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In cold regions, saturated fractured rock is prone to crack initiation, extension, and
branching along the original fracture end under the effect of freeze-thaw (F-T) cycles
and cyclic fatigue loadings. The resulting strength deterioration is accompanied by large
amounts of pore growth, which results in localized damage and fracturing along the
crack end and even causes overall failure. To study the fatigue damage behaviors
of fractured rocks under F-T cycles and cyclic loadings, single-joint quasi-sandstone
specimens with joint angles of 45° and 90° were prepared. Subsequently, F-T damage
tests with 0, 10, and 20 cycles and cyclic loading tests with different stress levels were
performed. The F-T damage features are discussed based on the binarization image of
localized damage along the joint ends and their wave velocity variations. It is found that
the frost damage of single-joint quasi-sandstone tends toward a strip with localized
fatigue characteristics. Moreover, the changes of strain compliance and dissipated
energy are studied under the effect of loading-unloading fatigue. Some of the interesting
phenomena observed are as follows: (i) during the early stage of cyclic loading, the joint
can be compacted; nevertheless, it tends to expand along the fracture direction once it
passes the elastic stage, and the irreversible plastic deformation is stable at this stage.
(i) The cracks caused by F-T damage in the 45° single-joint samples deflect along the
fracture direction, in contrast to the 90° single-joint specimens. Moreover, the samples
with a 45° single joint are more susceptible to original fracture at the early stage of the
failure process, which results in a different failure mode from that of the 90° single-joint
samples. (i) The F-T cycles and cyclic loadings have a coupling effect on the single-joint
sandstone. The strain compliance and hysteresis energy keep increasing uniformly after
the F-T cycles and cyclic loadings.
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INTRODUCTION

The frost-heave effect is an important issue for many
environmental and engineering problems in the permafrost
region (Pei et al., 2019). During freeze-thaw (F-T) cycles,
fractured rocks in cold regions are prone to localized damage and
fracture failure along the crack end, which is essentially a problem
of fatigue damage by repeated frost-heaving forces and melting
(Ruedrich et al., 2011; Jia et al., 2015). Additionally, external
cyclic loadings also have an obvious impact on the periodic
damage and durability of fractured rocks, which has become a
key concern in engineering geological disasters (Gruber et al.,
2004; Gruber and Haeberli, 2007; Mu et al., 2018; Yang et al,,
2019). Therefore, it is necessary to carry out an experimental
study of cumulative fatigue damage and tip fracture evolution
of fractured rocks under F-T cycles and periodic loadings,
which has practical significance for the understanding and the
evaluation of the long-term stability of fractured rock damage
in cold regions.

Some interesting research has been carried out on F-T damage
and mechanical performance of intact rocks or loess in cold
regions (Walder and Hallet, 1985; Krautblatter et al., 2010, 2013;
Tan et al., 2011; Pudasaini and Krautblatter, 2014; Shen et al,,
2019; Xu et al., 2019). However, few reports exist on the damage
mechanism and fracturing process of fractured rocks in cold
regions. Matsuoka (1995, 2008) prefabricated fractured granite,
studied its fracture expansion process, and proposed that the
segregation process of ice in the fissure is the main cause of crack
fracture and expansion. Murton et al. (2006) used chalk to explore
the action mechanism of segregated ice under F-T cycles in the
laboratory. The results showed that macroscopic cracks appeared
after the 10th cycle, and the samples completely broke after the
21st cycle. Liu et al. (2015) and Huang et al. (2018) carried out
systematic experimental research on the crack frost-heave force
of fractured rock in a low-temperature environment and frost-
heave crack expansion. The authors argued that the key problems
in the study of F-T damage on fractured rocks are as follows: the
water transfer mechanism in rocks during the F-T process, the
generation and dissipation mechanism of the frost-heave force,
and the F-T expansion of fractures.

To explore fatigue deformation and tip fracture of fractured
rocks, Yang et al. (2017) carried out cyclic loading tests on
prefabricated double-fractured rock and analyzed the initiation,
expansion, and penetration process of a crack group under cyclic
loadings. Rodriguez et al. (2016) carried out loading-unloading
splitting tests on marble disks containing micro-fissures, studied
the development and evolution process of micro-cracks, and
found that the cracking process is brittle, explosive, and localized.
By studying the crack propagation and condensation behavior
in rock materials, Lin et al. (2019), Zhao C. et al. (2019), and
Cheng et al. (2016) found that the crack opening has a significant
impact on the crack initiation stress and path. Yang et al. (2017);
Li et al. (2005), and Park and Bobet (2009, 2010) conducted
systematic experimental studies on prefabricated fractures of
rock model materials and found that new cracks develop and
expand steadily along the crack end and incline toward the
direction of maximum compressive stress. In addition, many test

results showed that the native fissure angle, geometry, and stress
condition control the initiation, evolution, and coalescence laws
of secondary cracks (Shen et al., 1995; Bobet and Einstein, 1998;
Wong and Chau, 1998; Sahouryeh et al., 2002; Wang S. et al,,
2019; Wang Y. et al., 2019).

Until now, few experimental studies have comprehensively
investigated the F-T damage and loading-unloading fatigue
fracture of fractured rocks. However, some previous studies on
the fatigue fracture of concrete and rock under the combined
action of environmental factors and periodic loadings provide
some valuable information (Sun et al., 1999; Jang et al., 2014;
Lei et al., 2018; Gao et al,, 2019; Tan et al., 2019; Zhao Y. et al,,
2019). Therefore, this work used single-joint quasi-sandstone
samples with joint angles of 45° and 90°, and the fatigue damage
of fractured sandstone was studied experimentally under F-T
cycles and periodic loadings. The F-T effect on the degradation
of different single-joint sandstones was analyzed by focusing on
the wave velocity changes and localized damage binarization
images of fractured sandstone samples after different F-T
cycles. Moreover, the fatigue deformation process of fractured
sandstones was studied by observing the changes of strain
compliance and dissipated energy during the loading-unloading
process. Under the combined action of F-T cycles and cyclic
loadings, different failure modes of fractured sandstone were
observed at different angles.

EXPERIMENTAL PROCEDURE

Quasi-Sandstone Sample Preparation

In the past, numerical simulations were typically used to research
fractured rock because of sampling difficulties (Wong and Zhang,
2014; Cheng and Zhou, 2015). Park and Bobet (2010), Lee and
Jeon (2011); Tang et al. (2001), and Zhou et al. (2014) used
gypsum materials or rock-like mix materials to prepare fractured
rocks and obtained good test results. In this study, rock-like mix
materials are used to produce single-joint sandstones with joint
angles of 45° and 90°, which are standard cylindrical samples
with a diameter of 50 mm and a height of 100 mm (ASTM C1583-
04, 2004). Here, the aggregate is selected to be fine sand screened
with a 1.25 mm sieve. The cementing material is high-strength
white cement, which is supplemented with common gypsum
to enhance its cementing effect. Reduced iron powder with 35-
pwm-grain is mixed to consider the thermal conductivity of the
quasi-sandstone materials; see Figures 1A,B. Finally, in order to
prefabricate the crack, the iron bar is embedded in a mold; see
Figure 1C. After the initial setting of the samples, the iron bar
is pulled out to form a through crack. The prepared single-joint
sandstones can be seen in Figure 1D.

Freeze-Thaw Cycle Tests

After the standard samples reach the final setting requirement
of 28d, all the samples are saturated using the vacuum pressure
saturation device. To ensure that the single crack is completely
saturated and not lost, injection of super-cooled water is used to
treat the single crack after each F-T cycle; see Figure 2A. First,
the samples are precooled at a predetermined low temperature.

Frontiers in Earth Science | www.frontiersin.org

December 2019 | Volume 7 | Article 333


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Shen et al.

Fatigue Damage of Fractured Sandstone

C experimental materials material agitator

sample preparation mould

45° and 90° single-joint samples

FIGURE 1 | Single-joint sample preparation.

saturation treatment

loading-unloading fatigue test

FIGURE 2 | Test equipment and procedure.

When the crack is at the lowest temperature, the samples are
wrapped completely in plastic. Then, a syringe is used to inject
an amount of water approximately equal to the crack volume.
At this time, the water inside the crack rapidly condenses and
freezes, and the crack becomes saturated. Subsequently, F-T tests
of 0, 10, and 20 cycles are performed on the water-saturated
single-joint sandstone samples; see Figure 2B. According to the
ambient temperature in cold regions, the F-T temperature range
is set from —20°C to +20°C, and one cycle lasts 12 h (freezing
time: 6 h; thawing time: 6 h). In order to analyze the damage
and degradation caused by the F-T cycles on fractured sandstone

with different angles, ultrasonic tests and binarization treatment
(Particles and Cracks Analysis System, PCAS) (Liu et al., 2011)
are performed on the 45° and 90° fractured sandstone after
different F-T cycles; see Table 1.

Loading-Unloading Fatigue Tests

After 0, 10, and 20 F-T cycles, cyclic loading tests are carried
out on the fractured sandstone samples using MTS815 electro-
hydraulic test equipment. In order to determine the deformation
evolution of the samples during the loading-unloading process
accurately, a chain-train extensometer is arranged around the
cylindrical samples; see Figure 2C. For the fatigue loading test,
the sine wave loading mode is adopted for the stress control.
First, the upper-limit stress of level I is applied by constant-
velocity loading at 0.05 kN/s. Second, the upper-limit stress is
unloaded to the corresponding lower-limit stress. The sample
undergoes 10 loading-unloading cycles at each stress level. After
cyclic loadings at each level, the upper-limit stress is increased
by 5% to continue to the next stress level. The test is repeated
until the single-joint sandstone is broken. Herein, the upper-
limit stress value refers to previous experience from similar
tests; the details of the cyclic-loading test scheme are given
in Table 2.

RESULTS AND DISCUSSION

Localized Damage and Strength

Deterioration Analysis

The wave velocity changes of the single-joint rocks under
different F-T cycles show that the longitudinal wave velocity
is significantly reduced after multiple F-T cycles, and the wave
velocities of the 90° single-joint samples are bigger than those

TABLE 1 | Wave velocity changes of single-joint rocks under different F-T cycles.

Single-joint angle Longitudinal wave velocity (m/s)

F-T-0 F-T-10 F-T-20
45° 2146 1942 1642
90° 2277 2145 1994
TABLE 2 | Loading-unloading cyclic test scheme.
F-T Stress Upper-limit Lower-limit Loading- Cyclic
cycles level stress/Peak  stress/Peak unloading fatigue
(times) strength (%) strength (%) stress (times)
amplitude (%)
0, 10, 20 | 60 30.0 30.0 10
Il 65 32.5 32.5 10
Il 70 35.0 35.0 10
% 75 37.5 37.5 10
Vv 80 40.0 40.0 10
Y 85 42.5 42.5 10
Vil 90 45.0 45.0 10
Vil 95 47.5 47.5 10
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of the 45° single-joint samples under the same F-T conditions.
For the 45° single-joint samples, the wave velocities sequentially
decrease by 204 and 300 m/s after 10 and 20 F-T cycles,
respectively. However, that of the 90° single-joint samples only
decreases by 132 and 151 m/s after 10 and 20 F-T cycles,
correspondingly. This indicates that the samples with a 45°
angle are more susceptible to F-T damage. Figure 3 shows the
binarization image of the localized damage process of the 45°
and 90° single-joint samples under different F-T cycles. The
localized damage effect at the crack end tends to be significant
with increasing the number of F-T cycles. The sandstone surface
exhibits granule spalling with gradually increasing granule size,
and micro-cracks are generated at the crack end. The statistical
analysis and calculation show that the localized damage is mainly
distributed in a strip along the crack direction with a width
of 5d. Remarkably, the cracks caused by F-T damage in the
45° single-joint samples deflect along the fracture direction and
accompany a few micro-cracks, in contrast to the 90° single-
joint samples. After multiple F-T cycles, the 90° single-joint
samples are prone to widening at the lower end, and extended
cracks are generated along the fracture direction. These results
are consistent with the wave velocity changes and indicate that
the interior of saturated single-joint sandstone experiences tensile
stress and micro-pore damage under the effect of a repeated frost-
heave force, which results in weakened consolidation of mineral
particles within the rock.

Frozen rock is a typical heterogeneous granular material
composed of solid mineral particles, ideal plastic ice crystals,
unfrozen water, and gaseous components (Jia et al., 2019);
hence, under negative temperature conditions the volume of
rock mineral particles shrinks. However, the volume of pore
water and crack water expand because of the water-ice phase
transformation, which causes uncoordinated deformation across
the particle boundary. It also generates a frost heave force
between cracks, internal micro-cracks, and mineral particles
that results in broken connections between mineral particles
with weaker cementation. At the same time, initiation of local

F-T-0 F-T-10

FIGURE 3 | Binarization image of localized damage under different F-T cycles.

micro-cracks occurs owing to stress concentration at the crack
end. When the temperature is higher than the freezing point,
the ice melts and the frost-heave force dissipates gradually
(Ruedrich et al., 2011; Tan et al., 2018). The freezing and thawing
process caused by environmental temperature is equivalent
to the loading and unloading fatigue test of fractured rock.
When the frost-heave stress reaches the fatigue tensile strength
of sandstone material, micro-cracks are initiated, extend, and
even break through the material with repeated water-ice phase
transformation. In addition, the growth and propagation of
each crack provides a bigger space for saturating and freezing-
thawing, forming a vicious circle of frost-heaving damage (Shen
et al., 2020). As the damage progresses, its extent tends to be
directional. The deepening of F-T damage reflects the softening of
the fractured rock. According to the development of macroscopic
cracks in a localized area, the crack tip can be divided into
the following:

(i) a fracture zone that exhibits macroscopic cracks;
(ii) a progressive damage zone with clusters of directional
micro-cracks; and
(iii) a  systematic
distributed stress.

damage zone  with  uniformly

Figure 4 shows the stress-strain curves of the fractured
sandstone samples under cyclic loadings after 0, 10, and 20 F-T
cycles, in which the axial and volumetric strain are positive
and the circumferential strain is negative. By comparing and
analyzing the evolution laws governing the relationship between
the stress and axial strain, circumferential strain, and volumetric
strain of the 45° and 90° single-joint samples during loading-
unloading under different F-T cycles, the following main features
can be obtained:

(1) With increasing number of F-T cycles, the corresponding
fatigue fracture strength of the 45° and 90° single-joint
sandstone samples gradually decreases during the loading-
unloading process. Additionally, the fatigue fracture
strength of the 90° single-joint samples is bigger than
that of the 45° single-joint samples under the same F-T
conditions. These results are consistent with the above
analysis and indicate that the F-T cycles cause obvious
internal cumulative damage to the fractured sandstone,
which aggravates the strain softening process of the
fractured sandstone.

(2) As the number of F-T cycles increases, the hysteresis loop
curve of the relationship between the loading-unloading
stress and the axial strain shows an obvious expansion,
which reflects that the plastic damage strain inside the
sample gradually increases with increasing F-T cycles. Its
external appearance is characterized by the initiation and
extension of macroscopic cracks along the crack end that
accompany secondary wing cracks as shown in Figure 3.
Moreover, there is systematic damage caused by frost-
heaving inside the sample, which is refle cted by wave
velocity variations.

(3) With increasing number of F-T cycles, the curves of
loading-unloading stress and volumetric strain exhibit
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FIGURE 4 | The stress-strain curves of fractured sandstone under different F-T cycles.
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obvious hysteresis, and the hysteresis loop curve expands
partly after the F-T cycles. This indicates that after
F-T damage the interior of the sample is loose and its
cementation and structure are weakened. When subjected
to aload, volumetric strain is generated rapidly. During the
loading-unloading process, the overall volume shrinkage
rate tends to be significant, which is positively correlated
with the F-T cycles. In addition, it can be observed in
Figure 4 that no significant difference exists between the
loading-unloading stress and circumferential strain curves
under different F-T cycles.

(4) Compared with the 90° single-joint samples, the slope
of the hysteresis loop curves of the 45° single-joint
samples is always slightly lower. That means that the
strain of the 45° single-joint sandstone is more sensitive
to the stress changes in the loading-unloading process.
This indicates that the 45° single-joint sandstone is more
affected by F-T damage and its plastic deformation is
more prominent. This also confirms the results of the
binarization image analysis.

Deformation and Fracture
Characteristics Analysis

As mentioned previously, there are significant differences
between the variation laws of the hysteresis loop curves obtained
under different F-T conditions. Liu et al. (2018) and Tutuncu et al.
(2002a,b) conducted an experimental study on the deformation
law of porous granular sedimentary rocks under uniaxial cyclic
stress and found that the characteristics of the stress-strain
hysteresis loop are closely related to the stress condition and the
strain amplitude. To analyze the deformation characteristics of
fractured sandstone during variable-amplitude cyclic loadings,
Qiu et al. (2012) used the concept of strain compliance A¢, which
is the ratio of the strain increment caused by axial compression to
the corresponding stress amplitude during cyclic loadings at each

stress level.
A €(a,c,v)

Ao (1)

Aé(u,c,v) =
Here, Ag,, Ag., and Ag, are the axial, circumferential, and
volumetric strain increments, respectively.

The strain compliance A¢ is a physical quantity representing
the change rate of the deformation increment in each direction
under the action of loading-unloading axial compression. It can
effectively reflect the effect of cyclic loading variation on the
deformation of fractured sandstone. Moreover, it represents the
response speed of the internal structure of sandstone to the stress
mode and change process (Shen et al., 2018). Figure 5 shows
the variation rules of axial, circumferential, and volumetric strain
compliance under different loading-unloading stress levels. The
figure demonstrates that:

(1) After being subjected to 0, 10, and 20 F-T cycles, the
45° single-joint sandstone samples were destroyed at the
loading-unloading stress levels VII, V, and V, respectively.
The corresponding 90° single-joint sandstone samples
were destroyed at the loading-unloading stress levels VIII,
VI, and V, respectively. This shows that the F-T cycle has a

2)

3)

)

significant effect on the degradation of the fatigue strength
of the fractured sandstone samples. After the F-T cycles,
micro-cracks develop and expand gradually at the end of
the original fracture. Meanwhile, the number of internal
pores of the sample increase, the structure becomes loose,
and the resistance to cyclic fatigue loadings decreases.

The absolute values of axial, circumferential, and
volumetric strain compliance are all relatively large at
stress level I. Subsequently, a trend of an initial decrease
and a subsequent uniform increase appears. This indicates
that the sample has experienced three development
stages under the cyclic loadings: a compaction phase, an
elastic phase, and a plastic phase. At the initial stage of
repeated loading-unloading, the structure and mechanical
properties of the rock can be optimized, such as reduction
of the original pores, closure of cracks, and enhancement
of inter-component occlusion. As shown in Figure 5,
larger deformation occurs at stress level I of the cyclic
loading process, and the recoverable deformation is limited
during the unloading process, so the strain compliance is
relatively large. Then, the sample gradually transits to the
elastic stage, and the deformation can be recovered during
the loading and unloading process. The strain increment
decreases and generally reaches the valley value at stress
level III. Finally, with the increase of the stress level of
the cyclic loadings, the sample enters the plastic stage,
and each loading and unloading cycle makes the damage
develop on the original basis. The axial, circumferential,
and volumetric strain compliance gradually increase with
the cyclic loadings. This is characterized by the occurrence
of micro-cracks around the micro-pores in the sandstone
due to stress concentration, initiation and expansion of
the original closed cracks accompanied by secondary wing
cracks, overall cracking through along the original crack
direction, and final failure.

The more F-T cycles the fractured sandstone samples are
subjected to, the greater strain compliance and the more
significant the increasing or decreasing trend of the strain
compliance. Sandstone is susceptible to F-T damage in
the saturated state because of its porous structure. The
composition and structure of internal mineral particles are
degraded by the frost-heaving force, which reduces the
compactness of the material and the adhesion between
particles and enhances its brittleness. Under the cyclic
loadings, the strain is increased, the compaction phase is
prolonged, the elastic phase is shortened, and the variation
law is significantly enhanced.

All the absolute values of strain compliance (axial,
circumferential, and volumetric strain compliance) of the
45° single-joint sandstone are bigger than those of the
90° single-joint sandstone samples. Further, the variation
trend and slope of the strain compliance of the 45°
single-joint sandstone are more steep. This indicates that
the compaction stage and plastic deformation of slant
fractured sandstone are more obvious under the combined
action of F-T cycles and periodic loadings compared
with a fracture parallel to the loading direction, which is
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characterized by increased pores, more cracks, weakened
particle bonding, and brittle material.

After F-T damage, the 45° and 90° single-joint samples
experienced different deformation phases under cyclic loadings
and broke at a certain stress level. The 45° and 90° single-joint
sandstone samples exhibited two completely different fracture
morphologies; see Figure 6. The 45° single-joint sample shows
typical tensile-shearing failure along the original fracture; two
main cracks appeared along the load direction at both ends
of the original fracture, creating severe crushing and particle
spalling around the fracture. However, crushing areas occur at
both ends of the 90° single-joint sandstone sample and larger
particles are spalled. There is only one main crack along the
90° single-joint, which is parallel to the load direction. It is the
typical splitting failure along the original fracture end. This is
the result of cumulative damage under the F-T cycles and cyclic
loadings, which can be explained by the concept of the “minimum
resistance area.”

For the 45° single-joint sandstone samples, the minimum
resistance area can be seen in Figures 7al,a2. Because the
projected area of the 45° single-joint is not considered
as the resistance area, the stress in the middle of the
sample is different from that on both sides; see Figure 7a3.
Under axial fatigue loadings, the 45° single-joint sample is
subjected to tensile shearing failure and forms cracks; as
shown in Figure 7a4. Subsequently, the original fracture is
compacted and tends to close under the loading-unloading
process, and crushing and particle spalling occur around
the original fracture owing to the stress concentration and
the localized weak area caused by the F-T cycles. Finally,
the main failure mode formed, as shown in Figure 7a5.
Figure 7a6 illustrates the failure morphologies of the 45°
single-joint sandstone samples; the main cracks are deflected
owing to localized damage and wing cracks are caused by the
F-T cycles.

The projected area of the 90° single-joint is very small, and
the minimum resistance area is close to the projected area of
the cylindrical sample section, as shown in Figures 7bl,b2.
Under axial fatigue loadings, the early stage of the failure

45° single-joint sandstone sample 90° single-joint sandstone sample

FIGURE 6 | Comparison of fracture morphologies.

process of the sandstone sample is equivalent to the loading
state of intact cylindrical sandstone; see Figure 7b3. Therefore,
there is crushing of bigger areas and spalling on both ends
of the sample; see Figure 7b4. Subsequently, vertical splitting
failure occurs in the sandstone at the original fracture ends,
and a crack forms along the fracture direction; see Figure 7b5.
Figure 7b6 depicts the failure morphologies of the 90° single-
joint sandstone samples.

Energy Evolution Analysis

The elastic-plastic deformation failure of fractured rock is
essentially a process of energy dissipation. The law of energy
evolution in the process of fatigue failure can reflect the
essential characteristics of the deformation, damage, and failure
of fractured rock. Under the action of uniaxial periodic
loadings, part of the total energy absorbed by the rock
becomes elastic-strain energy and the remaining energy is
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FIGURE 7 | Failure modes of the 45° and 90° single-joint sandstone samples.
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dissipated in the form of heat and radiant energy (dissipated
energy). Bagde and Petro$ (2005, 2009) studied the influence
of strain amplitude and frequency on the fatigue and energy
characteristics of sandstone under cyclic loadings. Rodriguez
etal. (2016) analyzed the evolution law of crack expansion under

different loading-unloading paths from the perspective of energy.
According to the relationship between the area of the hysteresis
loop of the stress-strain curve obtained under cyclic loadings and
the dissipated energy (Xiao et al., 2010), the area enclosed by the
axial stress-strain curve and the strain in a cyclic loading stage
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is the unit volume energy E,. Further, the area enclosed by the
axial stress-strain curve and the strain at the unloading stage is
the elastic deformation energy per unit volume E,, and the area
of the hysteresis loop in each cycle is the dissipated energy per
unit volume E.. In this study, the 7th hysteresis loop at stress
level I of cyclic loading under 10 F-T cycles is considered as an
example to describe the calculation of the area of the hysteresis
loop; see Figure 8.

E.=E, —E, I:Z(Gi +0it1) - (8ir1 — &)

- Z(c; +0i4) - (€ — 8§+1)]

Here, o; and o4 are the axial stresses at points i and i+1,
respectively, on the axial loading curve, in MPa; ¢; and €;; are
the corresponding axial strains; o} and o7 | are the axial stresses
at points i and i+1, respectively, on the axial unloading curve, in
MPa; ¢} and €] | are the corresponding axial strains.

Figure 9 shows the evolution law of the dissipated energy per
unit volume with fatigue cycles during loading and unloading.
In the loading-unloading fatigue test, the dissipated energy
is mainly the plastic deformation energy required for crack
initiation, propagation, and penetration; it also includes the
plastic deformation energy that causes irreversible damage inside
the rock. For the 45° and 90° single-joint sandstone samples
tested under different F-T cycles, with increasing loading-
unloading stress level, the variation rules of the dissipated energy
per unit volume are different, which can be mainly summarized
by the following four points:

SRR

2)

(1) The unit volume energy and the elastic-strain energy per
unit volume generally increase in a step-like manner with
increasing stress level during loading and unloading. The
more F-T cycles are subjected to, the smaller the unit
volume energy and the strain energy per unit volume are.
As the axial dissipated energy per unit volume (that is, the
area of the hysteresis loop) increases with increasing F-T
cycles, the change range is relatively small compared with
the case of no F-T cycles. This shows that the elastic-strain
energy of fractured sandstone can be reduced by the F-T
damage and dissipated owing to deformation; that is, the
dissipated energy is unrecoverable.

The evolution of dissipated energy per unit volume of
sandstone under 10 and 20 F-T cycles is mainly observed
in stages 1, 2, and 3. In stage 1, which is the initial
stage of cyclic loadings, the energy input by the system
is dissipated owing to unrecoverable deformation, such
as pore compaction and crack closure in the sample,
so the dissipated energy per unit volume is relatively
large. In stage 2, the dissipated energy gradually decreases
with increasing fatigue loading cycles. The sample density
increases, the elastic-strain energy increases, and the
dissipated energy continues to oscillate around the lower
value. Later, in stage 3, the stress level is larger, the
internal structure of sandstone is gradually damaged under
complex stress conditions, and more cracks are activated
and integrated. All these continue irreversible damage,

(2)

and dissipated energy increases gradually in this process.
When the cumulative crack density reaches a certain
threshold, the fractured sandstone material fails. The
evolution process is consistent with the strain compliance
variation law shown in Figure 5. The results show that it
is a simple and effective way for quantitatively analyzing
the energy evolution and deformation characteristics of
samples under loading-unloading fatigue tests by using the
area of the hysteresis loop.

The sandstone sample that did not undergo any F-T cycles
is a standard room-temperature test sample with larger
particle inter-granular intensity, prominent anisotropic
features, and severe deformation. The dissipated energy
increases gradually owing to the diverse and irregular
deformation, and the amplitude of oscillation increases
until failure. Moreover, after fatigue failure, the sandstone
structure is observed to be relatively broken, and the local
characteristics of the 10 and 20 F-T cycle samples after
failure are obvious.

Compared with the variation laws of the dissipated
energy per unit volume of the 45° and 90° single-
joint sandstone samples under different F-T cycles, the
values of dissipated energy per unit volume of the 90°
single-joint sandstone are slightly smaller, and the change
trends are gentler, which is consistent with the results of
the strain compliance analysis. However, with increasing
loading-unloading stress level, the dissipated energy per
unit volume in stage 2 does not increase and decrease
visibly. This also indicates that the internal damage
and development of cracks in the sandstone samples at
this stage converge.

©)

)

CONCLUSION

(1) The frost-heaving damage of the fractured sandstone
caused by the F-T cycles is a tip fatigue failure problem,
showing typical localized damage characteristics. Crack
development gradually moves from the fracture zone to the
progressive-damage zone, accompanied by unrecoverable
system damage. This forms a vicious cycle of secondary
crack extension and material strength degradation.

The cyclic loadings strengthen the mechanical properties
of fractured sandstone in the early densification stage.
With increasing loading-unloading stress level and stress
amplitude, the cracks are activated again and expand
along the fracture direction after the elastic stage, and the
irreversible plastic deformation is enhanced continuously.
The corresponding hysteretic loop becomes round, and the
strain compliance and dissipated energy per unit volume
increase gradually.

Under the combined action of the F-T cycles and cyclic
loadings, the fatigue damage characteristics of fractured
sandstone are not only related to the stress conditions
but are also closely related to the F-T cycles. The greater
number of F-T cycles are subjected to, the more significant
the fatigue damage characteristics are, and the greater the

2

(©)
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corresponding strain compliance and dissipated energy
are. In addition, the F-T damage and the fatigue failure
of cyclic loading have a superposition effect. The localized
damage and systematic damage caused by the former can
promote the development of fatigue damage.

(4) The failure mode of the 45° single-joint sandstone is typical
tensile-shearing failure, which consists of initial fracture
and subsequent crushing. However, the failure mode of the
90° single-joint sandstone is typical splitting failure along
the original fracture end, which is the opposite process. In
addition, the 45° single-joint sandstone is more susceptible
to original fracture and results in localized damage under
F-T cycles and cyclic loadings.
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