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The present study investigates the dynamic properties of granite samples with varying degrees of defects through triaxial cyclic
loading experiments conducted under different conditions, including varied confining pressures, loading frequencies, dynamic
stress amplitudes, and number of cycles, and the dynamic response model of granite samples influenced by the confining pressure
and frequency are constructed. The results show that the dynamic elastic modulus of granite increases, but its dynamic damping
ratio decreases as the confining pressure increases. The dynamic elastic modulus and dynamic damping ratio of the granite increase
as increasing frequency. The dynamic elastic modulus of granite increases with the increasing dynamic stress amplitude while its
dynamic damping ratio decreases. The dynamic elastic modulus and dynamic damping ratio of granite decreases with an
increasing number of cycles. The modified Duncan—Chang model can well describe the dynamical behavior of granite influenced
by the confining pressure and frequency. The correlation coefficients of the modified model reached 0.98. It is worth saying that the
correlation coefficient of the model is low at 20 Hz frequency. It indicates that frequency has a strong effect on the dynamic
response of granite compared with the confining pressure. These data and models will be applied to the next step of detection and

prediction of the tunnel rock stress state.

1. Introduction

In nature, tunnel rocks experience diverse pressure condi-
tions, yet they maintain a state of stable equilibrium under
these various pressure constraints. However, the presence of
gravity, potential rock-soil sliding, hollow spaces within the
rock, groundwater concentration, or rock mass movement
(as depicted in Figure 1) can lead to stress concentration
within the tunnel rock. This concentration may disturb the
original stress equilibrium of the tunnel rock, potentially
resulting in hazardous incidents. Consequently, obtaining
accurate information about the stress state of the tunnel
rock is crucial to prevent accidents and ensure safety.
Many researchers have found that the stress state of rocks
is related to the wave velocity. Aghaei et al. [1] found that
changes in wave velocities are dependent on a range of pet-
rophysical parameters, elastic modulus, and stress conditions.
Jin et al. [2] found that the application of different stresses has

an effect on the rock stress wave velocity and affects the
attenuation law of the stress waves. Jia et al. [3] conducted
uniaxial compression tests on the rocks and found a correla-
tion between the wave velocity and the current stress state of
the rocks. The conclusions of these researchers indicate that if
we have difficulties to measure the rock stress state, detecting
the wave velocity changes is a feasible approach [4, 5].

In summary, we propose a method to detect the working
state of the tunnel rock by using shock waves. The workflow
is shown in Figure 2. The shock wave transmitting and
receiving devices are mounted on a robotic arm. During
the detection process, the shock wave transmitting device
emits shock waves toward the target rock. The resulting
mechanical vibration waves propagate within the target
rock and are subsequently captured by the collection device,
allowing for the acquisition of the mechanical attenuation
characteristics of the target rock. Then, the mechanical wave
is compared with the original waveform to get the current
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working state of the targe rock. According to previous stud-
ies, the rock will show different dynamic response character-
istics under different influence conditions. If we know the
dynamic response model of the rock under the influence of
such confining pressure and frequency, then we can use this
model to predict the working state of the target rock under
specific conditions.

Once the dynamic response behavior has been thor-
oughly analyzed and an accurate constitutive model has
been established, a simplified numerical representation is
formulated based on the structural characteristics of the
test tunnel wall. The iterative solution process is then applied
iteratively, ensuring that stress solutions align consistently
for the rock wall under varying loading frequencies and
amplitudes. A visual representation of the target tunnel con-
figuration is depicted in Figure 3. The tunnel under exami-
nation possesses dimensions of 6 m in width, 8 m in height
and is buried at a depth of 23 m. The numerical model’s
boundary is set at a distance of 20 m from the tunnel limit.
The tunnel excavation spans a length of 20 m, and the tunnel
structure adheres to a straight-wall arch tunnel lining design.

We divided the study into two parts according to the
progress of work completion. The research is as follows: (I)
Obtain the variables affecting the dynamic properties of the
rock samples through literature research. The experiments
were carried out after confirming the test variables based on
the conditions available in the laboratory. The dynamic
properties of rock samples are obtained by controlling the
variables to perform cyclic loading tests on the rock samples.
Then, the dynamic response model of the rock sample is
constructed, and the material parameter formulas are
obtained. (II) Using shock waves to collect information on
the target rock, such as wave velocity and frequency. Using
the materials parameter formulas obtained in Part (I), the
primary stress can be deduced by combining the iterative
correction of the internal stress field of the target rock.
Therefore, the key to the success of our work is to obtain
the dynamic properties of the targe rock under different
influences and its dynamic response model.

2. Literature Review and Discussion

Many scholars have investigated the rock dynamic properties
by controlling different variables. Bagde et al. [6] conducted
cyclic loading tests with sandstone at different loading fre-
quencies and amplitudes and found the dynamic fatigue
strength and the dynamic axial stiffness of the rock reduced
with loading frequencies and amplitude. The dynamic mod-
ulus increases with the loading frequency but decreases with
the amplitude. Ma et al. [7] found that the elastic modulus of
rock salt under cyclic loading increases with increasing con-
fining pressure and decreases with increasing loading cycles.
Li et al. [8] found that the dynamic strength of gypsum
samples with man-made intermittent joints decreases with
loading cycles, and the deformation modulus increases with
the dynamic loading frequency. Liu et al. [9] found that dip
angle, persistence, density, and spacing have significant
effects on the fatigue properties of rocks, and the variation
pattern of elastic energy was found. Ma et al. [10] found that
the elastic modulus of yellow sandstone increased with the
increase of maximum cyclic stress by cyclic loading test.
Deng et al. [11] found that the damping ratio of sandstone
under cyclic loading increases with increasing frequency and
decreases with increasing stress amplitude. The dynamic
elastic modulus increases with increasing stress amplitude
and frequency. Ni et al. [12] conducted cyclic loading tests
on granite and found that the granite hysteretic loop area,
dynamic elastic modulus, and damping ratio increased with
frequency increasing. Huang et al. [13] found that at the
same strain, the dynamic elastic modulus of red clay
increases with the increase of surrounding pressure and
decreases with the increase of loading frequency. The damp-
ing ratio decreases with the increase of the surrounding pres-
sure. Bieand and Liu [14] obtained from the test that the
dynamic elastic modulus and dynamic damping ratio of
phyllite decrease with increasing stress amplitude. Yang et
al. [15] conducted tests and obtained results showing that the
peak strength and elastic modulus decreased with increasing
temperature. Zhao et al. [16] found that the elastic modulus



and Poisson’s ratio decrease with increasing initial confining
pressures. Xie et al. [17] found that the dynamic compressive
strength of both unjointed intact and jointed rock specimens
increased with the increase of loading rate and confining
pressure, and with the increase of loading rate, jointed rock
specimens exhibited more obvious plastic deformation
capacity than intact rock specimens

Table 1 summarizes the variables controlled by different
researchers studying the dynamic properties of rocks. By
researching the literature, we found that the experiments
designed by researchers are sufficiently complete, and a large
number of research results have been obtained. Based on the
aim desired for this test, we felt that some improvements
could be made to facilitate the use of the test results to detect
the current working state of the target rock in Part (II). For
example, most scholars have controlled for variables of one,
two, or three, which is not enough for the purpose of our
present experiment. Also, the constrained range of controlled
variables in this study restricted the ability to draw extensive
conclusions regarding the dynamic properties of granite
under the combined influence of multiple factors. Further
research incorporating a broader range of controlled vari-
ables would be necessary to achieve a more comprehensive
understanding of the dynamic behavior of granite specimens.
Therefore, we added more test variables and expanded the
range of test variables in an experiment to allow us to per-
form better back analysis of the target rock working states.
Therefore, considering the laboratory conditions available,
we set the experimental variables as loading frequency
(1-20 Hz), confining pressure (5-30 MPa), dynamic stress
amplitude (5-27.5 MPa), number of cycles (50 times), and
degree of sample defects (single jointed 30°, single jointed
60°, and double jointed 60°).

Tests on intact rocks (D=0), we have completed and
obtained the corresponding data [34]. In this paper, we per-
form cyclic loading tests on granite samples to obtain the
effects of confining pressure, loading frequency, dynamic
stress amplitude, number of cycles, and the defect degree
on the granite samples. The data and models obtained
from the tests will be used for inverse analysis of the working
states of the target rocks.

3. Experimental Setup

3.1. Samples Preparation. The granite samples were obtained
from Wulian County, Rizhao City, Shandong Province,
China (Figure 4). The rocks were made into cubic samples
near 102 mm X 102 mm X 102 mm.

We cut the samples according to the preset number of
joints and the angle of joints and bonded them by epoxy
resin. We finally obtained single jointed 30°, double jointed
30° and single jointed 60° samples and polished them into
100 mm X 100 mm X 100 mm cubic samples. The samples are
shown in Figure 5.

After the samples were made, we performed the setting of
the test variables. Based on the engineering background, the
confining pressure in tests was preset as 5, 10, 20, and
30 MPa, respectively. We wanted to obtain more conclusions
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of the samples at higher frequencies in the test, so we
expanded the frequencies set in the study of Liu et al. [35]
to 1-20 Hz. Based on the maximum pressure that the test
machine could provide, the maximum dynamic stress ampli-
tude that the sample is subjected to before damage, and the
accuracy of the data collected by the machine at high fre-
quencies, the dynamic stress amplitude in tests was preset as
5, 10, 15, 20, 25, and 27.5MPa. Based on the maximum
number of cycles reached before the sample was damaged,
the number of cycles in tests was preset as 50 times.

After setting the test variables, we named the samples
according to the test variables and the defect degree of sam-
ples. One sample from each of the different loading condi-
tions was tested, i.e., seven specimens for each different
defect degree of rock. The sample naming and loading con-
ditions are summarized in Table 2. In Table 2, the name
“D3p5-10” means a single jointed 30° sample tested at a
frequency of 5Hz and confining pressure of 10 MPa. The
name “S35-10” means a double jointed 30° sample tested
at a frequency of 5Hz and confining pressure of 10 MPa.
After the naming of the sample was completed, we con-
ducted tests.

3.2. Triaxial Test System. Figure 6 shows a triaxial testing
machine used for the test. The machine has a maximum
force capacity of 4,000 kN, with a maximum horizontal force
capacity of 2,400 kN. Positioned beneath the machine is a
vertical dynamic load loading device designed with a maxi-
mum power capacity of 400 kN. The force resolution of the
loading system in both the vertical and horizontal directions
is 0.002 kN, while the displacement resolution is 0.005 mm.
The maximum loading speed in the horizontal direction is
400 mm/min. The acquisition device can collect 2,500 data
points per second at the time of the test.

The process of loading samples is shown in Figure 7. We
divided the loading process into three steps. Step 1: Putting
the sample into the loading machine and increasing the
pressure in the chamber until it reaches the preset confining
pressure of 5, 10, 20, and 30 MPa, and then keep it constant.
The loading method is a linear static load. Step 2: In this step,
cyclic loading should be ensured to reach 50 number of
cycles, and then continue to load the sample until the sample
is damaged, and observe the state of sample destruction. We
changed the loading frequency and dynamic stress amplitude
in the loading process. After all the cycles, we can obtain the
data of dynamic stress and dynamic strain.

By loading the samples, we obtain the data of dynamic
stress and dynamic strain. Then, the dynamic stress and
dynamic strain will be used for the next step to calculate
the dynamic elastic modulus and dynamic damping ratio
of the sample.

3.3. Test Principle

3.3.1. Defect Degree. We made samples with different num-
bers and angles of joints with the purpose of trying to quan-
tify the defect degree of the samples. We defined a new
variable, D, to quantify the defect degree of the samples,
and the quantification formula is as follows:
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D:A1+A2+'":ZA1" (1)
S S

where A, is the area of the surface containing the joint pro-
jected on the bottom of the sample, and S is the area of the
bottom of the sample.

The samples quantified by the Equation (1) are shown in
Figure 8. As shown in Figure 8, the defect degree of samples
factors up to 2 and a minimum defect degree factor of 0. The
intact sample, i.e., the sample with a defect degree of 0, has
already been tested and will not be mentioned again in
this test.

3.3.2. Dynamic Elastic Modulus and Dynamic Damping
Ratio. The hysteresis loop curves depicting the loading and
unloading processes of the samples are presented in Figure 9.
The hysteresis loop of the curve represents the energy dissi-
pation during the loading and unloading of the sample. This
dissipation can be quantified in terms of the dynamic damp-
ing ratio. The dynamic elastic modulus, which is determined
as the tangent modulus, characterizes the slope of the
stress—strain curve’s linear or approximately linear segment.
It signifies the sample’s elastic modulus when subjected to
dynamic loading conditions. The relationship between the
dynamic elastic modulus E4 and dynamic damping ratio 5
is given by Bie and Liu [14] and Deng et al. [11]:
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FiGURE 6: Triaxial testing machine.
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Ed — Omax ~ Omin . (2)

€max ~ €min

_ 1 Sapcea _ _Ar (3)
4 SAOEA 471'AS ’

where 6,,,x is the maximum dynamic stress. oy, is the min-
imum dynamic stress. €y, is the maximum dynamic strain.
Emin 1 the minimum dynamic strain. Ay is the area of the
hysteresis loop ADCBA and Ag is the area of the trian-
gle OEA.

The dynamic elastic modulus and dynamic damping
ratio of the sample, calculated by Equations (1) and (2), we
will use in the next step to analyze the results.

4. Results and Discussion

4.1. Hysteresis Loop of Sample

4.1.1. Effect of Confining Pressure. We plot the dynamic stres-
ses and dynamic strains obtained from the tests in Figure 10.
Figure 10 shows the hysteresis loop variation for a single
jointed 30° sample. According to researchers, the hysteresis
loops of rocks under cyclic loading generally show elliptical,
crescent-shaped, pointed leaf-shaped, or long eggplant-
shaped shapes [36], and it is obvious to see that the hysteresis
loop shape of Figure 10 is long eggplant shape. Figure 10
demonstrates that the rock loading curve slope increased
with the increase in the confining pressure, and the hysteresis
loop area decreased with the increase in the confining pres-
sure. It indicates that the dynamic elastic modulus of granite
increased, but the energy loss decreased. Besides, the hyster-
esis loop area increased with the increase in dynamic stress,
indicating that the energy loss of samples increased with the
increase in dynamic stress.

4.1.2. Effect of Frequency. Figure 11 shows the hysteresis loop
variation for single jointed 30° samples under cyclic loading.
Considering the inherent instability of the hysteresis loop
curves at high frequencies, the illustration of the samples’
hysteresis loop curves at 10-20 Hz emphasizes the relatively
stable hysteresis loops. Figure 11 demonstrates that as the
frequency increased, the shape of the granite hysteresis loop
changed from pointed leaf-shaped to show elliptical. Besides,
with the increase in dynamic stress, the granite loading curve
slope increased. It indicates the increase in dynamic elastic
modulus and energy loss. We can know that the frequency
has a large effect on the hysteresis loop of the sample, com-
pared with the confining pressure.

4.1.3. Effect of Defect Degree. Figure 12 shows the variation of
the hysteresis loop of the sample at different defect degrees
under cyclic loading. Figure 12(a) shows that the hysteresis
loop shapes of the samples with different defect degrees are
basically the same at the same loading conditions. It indicates
that the effect of loading at the same confining pressure and
loading frequency on the samples is almost the same.
Figure 12(b) shows the variation of the hysteresis loop area
of the sample at different number of cycles. The sample
hysteresis loop area increases as the defect factor increases.

4.2. Dynamic Properties

4.2.1. Effect of Confining Pressure. Figure 13 shows the varia-
tion of the dynamic elastic modulus of the sample with dif-
ferent defect degrees at the confining pressure, dynamic
stress amplitude, and number of cycles. The dynamic elastic
modulus of samples exhibits distinct patterns in response to
these variables. As the number of cycles increases, the
dynamic elastic modulus of samples with varying defect
degrees experiences a decline, whereas an escalation in the
confining pressure or the dynamic stress amplitude corre-
lates with an augmentation in the dynamic elastic modulus.
At the confining pressure of 30 MPa and the dynamic stress
amplitude of 27.5MPa, the dynamic elastic modulus of
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double jointed 30° sample is significantly smaller than the
other samples. It indicates that the dynamic elastic modulus
of the samples will be affected at a larger defect degree.
Table 3 shows the growth rate of the dynamic elastic modu-
lus of the samples during the increasing confining pressure.
We can know that the maximum increases of the samples
with different defect degrees are almost the same.

In an endeavor to comprehensively analyze the behavior
of the dynamic elastic modulus of samples under varying
confining pressures at a constant dynamic stress amplitude,
we show the variation of the average dynamic elastic modu-
lus of the samples with black curves in Figure 14. These show
that the average dynamic elastic modulus of the samples with
different degrees of defects increases with the increasing

confining pressure, and the conclusions obtained are consis-
tent with those of Zhang et al. [37] and Chen et al. [38]. It is
postulated that the augmentation in confining pressure effec-
tively hampers the development of internal fractures within
the granitic material, consequently enhancing the material’s
capacity to withstand deformation. The trend of the normal-
ized data (normalized with its starting modulus at each line) is
shown with blue curves in Figure 14. The blue curves of the
single joined 30° samples almost overlap in Figure 14(a), indi-
cating that its dynamic elastic modulus growth rate is almost
the same at the dynamic stress amplitude. Figures 14(b) and
14(c) demonstrate that the slope of the blue curve decreases
with increasing dynamic stress amplitude, indicating that the
growth of the dynamic elastic modulus of the sample
decreases with increasing dynamic stress amplitude.

The dynamic damping ratios of the samples with differ-
ent defect degrees are shown in Figure 15, which are influ-
enced by the number of cycles, the dynamic stress amplitude,
and the confining pressure. The dynamic damping ratio of
the sample variations is more dramatic in different number
of cycles. In general, the dynamic damping ratio of samples
with different defect degrees decreases as the number of
cycles increases and decreases as the dynamic stress ampli-
tude increases.

Figure 15 shows the variation of the dynamic damping
ratio of the sample at the confining pressure, the dynamic
stress amplitude, and the number of cycles. The findings
indicate a consistent pattern where samples with different
defect degrees exhibit a decrease in the dynamic damping
ratio as the number of cycles increases, while an increase is
observed with an escalation in dynamic stress amplitude. It
can be obvious that the dynamic damping ratio of the single
jointed 30° sample decreases with the increase of the confin-
ing pressure. The conclusion is similar with Zhao et al.’s [39]
and Peellage et al.’s [40] results. According to Li et al. [41],
increasing the confining pressure can inhibit crack expan-
sion. However, this trend was not obvious in the single
jointed 60° sample and the double jointed 30° sample. We
postulate that insufficient close contact between internal
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FiGure 10: Hysteresis loop diagram with confining pressure: (a) D3(5-5, (b) D3¢5-10, (c) D35-20, and (d) D3(5-30.

particles occurs after the sample is cut, and subsequent
adherence of the sample to the adhesive results in inadequate
contact. Consequently, the dynamic damping ratio still of the
sample tends to increase at the beginning of loading.

4.2.2. Effect of Frequency. Figure 16 shows the variation of the
dynamic elastic modulus of the sample with different defect
degrees concerning frequency, dynamic stress amplitude,
and number of cycles. At a frequency of 20 Hz, the activity
within the sample becomes intense. In this case, the test
equipment was not able to capture the test data for the

sample under the preset values. Hence, the data presented
in Figure 16, illustrating dynamic stress amplitudes of 15,
17.5, 20, and 22.5 MPa, are indicative of the collectible data-
set. The x-axis above the coordinate axis corresponds to the
variation of the dynamic elastic modulus of the sample at a
frequency of 20 Hz and different dynamic stress amplitudes.
The dynamic elastic modulus of samples with different defect
degrees increases with an increasing number of cycles,
increasing dynamic stress amplitude and increasing fre-
quency overall. Notably, the variation in dynamic elastic
modulus among samples with different defect degrees is
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less pronounced within the frequency range of 1-10 Hz com-
pared to the frequency of 20 Hz. Combined with the varia-
tion of the hysteresis loop of the samples at high frequencies
in Section 3.1.2, we believe that high frequencies have a
greater effect on the dynamic properties of the samples.
Table 4 shows the growth rate of the dynamic elastic modu-
lus of the samples during the increasing frequency. The
dynamic elastic modulus of single jointed 60° sample
increased the most.

To observe more directly the variation of the dynamic
elastic modulus of the samples with different defect degrees,

we show the trend of the average dynamic elastic modulus of
the samples with black curves in Figure 17. The dynamic
elastic modulus of samples exhibits an increase with increas-
ing frequency, which aligns with the findings of previous
studies [11, 12]. We attribute this change to two underlying
reasons. On the one hand, as the frequency increases, the
mineral particles within the rock undergo repositioning,
leading to the closure of cracks due to the deposition of
smaller particles [42, 43]. This phenomenon contributes to
an overall increase in the dynamic elastic modulus of the
sample. On the other hand, as the increase in frequency,
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the viscosity of the fluid between mineral grains inside the
granites increases, which causes the dynamic elastic modulus
of granites increased [18].

We propose that a quadratic polynomial can describe the
relationship between these variables. The trend of the
dynamic damping ratio of the normalized samples is depicted
by the blue curve in Figure 17. The growth rate of the dynamic
damping ratio decreases with increasing dynamic stress
amplitude for the single jointed 30° sample and the single
jointed 60° sample. The reduction rate of the double jointed
30° sample decreases more at the dynamic stress amplitude of
10-15MPa, and the reduction rate of the double jointed
30° sample is almost the same as the dynamic stress amplitude
of 15-25 MPa.

The variation of the dynamic damping ratio in samples
with different defect degrees is illustrated in Figure 18, con-
sidering the number of cycles, dynamic stress amplitude, and
frequency. At a frequency of 20 Hz, the activity within the
sample becomes intense. In this case, the test equipment was
not able to capture the test data for the sample under the
preset values. Hence, the data presented in Figure 18, illus-
trating dynamic stress amplitudes of 15, 17.5, 20, and 22.5
MPa, are indicative of the collectible dataset. The x-axis
above the coordinate axis corresponds to the variation of
the dynamic damping ratio of the sample at a frequency of
20 Hz and different dynamic stress amplitudes. Overall, the
dynamic damping ratio of samples with different defect
degrees decreases with the increasing number of cycles,
decreases with the increasing dynamic stress amplitude,
and increases with increasing frequency. The variation curve
of the sample dynamic damping ratio is close to a straight
line at the frequency of 1-10 Hz. Notably, the curve depicting
the variation of the sample’s dynamic damping ratio closely

approximates a straight line within the frequency range of
1-10Hz. In contrast, at a frequency of 20 Hz, the dynamic
damping ratio demonstrates a wider range of variation com-
pared to the 1-10 Hz frequency range.

To observe more clearly the variation of the dynamic
damping ratio for samples with different defect degrees, we
show the trend of the average dynamic damping ratio for
samples in Figure 19. The average dynamic damping ratio for
samples with different defect degrees increases with increas-
ing frequency, which is consistent with Deng et al. [11] and
Ni [12]. The variation trend is similar. The dynamic damp-
ing ratio of samples with different defect degrees has a sub-
stantial increase in frequency 10-20 Hz.

4.2.3. Effect of Dynamic Stress Amplitude. The black curve
depicts the variation of the average dynamic elastic modulus
of samples with different defect degrees in relation to the
increasing dynamic stress amplitude, which is shown in
Figure 20. It is evident that the dynamic elastic modulus of
the samples exhibits an increase with the rise in dynamic
stress amplitude. We consider their relationship as a power
function. The blue curve indicates the growth rate of the
average dynamic elastic modulus of samples with different
defect degrees after normalization in Figure 20. It is worth
saying that the growth rate of the dynamic elastic modulus
for single jointed 30° samples remains consistent across dif-
ferent confining pressures. In contrast, the growth rate of
single jointed 60° samples and double jointed 30° samples
is the slowest at a confining pressure of 20 MPa, while it is the
fastest at 10 MPa.

The black curve represents the variation of the average
dynamic damping ratio of the samples with different defect
degrees with increasing dynamic stress amplitude in
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TaBLE 3: Growth margin of dynamic elastic modulus of samples with confining pressure.

Name

5-10 Mpa (%)

Confining pressure o (MPa)
5-20 Mpa (%)

5-30 Mpa (%)

Single jointed 30° samples
Single jointed 60° samples
Double jointed 30° samples

7.9 12.8 19.4
6.8 20.5 27.5
10.9 14.4 24.0

Maximum increase in
dynamic elastic modulus
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Figure 21. It shows that the dynamic damping ratio of the
sample increases with increasing the dynamic stress ampli-
tude. We consider their relationship as a power function.
Furthermore, the growth rate of samples with different defect
degrees exhibits minimal variation.

It is hypothesized that the increase in dynamic stress
amplitude compresses the internal mineral particles within
the rock. Simultaneously, localized fractures between mineral
particles generate additional plastic strain. These factors col-
lectively contribute to an elevation in the dynamic elastic
modulus of the sample at the same confining pressure and
frequency.

The black curve represents the variation of the average
dynamic damping ratio of the samples with different defect
degrees with increasing dynamic stress amplitude in
Figure 22. There are some missing data points due to the
defect degree of the sample affecting the change in activity
within the sample during loading, resulting in a different
ability of the device to capture samples with different defect
degrees. Consequently, the absent data in Figure 22 pertains
to both the single jointed 60° sample and the double jointed
60° sample under a dynamic stress amplitude of 5 MPa and a
confining pressure of 20 MPa. The observed trend demon-
strates that the dynamic damping ratio of the sample
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Ficure 15: Effect of confining pressure, dynamic stress amplitude and number of cycles on dynamic damping ratio of samples: (a) single

jointed 30° samples, (b) single jointed 60° samples, and (c) double jointed 30° samples.

decreases with higher dynamic stress amplitudes. We con-
sider their relationship as a power function. The blue curve
indicates the reduction rate of the average dynamic damping
ratio of samples with different defect degrees after normali-
zation in Figure 22. Notably, the blue curves of the nodal 30°
samples exhibit substantial overlap, indicating a consistent
reduction rate. Similar conclusions can also be drawn for
single jointed 60° samples. The reduction rate of the dynamic
damping ratio of the double jointed 60° sample varies at
different confining pressures, but the range of variation is
not large.

The black curve represents the variation of the average
dynamic damping ratio of the samples with different defect

degrees with increasing dynamic stress amplitude in Figure 23.
There are some missing data points due to the defect degree of
the sample affecting the change in activity within the sample
during loading, resulting in a different ability of the device to
capture samples with different defect degrees. Consequently,
the absent data in Figure 23 pertains to both the single jointed
60° sample and the double jointed 60° sample under a
dynamic stress amplitude of 5 MPa and a loading frequency
of 5 Hz. Owing to the intricacy of the test variable configura-
tion, certain combinations of test variables render the equip-
ment incapable of capturing the corresponding data, resulting
in missing data in Figure 23. It shows that the dynamic damp-
ing ratio of the sample decreases with increasing the dynamic
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FIGURE 16: Effect of frequencies, dynamic stress amplitude and number of cycles on dynamic elastic modulus of samples: (a) single jointed 30°
samples, (b) single jointed 60° samples, and (c) double jointed 30° samples.

TaBLE 4: Growth margin of dynamic elastic modulus of samples with frequency.

Frequency f(Hz)
Name
1-5Hz (%) 1-10Hz (%) 1-20Hz (%)
Single jointed 30° samples 15.4 21.7 74.1 Maxi . .
Single jointed 60° samples 20.4 20.4 80.6 AXIIILM INCrease 1

o dynamic elastic modulus
Double jointed 30° samples 14.4 234 80.3
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FIGURE 17: Dynamic elastic modulus of samples with frequencies: (a) single jointed 30° samples, (b) single jointed 60° samples, and (c) double

jointed 30° samples.

stress amplitude overall. We consider their relationship as a
power function. The blue curve indicates the reduction rate of
the average dynamic damping ratio of samples with different
defect degrees after normalization in Figure 23. We found
more normalized data that were not on the curve, indicating
that the data were more discrete. In this case, we believe that
the dynamic stress amplitude has a small effect on the reduc-
tion rate of the dynamic damping ratio of the sample com-
pared to the confining pressure and loading frequency.
Some scholars obtained a similar conclusion by using sand-
stone [44], marble [45], and fine sandstone [46]. However, the
conclusion of He et al’s [47] experiment is contrary to our
conclusion. He found that the dynamic damping ratio of the
rock decreased with increasing dynamic stress amplitude. After

comparison, we found that the rocks were used in He et al.’s
[47] experiment are soft rock, and granite belongs to hard rock.
For this, we believe that the dynamic damping ratio of rocks has
a relationship with the kinds of rock.

4.2.4. Effect of Number of Cycles. Figure 24 depicts the
dynamic elastic modulus variation with an increasing num-
ber of cycles under different confining pressures. It is evident
that the dynamic elastic modulus of samples with diverse
defect degrees exhibits a decrease as the number of cycles
increases. It indicated that the irreversible deformation of the
samples subjected to cyclic loading was developing. The con-
clusion is consistent with Wang et al’s [48] and Peellage
et al.’s [40] results.
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Ficure 18: Effect of frequencies, dynamic stress amplitude and number of cycles on dynamic damping ratio of samples: (a) single jointed 30°
samples, (b) single jointed 60° samples, and (c) double jointed 30° samples.

Figure 25 shows the variation of the dynamic damping
ratio with an increasing number of cycles at different loading
frequencies. The dynamic damping ratio of samples with
distinct defect degrees exhibits a decrease as the number of
cycles increases, accompanied by significant fluctuations. It
indicates that the energy change inside the sample is more
drastic.

Figure 26 shows the trend of the dynamic elastic modulus
with an increasing number of cycles for samples with differ-
ent defect degrees. The dynamic damping ratio of the sample
exhibits a mixed behavior, with alternating increments and
decrements throughout the cycling process. However, the

overall trend indicates a decrease in the dynamic damping
ratio as the number of cycles increases. According to Wang
etal. [49] and Liu et al. [9], the irreversible strain is generated
in the first few cycles, and storing lower levels of elastic
energy requires higher energy dissipation, so a higher
dynamic damping ratio can be seen in the first few cycles,
and then gradually decreased to stability.

Figure 27 shows the trend of the dynamic damping ratio
with an increasing number of cycles for samples with differ-
ent defect degrees. The comprehensive trend of the dynamic
damping ratio for the sample indicates a marginal decrease
with an increase in the number of cycles, indicating a
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FiGure 19: Dynamic damping ratio of samples with frequencies: (a) single jointed 30° samples, (b) single jointed 60° samples, and (c) double

jointed 30° samples.

relatively limited sensitivity of the dynamic damping ratio to
the variations in the number of cycles, especially at lower
frequencies.

4.2.5. Effect of Defect Degree. Figure 28 depicts the variation
of the dynamic elastic modulus of the samples under differ-
ent load combinations. To better compare the effect of the

defect degree on the dynamic elastic modulus of the samples,
we include the data of the intact samples obtained from pre-
viously conducted tests [34] in Figure 28. The findings dem-
onstrate a decrease in the dynamic elastic modulus of the
sample as the defect factor increases. Figure 29 shows the
effect of the sample after loading. It is difficult to perform
the crack distribution under nondestructive loading because
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FiGure 20: Dynamic elastic modulus of samples with dynamic stress amplitude and confining pressure: (a) single jointed 30° samples, (b)

single jointed 60° samples, and (c) double jointed 30° samples.

the loaded jointed samples are damaged (Figure 29(a)).
Therefore, we use the intact sample (Figure 29(b)) to combine
the analysis.

In Figure 29(b), the cracks observed in the intact rock
during loading predominantly exhibit a transverse orienta-
tion. Since the joint of the single jointed 60° sample is at
60° to the horizontal plane, it makes the prefabricated jointed
and the transverse cracks generated by cyclic loading do not
easily overlap, resulting in a smaller reduction in sample stiff-
ness. The joint of the single jointed 30° sample is at 30° to the
horizontal plane, which tends to overlap with the newly gen-
erated cracks in loading, further weakening the stiffness of the
sample. For a double jointed 30° sample, the area formed
between the joints cannot bear too much stress. The two joints
mean that they will overlap more with the newly created

crack. It resulted in a higher decrease in the dynamic elastic
modulus of the double jointed 30° sample.

Figure 30 presents the variation of the dynamic damping
ratio of the samples under different loading combinations.
To better compare the effect of the defect degree on the
dynamic damping ratio of the samples, we include the data
of the intact samples obtained from previously conducted
tests [34] in Figure 30. It demonstrates that as the defect
degree increases, the dynamic damping ratio of samples
increases. Our interpretation is based on the understanding
that the reduced stiffness resulting from the presence of
joints makes the sample more susceptible to crack formation
during loading. The increase in energy consumption during
crack generation leads to an increase in the sample’s dynamic
damping ratio.
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5. Dynamic Response Model

5.1. Model Establishment. Duncan—Chang model is the most
classical one of the nonlinear elastic models [50], which can
reflect the mechanical behavior of the rock well. Many
researchers have used the Duncan—Zhang model to conduct
research on the mechanical behavior of rocks and have
obtained good results [51-53]. The frequencies we set in
our experiments are 1-20 Hz, and we consider the samples
in quasi-static loading. Therefore, combining the loading
characteristics and the advantages of the model, we chose
the Duncan—Chang model to carry out our study. Moreover,
the acquired Duncan—Chang model is employed for inverse
analysis to ascertain the working condition of the target rock.

With the objective of enhancing the accuracy of the inverse
analysis results, we have formulated distinct Duncan—Chang
models tailored to samples with different degrees of defects.
The following relationship between dynamic stress and
dynamic strain in the Duncan—Chang model is as follows:

A&'d

Ta+t bAey’ 4)

04

where o4 is dynamic stress level. Ag4 is dynamic strain ampli-
tude, a and b are test parameters.

Figure 31 shows the results of fitting samples with differ-
ent defect degrees with Equation (4). Most of the data are on
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FiGure 22: Dynamic damping ratio of samples with dynamic stress amplitude and confining pressure: (a) single jointed 30° samples, (b) single

jointed 60° samples, and (c) double jointed 30° samples.

the fitting curve. It indicates that Equation (4) can reflect the
relationship between dynamic stress and dynamic strain
amplitude.

To facilitate obtaining the model parameters a and b
related to the confining pressure and frequency, we trans-
form Equation (4) into the following relationship:

A
S bAgg, (5)
04

where o4 is dynamic stress level. Ae4 is dynamic strain ampli-
tude, a and b are test parameters.

Figure 32 shows the decrease ratio of dynamic strain
amplitude to dynamic stress with increasing dynamic strain

amplitude. However, most of the data are not on the fitted
curve at frequencies of 1-10 Hz, indicating that Equation (5)
is not suitable for fitting the data. Through the analysis of the
data, we prefer that the ratio of dynamic strain amplitude to
dynamic stress and dynamic strain amplitude have a qua-
dratic polynomial relationship. Therefore, we improved the
Duncan—Chang model as the following formula:

c :L (6)
4T 0¥ bAey + cAel’

A

28 a4 bAeg + cAe, (7)

o4

where o4 is dynamic stress level. Ag4 is dynamic strain ampli-
tude, a, b, and c are test parameters.
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60° samples, and (c) double jointed 30° samples.

5.2. Influence of Confining Pressure. Figure 33 displays the
outcomes of fitting Equation (6) to depict the relationship
between dynamic strain and dynamic stress at confining
pressure. The obtained results show that as the dynamic
stress increased, the dynamic strain increased. At the same
dynamic stress, the dynamic strain in the sample increases by
decreasing the confining pressure. The data points align
closely with the fitting curve, indicating that Equation (6)
is suitable in this test.

Figure 34 presents the outcomes of fitting Equation (7)
to establish a relationship between the ratio of dynamic
strain amplitude to dynamic stress and dynamic strain.
The ratio of dynamic strain amplitude to dynamic stress

decreases as the dynamic stress amplitude increases. The
correlation coefficients of the fitting formulas all reach
0.99, which indicates that the improved Duncan—-Chang
model can well express the mechanical properties of the
sample during loading. It also shows that our guesses are
reasonable.

Table 5 shows the experimental parameters a, b, and ¢ in
relation to the variation of the confining pressure. The parameter
a is linear with the confining pressure for samples with different
defect degrees. Parameters b and ¢ of the single jointed 30°
sample are related to the confining pressure as a power function.
Parameters b and ¢ of the single jointed 60° sample have a
quadratic polynomial relationship with the confining pressure.
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Parameters b and ¢ of double jointed 30° sample are related to
the confining pressure as a power function.

5.3. Influence of Loading Frequency. Figure 35 displays the
outcomes of fitting Equation (6) to depict the relationship
between dynamic strain and dynamic stress at loading fre-
quency. The obtained results show that as the dynamic stress
increased, the dynamic strain increased. At the same dynamic
stress, the dynamic strain in the sample increases by decreas-
ing the frequency. The data points align closely with the fitting
curve, indicating that Equation (6) is suitable in this test.

Figure 36 presents the outcomes of fitting Equation (7) to
establish a relationship between the ratio of dynamic strain
amplitude to dynamic stress and dynamic strain. The ratio of
dynamic strain amplitude to dynamic stress decreases as the
dynamic stress amplitude increases. At frequencies ranging
from 1 to 10 Hz, the correlation coefficient of the formula
reaches 0.98, indicating that the model accurately captures
the mechanical behavior of the sample. However, the for-
mula correlation coefficient is generally low at a frequency
of 20 Hz, reaching only 0.94 for a single jointed 30° sample.
This suggests that higher frequencies exert a greater
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FIGURE 29: Sample loading comparison: (a) double jointed 30° sample and (b) intact sample.
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jointed 30° samples.
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FIGURE 32: Samples’ Aeg/o4 — Aegy fitting curves for Duncan—Chang model: (a) single jointed 30° samples, (b) single jointed 60° samples, and
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TasLE 5: The parameters a, b, and ¢ change the curve with confining pressure.

Name Parameter and confining pressure relationship equation
a=0.0562 - 0.000363c¢
Single jointed 30° samples b= —0.08931+0.00224 x 0.9233

¢=0.1036 +0.022 x 0.78
a=0.064 - 0.0006040
Single jointed 60° samples b= —-0.131442.56 X 10"*6 + 4.3 X 106>
c=0.129+1.83x107%6 — 6.55x 107°5?
a=0.0623 — 0.005020
Double jointed 30° samples b= —-0.093-0.071 x0.087
c=0.0873 +0.0864 x 0.85
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FiGure 35: Sample fitting curves with frequency: (a) single jointed 30° samples, (b) single jointed 60° samples, and (c) double jointed 30°
samples.
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FIGURE 36: Samples’ Aeg/oq — Agq fitting curves with frequency: (a) single jointed 30° samples, (b) single jointed 60° samples, and (c) double

jointed 30° samples.
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TasLE 6: The parameters 4, b, and ¢ change curve with frequency.

Name

Parameter versus frequency equation

Single jointed 30° samples

a=0.027 +0.060 x 0.81/
b= —0.02-0.218x0.81
c=4.8x107> +0.0649 x 0.842

Single jointed 60° samples

a= —0.027 4 0.0649 x 0.89
b= —0.034-0.21 x0.89
c=-3.92x10"2+0.26 x0.92

Double jointed 30° samples

a=0.036+0.0623 x 0.78f
b= -0.071-0.189x0.733
c=0.054+0.2x0.797

influence on the dynamic properties of the sample compared
to the confining pressure, which is consistent with the obser-
vations and conclusions presented in Chapters 3 and 4. The
work we carry out in Part (II) will constantly modify the
formulas of the parameters obtained from the experiments
and finally derive the initial stress.

Table 6 shows the experimental parameters g, b, and ¢ in
relation to the variation of the frequency. It demonstrates
that there is a power function relation between parameters
a, b, ¢ and loading frequency.

6. Conclusions

We controlled the confining pressure, loading frequency,
dynamic stress amplitude, and number of cycles to perform
triaxial tests on granite samples with different defect degrees,
with the aim of constructing a back analysis model of the
stress state of granite samples. We performed a study on the
dynamic properties of granite samples in detail and used
the data to construct a dynamic response model. The follow-
ing conclusions are drawn:

(1) As the confining pressure increases, the dynamic
elastic modulus of granite increases and its dynamic
damping ratio decreases. From 5 to 10 MPa, the
dynamic elastic modulus of single jointed 30° sam-
ples increased by a maximum of about 7.9%, the
dynamic elastic modulus of single jointed 60° sam-
ples increased by a maximum of about 6.8%, and the
dynamic elastic modulus of double jointed 30° sam-
ples increased by a maximum of about 10.9%. From 5
to 20 MPa, the dynamic elastic modulus of single
jointed 30° samples increased by a maximum of
about 12.8%, the dynamic elastic modulus of single
jointed 60° samples increased by a maximum of
about 20.5%, and the dynamic elastic modulus of
double jointed 30° samples increased by a maximum
of about 14.4%. From 5 to 30 MPa, the dynamic elas-
tic modulus of single jointed 30° samples increased
by a maximum of about 19.4%, the dynamic elastic
modulus of single jointed 60° samples increased by a
maximum of about 27.5%, and the dynamic elastic
modulus of double jointed 30° samples increased by

a maximum of about 24.0%. We hypothesize that this
observed phenomenon can be attributed to the inhi-
bition of microscopic crack propagation within the
granite, leading to an increase in the dynamic elastic
modulus. Additionally, the suppression of crack
expansion reduces the energy generated during load-
ing, consequently resulting in a gradual decrease in
the dynamic damping ratio of the granite. However,
the trend of decreasing dynamic damping ratio of
granite is not obvious in single jointed 60° and dou-
ble jointed 30° granite. We believe that this is related
to the fact that insufficient close contact occurred
between the granite interiors after the granites were
cut, and increasing the confining pressure in a short
time could not reduce the dynamic damping ratio.

(2) The dynamic elastic modulus and dynamic damping

ratio of the sample increase with increasing frequency.
From 1 to 5 Hz, the dynamic elastic modulus of single
jointed 30° samples increased by a maximum of about
15.4%, the dynamic elastic modulus of single jointed
60° samples increased by a maximum of about 20.4%,
and the dynamic elastic modulus of double jointed
30° samples increased by a maximum of about
14.4%. From 1 to 10 Hz, the dynamic elastic modulus
of single jointed 30° samples increased by a maximum
of about 21.7%, the dynamic elastic modulus of single
jointed 60° samples increased by a maximum of about
20.4%, and the dynamic elastic modulus of double
jointed 30° samples increased by a maximum of about
23.4%. From 1 to 20 Hz, the dynamic elastic modulus
of single jointed 30° samples increased by a maximum
of about 74.1%, the dynamic elastic modulus of single
jointed 60° samples increased by a maximum of about
80.6%, and the dynamic elastic modulus of double
jointed 30° samples increased by a maximum of about
80.3%. The dynamic properties of granite are greatly
affected at a frequency of 20 Hz, comparing to confin-
ing pressure. We suspect that it is due to the wedging
of granite internal particles fell into the cracks inside
the rock and caused them to close, causing the granite
strength increased significantly. And the viscous resis-
tance of the fluid between the mineral particles was



38

enhanced, and more energy was consumed when the
mineral particles produce displacement, then the
dynamic damping ratio also gradually increased.

(3) The dynamic elastic modulus of granite increases
with the increasing dynamic stress amplitude, but
its dynamic damping ratio decreases. We believe
that it is caused by the large dynamic stress ampli-
tude compacting the internal defects and mineral
grains of the granite. The data of the dynamic damp-
ing ratio of granite are more discrete in the fitting
curve, and we think that the effect of dynamic stress
amplitude on the growth of the dynamic damping
ratio of granite is smaller compared with the confin-
ing pressure and frequency.

(4) The dynamic elastic modulus and dynamic damping
ratio of granite decreases with an increasing number
of cycles. As the number of cycles increased, the irre-
versible deformation of the nodular rock samples
subjected to cyclic loading was gradually developed,
causing the dynamic elastic modulus of granite
decreased. At the same time, the irreversible defor-
mation generated at the beginning of the cycle, the
higher energy dissipation required to store the lower
level of elastic energy. Leading to a higher dynamic
damping ratio of granite at the beginning of the
cycles and then decreasing.

(5) We defined a defect degree D to display the variation
dynamic elastic modulus and dynamic damping ratio
of the sample with increasing defect degree. As the
defect degree of granite increases, the dynamic elastic
modulus decreases, but its dynamic damping ratio
increases. We believe that this is related to the trans-
verse cracks produced during loading and the pores
created inside the granite after cutting.

(6) We improved the Duncan—-Chang model to obtain
the dynamic stress—strain relationship for the granite
sample at different pressure, loading amplitude, and
frequencies. The model fits the data well, with most
formulas reaching a correlation coefficient of 0.98.
However, the frequency has a large effect on the
material performance parameters, comparing the
confining pressure. The lowest granite dynamic
response model was only 0.94 at a frequency of 20
Hz. The data obtained from this experiment and the
constructed dynamic response model will be applied
to our study in Part (II).
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