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The natural fractures in rock mass are susceptible to damage evolution when subjecting to repeated freeze-thaw (F-T) weathering in
cold regions, which can lead to the instability of rock engineering and even occurrence of geological hazards. Knowledge of how
natural fracture impacts the overall fracture evolution of freeze-thawed rock is important to predict the stability of rock
structure. In this work, we reported uniaxial experimental measurements of the changes in strength, deformation, acoustic
emission (AE) pattern, and Felicity effect during increasing amplitude stress-cycling conditions on granite. The results show that
the change of fracture aperture is related to the fracture openness and filling characteristics, open-type fracture is sensitive to F-
T treatment, and its aperture increases faster than the close-type and fill-type fracture. In addition, strength decreases, and the
damping characteristics first decrease and then increase with increasing natural fracture volume. AE activities also present
different responses during sample deformation. The proportion of AE signals having low-frequency characteristics increases
with increasing natural fracture volume, and the shear sliding along natural fracture results in the surge of AE activities.
Moreover, the Felicity effect indicates that the Felicity ratio presents a fluctuation decreasing trend, and the preexisting fractures
alter the stress memory characteristics of rock. It is suggested that the changes of the geomechanical and AE pattern are the
interactions between the natural fracture and the newly stimulated fracture. The testing results are expected to improve the
understanding of the influence of natural fractures on rock fracture evolution and can be helpful to predict the stability of rock
structures and rock mass in cold regions.

1. Introduction

Freeze-thaw (F-T) weathering frequently occurs in cold
regions, and it leads to the deterioration of rock geomechani-
cal properties, therefore severely impacts the stability of rock
engineering and even inducing geological hazards. For rock
mass containing structure planes, often named as natural
fracture, the water migration and water-ice phase transfor-
mation in the preexisting fractures are stronger than the
intact rock. The preexisting cracks or discontinuities have a
significant effect on the deformation, strength, and crack coa-
lescence. Especially, under F-T conditions, a 9% volumetric
expansion occurs when water turns to ice [1–5], and frost
heaving pressure would produce within the natural fractures.

The frost heaving pressure further drives the propagation of
natural fractures, resulting in the increment of fracture
aperture and length, and deteriorates the rock structure.
In cold regions, the existing of natural fractures in rock
structure is much more dangerous than in the normal ther-
moneutral condition. Therefore, it is of great importance to
investigate the mechanical properties of naturally fractured
rock in cold regions.

To simulate the field F-T condition for rock, F-T test is
usually to be used to mimic the natural weathering of rock
under low temperature at a faster place in the laboratory.
The impacts of rock mineral composition, rock porosity, F-
T cycle number, freeze temperature, F-T solution, etc., on
rock mechanical properties have performed systematic
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research, and corresponding damage models have been pro-
posed to describe the F-T fatigue damage, mainly including
the uniaxial compressive strength (UCS), elastic modulus,
porosity, P- or S- velocities, and mass loss rate [3, 6–8]. Now-
adays, plenty of devotions have also been done to investigate
the F-T mechanical and physical properties of various kinds
rock, such as dolomitic limestone [9], oil shale [10], diorite
[11], tuff [12], sandstone [13, 14], granite [15], coal [16],
mudstone [17], sandy mudstone [18], and slate [19] from
various cold regions in China using various F-T laboratory
tests. However, most of the investigations are focused on
intact rock, and the effects of water-ice phase transformation
on natural fractures and the frost heaving cracking have not
been well understood. Huang et al. [19] proposed a coupled
thermohydromechanical model to investigate the frost heav-
ing strain in the preexisting flaws, and the influences of tem-
perature and pore water/ice pressure on frost heaving strain
have been studied. Huang et al. [20] conducted a laboratory
testing on rock-like material containing single flaw under
F-T and uniaxial compression, and the crack propagation
characteristics and the frost heaving cracking behavior were
studied. Lu et al. [21] conducted triaxial compression test
on sandstone containing single flaw subjected to F-T treat-
ment, and they considered the influences of confining pres-
sure, F-T action, and loading on the deterioration of rock
mechanical properties. Zhou et al. [22] studied the effect of
F-T cycles in the cracking behavior of sandstone containing
two unparallel preflaws under uniaxial compression, and
the cracking process was recorded by high-speed digital
video camera, and their investigations proved that the F-T
damage characteristic of fractured rock is totally from the
intact rock. For the F-T mechanical behaviors of fractured
rock, most of them are applied to conventional uniaxial or
triaxial stress paths. Actually, the freeze-thawed rocks are
often subjected to complicated stress paths in cold regions.
Especially for rock in the open pit mine slope, the excavation,
blast vibration acts on rock mass, and the loading type is dif-
ferent from the conventional uniaxial or triaxial stress [23–
26]. Generally, the stress disturbance loading is equivalent
to cyclic loading, and loading and unloading experiments
have been widely done on rock at room temperature. For
the rock after F-T treatment, little literatures can be found
about the mechanical behavior of rock under cyclic loading
conditions.

The basic objective of the present work is to investigate
the mechanical and emission acoustic characteristic of natu-
rally fractured granite obtained from a high altitude and high
cold open pit slope, in Xinjiang province, northwest of China.
Rock samples having different natural fracture volumes were
obtained by vertical coring on rock blocks. First, the rock
samples were subjected to F-T treatment and then increasing
amplitude stress-cycling experiments were conducted to
investigate the changes of rock strength, deformation, acous-
tic emission pattern, and Felicity effect. The AE parameter
and spectral analysis are used to reveal the crack initiation,
propagation, and coalescence, and Felicity effect analysis is
used to reveal the influence of natural fracture on the stress
memory effect. This work is focused on revealing the effects
of the preexisting natural fracture on the geomechanical

and AE characteristics, and the results are helpful to under-
stand the deterioration mechanism of naturally fractured
rock mass in cold regions.

2. Experimental Material and Methodology

2.1. Rock Material and Sample Preparation. The studied rock
material was obtained from the Hejing Beizhan open pit
slope located at the Xinjiang province, northwest of China.
The lithology of the rock is granite, which is distributed at
the west boundary of the open pit slope, as shown in
Figure 1. A dominant structural plane can be clearly observed
on the slope, which controls the stability of the open pit slope.
The rock mass structural plane has an inclination of 290° and
a dip angle of 70°.

From the results of X-ray powder diffraction (XRD), the
granite was mainly composed of albite (75%), quartz (10%),
magnesiohornblende (12%), orthoclase (8%), and biotite
(13%) minerals. By scanning electron microscope imaging
analysis (Figure 2), it can be seen that some microcracks
develop at the interfaces of minerals; in addition, some large
pores and plenty of small pores can be observed during the
formation of granite. Samples of all the rocks tested were
cored to a diameter of 50mm and ground flat and parallel
within ±0.1mm to a nominal length of 100mm according
to the ISRM suggested method. Typical granite samples with
natural fracture tested in this study are shown in Figure 3. It
can be seen that the samples tested have natural fractures
within them, and structural plane has similar orientation,
which is parallel to the natural rock mass structural plane.

2.2. Experimental Device and Method. Before conducting
static cyclic loading test, the samples were subjected to F-T
treatment. First, the samples were conducted vacuum satura-
tion for 24 hours. Then, a JS-DW-40 ultra-low temperature
freezer was used to realize F-T cycles. According to the tem-
perature changes of the Hejing Beizhan mining pit, in the F-T
treatment, saturated samples were placed into the F-T

Sliding

West slope

Sampling

Dominant structural plane

20 m

Figure 1: Result of the rock core from the west slope of Beizhan
open pit slope. A set of dominant structural plane can be observed
as drawn in red color.
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apparatus and adjusted 8 h for −40°C, and then the samples
were removed from the freezer and placed into the water at
20°C, where they were allowed to thaw for a duration of
8 h, as shown in Figure 4. Under freeze condition, the whole
sample containing the natural fractures was wrapped with
cotton cloth in order to ensure the full freeze state, in order
that the frost heaving force can act on the natural fractures.
Here, four groups of samples containing natural fractures
were treated with cyclic F-T treatment. A maximum F-T
cycle of 120 times was applied to the naturally fractured gran-
ite samples.

All mechanical experiments were performed in a servo-
controlled, triaxial rock mechanic testing system (GCTS
RTR 2000). The axial and lateral strains were continuously
monitored throughout each testing using LVDT displace-
ment transducers. The fracture process was also continuously
recorded by a PAC AE monitoring system (Figure 5; see also
Wang et al. [27] for full details of the experimental configura-
tion). Two AE sensors were used and installed at the posi-

tions of 40mm and 60mm from the bottom of rock sample
and mounted on opposite positions. The AE sensors were
bundled using a narrow piece of plastic wrap. A couplant,

S-4800 5.0 kV × 2000 SE (M) 20.0 𝜇m

(a)

10.0 𝜇mS-4800 5.0 kV × 5000 SE (M)

(b)

Figure 2: SEM results for granite with different magnifications. (a, b) Plots of the SEM results with magnifications of 2000 and 5000 times,
respectively.
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Figure 3: Typical granite samples used in the increasing amplitude stress-cycling experiments. The natural fractures are schemed in blue
color on the curved surface.
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Figure 4: Freeze-thaw testing scheme for the granite samples.

3Geofluids



vaseline, was employed between the sensors and the rock
sample surfaces to ensure perfect contact. In the first cycle
during increasing amplitude stress-cycling experiments,
samples were loaded to a maximum stress of 20MPa at a
constant strain rate 0.06mm/min (i.e., 1:0 × 10−6 s−1) and
then unloaded at half of loading rate (i.e., 0.03mm/min) to
10MPa. In each subsequent cycle, the maximum stress was
increased by 10MPa and samples again unloaded to
10MPa. Stress cycling was continued in this way until all
samples eventually failed. The testing stress path is plotted
in Figure 6. Two groups of samples were tested; in group I,
they experienced monotonous uniaxial loading; in group II,
they are subjected to increasing amplitude stress-cycling con-
ditions, as listed in Table 1.

3. Experimental Results and Analysis

3.1. Fracture Aperture Evolution Analysis. For the tested
granite samples, three kinds of natural fracture can be
observed from the rock surface, i.e., open type, close type,
and fill type, and the fill-type fracture is filled with the min-
eral of calcite. Taking four rock samples of NFG-34#, FG-
24#, NFG-21#, and NFG-30#, for example, close-type frac-
ture can be found in sample 34#, open-type fractures can be
found in samples 24# and 21#, and filled-type fracture was
observed on the surface of 30#, as shown in Figure 7. During
cyclic F-T treatment, as the fracture is saturated by water,
frost heaving force generates when water transfers to ice,
and the width of fracture changes with F-T cycles. Due the
difference among the fracture physical characteristics, the
evolution of fracture width F-T cycles may be different.

All the samples were subjected to 120 F-T cycles, for the
three typical kinds of fracture (i.e., open, close, and fill),
and the evolution of fracture width with F-T number is plot-
ted in Figure 8. In order to reveal the relationship between
fracture width and cyclic F-T number, power (y = axb), linear
(y = ax + b), polynomial (y = ax2 + bx + c), exponential
(y = aebx), and logarithmic (y = a + blnx) regression fitting
methods were executed, and the regression equations that
have the largest correlation coefficient were finally deter-
mined. For the closed-type fracture, linear equation has
the highest correlation coefficient, and it is used to fit the
relationship between fracture width and F-T cycle. Also, it
can be seen that the relationships between the open-type
fracture, fill-type fracture, and F-T number obey to
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Figure 5: The testing system used for the increasing amplitude stress-cycling experiment ((a) GCTS 2000 rockmechanics machine, (b) LVDT
system, and (c) scheme of AE system).
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exponential and polynomial equations. The fitting results
show that the increasing rate of fracture width is the largest
for the open-type fracture, and this implies that rock struc-
ture with open-type fracture is easy to be degraded. The exist-
ing of this kind of fracture is the most dangerous to the
stability of rock mass.

3.2. Cyclic Stress Strain Response. For the tested samples,
static and cyclic loading with increasing stress amplitude
was applied to rock samples until failure. Reprehensive
stress strain curves from the experiments on naturally frac-
tured granite are given in Figure 9. It shows that the num-
ber of loading cycle is different for the four samples due
to the difference of initial damage degree. The loading cycle
number for the four tested sample is 5, 6, 7, and 9, respec-
tively. The cycle number increases with decreasing the orig-
inal fracture volume, and this result indicates that the ability
to resist external loading decreases as the initial fracture vol-
ume increases.

The experimental data indicates that each successive
loading cycle produced a change in the stress strain response
of rock. The changes observed for the four tested rock are dif-
ferent which is impacted by the initial fracture scale in the
rock. After multiple loading cycles, the samples failed eventu-
ally, and it is not the typical splitting failure like intact rock;
the failure is controlled by the preexisting weak plane. We
observed that NFG-30 is significantly stronger than other
granite, with a peak stress of approximately 96.17MPa as
against 58.66MPa for NFG-34, 61.82MPa for NFG-24, and
73.05MPa for NFG-21. Interested is that the morphology
of the load-time curve at the failure point is different; oscilla-
tory failure occurs for the samples having original fracture
volume of 0.19% and 0.15%; sudden failure occurs for the
samples having original fracture volume of 0.13% and
0.11%. The morphology of the stress strain curves at the post-
peak stage reflects the failure mode, and the reason for the
oscillatory pattern may be the sliding of rock block along
the preexisting naturally fracture; the sudden drop pattern

Table 1: Testing scheme for the naturally fractured granite under uniaxial cyclic conditions.

Testing
group

Sample ID L × d (mm×mm) Ms1 (g) Ms2 (g)
Mass loss
rate (%)

Initial damage
degree (%)

Loading and unloading conditions

I

IG-1 100:07 × 49:06 572.3 / 0.13% 0

Uniaxial, monotonous compression, 0.06mm/minIG-2 100:01 × 49:62 568.6 / 0.11% 0

IG-3 99:58 × 49:30 570.6 / 0.15% 0

II

NFG-34 100:01 × 50:21 565.6 562.6 0.53% 0.19%
Uniaxial cyclic, static loading, loading rate
0.06mm/min, unloading rate 0.03mm/min;

increasing amplitude stress of 10MPa

NFG-24 99:85 × 50:05 559.8 557.3 0.42% 0.15%

NFG-21 100:12 × 49:63 564.1 562.1 0.37% 0.13%

NFG-30 100:22 × 49:85 552.3 550.6 0.31% 0.11%

Note: the initial damage degree of the samples was defined as the ratio of natural fracture volume to the sample volume.

Fracture type N = 0 N = 60 N = 120

Open

Close

Fill

Figure 7: Fracture aperture changes with increasing F-T cycles. Three kinds of typical fracture of primary structural plane of open type, close
type, and filled type were observed by the digital microscope.
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may be the fracturing along the rock matrix. From the cyclic
stress strain curve, the loading curve is not overlapped with
the unloading curve, and hysteresis loops form during sam-
ple deformation. The formation of hysteresis loop indicates
the occurrence of irreversible plastic deformation. It can also
be seen that the morphology of hysteresis loop presents a
sparse, dense, and sparse pattern, and the area of the hyster-
esis loop increases with sample deformation, and the increas-
ing rate grows. Due to the preexisting natural fractures, it can
be seen that the axial deformation is less than the lateral
deformation, and the associated volumetric deformation
becomes larger and larger. The changes of volumetric strain
are mainly caused by the variation of lateral strain. Due to
the influence of the preexisting fracture, the curve morphol-
ogy at the postpeak stage is different. A gradual drop pattern
is for the samples with larger natural fractures, and sudden
drop pattern is for the samples with relatively small natural
fracture.

3.3. Cyclic Deformation Characteristics. The axial, lateral, and
volumetric deformations increase with experimental time

during cyclic loading, as plotted in Figure 10. Partial defor-
mation cannot restore with the increase of loading cycle,
and the irreversible deformation increases with increasing
cycle number. It can be seen that the axial strain shows regu-
lar triangle shape, and this implies that unloading strain rate
is almost the same to the loading strain rate. However, the
cyclic lateral strain curves show that the unloading rate is less
than the loading rate, and the lateral deformation is relatively
small compared to the axial deformation. The volumetric
strain curves at the loading and unloading stage show obvi-
ous difference, and it is mainly influenced by the cyclic lateral
strain; the unloading strain rate is also smaller than the axial
unloading rate. The accumulated damage in rock results in
the increment of volumetric expansion and the finial failure.

The irreversible deformation of the rock is calculated at
each cycle, and Figure 11 shows the relationship between
them and cycle number. The axial, lateral, and volumetric
irreversible deformations all increase with increasing cycle
number. It can be seen that the natural fracture position
and aperture also affect the axial and lateral deformations,
and no obvious change rule can be obtained for the tested

0 120
A

pe
rt

ur
e (

m
m

)
0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

F-T cycle (N)
20 40 60 80 100

y = 0.00102×+0.1245
R2 = 0.997

Closed-type crack

Curved suface_34#
Linear fitting

(a)

A
pe

rt
ur

e (
m

m
)

0 120
F-T cycle (N)

20 40 60 80 100
0.05

0.10

0.15

0.20

0.25

0.30
Opened-type crack

y = EXP (–2.310+0.0097x–6.59x2)
R2 = 0.991

y = EXP (–2.326+0.0075x–1.19x2)
R2 = 0.981

Curved surface_21#
Curved surface_24#

Exponential fitting
Exponential fitting

(b)

A
pe

rt
ur

e (
m

m
)

0 120
F- T cycle (N)

20 40 60 80 100

Round surface_30#
Round surface_30#

Polynomical fitting
Polynomical fitting

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80
Filled-type crack

y = 0.00152x+5.803E–6x2+0.451

y = –1.071x+8.631E–6x2+0.451

(c)
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samples. However, the volumetric strain as the combined
effect of the axial and lateral strains decreases with increasing
natural fracture scale. The change of volumetric deformation
is the largest for the sample NFG-34 due to the larger preex-
isting fracture scale, and it is the minimum for the sample
NGF-30.

3.4. Hysteresis Loop Pattern Analysis. During cyclic loading
test, it can be seen that the reloading curve is not overlapped
with the unloading curve, and a hysteresis loop forms on the
stress strain curves. The unloading and reloading curves
reflect the maximum elastic strain energy stored in a rock

during a period. During unloading and reloading process,
relative position among the unloading curve and the reload-
ing curve has a significant influence on the area and shape of
the hysteresis loop. The formation of a hysteresis loop reflects
the plastic deformation inside rock, and its area reflects the
dissipated energy within a cycle [26]. Two parameters of
dynamic elastic modulus (Ed) and damping ratio (Dr) are
usually used to evaluate the dissipated strain energy and the
stored energy in a cycle. The result of these two parameters
can be found in Meng [28] and Wang et al. [29]. The rela-
tionship between the dynamic elastic modulus and cycle
number is plotted in Figures 12 and 13.
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Figure 9: Axial stress strain curves for the samples experiencing different F-T cycles. (a–d) The natural fracture volume is 0.19%, 0.15%,
0.13%, and 0.11%, respectively.
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In Figure 12, the dynamic elastic modulus first increases
and then decreases with increasing cycle number; however,
the onset of decrement is different. For the samples NFG-
34 and NFG-14, the decreasing onset of Mr is earlier than
the other two samples. This result reflects the decrement of
sample stiffness and influenced by the natural fracture vol-
ume. For sample NFG-30, Mr is larger than other samples,
and its stiffness gets to improve during cyclic loading.
Figure 13 shows the evolution of damping ratio with cycle
number. For all the tested samples, the damping ratio first
decreases and then increases with increasing cycle number.
Under low stress level, the cyclic stress results in the occur-
rence of reinforcement effect; therefore, damping ratio
decreases with the cycle number. Under high stress level,
crack initiation, and propagation in the sample, the rock

structure is strongly deteriorated and damping ratio
increases with the cycle number. It also can be seen that the
inflection point on the damping ratio curve is different due
to the existing of the natural fracture. When the natural frac-
ture volume is relatively high (i.e., sample NFG-34), the onset
of crack damage is earlier than other samples, and the
moment of damping ratio increment is earlier than other
cases. From these two figures, we can see that the changes
of dynamic elastic modulus and damping ratio against cycle
number are approximately opposite; these two parameters
reflect the energy dissipation characteristics of rock during
cyclic loading conditions. Taking the sample having the least
natural fracture volume for example (i.e., NFG-30), it can be
observed that the inflection point at the damping curve is ear-
lier than the dynamic elastic modulus, indicating that the
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Figure 10: Plots of the (a) AE accumulative counts and the (b) AE accumulative energy against the freeze-thaw cycles.
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Figure 11: Plots of the irreversible deformation against the number of loading cycle. (a–c) Evolution of the axial, lateral, and volumetric
irreversible strains with cycle loading number, respectively.
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10 Geofluids



damping characteristics to cyclic loading are much more sen-
sitive than the deformation modulus.

3.5. AE Count and Energy Analysis. The AE output from the
four experiments as plotted against stress and time in
Figures 14 and 15. During most cycles, the output of AE
recommenced on any loading cycle at different stress levels

that it ceased during the unloading portion of the previous
cycle. The skip time of AE output curves is in consistent with
the loading cycles, and AE output curves skip when the load-
ing goes to the next cycle. The generation of AE counts in
Figure 14 indicates the damage of mesostructures inside rock
sample, and the damage gradually increases with loading
cycles. It can be seen that the AE count increases with
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Figure 14: Output of AE counts for the tested granite samples. (a–d) It corresponds to samples of NFG-34, NFG-24, NFG-21, and NFG-30,
and the corresponding natural fracture volume ratios are 0.19%, 0.15%, 0.13%, and 0.11%, respectively.
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Figure 15: Continued.

12 Geofluids



experimental time, and this reflects the deterioration of rock
structure. We also note that the amount of AE counts/energy
emitted during the final loading cycle, where microcracks
link and coalesce to produce macroscopic failure of the sam-
ple, was much greater than for any of the previous cycles.
Compared to the AE output pattern for the four tested sam-
ples, it can be found that the AE activities are different, espe-
cially at the failure stage. Taking the AE count curves for
example, large amount of AE counts are recorded at the last
cycle stage for the samples NFG-34 and NFG-24, and the
AE count appears intensively. However, the appearance of

AE counts is not so intensive for the samples NFG-21
and NFG-30. For the naturally fractured rock, the genera-
tion of AE counts is not attributed to the fracturing of rock
(e.g., transgranular failure and intergranular failure), but
also to the propagation of the preexisting fracture. For the
samples NFG-34 and NFG-24, the scale of the preexisting
fracture is relatively large, and AE counts resulting from
the shearing sliding of the fractures are in the majority.
For the sample NFG-24, the shear sliding at the preexisting
fracture is the most serious and the AE count surges at the
failure point.
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Figure 15: Output of AE energy for the tested granite samples. (a–d) It corresponds to samples of NFG-34, NFG-24, NFG-21, and NFG-30,
and the corresponding natural fracture volume ratios are 0.19%, 0.15%, 0.13%, and 0.11%, respectively.
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For the changes of AE energy against stress and time in
Figure 15, similar conclusions can also be drawn. Because
the AE energy is sensitive to the amplitude as well as the time
duration, and it is less dependent on the operating frequen-
cies and voltage threshold; this parameter is usually preferred
for interpreting the magnitude of the source event over AE
counts [27], and it can better reflect the crack initiation,
propagation, and coalescence. It shows that the AE energy
curve skips at the reloading stage, and the loading stress cor-
responding to the skip moment is not always increasing. The
skip time is not only related to the new crack initiation but
also the preexisting fractures. For the samples NFG-34 and
NFG-24, we can observe that AE energy suddenly increases
and the energy is the largest at the failure moment. This
result indicates that failure of rock is along the preexisting
fracture, and the shear-sliding failure occurs.

3.6. AE Spectrum Frequency Characteristics. The AE signals
are consisted of a variety of frequency components, and the
waveform frequency and amplitude are different for different
AE sources [30–32]. The waveform characterization can
reflect the crack type, number, and scale; therefore, the spec-
trum (frequency) information can well reflect the fracture
process of rock. Existing research results have shown that
the AE main frequency characteristics can better reflect the
microfracturing of rock, and it is much more sensitive to
the AE counts [27]. Different damage modes have been
found to release AE signals with different frequency charac-
teristics. Investigation of the frequency characteristics of
emission events, on which our attention will be focused in
this section, could be significant and promising as a mean
of characterizing the effects of the preexisting natural fracture
on fracturing process. By using fast Fourier transform (FFT)
algorithm transformation, the extracted discrete time
domain signal can be transferred to continuous frequency
domain signal [4, 33]. Taking the rock sample of NFG-34
for example, the result of the peak frequency for a typical
AE signal is plotted in Figure 16.

Using FFT method, the main frequency distribution dur-
ing the rock deformation is shown in Figure 17. It can be seen
that the low frequency, median frequency, and high fre-
quency AE signals were recorded. Affected by the preexisting
natural fracture, the frequency distribution is different due to
the differential natural fracture volume. Table 2 lists the
results of frequency spectrum characteristics for the four
tested samples. At the initial loading stage, due to the close
of the natural fracture and the consolidation of the rock
matrix, friction-type AE signals were recorded and they have
lower main frequency. With the increase of loading cycles,
rock begins to damage and cracks initiate and propagate.
The new cracks not only include the propagation of the nat-
ural fracture but also the new stimulated fracture in rock
matrix. At this stage, fracture-type AE signals play a domi-
nant role. At this time, the main frequency increases with
the increase of loading cycles.

As is known, the AE studies on the fracture process of
rock material have shown the stress waves in the form of
acoustic emission (AE) signals that can give insights into
the process of energy dissipation and release in response to
the crack initiation and propagation. There is an inverse rela-
tionship between the AE frequency and the crack size. Gen-
erally, large-scaled cracks correspond to low frequency
signals, and small-scaled cracks correspond to high fre-
quency signals. The AE frequency band distribution indicates
the mesoscopic fracturing mechanism of rock. In Table 2, it
can be seen that the interval of low frequency band for the
samples NFG-34, NFG-24, and NFG-21 is larger than the
NFG-30; this result indicates that the overall fracture scale
is relatively small. To quantificationally analyze the propor-
tion of the three kinds of AE signals that occurs during rock
fracturing, Table 3 roughly counts the percentage of the low,
medium, and high frequency signals. The percentage of low
frequency signals decreases and increases for the high fre-
quency signals. This phenomenon can be also observed from
Figure 17; at the last two cycles, the low frequency signals
take the majority. The cracks at the last cycles are the
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Figure 16: Frequency domain signal treatment to obtain the peak frequency of a fracturing event. (a) Original waveform of an AE event. (b)
Plot of frequency against voltage to obtain the main frequency.
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shear-type crack, which are almost shear sliding along the
natural fractures, and the crack scale is large. The stress strain
curves and AE counts/energy pattern can also prove this
result. For the sample NFG-30, fractures are stimulated in
the rock matrix and the brittle failure results in the occur-
rence of small-medium-scaled cracks. In addition, the energy
releases are large when cracking occurs in the rock matrix,
and the fracture-type AE signals have the high frequency
characteristics.

3.7. Felicity Effect Analysis. For the increasing amplitude
stress-cycling loading tests, AE output almost occurs when
the loading goes to the next cycle, and the AE event inten-
sifies before the previous maximum load. This phenomenon

is the famous Felicity effect [34, 35]. The basic principle of
Felicity effect is different from Kaiser effect, and the principle
of Kaiser effect states that a material emits a noticeable AE
when the reload stress exceeds the previously applied stress
[35–38], and it reflects the stress memory. However, by con-
trast, for the Felicity effect, the AE becomes intensive before
the previous maximum loading. The Felicity effect is usually
associated to the stress path of cyclic loading and unloading.
The associated quantitative measure of the effect is known as
the Felicity ratio (FR), which is the ratio between the AE
onset stress and the AE maximum of the previous stress,
reflecting the development of previous damage and the struc-
tural defects of the material. According to the definition of FR
of stress, the deformation characteristics of axial strain,
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Figure 17: The main frequency characteristics of the tested samples during fracturing. (a–d) The sample IDs are NFG-34, NFG-24, NFG-21,
and NFG-30, respectively. The corresponding natural fracture volume ratios are 0.19%, 0.15%, 0.13%, and 0.11%, respectively.

Table 2: Frequency spectrum characteristics of the tested granite sample during whole fracture process.

Sample ID Initial damage degree (%) Low frequency (kHz) Median frequency (kHz) High frequency (kHz)

NFG-34 0.19% (5,135) (160,210) (245,255)

NFG-24 0.15% (5,135) (106,208) (245,255)

NFG-21 0.13% (5,135) (155,210) (245,255)

NFG-30 0.11% (0,90) (110,200) (245,255)

Table 3: Percentage of the low, medium, and high frequency AE signals during rock deformation for the typical samples.

Sample ID Initial damage degree (%) Ratio of low frequency (%) Ratio of median frequency (%) Ratio of high frequency (%)

NFG-34 0.19% 64% 26% 10%

NFG-24 0.15% 70% 18% 12%

NFG-21 0.13% 51% 30% 19%

NFG-30 0.11% 45% 24% 31%
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lateral strain, and volumetric strain are also expressed related
to FR concept, and the expressions are as follows:

FRi =
σAE
i

σAE
i−1

, ð1Þ

FR εað Þi =
εað ÞAEi
εað ÞAEi−1

, ð2Þ

FR εlð Þi =
εlð ÞAEi
εlð ÞAEi−1

, ð3Þ

FR εvð Þi =
εvð ÞAEi
εvð ÞAEi−1

, ð4Þ

where FRi is the definition of the Felicity ratio in the ith cycle.
ðεaÞAEi , ðεlÞAEi , and ðεvÞAEi are the axial, lateral, and volumetric
strains corresponding to the AE generation at the ith cycle,
respectively; ðεaÞAEi−1, ðεlÞAEi−1, and ðεvÞAEi−1 are the maximum
axial, lateral, and volumetric strains in the i − 1th cycle,
respectively.

The FR of the axial stress and the various deformation
characteristics against cycle number is shown in Figure 18.
For the tested rock, the Felicity effect is strongly impacted
by the preexisting natural fractures, and the fracture volume
influences the damage evolution. In Figure 18(a), for the
samples NFG-34, NFG-24, and NFG-21, at the initial three
cyclic loading, FR > 1, and obvious Kaiser effect occurs; after
the three cyclic loading and unloading, FR < 1, and the Felic-
ity effect is obvious, and Kaiser effect disappears accordingly.
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Figure 18: The main frequency characteristics of the tested samples during fracturing. (a–d) The sample IDs are NFG-34, NFG-24, NFG-21,
and NFG-30, respectively. The corresponding natural fracture volume ratios are 0.19%, 0.15%, 0.13%, and 0.11%, respectively.
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However, for the sample NFG-30, FR < 1, during the whole
deformation. It indicates that the rock damage of NFG-30
with larger natural fractures is relatively serious, and crack
begins to form and propagate until failure of the rock sample.
For NFG-30, the Felicity ratio is less than 1 after the three
cycles until rock failure. Affected by the rock structure, the
changes of FR show different evolution patterns, and a
monotonous decreasing trend is for the sample NFG-24, and
fluctuation decreasing trend is for the samples NFG-34,
NFG-21, and NFG-30. In Figures 18(b)–18(d), the FR of the
axial, lateral, and volumetric deformations presents as fluctua-
tion trend; this indicates the influence of preexisting natural
fracture on rock deformation and the associated AE pattern;
the existing of natural fracture alters the fracture propagation
path, and the interactions between natural fracture and the
newly stimulated fracture result in complicated fracturing
behaviors. The compaction of the natural fracture and the for-
mation of new cracks influence the deformation characteris-
tics. Our results for the rock sample containing preexisting
natural fractures are different from the experimental results
of intact rock reported by Wang et al. [33] and Kaiser [36].

4. Discussions

Although plenty of previous works have been done on rock
material to reveal the impact of F-T on its physical and
mechanical properties, most of the studies were performed
on intact rock [2–4]. The frost heaving pressure is mainly
acted on the pores, and damage occurs among rock mineral
boundaries. Different to the previous studies, granite samples
obtained from an open pit mining slope with a group of dom-
inant structural plane are experimentally studied. The natu-
ral fracture volume not only affects the mechanical
behavior but also the AE pattern. The previous studies have
shown that the mesoscopic structural changes of rock impact
its whole mechanical behaviors [39–45]. This work further
indicates the structural dependence of rock mechanical and
AE characteristics for rock subjected to cyclic loads. Under
F-T treatment, the frost heaving pressure in the structural
plane is larger enough to drive the crack propagation and
the failure of rock. For the naturally fractured rock, repeated
freeze-thaw action impacts the evolution of fracture aperture.
The evolution law of aperture is related to the fracture open-
ing and filling degree.

Water migration and water-ice phase transformation in
natural fractures accelerate the deterioration of rock mesos-
tructure and the associated mechanical and AE pattern [4,
27]. Different AE counts/energy responses have been
recorded, and the crack initiation and propagation at the pre-
existing facture and the rock matrix have different AE pat-
terns. For the samples NFG-34 and NFG-24 having
relatively high natural fracture volume, the shear sliding on
the natural fracture is obvious and the energy release is
smaller than the samples NFG-21 and NFG-30. The fre-
quency spectrum analysis throws new insight on the fracture
mechanism of rock. Low frequency signals play a dominant
role during rock fracturing process, especially at the failure
stage, and plenty of low frequency signals occur which reflect
the block sliding along the natural fracture.

The Felicity effect reflects the stress memory of rock.
Owing to the existing of natural fractures in rock, the Felicity
effect can be divided into two parts: in the former cycle,
friction-type AE signals occur resulting from frictionally slid-
ing on the preexisting natural fractures, and the weak and
sparse AE activities with low energy occur because of the
breakage of asperities on the original fracture surface; in the
latter cycle, stress redistributed and new fracture forms
because of the fracturing into rock matrix or the propagation
of the preexisting fracture, and continuous and strong AE
activities generate. The preloading has important impact on
the stress memory of crack. Due to the existing of natural
fractures, the volumetric dilation of rock was much more
obvious than those intact rock samples, and it can be easily
to get the Felicity effect when the preloading stress exceeds
the crack dilation stress. The irreversible volumetric defor-
mation results in the aggravation of rock damage, and the
Felicity effect becomes more and more obvious. Owing to
the interaction between the preexisting fractures and the
new stimulated fracture, the AE-recovered stress at the
reloading is not always small than the previous stress; there-
fore, the curve of the Felicity ratio against cycle number pre-
sents as fluctuation trend. This phenomenon is different from
the intact rock. For intact rock, the failure has progressive
pattern, and the crack initiation and propagation occur when
the reloaded stress exceeds the preloading stress, and Felicity
ratio usually shows monotonous decreasing trend.

5. Conclusions

To investigate the impacts of the preexisting natural fracture
on the mechanical and acoustic emission characteristics of
hard rock samples after F-T treatment, cyclic loading test
combined with in situ AE monitoring technique was carried
out on naturally fractured granite samples cored from an
open pit mine slope located in the Hejing country, Xinjiang
province. Some main conclusions can be summarized from
the present study:

(1) During cyclic F-T treatment, frost heaving pressure
generates and acts on the natural fractures, and the
fracture aperture changes with increasing F-T cycle.
The relations between the fracture aperture and F-T
number are impacted by fracture openness and fill
condition. The increasing rate of fractyre aperture is
the largest for the open-type natural fracture

(2) The preexisting natural fracture impacts the strength,
deformation, AE pattern, and the Felicity effect. The
interactions between the stimulated natural fracture
and the newly formed fractures are the basic reason
resulting in the different responses of AE actives dur-
ing cyclic loading. The proportion of AE signals hav-
ing low frequency characteristics decreases with
increasing natural fracture volume. This indicates
the formation of large-scaled fracture during sample
deformation, and it is related to the shear sliding of
the preexisting natural fracture
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(3) The Felicity effect observed for the tested samples
indicates that FR presents fluctuation decreasing
trend that is different from the intact rock. FR shows
obvious dependence on the preexisting natural frac-
ture. The rock internal structure is much more non-
homogeneity when having high natural fracture
volume, and this causes the earliest onset of AE activ-
ities and lowest FR
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