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Abstract

Accurately determining the crack initiation stress (CI) is of great importance to evaluate the stability of deep underground
openings and the permeability of host rock in the near field. For this paper, uniaxial compression tests and increasing amplitude
cyclic stressing tests were performed on four kinds of rocks with different porosities. The stress-strain data and acoustic emission
(AE) data of these tests are analyzed to evaluate the applicability and accuracy of the existing methods for determining the CI.
The results demonstrate that for marble and Beishan granite with low porosity, the lateral strain (LS) method is the simplest and
most direct method to obtain the CIpg. For high porosity sandstone, the result of lateral strain response (LSR) method is
significantly smaller than that obtained by AE. The cumulative AE hits (CAEH) method heavily depends on the “S-shaped”
characteristic of the cumulative AE hits curve, which limits its scope of application. The cumulative AE hits curve slope (CAHS)
method, which determines the key inflection point of the cumulative AE hits curve by slope variation to determine the Clcaps,
possesses the widest applicability and highest accuracy. The CI/UCS ratios of rocks with similar grain sizes decreases with
increasing porosity. For Beishan granite, the average Clcaps is less than that of Clpg. They are 0.43 UCS and 0.53 UCS,
respectively. According to the residual strain data from the cyclic loading tests, the two crack initiation thresholds of Beishan
granite can be clearly identified. These two crack initiation thresholds represent different crack initiation sequences in grain
boundaries and different minerals.
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Introduction

The deformation and failure before the peak strength of rock
include four stages: crack closure stage, elastic stage, stable
crack growth stage, and unstable crack growth stage (Brace
et al. 1966; Martin and Chandler 1994; Eberhardt et al. 1998;
Diederichs et al. 2004; Cai et al. 2004). These four stages can
be divided by three key stress thresholds, including the crack
closure stress (CC), the crack initiation stress (CI), and the
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crack damage stress (CD). The in situ failure strength of deep
tunnels in brittle rock does not match the compressive strength
determined in laboratory tests. Fairhurst and Cook (1966)
evaluated thin spalling along the maximum compressive stress
observed around deep South African tunnels. Martin et al.
(1999) observed that spalling would occur when the maxi-
mum tangential stress exceeded approximately 0.4 times the
uniaxial compressive strength (UCS) in a square tunnel in
South Africa. Diederichs (2007) proposed that the CI be taken
as the lower bound of in situ spalling strength and established
the damage initiation and spalling limit (DISL) method. This
criterion was also applied to the hazard analysis and the depth
of failure prediction of tunnels with complicated geometry. It
was also suggested by Martin and Christiansson (2009) and
Andersson et al. (2009) that the CI obtained from uniaxial
compression tests can be used as an estimate of the in situ
spalling strength. In the construction of a high-level waste
disposal repository, accurate prediction of the depth of failure
around excavations is of great significance to evaluate the
long-term stability of the repository and to reduce the radio-
nuclide migration pathways (Wang et al. 2018). Therefore, the
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development of a reliable method to determine the CI for
uniaxial compression test has been a research focus for
scholars.

In the past few decades, many methods based on stress-
strain analyses and acoustic emission data have been put for-
ward to determine the CI, such as the volumetric strain method
(Brace et al. 1966), the lateral strain method (Lajtai 1974), the
crack volumetric strain (CVS) method, the instantancous
Poisson’s ratio method (Diederichs 2007), the lateral strain
response (LSR) method (Nicksiar and Martin 2012), the cu-
mulative AE hits (CAEH) method (Zhao et al. 2013, 2015),
and the relative compression strain response (RCSR) method
(Wen et al. 2018). For the volumetric strain method, the lateral
strain method, and the instantaneous Poisson’s ratio method,
the rock samples after crack closure are regarded as the elastic
material, and the CI is determined by defining the onset of the
deviation of the curve from linearity. However, there is no real
linear stage in the whole deformation process when many pre-
existing flaws are present in the sample. Eberhardt et al.
(1998) indicated that the CVS method depended on the accu-
rate determination of elastic parameters. Zhao et al. (2015)
demonstrated that the CI determined by LSR method had a
strong correlation with the CD. Meanwhile, the applicability
of LSR method and CAEH method for other lithological rocks
also remains to be verified.

Porosity represents the bulk void space in rock, mainly
including fissures, pores, and open cracks, which play a
role in stress concentration (Palchik and Hatzor 2002;
Chen et al. 2021). Basu and Mishra (2014) proposed that
the effective porosity can be used to estimate the CI and
uniaxial compressive strength. In general, the CI/UCS is
negatively correlated with porosity and average particle
size (Hatzor and Palchik 1997; Nicksiar and Martin
2013). Brace et al. (1966) determined a normalized value
of CI to peak stress of 0.50 for granite, 0.45 for marble,
and 0.45 for aplite. Nicksiar and Martin (2013) collected a
large amount of data for igneous rocks, sedimentary
rocks, and metamorphic rocks and found that the
average CI/UCS ratios were 0.458, 0.463, and 0.468 when
obtained by the LSR method. Peng et al. (2018) used the
CVS method to obtain the average CI/UCS ratios of ig-
neous rocks, sedimentary rocks, and metamorphic rocks
from 926 sets of data as 0.503, 0.402, and 0.473,
respectively. Similarly, 227 sets of igneous rocks,
sedimentary rocks, and metamorphic rocks were
collected, and the average CI/UCS ratios obtained by the
RCSR method were 0.503, 0.3759, and 0.5396, respec-
tively. Taheri et al. (2020) determined the CI of different
types of rocks by identifying transition points and evalu-
ated the accuracy of these methods by standard deviation.
These researchers used a large amount of data to prove
that the results obtained by various methods are statisti-
cally acceptable. However, focusing solely on statistical
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correctness may mask the shortcomings of these methods.
When the amount of data is small, the blind use of a
certain method may cause large errors.

This paper evaluates the applicability and accuracy of the
LSR method and the CAEH method in determining the CI for
Beishan granite, marble, cyan sandstone, and red sandstone.
The relationships between porosity and the CI/UCS ratios are
investigated for these different types of rocks. The possibility
of characterizing crack evolution by residual strain from cyclic
loading tests is explored. And the mechanism and engineering
significance of the two crack initiation thresholds of Beishan
granite are discussed.

Testing methods and data analysis method
Description of rock specimens

The four kinds of rock samples used in the tests were all
collected from near the surface. The Beishan granite was from
China’s first underground research laboratory site. All the
specimens for the different rock types are obtained by drilling
in the same direction. As shown in Fig. 1, the rock blocks were
machined into standard cylindrical specimens ($50 mm x 100
mm). The number of specimens used for monotonic loading
tests and cyclic loading tests is 12 and 7, respectively. Detailed
information is listed in Table 1. The Beishan granite involved
in this paper has a relatively high porosity. The reason for the
high porosity may be that the samples were collected near the
surface, and the electron micrographs showed some pre-
existing cracks in the rock.

Testing equipment

An MTS 815.03 electro-hydraulic servo-controlled rock me-
chanics testing system and an AE acquisition system
(MICRO-I1-32, from American Physical Acoustics
Corporation) were used to coordinately work with each other,
as shown in Fig. 2. The operating frequency of the AE acqui-
sition system is 1-400 kHz. During the tests, the AE acquisi-
tion system and the mechanical testing system were synchro-
nized. Two sensors were symmetrically arranged on the upper
and lower ends of the sample. A proper amount of coupling
agent was applied between the sensor and the sample, and the
probe was firmly fixed on the specimen with a rubber band.
AE signals were recorded with a processing system using a
gain of 100 dB and a trigger amplitude threshold of 45 dB.

Loading methods
Two loading methods were used for the work described in this

paper: (1) in the monotonic loading tests, axial displacement
was used to control the loading. The axial displacement rate
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Fig. 1 Test samples of four kinds
of rocks before the tests

was 107> mm/s, and the loading was continuously applied
until the samples failed; (2) in the increasing amplitude cyclic
stressing tests, samples were first loaded to a certain stress
level such as 10 MPa at a controlled axial force of 0.369 kN/
s and then unloaded at the same rate to 1 MPa. In each sub-
sequent cycle, the maximum stress was increased by 3—10
MPa and the stress again unloaded to 1 MPa. Stress cycling
was continued in this way until samples failed. In the last
cycle, the same axial displacement control was taken as that
of the monotonic loading test, and the axial displacement rate
then was 10 °mm/s. In particular, the increment of axial force
was decreased near the estimated CI. Figure 3 shows an ex-
ample of a loading path for a sample that failed on the 18th
loading cycle.

Red sandstone

Cyan sandstone

Improved moving point regression technique

Eberhardt et al. (1998) proposed the moving point regres-
sion technique in order to better detect the key inflection
points on the stress-strain curve. This technique employs a
window that can be moved through an x and y data set,
and the slope is fitted by linear regression in this window
with a user-defined interval. Chen et al. (2016) demon-
strated that the fluctuation of the average stiffness curve
could be reduced, and the CI could be better identified by
taking 10% of the total data as the regression interval in
the moving point regression. Although the number of data
points in the regression interval is fixed, the stress over
the regression interval is variable. The regression interval

Table 1 Basic information about the rock specimens
Rock type Origin Mineral Grain size ~ Number of tests
composition Porosity
Monotonic  Cyclic
loading loading
tests tests
Beishan granite (medium-grained biotite Gansu, China Albite: 56% 1-5 mm 3 4
granodiorite) Block dry density: 2.630 Quartz: 19% 2.79%
g/em® Microcline: 16%
Biotite: 9%
Marble (medium-grained marble) Sichuan, China Calcite: 99% 1-4 mm 3 1
Block dry density: 2.705 Quartz: 1% 0.86%
g/em®
Cyan sandstone (medium-grained feldspar Henan, China Albite: 44% 0.25-0.5 3 1
sandstone) Block dry density: 2.385 Quartz: 37% mm
g/em’ Microcline: 9% 9.89%
Illite: 5%
Chlorite: 4%
Calcite: 1%
Red sandstone (medium-grained feldspar sandstone) Henan, China Quartz: 68% 0.25-0.5 3 1
Block dry density: 2.345 Microcline: 14% mm
g/em® Albite: 13% 11.70%
Illite: 3%

Kaolinite: 2%
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Fig. 2 Mechanical testing system
and AE acquisition system
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of fixed stress size and the moving distance of fixed stress
size were implemented by MATLAB (Fig. 4). The regres-
sion interval can be user-defined. The larger the regres-
sion interval, the smoother the stiffness curve will be, but
some key inflection points might be hidden if the range of
the regression interval is too large. The recommended
regression interval is in the range of 1-10 MPa. More
uniform average stiffness on the whole stress-strain curve
can be obtained by the improved moving point regression
technique, which effectively facilitates the ability of the
moving point regression to identify the key inflection
points. Moreover, the obtained slope corresponds to the
upper bound stress of regression interval, which can re-
flect the initial stress of the slope variation.
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Fig. 3 Example of a loading path from a cyclic loading test on a Beishan
granite sample. In the last cycle, axial displacement control was adopted
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Evaluation of methods for identifying
the crack initiation stress of rocks
with different porosities

In the uniaxial compression test, the microcracks in the sample
propagate along the axial direction (Eberhardt et al. 1998).
The strength of the specimen does not degrade during the
stable crack propagation stage, and the axial stress-strain
curve remains linear at this stage (Lajtai 1974). Therefore,
the axial cracks generated by the tensile stress only cause a
lateral expansion of the specimen, which is captured by the
circumferential strain gauge. The AE equipment records the
acoustic signals released by crack initiation and propagation
and hence can monitor the real-time damage evolution inside
the sample. Therefore, among the existing methods of deter-
mining the CI, the method based on stress-lateral strain data
and AE data exhibits direct physical meaning. Axial stress-
strain data and elastic constants (E, v) were introduced into the
volumetric strain method (Brace et al. 1966), the instanta-
neous Poisson’s ratio method (Diederichs 2007), and the crack
volumetric strain (CVS) method (Martin and Chandler, 1994)
and may affect the accuracy of the obtained results.

Lateral strain method and lateral strain response
method

In the compression tests, the initiation of tensile microcracks
inside the sample was reflected in the deviation of the lateral
strain curve from linearity. When the lateral strain response
exhibited good linear characteristics in the elastic stage, the
most direct and effective method to determine CI is by exam-
ining the inflection point where the lateral strain curve devi-
ates from linearity.
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Fig. 4 Improved moving point
regression technique
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In Fig. 5, it is very difficult to directly determine the inflec-
tion point of the lateral strain curve deviating from linearity for
the four kinds of rocks included in this paper. The key inflec-
tion point of the lateral strain curve can be found conveniently
from the lateral stiffness curve obtained by the improved
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moving point regression technique. This method, which uses
the improved moving point regression technique to examine

the lateral strain stiffness to determine

the CI, is called the

lateral strain (LS) method, and the CI thus obtained is abbre-
viated as CI;_g. The regression interval for Beishan granite and
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Fig. 5 Plots of lateral strain and lateral stiffness against axial stress for four different porosity rocks
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for marble was 7 MPa and that for cyan sandstone and red
sandstone was 3 MPa and 1 MPa, respectively. The average
ClIyg values of Beishan granite and marble were 64.09 MPa
and 39.88 MPa, respectively, and their average CI/UCS
values were 0.53 and 0.49, respectively. For sandstone with
high porosity, there was no real linear stage in the lateral strain
curve. The lateral stiffness fluctuation was more obvious dur-
ing the loading of Beishan granite and marble, which illustrat-
ed that these samples experienced stages of obvious energy
accumulation and release.

The lateral strain response (LSR) method was proposed by
Nicksiar and Martin (2012) to determine the CI. Taking the
straight line between the crack damage stress and zero stress
as the reference line, the difference between the lateral strain
and the reference line (A LSR) was calculated. The stress
corresponding to the maximum A LSR is the CI; gg, as shown
in Fig. 6. The crack damage stress (CDy;g) herein was obtained
by determining the inflection point of the volumetric strain. It
can be seen from Fig. 6 that an accurate CI could be obtained
by LSR method.

For Beishan granite and marble, the average values of
Cl sg were 56.36 MPa and 42.90 MPa, and the average
values of CI/UCS were 0.47 and 0.53, respectively.
Compared with the LS method, the average CI values obtain-
ed by the LSR method were satisfactory, but the results may
include certain errors such as in samples BSG-U-3 and MA-
U-2 (Table 2). Furthermore, larger standard deviations are
found for the results obtained by the LSR method. For sand-
stone with high porosity, the accuracy of LSR method remains
to be verified.

Cumulative AE hits method

AE signals are generated during the initiation and propagation
of microcracks. Eberhardt et al. (1998) determined the CI of
Lac du Bonnet granite in uniaxial compression by using real-
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Fig. 6 The crack initiation stress determined by the lateral strain response
method
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time AE events and ringing counts. Zhao et al. (2013) pro-
posed that the CI could be determined more accurately by
identifying the inflection point where the cumulative AE hits
curve deviates from linearity. After that, Zhao etal. (2015) put
forward the cumulative AE hits (CAEH) method. The AE
technique can be used as an alternative method to determine
the CI when there is no obvious linear behavior of the lateral
strain.

The CAEH method is similar to the LSR method. The key
inflection point on the target curve is detected by calculating
the difference between the reference line and the curve. The
stress corresponding to the maximum difference is the
Clcagn- In the initial stage of loading, the rock was in the
crack closure stage, and a lot of AE hits are generated. With
the closure of internal flaws, the rock entered the elastic stage,
and the AE activity entered a relatively stable period. In this
period, the cumulative AE hits curve was characterized by
approximate linearity. The cracks began to systematically ini-
tiate and propagate with a further increase of load, the AE
activity increased, and the inflection point could be observed
in the cumulative AE hits curve. Therefore, the CAEH method
possesses a clear theoretical basis. For Beishan granite, the
results obtained by the CAEH method are in good agreement
with those obtained by the LSR method.

The establishment of the reference line of the CAEH meth-
od is as follows: first, a tangent line is drawn to the curve of
high stress area from the position of the curve close to the zero
point; second, a tangent line is drawn from the tangent point
obtained in the first step to the curve of low stress area (Fig. 7).
The described two tangent points are the upper and lower
bounds of the reference line of the CAEH method, respective-
ly. As can be seen from Fig. 7, the establishment of the refer-
ence line heavily depends on the “S-shaped” characteristic of
the cumulative AE hits curve. It is difficult to establish an
effective reference line for the cumulative AE hits curve with-
out the “S-shaped” characteristic. However, the inflection
point of the cumulative AE hits curve after crack initiation is
indeed real. Next, the slope variation of the cumulative AE
hits curve was checked by the improved moving point regres-
sion technique.

Shown in Fig. 8 are the cumulative AE hits curves and their
slope curves for the four types of rocks. The key inflection
point where the cumulative AE hits curve deviates from line-
arity can be easily determined by the variation of the slope
curve. The above introduced method is called the cumulative
AE hits curve slope (CAHS) method, and the obtained result
is abbreviated as Clcaps. For Beishan granite, the slope of the
cumulative AE hits curve began to increase obviously at about
52.40 MPa. This indicated that the cracks began to increase
systematically at this stress level, which was obviously small-
er than CI; 5. However, these initial new cracks did not lead to
an obvious expansion of the lateral strain, and they were only
detected by AE. It seems that there are two crack initiation
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Table 2 Results from lateral strain (LS) method and lateral strain response (LSR) method for determining the CI of Beishan granite and marble

Sample no. UCS (MPa) CC/ucs CDys/UCS CI.s/UCS CI_sr/UCS
BSG-U-1 112.28 0.29 0.82 0.54 0.53
BSG-U-2 122.80 0.28 0.84 0.49 0.50
BSG-U-3 129.05 0.30 0.70 0.55 0.37
Mean 121.38 0.29 0.78 0.53 0.47
SD 6.92 0.01 0.06 0.03 0.07
MA-U-1 93.29 0.22 0.82 0.50 0.50
MA-U-2 80.49 0.21 0.83 0.49 0.58
MA-U-3 69.03 0.29 0.83 0.48 0.52
Mean 80.94 0.24 0.83 0.49 0.53
SD 9.91 0.04 0.00 0.01 0.03

stress thresholds in Beishan granite, 0.43 UCS and 0.53 UCS,
respectively (Eberhardt et al. 1999). For marble, the starting
point of the systematic increase of cracks can be directly iden-
tified by the cumulative AE hits curve. The stresses corre-
sponding to these starting points were very consistent with
CI;g. The cumulative AE hits curve of marble showed a tem-
porary surge atabout 30.51 MPa. This may mean the initiation
of isolated cracks in low strength areas. For the two kinds of
sandstones, relatively objective Clcaps can still be deter-
mined according to the slope curve.

In Fig. 9, the uniaxial compressive strength of four different
rock specimens and the CI determined by different methods
are summarized. When the lateral strain was linear in the elas-
tic stage, the CI could be simply and conveniently determined
by the LS method. Compared with the LS method, the results
obtained by the LSR method are satisfactory for Beishan gran-
ite and marble. The CAEH method has obvious physical sig-
nificance, but the establishment of its reference line depended
heavily on the “S-shaped” characteristic of cumulative AE hits

BSG-U-3
14 1
121
10 Lower bound ACAEH e
\ * ' ‘Step 1
81 Step 2

. 4 Upper bound

Cumulative AE hits (10%)

o -"'/Initial point
0 20 40 60 80 100 120 140

Axial stress (MPa)
Fig. 7 Schematic diagram of the CAEH method

curves, which limits the further application of the CAEH
method. The CAHS method possesses the widest applicability
and the highest accuracy, and the Clcaps can be used as the
lower limit of the crack initiation stress. A summary of the
existing methods is listed in Table 3.

For sandstones with high porosity, although a unique
CI value could be obtained by the LSR method, it was
obviously smaller than that obtained by the CAHS meth-
od. And the higher the porosity, the greater the error. For
a small number of samples, manual determination is ben-
eficial to reduce the error as compared with the methods
assisted by a reference line. In view of the widest appli-
cability of the LSR method and the CAHS method, the
relationship between the results obtained by these two
methods and the porosity is plotted in Fig. 10. The poros-
ity of marble (MA), Beishan granite (BSG), cyan sand-
stone (CSA), and red sandstone (RSA) are 0.86%, 2.79%,
9.89%, and 11.7%, respectively. The four kinds of rocks
are divided into two groups: the first group is marble and
Beishan granite with low porosity and mineral grain size
ranging from 1 to 5 mm; the second group is cyan sand-
stone and red sandstone with large porosity and mineral
grain size ranging from 0.25 to 0.5 mm. It can be con-
cluded from Fig. 10 that in the same group, the normal-
ized CI values obtained by the two methods decrease with
the increase of porosity. For rocks with similar structure
and texture, higher porosity means more flaws and longer
pre-existing cracks (Hatzor and Palchik 1997). These
flaws can act as seeds for new cracks and increase the
heterogeneity of the stress distribution of the stressed
rock, which promotes the initiation and propagation of
cracks under lower stress levels (Diederichs 2007).
Although the porosity of cyan sandstone is higher than
that of marble and Beishan granite, its higher CI/UCS
ratios were obtained by the CAHS method. This indicates
that the CI/UCS ratio is not only related to porosity but
also to mineral composition, grain size, and contact
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Fig. 8 The key inflection point of cumulative AE hits curve was determined by its slope curve. The stress corresponding to the black-dotted line

connecting the two curves is Clcaps

surface between minerals (Moore and Lockner 1995, Seo
et al. 2002).

For the samples with the same lithology, when the load
exceeds the CI, the samples with faster lateral stiffness reduc-
tion and faster cumulative AE hits curve growth possessed
lower peak strength. Compared with other samples, the inter-
nal structure of these samples might facilitate the crack initia-
tion and propagation. They exhibited the same mechanism as
the degradation of the strength of the rock around deep tun-
nels, that is, the accumulation of more cracks will reduce the
strength of the rock.

Exploration of increasing amplitude cyclic
stressing tests to determine the Ci

In previous publications, the increasing amplitude cyclic
stressing tests were mainly used to analyze the degradation
of Young’s modulus of the rock (Heap and Faulkner 2008;
Heap et al. 2009). During loading, plastic deformation would
be produced during the crack closure, as well as the adjust-
ment of mineral particles, and the initiation and propagation of
cracks. The increasing amplitude cyclic stressing test is a
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novel method to determine the CI by analyzing the variation
of plastic strain at different stress level.

Real-time acoustic emission

During loading, a small number of AE signals are generated
during the crack closure stage and the elastic deformation
stage. As the load increases, energy accumulates in the spec-
imen. When the load reaches the crack initiation threshold, a
large number of AE signals suddenly appear. They are accom-
panied by energy release. Then the cracks enter a stable ex-
pansion stage, during which the AE signals are relatively re-
duced. After the crack closure stress, the relatively isolated
peak of the real-time AE hits count indicates the initiation of
the cracks. The stress corresponding to this peak is regarded as
the crack initiation stress (Clagpc). In the cyclic loading test,
for the four Beishan granite samples, the Cl,gpyc can be clear-
ly identified and is very close to the Cl g obtained in the
monotonic loading test (Fig. 11). Compared with the Clcaps
obtained from the monotonic loading test, the crack initiation
and propagation are more severe at the stress level of Clzgyc
or Clg. In these four granite samples, there were obviously
more AE activities in samples BSG-C-2 and BSG-C-4 with
lower strength. For marble and red sandstone samples, the
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Fig. 9 The UCS of different rocks and the CI obtained by four different methods

Clsgnc obtained were very consistent with the Clcapyg obtain-

ed from the monotonic loading tests (Fig. 12a, ¢). However,

the recognition of the sudden increase in real-time AE hits
count is subjective to some extent, and it even cannot be ac-

curately identified for cyan sandstone (Fig. 12b).

The lateral residual

Residual strain analysis

Figure 13 shows the variation of lateral and axial residual
strains at different stress levels for four granite specimens.

strain can be divided into three

Table 3  Evaluation of existing methods for determining crack initiation

Existing methods Advantage Disadvantage Note

Based on Volumetric strain Simple and easy to  The result is uncertain Axial strain data and elastic parameters are
stress method use introduced into these methods

strain data Instantaneous Poisson’s

ratio method

Crack volumetric strain

method

Lateral strain (LS)
method

Lateral strain response
(LSR) method

Based on AE  Cumulative AE hits

data

(CAEH) method

Cumulative AE hits
curve slope (CAHS)
method

Simple and easy to
use

Unique result

Unique result

Wide application
range, accurate
results

Not suitable for rocks with no linear
characteristics of lateral strain

The result has a certain error, and the
result is too small for high porosity
sandstone

The scope of use is limited

Somewhat subjective

Suitable for Beishan granite and marble
studied in this paper

The dispersion of the results can be reduced
by narrowing the range of the reference
line

Similar to LSR method

Very sensitive to crack initiation
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Fig. 10 Relations of normalized CI against porosity in different rocks.
The blue and red symbols represent the results obtained by the LSR
method and the CAHS method, respectively

characteristic stages: in stage I, the residual strain is basically
stable; in stage II, the residual strain increases slowly; and in
stage III, the residual strain increases rapidly. This indicates
that in granite, two crack initiation thresholds can be deter-
mined by lateral residual strain. The lower limit of stage 11
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corresponds to the first crack initiation (Clgs;), and the lower
limit of stage III corresponds to the second crack initiation
(Clrsp). The two stress levels are approximately equal, respec-
tively, to Clcaps and Cl g in the monotonic loading test of
Beishan granite. The axial residual strain exhibits three differ-
ent characteristics in the above mentioned three stages: stage |
can be divided into two parts. Before the loading to 10 MPa,
the primary flaws in the sample were closed rapidly, resulting
in a large plastic deformation. After the loading beyond 10
MPa, the axial plastic deformation maintained stable growth;
in stage II, the increase of axial residual strain tended to slow
down; in stage 111, the increase of axial residual strain further
slowed down. In these three stages, the slope of the stress axial
residual strain curve seemed to decrease in a regular manner,
which is an interesting phenomenon.

The variation of lateral and axial residual strain reflects the
evolution of plastic deformation at different stages at the mac-
ro scale. In stage I, the lateral residual strain remained un-
changed, while the axial residual strain continued to increase,
indicating that the plastic strain in this stage mainly came from
the axial compaction of flaws and the axial adjustment of
mineral particles. When the stress level exceeds Clrg;, the
cracks began to initiate systematically. At this time, the cracks
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Fig. 11 Output of acoustic hits count, as a function of stress and time, from cyclic loading tests on four samples of Beishan granite. The blue arrows

represent the trend lines of the AE hits count
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Fig. 12 Output of acoustic hits count, as a function of stress and time, from cyclic loading tests on marble, red sandstone, and cyan sandstone. The blue

arrows represent the trend lines of the AE hits count

mainly propagated along the mineral boundary and weak
planes of minerals that have low elasti