
corresponding
to peak stress point (10�3)

Ratio of damage strength and peak strength

Volumetric strain method AE method

1 �1.29 �3.7 85% 62%
2 �0.45 �1.87 79% 96%
3 �0.5 �1.11 77% 95%
4 �0.99 �3.29 83% 99%
5 �2.29 �7.52 84% 79%
6 �0.94 �3.87 80% 84%
7 �0.34 �5.54 69% 99%
8 �1.48 �4.51 71% 96%
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equal to the damage variable at the damage strength point; this
parameter is denoted as DAcd. Fig. 5 shows the relationship
curve of the strain and stress and the damage variable DA with
respect to test specimen 5. Fig. 6 shows the relationship curves
of the strain and the damage variable DA with respect to the
eight test specimens.

3.1.2. Damage variable characterized by crack volume
strain. Chen et al.19 found that an internal relationship exists
between AE and rock volume expansion. It is roughly estimated
that the inelastic volume strain is in direct proportion to the
total accumulated AE count, and the crack volume strain
represents a kind of inelastic volume strain. Here, the damage
variable (DC) is characterized in terms of the ratio of the crack
volume strain in the process of rock loading to the crack volume
strain at the peak stress point. A positive correlation clearly
exists between DC and DA. According to eqn (2), the calculation
formula for DC is obtained as follows:

DC ¼ 3cv
3cvf

¼
3v � 1� 2m

E
scd

3vf � 1� 2m

E
sf

(4)

where the meanings of the various symbols are the same as
those described above. If the crack volume strain 3cv is equal to
the crack volume strain 3cvcd at the damage strength point, the
value of DC obtained by eqn (4) is equal to that of the damage
variable DCcd at the damage strength point.
Fig. 5 The relationship between the strain and stress and the damage
variable DA from the uniaxial test on specimen 5.

This journal is © The Royal Society of Chemistry 2018
Kachanov20 proposed that the damage variable should be
denoted in terms of the changing rate of density in creep
damage; that is, the damage variable should be represented as
follows:

D ¼ �Dr

r0
(5)

where Dr refers to the changing rate of mass density of the
material and r0 refers to the mass density of the undamaged
material. Lemaitre et al.21 also proposed different forms of
similar formulas for expressing the material damage variable in
terms of the changing rate of density. For the uniaxial
compression test of a rock, assume that the material mass is m,
the material volume in an undamaged state is V, and the
material volume in a damaged state is V*. Then, the damage
variable can be expressed as follows:

D ¼ �Dr

r0
¼ �

m

V*
� m

V
m

V

¼ �V � V*

V*
¼ 3v

1þ 3v
(6)

where 3v refers to the measured volume strain, which comprises
the elastic volume strain and the crack volume strain. Because
damage is closely related to the inelastic volume strain, it is
obviously more reasonable to characterize the damage variable
in terms of the crack volume strain in eqn (6). Fig. 7 shows the
Fig. 6 The relationship curves of the strain and the damage variableDA

with respect to the eight test specimens.

RSC Adv., 2018, 8, 40267–40278 | 40271
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Fig. 7 The relationship between the strain and stress and the damage
variable DC from the uniaxial test on specimen 7.
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relationship curve of the strain and stress and the damage
variable DC with respect to test specimen 7, and Fig. 8 shows the
relationship curves of the strain and the damage variable DC

with respect to the eight test specimens. Before the threshold of
the crack initiation strength is reached, the rock is still in the
compaction and elastic stages, so these gures omit the damage
variables before the threshold of the crack initiation strength.

3.1.3. Damage variable characterized by damage statistic
constitutive model. Assume that the rock strength is in
conformity with the Weibull distribution law and that the
statistical damage variable DS is dened as the ratio of the
number of damaged microunits to the total number of micro-
units. According to the constitutive relationship based on the
continuing medium damage theory, this paper obtains the
damage statistic constitutive model of the rock under a uniaxial
compression condition:22

s ¼ E3
n
1� dþ d exp

h
�
� 3
F

�mio
(7)

where 3 refers to the strain, m and F are the parameters that
characterize the physicomechanical properties of the rock
material, and d refers to the proportionality coefficient per-
taining to rock damage (value ranges from 0 to 1).
Fig. 8 The relationship curves of the strain and the damage variable
DC with respect to the eight test specimens.

40272 | RSC Adv., 2018, 8, 40267–40278
According to the uniaxial compression test curve, the
calculation formulas for m and F are as follows:22

m ¼ � sf�
sf þ ðd� 1ÞE3f

�
ln

�
1

d

�
sf

E3f
þ d� 1

�	 (8)

F ¼ 3f

�
1

m

sf

sf þ ðd� 1ÞE3f

	� 1
m

(9)

where 3f refers to the strain at the peak stress point.
The damage variable DS can be calculated as follows:

DS ¼ 1� exp
h
�
� 3
F

�mi
(10)

The m and F values calculated by eqn (9) are substituted into
eqn (10), and then, the damage variable values associated with
different stress or strain values are obtained. Aer the peak
stress point, the rock material still has some residual strength
and is not totally damaged. This study mainly analyzes the
damage characteristics at the damage strength point and
assumes that the rock material is totally damaged at the peak
strength point. Therefore, the ratio of the damage variable in
the process of rock loading to the damage variable DSf at the
peak stress point is used to characterize the damage variable
DSR:

DSR ¼ Ds

DSf

(11)

The damage variable DScd at the damage strength point is
substituted into eqn (11). Then, the value of the damage vari-
able DSRcd at the damage strength point is calculated. The
proportionality coefficient d pertaining to the rock damage is
mainly used to reect the residual strength of the rock; there-
fore, this section hasmainly described the damage status before
the peak stress point. Accordingly, the d value is set to 1.
According to eqn (8) and (9), the m and F values are obtained,
and then, these values are substituted into eqn (7), thus deter-
mining the stress–strain relationship based on the damage
statistic constitutive model. Fig. 9 shows the calculation results
obtained using the damage statistic constitutive model with
respect to test specimen 5. According to eqn (10) and (11), the
relationship curve of the strain and stress and the damage
variable DSR is obtained. Fig. 10 shows the relationship curves
with respect to the eight test specimens.

3.1.4. Damage variable characterized by dissipation
energy. Assume no heat transfer in unit volume rock in the
deformation process under exogenic action, and the energy
from the work of the external force is U, then the equation can
be get from the rst law of thermodynamics:23

U ¼ Ud + Ue (12)

where Ud is dissipation energy, Ue is elastic strain energy. For
the uniaxial tests, U and Ue are:
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Experimental curve and simulation curve of the uniaxial test on
specimen 5.

Fig. 10 The relationship curves of the strain and the damage variable
DSR with respect to the eight test specimens.

Fig. 11 The relationship between the strain and stress and the damage
variable DE from the uniaxial test on specimen 7.
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U ¼
ð31
0

sd31 (13)

U e ¼ 1

2
s3e1 ¼

1

2Eu

s2 (14)

where 3e1 is axial elastic strain, Eu is unloading elastic modulus,
and can be simplied to initial elastic modulus E0.24

Xie et al.23 proposed the damage formula characterized by
dissipation energy. Then, the damage variable DE can be
calculated as follow, assuming that the rock is complete
damage at the peak stress point,

DE ¼ Ud

Udf
(15)

where Udf is dissipation energy corresponding to peak stress
point. Then, the value of the damage variable DEcd at the
damage strength point is calculated using eqn (15). Fig. 11
shows the calculation results obtained using the damage
statistic constitutive model with respect to test specimen 7.
Fig. 12 shows the relationship curves with respect to the eight
test specimens.
This journal is © The Royal Society of Chemistry 2018
3.2. Discussion of damage characteristics in terms of
damage strength

3.2.1. Comparison of damage variables characterized by
different methods. The damage variable DC characterized by the
crack volume strain has a denite physical meaning. In terms of
physical relationships, DC is the most similar variable to the
area-dened classic damage variable in damage mechanics.
With the generation of microcracks inside a rock, elastic waves
are radiated; this phenomenon is called AE. Moreover, new
cracks are generated or the original cracks are extended, thus
causing an increase in the rock volume. The newly increased
volume is inelastic. Therefore, the generation process of rock
microcracks will surely be reected by the AE measurement or
the volume strain measurement performed on the rock surface.
An internal relationship exists between AE and rock volume
expansion. It is roughly estimated that the inelastic volume
strain is in direct proportion to the accumulated AE count.19 The
recorded AE events account for only a very small portion of the
total microcracks.25 Therefore, only an apparent positive corre-
lation exists between the calculated damage variable DC and DA,
and these variables are not necessarily in direct proportion to
each other.

In the process of compressive deformation of the rock, the
dissipation energy is closely related to the damage process, for
example, the formation and extension of cracks. Therefore, it
can be deduced that the dissipation energy is positively corre-
lated to the crack volume. The damage statistic constitutive
model assumes that the rock strength is in conformity with the
Weibull distribution law. Based on the stress–strain curves
derived from the uniaxial compression test, this paper deter-
mines the parameters m and F that characterize the phys-
icomechanical properties of the rock material and thus obtains
the damage statistic constitutive model that is approximate to
such stress–strain curves. According to eqn (7) and (10), the
expression s ¼ E3(1 � Ds) is obtained. Assume that the damage
variable increases from Dst to Dst + DDst when the stress is 31 ¼
31t. Then, the corresponding stress decrement is Ds ¼ E3DDst.
As shown in Fig. 13, the increment in the dissipation energy is
indicated by the shaded area. According to the denition of the
RSC Adv., 2018, 8, 40267–40278 | 40273
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Fig. 12 The relationship curves of the strain and the damage variable
DE with respect to the eight test specimens.

Fig. 14 The relationship curves of the damage variables characterized
by different methods from the uniaxial test on specimen 7.
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damage variable characterized by the dissipation energy in eqn
(15), it is obvious that the damage variable DE will also increase;
that is, the damage variable characterized by the damage
statistic constitutive model is positively correlated to the
damage variable characterized by the dissipation energy.
According to the above analysis, the damage variables charac-
terized by the four methods are numerically different from each
other, but their trends are consistent in the process of rock
compression. This is also veried by the test results obtained in
the study. Fig. 14 shows the relationship curves of the damage
variables characterized by different methods and the stress and
strain with respect to test specimen 7. The relationship curves
with respect to the other test specimens are also similar.

According to the test results of AE with respect to eight test
specimens (Fig. 6), the damage variable characterized by AE
increases steadily with an increase in the stress and then
increases sharply before the peak stress point; an obvious
inection point appears, and the damage strength point is
located before the inection point. This indicates that the
damage strength point is not the starting point for the
Fig. 13 Relationship of the damage statistic constitutive model and
dissipation energy.

40274 | RSC Adv., 2018, 8, 40267–40278
formation of a large quantity of cracks but is the starting point
at which a large quantity of cracks are in an embryonic state; as
the stress increases, the cracks continue in this state until
a macro-rupture occurs at the peak stress point. According to
computational statistics, before the peak stress point, a differ-
ence of 15–30% exists between the stress percentages at the
inection and damage strength points. Apparently, the deter-
mination of the damage strength in terms of the inection
point of the damage variable curve is very error prone. The
damage strength point is always located before the inection
point; therefore, it is feasible to use AE as an auxiliary means to
identify the damage strength point.

Fig. 8 shows the relationship curve of the strain and the
damage variable characterized by the crack volume strain. No
obvious inection point is seen, the curve is approximately
a straight line before the peak stress point, and the damage
strength point is located aer the starting point of the approx-
imate straight-line segment. The identication of the damage
strength point using this curve is difficult. Fig. 10 shows the
relationship curve of the strain and the damage variable char-
acterized by the damage statistic constitutive model. The
damage variable initially changes very slightly, and no obvious
inection point is seen in the curve. Before the damage strength
point, the damage variable begins to increase nonlinearly; aer
the damage strength point, the curve is approximately a straight
line. The identication of the damage strength point using this
curve is also difficult. Fig. 12 shows the relationship curve of the
strain and the damage variable characterized by the dissipation
energy. Before the damage strength point, the damage variable
uctuates within a small range and is very small overall. Aer
the damage strength point, the damage variable increases
sharply in an approximately linear manner. These observations
are basically consistent with the results of the uniaxial
compression test for red sandstone obtained in a previous
study:26 in the initial compaction and elastic stages, the dissi-
pation energy is very small and basically remains unchanged; in
the plastic stage, the dissipation energy increases sharply in
a nonlinear manner. It is worth noting that the curve of the
damage variable characterized by the dissipation energy has an
obvious inection point, and the damage strength point is
This journal is © The Royal Society of Chemistry 2018
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Fig. 15 Calculated data of the damage variables with respect to the
eight test specimens.

Fig. 16 Test result of three dominant frequency bands from the
uniaxial test on specimen 7.
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located near the sharp inection point. According to computa-
tional statistics, a difference of 0–17% exists between the stress
percentage at the inection point before the peak stress point
and that at the damage strength point. Therefore, the identi-
cation of the damage strength point is easier if the damage
variable is characterized by the dissipation energy.

Fig. 15 shows the calculated values of the damage variables
with respect to the eight test specimens. As shown in the Fig. 15,
the values of the damage variable characterized by the crack
volume strain (DCcd) are, on an average, equal to 0.27 at the
damage strength point and are greater than the values of the
damage variables characterized by the other three methods. The
only exception is that the value of the damage variable charac-
terized by the crack volume strain with respect to test specimen
6 is slightly smaller than the values of the damage variable
characterized by the damage statistic constitutive model (DSRcd).
The values of the damage variable characterized by the dissi-
pation energy (DEcd) are, on an average, equal to 0.05 at the
damage strength point and are smaller than the values of the
damage variables characterized by the other three methods. The
only exception is that the value of the damage variable charac-
terized by the dissipation energy with respect to test specimen 1
is slightly greater than the values of the damage variable char-
acterized by the AE (DAcd). The values of the damage variable
characterized by the damage statistic constitutive model vary
most signicantly at the damage strength point. Specically, the
value of the damage variable with respect to test specimen 2 is
the smallest (0.001) and that with respect to test specimen 6 is
the largest (0.326). At the same time, Fig. 15 shows that among
the calculated values of the damage variables at the damage
strength point with respect to the eight test specimens, the
values of the damage variable characterized by the crack volume
strain are highly consistent with those characterized by the AE.
This shows that crack volume strain is the most closely related
parameter to AE.

3.2.2. Characteristics of dominant frequencies of AE
signals before/aer damage strength point. The characteristics
of frequency distribution can be obtained by transforming the
This journal is © The Royal Society of Chemistry 2018
AE waveform from the time domain to the frequency domain. In
this paper, the dominant frequency is dened as the frequency
associated with the maximum amplitude in the frequency
spectrogram. According to the dominant distribution diagram
derived from the test, three dominant frequency bands are
observed: the low-frequency band (0–200 kHz), intermediate-
frequency band (200–300 kHz), and high-frequency band
(300–500 kHz). Fig. 16 shows the test results with respect to test
specimen 7. To visually display the characteristics of dominant
frequencies before/aer the damage strength point with respect
to the eight test specimens, a diagram of the percentage of
different dominant frequencies and the strain–stress relation-
ship in the uniaxial compression process is presented, as shown
in Fig. 17.

As shown in Fig. 16 and 17, the number of AE events before
the damage strength point is smaller than that aer the damage
strength point, the AE events are mainly distributed in the low-
and high-frequency bands, and the high-frequency AE events
mainly occur aer the damage strength point, accounting for
80% of the total high-frequency AE events. It is worth nothing
that among the total AE events aer the damage strength point,
the low-, intermediate-, and high-frequency AE events account
for 56%, 35%, and only 9% on an average, respectively. Kulakov
and Yakovitskaya27 summarizes the frequency characteristics of
the AE signals in different stages of rock loading and states that
the occurrence of high-frequency AE events and the increase in
low-frequency AE events serve as a premonitory symptom for
the main rupture arising from a large quantity of cracks. Ji
et al.28 investigated the frequency characteristics of AE in the
uniaxial compression process of granite and drew the following
conclusions: (1) the low-frequency AE signals play a dominant
role among the total AE signals when the relative stress is very
low (0–60%). (2) Both the low- and high-frequency AE signals
increase to some extent, but the high-frequency AE signals
increase more clearly in the plastic and nal rupture stages,
namely, the relative stress is higher than 80%. According to the
test results presented here, the high-frequency AE events mainly
occur aer the damage strength point and the low-frequency AE
events also increase simultaneously. Based on the research
conclusions presented in previous papers,27,28 this paper draws
RSC Adv., 2018, 8, 40267–40278 | 40275
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Fig. 17 The percentage of different dominant frequencies from the uniaxial tests: (a) low-frequency band, (b) intermediate-frequency band, (c)
high-frequency band.
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the following conclusion from the perspective of the dominant
frequency characteristics of AE signals: the internal damage in
a rock is aggravated aer the damage strength point, and then,
the rock enters the plastic stage and the nal rupture stage
(main rupture stage).
4. Conclusions

Rock damage strength is an important eigenvalue that charac-
terizes rock strength. Based on the existing research literature,
this paper proposes calculation formulas for the damage vari-
ables that are characterized by four methods based on AE, crack
volume strain, a damage statistic constitutive model, and
dissipation energy. In addition, this paper explores the law of
change governing the damage variable in the uniaxial
compression process of red sandstones in detail and explicitly
discusses the damage characteristics at the damage strength
point. The research ndings serve as a guide and a reference for
an in-depth understanding of the damage characteristics at the
damage strength point and for the accurate identication of the
damage strength point. The main research ndings are
summarized as follows:

Based on the existing calculation method for the damage
variable in the uniaxial compression process of rocks, this paper
proposes calculation formulas for the damage variables that are
characterized by four methods based on AE, crack volume
strain, a damage statistic constitutive model, and dissipation
energy. Both the test results and theoretical demonstration
show that the damage variables characterized by the four
40276 | RSC Adv., 2018, 8, 40267–40278
methods are positively correlated to each other. The test results
also show that the damage strength point is located before the
point at which the damage variable begins to increase sharply.

In the relationship curve of the strain and the damage vari-
able characterized by the AE, an obvious inection point is seen,
the damage strength point is located before the inection point,
and a difference of 15–30% exists between the stress percent-
ages at the inection and damage strength points. The deter-
mination of the damage strength in terms of the inection
point of the damage variable curve is very error prone. Because
the damage strength point is located before the inection point,
it is feasible to use AE as an auxiliary means to identify the
damage strength point.

In the relationship curve of the strain and the damage vari-
able characterized by the crack volume strain, no obvious
inection point is seen, the curve is approximately a straight
line before the peak stress point, and the damage strength point
is located aer the starting point of the approximate straight-
line segment. In the relationship curve of the strain and the
damage variable characterized by the damage statistic consti-
tutive model, the damage variable initially changes very slightly
and begins to increase nonlinearly before the damage strength
point, the curve is approximately a straight line aer the
damage strength point, and no obvious inection point is seen.

In the relationship curve of the strain and the damage vari-
able characterized by the dissipation energy, the damage vari-
able uctuates slightly before the damage strength point and
increases sharply in an approximately linear manner aer the
damage strength point, the damage strength point is located
This journal is © The Royal Society of Chemistry 2018
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near the inection point at which the damage variable begins to
increase sharply, and a difference of 0–17% exists between the
stress percentages at the inection and damage strength points.
Therefore, the method based on the dissipation energy is the
most effective one to identify the damage strength point.

At the damage strength point, the value of the damage
variable characterized by the crack volume strain is the largest
whereas that characterized by the dissipation energy is the
smallest. The value of the damage variable characterized by the
crack volume strain is highly consistent with that characterized
by the AE, indicating that crack volume strain is themost closely
related parameter to AE.

High-frequency AE events mainly occur aer the damage
strength point, and the count of low-frequency AE events
increases aer the damage strength point. Judging by the
characteristics of the dominant frequency of AE signals, the
internal damage in a rock is aggravated aer the damage
strength point, and then, the rock enters the plastic and nal
rupture stages.
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