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To study the fracture characteristics and fatigue damage of fractured rock masses, noncoplanar fractured rocklike specimens
prepared using cement mortar were used for a graded cyclic loading–unloading test. The results showed that the two ends of the
horizontal crack were the main stress concentration areas, and they inhibited crack initiation of the inclined fracture. With
increasing crack inclination, the inhibitory eﬀect became more obvious. Under the condition that the lower limit stress is
constant, as the upper limit stress increases, energy dissipation of the specimen increases, becoming relatively stable in each
stage of the cycle. With increasing crack inclination, the increase in the energy dissipation value decreases. Specimens with large
changes in the shape of their hysteresis loop tend to exhibit large ﬂuctuations in the elastic modulus. As the loading progressed,
the elastic modulus exhibited a downward trend, and the damping ratio tended to be stable. The change in the damping ratio is
aﬀected by the dynamic elastic modulus and area of the hysteresis loop. Based on the Weibull probability distribution function,
the evolution curve of the damage variable of the specimen can be obtained. This curve reﬂects the trend of the damage change
of the rocklike specimens under various levels of cyclic loading and unloading.

1. Introduction
Rock mass is the main bearing carrier in large-scale projects
in ﬁelds such as mining, transportation, and water conservation. The rocks in special engineering locations such as mining areas, railways, bridges, tunnels, and other infrastructure
are subject to complex loads. When subjected to periodic
loads, such as repeated excavation and backﬁlling, blasting,
and earthquakes, the bearing capacity and stability of rocks
will decrease. The fatigue damage caused by the change in
rock mechanical properties and the gradual deterioration of
rock performance aﬀect the safety of engineering activities.
With the increasing construction scale of various engineering
projects, rock mechanics problems are becoming increasingly complicated. Engineering accidents and economic
losses caused by rock stability problems have attracted the

attention of many scholars [1–5]. To study the mechanical
response and failure characteristics of rocks under periodic
loads is vital to assess the stability and safety of rock mass
engineering.
Various researchers [6–10] have found that, under the
action of cyclic loading, the upper limit stress and amplitude
are the main factors aﬀecting the fatigue life of rocks, and
they have put forward the viewpoint of fatigue threshold.
By analyzing the mechanics, energy, and deformation characteristics of rocks under uniaxial cyclic loading and unloading, it was found that the unloading elastic modulus was
greater than the loading elastic modulus under cyclic loading.
In the aforementioned research, constant-amplitude cyclic
loading and unloading of stress was mainly adopted, but
the actual cyclic loading of the rock mass ﬂuctuates within
a certain range and is not a constant value. Therefore, some
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scholars have studied the mechanical response and fatigue
characteristics of rocks under the action of cyclic loading
and unloading in stages. Peng et al. [11] studied the inﬂuence
of the change in the lower limit of stress on the deformation
characteristics of sandstone during cyclic loading and
unloading and found that the elastic modulus and Poisson’s
ratio of the sample increased signiﬁcantly with an increase
in the lower limit of stress. Sun et al. [12] studied the evolution law of fatigue damage of rocks under diﬀerent conﬁning
pressures under cyclic loading conditions and obtained an
evolution curve. They found that the curve-ﬁtting degree
increased with an increase in the conﬁning pressure. Li
et al. [13] conducted uniaxial cyclic loading–unloading tests
on sandstone, analyzed the evolutionary process of rock
damage, established a theoretical model between the axial
strain and the number of cycles, and derived the damage
variable evolution equation. Other researchers considered
the fatigue characteristics of rocks under diﬀerent stress
amplitudes of loading and unloading [14–16] but did not
fully consider rock masses with structural planes, such as
fractures and joints. In fact, most rock masses are neither
complete nor completely discrete media. The fractured rock
will undergo crack initiation, expansion, and penetration
during the failure process. The evolution of the crack dominates the failure of the fractured rock mass. Therefore, in a
study of intermittent fractured media under cyclic loading,
Li et al. [17] established a fractured rock mass damage model
from the perspective of energy dissipation and introduced the
concept of an equivalent modulus. Liu et al. [18] and Li et al.
[19] studied the mechanical properties of jointed rock masses
under cyclic loading, explained the evolution of crack propagation, and established a jointed rock mass damage model.
In conclusion, few scholars have fully considered the
strength characteristics, energy dissipation, and fatigue damage of fractured rock masses under the action of cyclic loading
and unloading. Because rock masses are a geological material
with initial defects, it is crucial to study the mechanical properties, crack propagation, and energy evolution of fractured
rock masses under the action of nonconstant cyclic stress.
Therefore, in this study, we used cyclic loading tests with varying stresses to study the guiding eﬀect of diﬀerent inclination
angles of noncoplanar fractures on crack propagation and
the fatigue damage caused by cyclic loading of diﬀerent stress
amplitudes to fractured rocks. The experimental conclusions
were drawn by analyzing the hysteretic loop characteristics,
energy dissipation, and fatigue damage characteristics. The
research results should provide useful guidance for the safety
and stability of geotechnical engineering construction projects.

2. Experimental Materials and Procedures
2.1. Sample Preparation. In [20–22], cement mortar was used
as the rocklike material, with the ratio of white cement : ﬁne
sand : water = 5 : 5 : 2. First, oil was applied to the surface of a
stainless steel sheet (of thickness = 0.4 mm) and inserted into
a stainless steel mold with internal (length × width × height)
dimensions of 150 mm × 50 mm × 200 mm; the mixed mortar
was then poured and evenly vibrated. After the cement mortar
was initially set, the embedded steel sheet was pulled out to
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form a prefabricated crack, the mold was removed 24 h after
the test piece was formed, and the qualiﬁed test piece was
placed in the curing box for standard curing for 28 days. The
test blocks were divided into groups A and B. Group A was
a double-slit specimen, and group B was a three-slit specimen.
The distance between the midpoints of the primary and
secondary ﬁssures remained unchanged at 20 mm, the ﬁssure
width was 0.4 mm, the main ﬁssure was 30 mm long, and the
secondary ﬁssures were 20 mm long and rotated 0°, 30°, 45°,
60°, and 90° along their midpoints. The sample model is
shown in Figures 1 and 2. (A00 indicates a double-crack specimen, in which the level of the main crack remains unchanged,
and the angle α between the secondary crack and the horizontal plane is 0°.)
2.2. Test Scheme. The RMT-150 rock mechanics loading test
machine was used for the indoor loading test, as shown in
Figure 3. The test was conducted in two steps: ﬁrst, each
sample was subjected to uniaxial compression to obtain its
uniaxial compressive strength and its stress–strain curve;
second, the sample was subjected to a graded cyclic loading–
unloading test. By taking 40% of the compressive strength of
the sample obtained in the ﬁrst step as the lower limit, the initial upper limit was 80%. During the loading process, the lower
limit of stress remained unchanged. After every 300 cycles, the
upper limit of stress was increased by 5% until the sample
broke. Force control was used in the two-step test, with a loading rate of 0.5 kN/s, a sine wave used as a loading waveform
during cyclic loading and unloading, and a loading frequency
of 0.2 Hz.
2.3. Sample-Related Parameters. The relevant data obtained
from the laboratory loading test on the specimens are listed
in Table 1.

3. Results and Analysis
3.1. Characteristics of the Cyclic Loading–Unloading Curve.
The uniaxial compression curves of a sample obtained in
the test with the stress–strain curve under the action of a
graded cyclic load are shown in Figures 4 and 5. Under the
action of cyclic loading and unloading, the curves of the
unfractured sample and that with cracks and the uniaxial
compression curve roughly intersect in the postpeak area,
and the uniaxial compression curve basically includes the
grading cyclic loading–unloading curve. This phenomenon
indicates that, under cyclic loading, the stress–strain curve
of either unfractured or fractured rock is controlled by the
uniaxial compression curve. The reason for the fatigue failure
of the rock mass is that the deformation has reached the limit
value, and the deformation of the fatigue failure is equivalent
to the corresponding deformation in the postpeak zone
under a static load. The fatigue deformation evolution of
the intermittent fractured rock mass is consistent with that
of unfractured rock and can be divided into three stages:
initial deformation, constant-rate deformation, and accelerated deformation. When the load reached point A, the stress
reached 80% of the peak stress, and the specimen entered the
initial deformation stage of fatigue failure. In the AB stage,
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Figure 1: Model and production diagram of a group A specimen (in units of mm).
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Figure 2: Model and production diagram of a group B specimen (in units of mm).

Figure 3: RMT-150 rock mechanics test system.

the area of the hysteresis loop was relatively small, the distribution was relatively sparse, and the curve formation rate was
uniform; the prefabricated cracks began to crack, and the
horizontal cracks were gradually compacted. As the loading–unloading cycle progressed, the sample entered segment
BC of the constant-rate deformation stage. During this stage,

the maximum stress was 85% of the peak stress, the curve
formation rate was relatively low, the shape of the hysteresis
loop changed, the area increased, and the distribution was
relatively dense. Observing the surface of the specimen
reveals that the initiating cracks had further evolved, and
the primary and secondary cracks had penetrated; segment
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Table 1: Physical parameters of the samples.

Serial
number
Unfractured
A00
A30
A45
A60
A90
B00
B30
B45
B60
B90

Length
(mm)

Width
(mm)

Height
(mm)

Fracture dip
angle (°)

Failure strength under
static load (MPa)

Cycle failure
strength (MPa)

149.6
149.2
150.0
149.5
149.4
149.6
149.5
148.8
149.2
149.6
149.5

50.0
49.5
49.2
48.6
49.5
49.5
49.6
49.2
49.4
48.8
49.6

199.5
199.4
198.8
199.2
198.6
199.5
199.3
199.4
199.5
198.8
199.5

/
00–00
30–00
45–00
60–00
90–00
00–00–00
30–00–30
45–00–45
60–00–60
90–00–90

43.210
35.980
37.549
38.256
36.387
40.725
36.520
38.601
39.621
36.984
40.301

38.357
31.381
31.917
34.376
34.568
37.874
33.613
32.811
35.499
35.005
36.883
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Figure 4: Stress–strain curves for the unfractured sample under two
loading modes.

CD is the accelerated deformation stage. During this stage,
the maximum stress reached 90% of the peak stress, the curve
was formed rapidly, and the hysteretic loop distribution
became looser. The surface of the sample was partially
lumped oﬀ until the whole sample broke and lost its bearing
capacity. The stress drop of the cyclic loading–unloading
curve when the specimen broke occurred faster than that
under uniaxial compression, which means that the degree
of damage to the rocklike specimen under cyclic load was
greater, with obvious brittle failure characteristics.
3.2. Analysis of Intensity Characteristics. The existence of
cracks destroys the integrity of the rock mass. Their size
and location distribution greatly aﬀect the failure mechanism
of the rock mass and cause the strength of the rock mass to
decrease. As shown in Figure 6, the peak strength of the
cracked sample ﬁrst increased, then decreased, and then
increased with the change in the inclination angle, and the
strength was lower than that of the unfractured sample.

Number of Cyclic series
cycles
(level)
626
564
336
652
873
577
522
317
615
938
1156

3
2
2
3
3
2
2
2
3
4
4

The bearing capacity of the sample was the highest when
the crack direction was consistent with the stress direction.
In the samples of group B, the existence of secondary subcracks had a strengthening eﬀect on the bearing capacity of
the specimen. This strengthening is also reﬂected in the grading cyclic loading–unloading process. Samples with the same
angle were destroyed in the same cyclic series. The failure
strength of the specimen under cyclic loading was consistent
with the variation under uniaxial compression. Under the
action of grading cyclic loading and unloading, the number
of cracks had only a minor eﬀect on the number of cycles.
As shown in Figure 7, the number of cycles for the two
groups of AB samples increased with the inclination angle
α when the main crack remained constant. For most of them,
the number of cycles ﬁrst decreased, then increased, and then
decreased again, and the values were almost the same.
3.3. Crack Evolution and Failure Pattern. By combining the
stress–strain curve and the overall situation of specimen
failure, the deformation failure process of the specimen can
be roughly divided into four stages: compaction, microcrack
propagation, unstable fracture, and complete failure. Group
A samples were selected to describe the crack evolution and
failure morphology, as shown in Figure 8.
Crack growth of the specimens was simultaneously
aﬀected by the change in crack inclination and stress amplitude [23–27]. During the compression process, the prefabricated cracks in specimen A00 were gradually compacted.
After the cyclic loading–unloading stage was entered, the
vertical tensile cracks generated in the middle of the secondary cracks continued to expand upward as the loading progressed. The tensile cracks at the tips of the primary and
secondary cracks produced lap joints, which evolved into
shear cracks on both sides of the specimen after the lap joints
and extended to the ends. A few far-ﬁeld cracks were also
observed. After specimens A30, A45, and A60 were compressed, the main cracks were gradually compacted, and the
main cracks produced upward pull cracks at a certain
distance from the tip of the cracks. The speciﬁc positions of
the initiation were aﬀected by the secondary cracks. The
expansion has a guiding eﬀect, and ﬁnally, the cracks overlap
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Figure 5: Stress–strain curves for the fractured sample under two
loading modes.
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Figure 6: Failure strength of rocklike samples.

and penetrate the lower tip of the secondary ﬁssure. However, as the loading progressed, the cracks initiating from
the original main crack that overlapped with the inclined
secondary cracks partially disappeared. It can be observed
that airfoil cracks were generated at the tip of the secondary
crack, and the tensile cracks generated at the tip of the main
crack gradually evolved into shear cracks. These extended to
the end of the specimen, and the upper tensile crack at the left
tip of the main crack overlapped with the upper tip of the
secondary crack to form a trough. The secondary crack of
specimen A90 was in the same direction as the loading stress.
During the loading process, the tensile crack in the middle of

40
60
Angle of dip (°)

80

100

Group A
Group B

Figure 7: Variation of the number of cycles of group A and B
samples as a function of the dip angle.

the main crack penetrated the lower tip of the secondary
crack, the upper tip of the secondary crack produced vertical
cracks, and the upper and lower tensile cracks were generated
at the tip of the main crack. As the loading progressed, the
tensile cracks gradually extended and expanded. By observing the crack evolution process, it was found that the horizontal main crack inhibited crack initiation of the inclined
crack. With an increase in the inclination angle, the inhibitory eﬀect became more obvious. This is reﬂected in the fact
that as the inclination angle increased, the distribution of
cracks on the front of the specimen decreased, and, when
the inclination angle was large, far-ﬁeld cracks rarely
appeared. When the inclination angles of the secondary ﬁssures were 30°, 45°, and 60°, the stress concentration was
mainly at the two ends of the horizontal ﬁssure and at the distal end of the secondary ﬁssure. The propagation of airfoil
cracks generated by the inclined secondary cracks did not
lead to the ultimate failure of the specimen; when the inclination angles of the secondary cracks were 0° and 90°, the stress
was mainly concentrated at both ends of the horizontal
cracks. With an increase in the loading stress, the tensile
cracks generated at both ends evolved into shear cracks and
expanded to the side of the specimen. During the compression process of the specimens in group B, like group A, the
horizontal cracks are gradually compacted, and the secondary crack1 has a guiding eﬀect on the crack initiation of the
horizontal main crack. The speciﬁc position of the crack initiation is aﬀected by the angle of the inclined crack. As the
loading progresses, the tip of the primary ﬁssure overlaps
with the tip of the secondary crack1, as shown in specimens
B30, B45, and B60. Airfoil cracks generated by inclined
cracks will not lead to the ﬁnal broken section. Parallel double cracks have a strengthening eﬀect on the compressive
strength of the specimens of group B, which is not only
reﬂected in the ﬁnal breaking strength but also reﬂected in
the number of observable cracks on the surface of the specimens of group B than that of group A, as shown in Figure 8.
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Figure 8: Crack propagation in the samples.

As the stress increased, cracks continued to occur, cracks
penetrated through, and irreversible deformation increased.
When the volume of the specimen began to expand, its end
and the rigid cushion block will be subjected to an end eﬀect
owing to the frictional force. At this time, the specimen
entered the unstable fracture stage, and it spalls and squeezes
and expands at the main crack in the middle. When the failure
strength was reached, the specimen entered the complete
failure stage. At this stage, the fatigue damage of the rock specimen was severe, and the cracks expanded rapidly. The macroscopic sliding fracture surface was formed rapidly, even when
the test block was broken and fragments collapsed, which is
reﬂected in the curve falling rapidly. The specimen exhibited
severe brittleness, accompanied by a “popping” sound when
it was broken.
3.4. Analysis of Hysteresis Loop Characteristics. Numerous
studies have been conducted on the shape of hysteresis loops
[28–31]. There are certain disputes regarding their speciﬁc
shapes. Rock properties aﬀect the shape of the hysteresis
loop, and the stress amplitude of loading–unloading cycles
will also aﬀect its shape. In this study, a rectangular parallelepiped specimen with prefabricated cracks was used to
conduct a uniaxial-graded cyclic loading–unloading test.
The hysteresis loop obtained in the test is neither an ellipse
nor a crescent nor a long eggplant shape, but it is similar to
a quadrilateral. Taking the stress–strain curve of the sample
B90 as an example, as shown in Figure 9, we take the ﬁrst
hysteresis loop of each level cycle for comparative analysis.
During the cycle loading–unloading process, the unloading and reloading curves intersect under the unloading point
to form a hysteresis loop. The relative relationship between
the loading and unloading curves determines the area and
shape of the hysteresis loop. The hysteresis loop generated

at the beginning of the ﬁrst stage is relatively narrow and
long, and the upper and lower ends of the hysteresis loop
become sharp because of the hysteresis eﬀect produced during
the closing and opening of the cracks. After entering the
second-level loading–unloading cycle, the shape of the hysteresis loop changes and resembles a parallelogram. It can be
observed that the second- and third-level curves are more
variable. Before the sample broke, the curve tended to be ﬂat.
This change is related to the friction of the particles inside the
sample. Crack evolution is related to crack penetration, and
the microdamage to the specimen causes residual deformation
or irreversible deformation of the rock; consequently, the loading–unloading curve exhibits nonlinear characteristics.
After each cycle of loading and unloading, the endpoint
of strain and stress on the hysteresis loop increased, and the
specimen underwent plastic deformation. According to the
stress–strain curve of sample B90, the change in strain at each
level of cyclic loading and unloading can be obtained, as
shown in Figure 10: the strain of the ﬁrst cycle increased by
a factor of 1.9. The initial cracks and microcracks in the
structure of the specimen and the particle spacing were gradually compacted after 300 cycles of loading and unloading at
a lower stress amplitude; therefore, the deformation of the
specimen was relatively large. After the second-level cycle,
the strain grew by a factor of 0.69. At this stage, because the
specimen was quite hard, the strain change was much lower
than that during the ﬁrst stage. The amount of plastic deformation of the specimen was low, indicating a more obvious
strain-hardening phenomenon. The growth in strain in the
third-level cycle was a factor of 0.865, which was higher than
that in the second-level cycle. The relatively hard specimens
began to deteriorate under the higher stress amplitude loading and unloading, and obvious crack growth appeared on
the surface. After the fourth cycle was entered, the highest
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stress reached 95% of the peak stress, and the fatigue deformation of the specimen increased sharply and eventually
failed. The strain grew by a factor of 3.215, and the larger
the value, the greater was the degree of damage to the rock.

4. Analysis of Energy Dissipation, Dynamic
Elastic Modulus, and Damping Ratio
Figure 11 shows that the hysteresis loop of cyclic loading and
unloading is a closed loop. The area integral under the loading curve is the total work done by the external force on the
rock sample, and the area integral under the unloading curve
is the elastic strain energy of the rock. The total work minus
the elastic strain energy is the energy dissipated in the rock,
which is the area of the hysteresis loop. At each level of the

0

𝜀min

𝜀

𝜀max

Figure 11: Stress-strain hysteresis loop.

loop curve, a part of the hysteresis loop is selected and
applied to the calculation.
The damping ratio γ and dynamic elastic modulus Ed of a
single cycle are deﬁned as [32]
γ = A/ð4πAs Þ,

ð1Þ

Ed = ðσmax − σmin Þ/ðεmax − εmin Þ,

ð2Þ

and

where A is the area of the hysteresis loop ABCDA; As is the
area of the triangle AOE; Ed is the elastic modulus; σmax
and σmin are the corresponding maximum and minimum
stresses in the hysteresis loop, respectively; and εmax and
εmin are the corresponding maximum and minimum strains
in the hysteretic loop, respectively.
4.1. Energy Dissipation. The size of the hysteresis loop area
indicates the amount of energy dissipation during the
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Figure 12: Hysteresis loop area curves for group A and B samples.

loading–unloading cycle. During cyclic loading and unloading, the initiation and expansion of microcracks and the penetration between prefabricated cracks consume part of the
energy; the remaining energy is used to overcome the damping force and perform work. As shown in Figure 12, at each
level of cyclic loading before the specimen was damaged,
the hysteresis loop area curve was relatively ﬂat, indicating
that plastic deformation inside the specimen did not change
signiﬁcantly during the loading–unloading process at the
same level and that energy dissipation was relatively stable.
During the failure stage, the area of the hysteresis loop
increased sharply, indicating that the energy of the specimen
was unstable and that plastic deformation was more signiﬁcant. Changing the upper limit of the stress changes the
energy distribution. As the stress amplitude increased, the
energy dissipation also increased. By combining these results
with the observation of the stress–strain curve during the
loading process, it is found that the hysteresis loops of some
test blocks appear to change shape, overlap, and become oﬀset during the loading process. These eﬀects are related to the
change in the crack inclination angle of the test specimen and
the dispersion of internal particles. The shape of the hysteresis loop and the formation rate of the stress–strain curve were
relatively constant. As the upper limit stress amplitude
increased, the area of the hysteresis loop increased slightly.
4.2. Elastic Modulus. As shown in Figure 13, the sizes of the
hysteresis loop areas of specimens A00 and A30 were essentially the same. As the number of cycles increased, the elastic
modulus ﬂuctuated slightly. Specimens A30, A60, and A90
exhibited obvious strengthening when entering the failure
level cycle, B group specimens entering the second cycle
exhibited an increase in their dynamic elastic moduli compared with their initial values, and specimens B30, B60, and
B90 exhibited obvious strengthening in the ﬁrst cycle. As

the loading progressed, the elastic modulus exhibited a
downward trend in the failure level cycle, indicating that,
when the macroscopic crack is at a higher stress level, the initiation, propagation, and penetration of the cracks will attenuate the elastic modulus of the specimen. The change in
elastic modulus corresponds to the complicated change in
the stress–strain relationship curve of the specimen. During
the loading process, it can be found that the stress–strain
curve exhibited a large lateral shift and hysteresis loop
coverage.
4.3. Evolution of the Damping Ratio. The evolution of the damping ratio curve is aﬀected by the area of the hysteresis loop and
the dynamic elastic modulus. As shown in Figure 14, in the
same cycle, the damping ratio of the group A specimens does
not change signiﬁcantly, while that of group B group specimens
ﬂuctuates relatively more. During the initial cycle, the damping
ratios are all ~0.15, and the damping ratios are all concentrated
at ~0.4 at the ﬁnal failure stage. After 300 cycles of loading and
unloading under the ﬁrst-level stress amplitude, the damping
ratio increased after increasing the stress amplitude. Among
them, the energy dissipation of specimens A00 and A30 was
relatively stable during the loading process; consequently, the
damping ratio was basically unchanged. Sample B45 exhibited
complex changes during the second cycle, which may be due
to damage leading to a greater deterioration of performance
and unstable energy dissipation to overcome the damping force.
Combined with the failure process, these ﬁndings also indicate
that, when the crack inclination angle was 45°, the cracks in
the specimen with three cracks evolved until the end of
tensile–shear mixed penetration, which caused the specimen
to exhibit diﬀerent curve characteristics.
4.4. Damage Variable Analysis. If the initial damage caused
by the prefabricated cracks is ignored, and we assume that
the strength of the microelement of the rocklike specimen
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Figure 14: Damping ratio curves for groups A and B.

satisﬁes the Weibull distribution, then the probability density
function is [33]
 
  m 
m ε m−1
ε
pðεÞ =
exp −
,
ε0 ε0
ε0

ð3Þ


  m 
ε
NPðεÞd ε = N 1 − exp −
:
ε
0
0

ðε

where pðεÞ is the microelement strength distribution function of the rocklike specimen, ε is the strain, and m and ε0
are the distribution parameters.
Let us introduce the damage variable D, which is deﬁned as
n
D= ,
N

where n is the number of microelements damaged under a
certain level of cyclic loading and unloading and N is the total
number of microelements of rocklike specimens.
When cyclic loading and unloading reaches a certain
strain ε, the number of broken cells is

ð4Þ

n=

ð5Þ

Then, the damage variable is
  m 
ε
:
D = 1 − exp −
ε0

ð6Þ
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Table 2: Distribution parameters.

Cyclic loading–unloading series
First step cycle

Second step cycle

The function sðeÞ is derived as follows:

m

ε0

1.365
1.223
1.195

5.376
5.494
5.514
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Figure 15: Comparison between experimental data and theoretical
values.

When D = 0, the rocklike specimen is not damaged; when
0 < D < 1, the rocklike specimen has diﬀerent degrees of
damage; when D = 1, the rocklike specimen is damaged.
From the rock damage constitutive model [34–37], under
uniaxial compression, assuming that the microelement of the
rocklike specimen satisﬁes the generalized Hooke’s law
before failure, we can obtain
σ = Eεð1 − DÞ,

ð7Þ

where E is the average dynamic elastic modulus of each number cycle and ε is the strain.
By substituting Equation (6) into Equation (7), the damage constitutive relation of the rocklike cyclic loading–
unloading stage in the one-dimensional state can be obtained
as
  m 
ε
σ = Eε exp −
:
ε0

ð8Þ

   m 
 m 
ε
ε
σ ′ ðεÞ = E exp −
1−m
:
ε0
ε0

ð9Þ

Because the stress–strain relationship curve satisﬁes
σmax ′ ðεmax Þ = 0, then
m=

1
,
ln ðEεmax Þ − ln σmax

ð10Þ

pﬃﬃﬃﬃ
ε0 = εmax m m:

ð11Þ

In Equations (10) and (11), σmax and εmax are the peak
stress and strain values of each level cycle of the rocklike
specimen, respectively.
By taking specimen B00 as an example, three hysteresis
loops were selected in the curve of each level. The distribution parameters m and ε0 of the rocklike sample can be calculated according to Equations (10) and (11), and the results
are listed in Table 2.
The average values of the distribution parameters m and
ε0 in Table 2 were used to calculate Equation (8), and the theoretical values obtained were compared with the experimental data to construct Figure 15. It can be found that the
experimental values and the theoretical values basically coincide, indicating that the selection of the distribution parameters is relatively reasonable. Substituting the distribution
parameters into Equation (6) to calculate the damage variable
gives the ﬁtting curve of the resulting damage evolution
shown in Figure 16. The damage evolution curve reﬂects
the change in damage to the specimen during the entire loading process. During the linear loading and the ﬁrst cycle
stage, the prefabricated cracks gradually compacted and
cracks began to grow, but the stress on the specimen was at
a lower amplitude and so the damage increased relatively
steadily. As the loading progressed, microcracks within the
specimen continued to develop, and the cracks expanded
and combined. When the secondary cyclic loading stage
was entered, the damage value rose sharply to 0.8. At this
stage, there was a slight ﬂuctuation in the damage value,
and the surface of the specimen began to partially peel oﬀ
and the crack extended to the side of the end of the specimen.
When the damage accumulated to 0.89, the specimen was
destroyed instantaneously, demonstrating its obvious brittleness, but the specimen still had a certain residual strength
after it was destroyed. Owing to the existence of prefabricated
cracks, the specimen had initial damage; therefore, the damage value D did not reach 1 during the failure.
Based on the Weibull probability distribution function,
the ﬁtting curve of the damage variable of the specimen was
obtained. As shown in Figure 17, the evolution curve can well
reﬂect the damage variation trend of the rock-like specimen
under various cycles. It can be found that the damage variable
value of each specimen did not reach 1 after the failure. Due
to the diﬀerence in the crack inclination of each specimen,
the elastic modulus varies in the process of cyclic loading
and unloading, which leads to the diﬀerent amplitude of

Geoﬂuids

11

1.0

(2) The fatigue failure of a rock mass with noncoplanar
discontinuous fractures is aﬀected by the distribution
of fractures and penetration mode. Both ends of the
horizontal main fractures are the main stress concentration areas, and they inhibited the initiation of
cracks in the inclined fractures. As the inclination
angle increased, the inhibitory eﬀect became more
obvious. Parallel double cracks have a certain
strengthening eﬀect on the failure strength of the
specimen, and the failure of the specimen indicates
signiﬁcant brittleness
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Figure 16: Damage evolution curve for specimen B00.

1.0

Damage variable

0.8

0.6

0.4

0.2

0.0
0

5

10

15

20

Strain (10–3)
B00
B30
B45

B60
B90
Fitting curve

Figure 17: Damage evolution curve for specimens of group B.

the ﬂuctuation of the damage variable of the specimen. For
example, the elastic modulus of samples B30 and B90
increases sharply in the ﬁrst-stage cyclic loading and unloading process, leading to a particularly large damage variable
value, which is close to the value of failure.

5. Conclusions
(1) Under staged cyclic loading and unloading, the
fatigue failure deformation of a noncoplanar intermittent fractured rock mass and an intact rock mass
are basically the same as the deformation corresponding to the intersection point of the postpeak
area under a static load, and with an increase in the
stress amplitude, the fracture plastic deformation
characteristics of the specimen become obvious.
The trajectory distance of the loading–unloading
curves increased, the shape of the hysteresis loop
changed, and the area also increased

(3) When the lower stress limit was constant, energy dissipation in the specimen increased with the increase
in the upper limit stress, but the energy dissipation
was relatively stable in each step cycle. As the inclination angle of the secondary crack increased, the
increase in energy dissipation value decreased, the
internal microstructure was adjusted because the prefabricated cracks were gradually compacted, and the
cracks expanded and penetrated, resulting in greater
ﬂuctuations in the dynamic elastic modulus of the
specimen. As the loading progressed, the dynamic
elastic modulus exhibited a downward trend, and
the change in the damping ratio was greatly aﬀected
by the dynamic elastic modulus and the area of the
hysteresis loop. These factors overcome the energy
dissipation of the damping force, and, along with
changes in the degree of damage to the specimen,
they determine the evolution form of the damping
ratio curve
(4) Based on the Weibull probability distribution function, the evolution curve of the damage variable of
the specimen was obtained. The evolution curve
reﬂects the damaged trend of the rocklike specimen
under various cycles. However, the inﬂuence of the
number of cycles and the amount of initial damage
and the brittle–plastic transition of the specimen
under staged cycle loading and unloading were not
fully considered. This is also a problem to be
addressed in future studies
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