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Abstract: In the process of geotechnical engineering excavation, wet and water-filled rock masses are
inevitable. To obtain the mechanical properties of these rocks, indoor tests are required, and most of
the rock tests rock tests are dry or nearly dry. They cannot really reflect the true nature of the rock,
let alone its nature under a dynamic load. The rock was repeatedly impacted during the blasting
excavation process. To determine the mechanical response characteristics and damage evolution of
rocks with different moisture states under cyclic dynamic loads, rock samples with three saturation
levels were prepared. In the experiment, the Hopkinson pressure bar equipment was utilized to
perform five cycles of impact with the same incident energy, and the dynamic response of rocks with
different impact times was recorded. Nuclear magnetic resonance technology was employed to obtain
the change law of the pores of rock specimens after impact, and the cumulative damage rules of rock
were combined with the fractal theory. From the experiments, it can be observed that the stress-strain
curves of all rock samples are similar, in that they all have stress addition and unloading stages. The
peak stress is proportional to the impact time and moisture content, whereas the opposite is true for
the peak strain. After the impact, the small and large pores closed and increased, respectively. The
porosity and porosity change rate increased with an increase in the impact time. With an increase in
moisture content, this trend is more obvious. It can be observed via magnetic resonance imaging that
the internal fractures of the water-bearing rock are obvious after multiple impacts. In particular, the
saturated rock specimens exhibited severe damage. Fractal analysis of the NMR figures revealed that
after three impact times, the fractal dimension change in the water-bearing rock samples was not
obvious. This phenomenon indicated that a macro gap appeared. The fractal dimensions of the dry
rock samples continued to increase, and the internal damage was less obvious.

Keywords: cyclic loading; moisture state; SHPB; NMR; porosity; fractal

1. Introduction

Blasting is an indispensable excavation method in geotechnical engineering. On the
one hand, the drilling and blasting methods can perform blasting and exfoliation on a
preconcerted rock mass for the purpose of excavation. On the other hand, in addition
to its use for crushing rock bodies, explosion shock waves will be transmitted to the
surrounding rock mass, causing damage or destruction to the surrounding rock, which
will affect the stability and safety of surrounding rocks and adjacent structures [1-5]. Since
the excavation of rock and soil is limited by production and construction techniques, it
cannot be completed after one excavation and often requires multiple blasting excavations.
Therefore, the impact of explosion shock waves on surrounding rocks and nearby buildings
is significant.

During excavation, the rock is subjected to cyclical impact, and cracks in the rock are
expanded under cyclic loading to expand the degree of rock damage. In terms of macro-
scopic performance, as the strength of the rock decreases, its ability to resist deformation
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decreases as well [6]. The near-water rock mass project is more obvious in terms of rock
mass damage. The presence of water weakens the rock and reduces its strength and ability
to resist deformation. Under the same blasting capacity, the damage to the moist rock
mass is greater than that of the dry rock mass; therefore, the excavation of rock masses
with different moisture contents results in different damage levels. It is necessary to study
the dynamic response and damage law of rock masses with different moisture contents,
particularly rocks subjected to cyclic dynamic loads.

Currently, several researchers have studied the mechanical properties of water-bearing
rocks. However, most of these studies are limited to statics, and few scholars have studied
the influence of moisture content on the mechanical properties of rocks from the perspec-
tive of dynamics. Yuan Pu et al. [7-9] utilized the split Hopkinson pressure bar device
(hereinafter referred to as SHPB) to study the dynamic mechanical properties of sandstone
in different moisture states. They then studied the effect of sandstone moisture content on
mechanical properties from the perspective of stress-strain and energy. Using SHPB tests
to obtain the dynamic breaking strength of dry and water-saturated granites, Rubin [10]
and Lou Weitao [11] indicated that water-saturated granites are harder to break off than
when dry. After performing uniaxial impact compression tests on sandstone under air-dry
and saturated conditions, Wang Bin et al. [12] determined that the saturated strength of
sandstone was similar to that in the air-dry state. By summarizing the research results of
hydrous rock dynamics, it was determined that when the rock sample was processed, the
scholars did not rule out the influence of other factors than water, such as the temperature
factor and test environment where the rock sample was located.

Significant progress has been made in studying the dynamic response of rocks based
on the SHPB system; however, there are few studies on the dynamic cumulative damage
of rocks. Li Diyuan [13] and Mei Nianfeng [14] studied the damage law of granite under
multiple impacts and adopted the change in rock longitudinal wave velocity to characterize
the damage characteristics of rock. Combining the dynamic statistical damage model based
on the Weibull distribution, Zhu Jingjing [15] studied the mechanical properties and energy
absorption of granite under cyclic impact loading, and analyzed the evolution law of the
cumulative damage of rocks. Using the rock wave velocity and logistic curve equation, Jin
Jiefang [16] studied the cumulative damage of sandstone under dynamic cyclic loading,
and established a cumulative evolution model of rock damage under cyclic impact. Earlier
studies did not consider the state of moisture in the rocks. In addition, the error in the
degree of damage was determined by the acoustic velocity. Therefore, the accuracy of the
obtained results is not high, and research on cumulative damage using the formula does
not intuitively reflect the degree of rock damage.

Based on earlier research, to obtain cyclic dynamic mechanical responses and cumula-
tive damage rules for rocks with different moisture contents, impact tests combined with
pore scanning and fractal theory were employed to obtain the dynamic response charac-
teristics of rocks in different moisture content states under multiple dynamic shocks, and
master the change law of rock internal damage. The SHPB system was utilized to cyclically
impact sandstones with three types of moisture content to obtain the dynamic constitutive
relationship of rocks and changes in the peak stress and peak strain. Furthermore, the
nuclear magnetic resonance system (hereinafter referred to as NMR) was utilized to scan
the rock samples after impact, obtain the porosity of the rock and its change, and intuitively
obtain the damage evolution rules of the rock. The fractal theory was employed to reveal
the variation law of rock pore [17-20], and the degree of rock destruction was characterized
by the fractal dimension.

2. Experimental Scheme and Sample Preparation
2.1. Rock Impact Test

The diameter of the SHPB system utilized in the test was 50 mm, length of the incident
beam was 2.00 m, and length of the transmission rod was 1.50 m. The material was 40Cr
alloy steel with a density of 7795 kg:-m 3 and elastic wave velocity of 5410 m-s~!. To
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achieve a stable half-sine wave loading, the punch utilized a “spindle type” that elimi-
nates P-C oscillations. It has the same material as the rod, and its maximum diameter is
50 mm [21-24].

An SHPB device was utilized to dynamically load the sandstone specimens. To study
the mechanical properties of the rock under different loading times, the cylinder pressure
of the gun bore was set to 0.4 MPa [25]. Each impact was performed on dry, semi-saturated,
and saturated rock specimens with the same incident energy. Five cyclic impacts were
applied to each rock sample moisture state, and the dynamic response data of the rock at
each impact were recorded. To reduce the fluctuation of the curve, the median obtained for
every three tests was recorded as standard data.

2.2. NMR Test

The NMR analysis of the rock was performed using an AniMR-150 Rock Magnetic
Resonance Imaging Analysis System manufactured by Shanghai Niumag Electronic Tech-
nology Co., Ltd (Shanghai, China). The NMR test determines the change in rock pores by
measuring the relaxation time of pore water. Generally, the pore characteristics of rocks are
characterized by a change in the T, curve. Usually, the smaller the pore size, the smaller the
measured T; value. In the curve diagram, the area enclosed by the T, curve and horizontal
axis represents the porosity of the entire rock sample; therefore, if the NMR is adopted to
measure rock pores, all the rock pores need to be filled with water. Before the test, the rock
samples were subjected to a full-water treatment, and then the samples of the SHPB test
were subjected to NMR scanning. The porosity and pore imaging of the rock were analyzed
by analyzing the T, spectral curves and pore images [26] based on the scan results.

To avoid the influence of water saturation and drying tests on the rock, different rock
specimens were taken for different impact times. The initial state of the rock was recorded
before NMR testing. In other words, before the impact test, all the rock samples were
saturated, saturated weights of all the samples were recorded, and initial data of the rock
pores were obtained by NMR scanning. Finally, the samples were dried to obtain the
required samples.

2.3. Sample Preparation

The sandstone core sample utilized in the test was obtained from a quarry in Jvnan,
Linyi, Shandong Province. The brown-red rock sample had a medium-grained or fine-
grained sand-like structure with a uniform texture. The smoothness and perpendicularity
of the sample surface and axis met the specification requirements. The sample surfaces
were visually observed without joints, cracks, or defects.

To obtain good test results and eliminate influencing factors apart from moisture
content, all the samples were dried. The sandstone samples were placed in an oven and
baked at 108 °C for at least 24 h. The samples were weighed every 4 h and considered dried
when the continuous measured mass difference was less than 0.1% of the samples. After
the rock sample was cooled, it was removed and weighed immediately to record its weight
under test in a very dry state.

A vacuum test was performed to determine the water saturation of the dried samples.
When the samples were saturated, the water surface in the saturated container was higher
than the upper surface of the samples, and the vacuum pressure dial degree was approx-
imately one atmosphere (0.1 MPa). The time required for pumping air in the saturated
sample was 6 h. After pumping was completed, the saturated rock samples were placed in
water for 30 d for maintenance. During the curing process, it was ensured that the water
surface was at least 2 cm above the upper surface of the rock. To prepare semi-saturated
samples, the samples were subjected to vacuum saturation, and the saturation time was 1 h.
After the extraction was completed, the samples were wrapped in plastic. As illustrated in
Figure 1, the wrapped sample was placed in a sealed box for 30 d for curing.
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Figure 1. Maintenance of sample package.

The size of the sandstone samples utilized in the test was $50 mm x 50 mm. The
samples utilized in the test were named using the water content state and impact times.
We used letters d/h/s for the dry/half-saturated /saturated states and numbers for the
impact times. For example, sample d-3 indicates dry rock samples that have received or
will receive three impact times.

After curing, the saturated samples were weighed and the sample density and corre-
sponding moisture content were calculated using the following formula:

wg = MJOO% 1)
s
Ws
K, =— 2
vz @

where m is the weight of the rock sample, m, is the weight of the rock specimen, m; is the
weight of the dry rock (kg), w; is the rock moisture content, ws, is the moisture content
of the rock under saturation conditions, and K|, is the rock saturation coefficient adopted
to characterize the rock saturation. The rock specimen saturation is presented in Table 1,
where m, is the weight of the sample before the test, and K, is the average saturation
coefficient of the rock.

Table 1. Rock specimen saturation.

Sample Name mglg mylg Ky K,
d-1 229.31 229.48 3.00%
d-2 227.37 227.5 2.45%
d-3 231.6 231.75 2.96% 2.61%
d-4 227.06 227.17 2.11%
d-5 230.46 230.59 2.54%
h-1 227.36 230.22 55.86%
h-2 222.19 225.01 53.92%
h-3 230.25 233.18 56.56% 54.04%
h-4 232.02 234.96 53.36%
h-5 231.92 234.57 50.48%
s-1 225.59 230.89 100.00%
s-2 229.51 234.67 100.00%
s-3 227.41 232.69 100.00% 100.00%
s-4 229.96 235.31 100.00%

s-5 229.63 235.11 100.00%
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3. SHPB Dynamic Pressure Test and Result Analysis
3.1. Stress-Strain Analysis

The stress-strain curves of the rocks under different conditions are illustrated in
Figures 2—4. As can be observed, all the curves have two stages: stress rise and stress
drop [1]. At the initial stage of the dynamic load, the rock stress increases with an increase
in strain. At this time, the stress increases, and this stage is defined as the loading stage.
When the stress reaches its peak and then decreases, the strain continues to increase.
When the strain reaches the peak, both the stress and strain decrease, the curve appears
“springback”. The stage at which the stress drops after it reaches its peak is defined as
the unloading phase of the rock. With an increase in the impact time, the entire rock
stress-strain curve moves toward the lower right. The g-1 stress-strain curve is used for a
typical analysis, as illustrated in Figure 5.
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Figure 2. Stress-strain curves of dry samples.
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Figure 3. Stress-strain curves of half-saturated samples.



Fractal Fract. 2022, 6, 226

60of 17

o/MPa

140

120

100

80

60

40

20

120 r
s-1
100 r 52
s-3 ==
80 I e —gd s Y
- A -8 - T t~,
nf - =35 2 -~ _ - | \.
Z 60 “hd - I}
v - - !
>~ 7z -7 / /
40 r 57 _ -7 / .
P ’
N
20 r A
.,/
i
0 1 1 1 1 1 1 1 J
0 0.001  0.002 0.003 0.004 0.005 0.006 0.007 0.008
g
Figure 4. Stress-strain curves of saturated samples.
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Figure 5. Typical stress-strain curves.

It can be observed from Figure 5 that the OC stage where the stress rises, is the loading
stage, and the CE stage where the stress is reduces, is the unloading stage. This stage is
also called the post-destruction stage for rocks that have been destroyed.

In the curve, the OA segment is a compact stage. At this stage, the rock pores are
compacted under the action of external stress, and the elastic modulus of the rock is
unstable. After reaching point A, the rock enters the elastic AB stage. During this stage, the
rock is elastically deformed, and the microcracks begin to expand. The stress-strain curve
is approximately linear, and the elastic modulus is approximately constant. After entering
the BC stage, the slope of the stress-strain curve of the rock decreases slightly. This phase
is the stage of plastic deformation of the rock, the elastic modulus exhibits a downward
trend, and the rock interior crack propagation is slow. Point C represents the peak stress
of the rock. If the rock is weak, it will be macroscopically damaged when it reaches this
point. The magnitude of the peak stress is not only related to the impact times, but also
to its ability to resist load. For the same rock sample, the magnitude of the peak stress
characterizes the degree of damage within the rock. After point C is crossed, the stress
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gradually decreases. The CD stage is the first unloading phase that represents the extension
of the rock plastic stage. At this stage, the curve is short, and the internal damage of the
rock continues to expand. When the rock strain peak is reached at point D, the rock strain
will not continue to expand, and rock unloading is complete. The second unloading phase,
DE segment, enters through the D-point rock. At this stage, the rock strain decreases with a
decrease in stress; therefore, this stage is the elastic recovery stage of the rock. The longer
the DE segment distance, the greater the elasticity of the rock.

The peak stress and peak strain of the rock under various conditions were extracted,
and their relationship with the impact times was established, as illustrated in Figures 6 and 7,
where it can be observed that the peak stress, peak strain, and impact times are approxi-
mately linear. As the impact time increases, the peak stress gradually decreases and the
peak strain gradually increases. For the same number of impacts, the peak stress is inversely
proportional to the rock saturation, whereas the peak strain increases with an increase in
moisture content. The curve is fitted linearly, and the fitted formula is presented in Table 2.

120
115
110 r
105
100 -
9

c,/MPa
W

O
o
T

85 | Dry rock samples

<0 Half-saturated rock samples

5 r
70 1 1 1 1 1 )

—&— Saturated rock samples

Figure 6. Peak stress variation trend ( 0;;: peak stress; N: impact times).

0.0075
Dry rock samples
0.007 Half-saturated rock samples
0.0065 L —&— Saturated rock samples
£ 0.006 -
2
«0.0055 |
0.005 r
0.0045
0004 1 1 1 1 1 J
0 1 2 3 4 5 6

N

Figure 7. Peak strain variation trend ( &;,: peak strain).
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Table 2. Relationship between o, , €, and N.

Rock Type om—-N em—N
O 0y g = —5.0727 N +121.63 €, = 0.0003 N + 0.0041
y (R? = 0.9888) (R? = 0.9107)
) Oy = —5.5056 N + 113.74 €, = 0.0005 N + 0.0041
Half-saturated (R? = 0.9544) (R = 0.9441)
s = —5.9221 N + 106.69 em_s = 0.0004 N + 0.0048
Saturated (R? = 0.9591) (R? = 0.9016)

R?: goodness of fit.

3.2. Destructive Morphology Analysis

Under cyclic impact, the cumulative damage within the rock increases with the number
of cycles, and macro-damage occurs when the internal damage reaches a certain level. Due
to their high compressive strength, dry rock samples have a strong resistance to deformation,
and there is no obvious damage after five impact cycles. However, the water-containing
rock samples exhibited macroscopic damage after several impacts. Asillustrated in Figure 8,
the numbers in the figure refer to the impact times.

@)

3
(b)

Figure 8. Failure form of rock samples. (a) Semisaturated sample. (b) Saturated samples.

From Figure 8, it is known that as the impact time increases, the rock damage increases,
but the rocks with less moisture content have a lower degree of damage when compared to
rocks with higher moisture content. For the semi-saturated sample, a crack appeared on
the surface of the sample after four impact cycles, and the depth was still shallow. Only
part of the sample surface fell off when the fifth impact occurred. For the saturated sample,
after the third impact, there were two obvious cracks on the surface of the sample, which
penetrated the interior of the rock. A negligible number of stones fell off the rock surface,
but the sample remained intact. On the fourth impact, a few rock fragments fell off and
formed a typical split fracture. On the fifth impact, the rock was completely destroyed,
more stones were peeled from the sample, and only half of the samples were not completely
broken. It can be observed that rocks with higher moisture content have a weak resistance
to deformation.
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4. Study on Rock Dynamic Damage Test
4.1. T, Spectral Curve Analysis

Samples with the same impact energy and different impact times were compared with
the Ty spectrum curves before and after impact. The results are illustrated in Figures 9-11.

As can be observed from Figures 9-11, under impact, the T, spectrum curve exhibits
an obvious phenomenon that shifts to the right, and peaks rise. This phenomenon proves
that as the impact time increases, the pore volume of the sample and number of rock pores
increase. The damage inside the sample expands under the action of external forces and
increases with interaction time. Spectral curves with a relaxation time <0.1 ms develop
toward the zero coordinate and most have been zeroed. This is due to the closure of the
small pores caused by external forces. Owing to the difference in lithology, the number of
pores decreases to varying degrees, but with the increase in impact time, the phenomenon
in which the number of pores increases occurs mostly in the stratum with smaller and larger
pore sizes. For large pores, the Ty value is reduced when the impact times are negligible;
however, as the impact times increase, the peak of the large pore spectrum curve gradually
increases and even exceeds the peak of the curve before the impact. Under the same impact,
the peak value of the macropore curve increases with an increase in core moisture content.
Similar to small pores, macropores are closed in the case of small impacts. However, owing
to the presence of water pressure, the water-containing sample offsets part of the external
load. Therefore, it can be observed from the figure that the peak value of the macropore
curve of the sample with a high moisture content has a smaller decrease. As the impact
time increases, the rock damage increases, pores expand or penetrate, number of large
pores increase, and the peak point of the macropore curve increases. Meanwhile, for the
water in the pores that soften the rock, the damage to the water-containing sample is greater
under the same impact energy and impact times. It can be observed from the figure that the
curve peak of the water-bearing rock is higher under the same impact times. Comparing
the curves before and after impact, it is observed that the porosity component of samples
with a large moisture content has a larger increment.

-- -==- Pre impact
After impact
1
; b " A
—— i b A
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Figure 9. T, spectrum curves of dry samples.
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Figure 10. T, spectrum curves of half-saturated samples.
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Figure 11. T, spectrum curves of saturated samples.

4.2. Porosity Analysis

To reduce the difference between individual rock samples, the porosity of the sam-
ples before and after the impact test are compared. The porosity change rate is defined

as follows:
o nb - 11,1

Ng

5 ®)
where 7, is the porosity before the sample is impacted (%) and 7y, is the porosity after the
sample is impacted (%).

The calculation result of Equation (3) can be adopted as a measure of the degree of
damage to a rock sample. The change in porosity of the sample before and after the impact
is presented in Table 3. The curves utilized for fitting the data in the table are illustrated in
Figure 12.
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Table 3. Rock sample porosity.

Sample Name 1ny/% nyl% Onl%
d-1 4.22 4.34 3.06
d-2 456 4.71 3.29
d-3 4.34 4.53 4.47
d-4 4.45 4.80 7.92
d-5 4.37 4.89 11.81
h-1 4.34 4.56 5.09
h-2 4.69 494 5.20
h-3 4.84 5.13 6.10
h-4 4.34 5.09 17.24
h-5 4.30 5.65 31.31
s-1 4.76 5.36 12.76
s-2 4.65 5.37 15.44
s-3 4.27 5.14 20.29
s-4 458 6.12 33.56
s-5 4.57 8.29 81.49
90
80
70
dry
60
half-saturated
°\\° 01 —&— saturated
=
40 F
30 +
20 r
10
0 1 1 1 1 1 J
0 1 2 3 4 5 6

Figure 12. The relationship curve of porosity change rate—impact times.

It can be observed from Figure 12 that as the impact time increases, the rate of porosity
change also increases. This phenomenon proves that under multiple impacts, the rock
damage gradually increases, pores expand, number of pores increase, and rate of porosity
change increases. For the same impact times, the change in porosity of the water-containing
sample is greater than that of the dry rock, and the porosity change rate of the saturated
sample is several times that of the semi-saturated and dry rock samples. It can be observed
that the presence of water under the action of external loads aggravates the destruction
of the rock. As the moisture content increases, the ability of the rock to resist deformation
weakens and the rock softens. Fit the data to obtain the relationship between the impact
times and porosity change rate for dry, semi-saturated, and saturated rock samples. The
formula is as follows:

64 =0.0068 N? — 0.0190 N + 0.0427 R? = 0.9970 (4)
8, = 0.0273 N? — 0.0991 N + 0.1273 R? = 0.9915 (5)
8 = 0.0707 N? — 0.2684 N + 0.3550 R? = 0.9656 (6)

It can be observed from Figure 12 and Equations (4)—(6) that the porosity change rate
and impact times exhibit a quadratic polynomial relationship, and the slope of the curve
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increases with impact time. This phenomenon indicates that the more impact times, the
faster the development of rock damage. Using the second derivative of the fitted formula
as the criterion for characterizing the degree of bending of the curve, we can conclude that
the second derivative results of the curve fitting equations of the dry, semi-saturated, and
saturated rock samples are 0.0136, 0.0546, and 0.1414, respectively. The larger the data in
the above results, the more severe the bending of the curve. Combined with the results
of the second derivative and Figure 12, it can be observed that as the moisture content
increases, the curvature of the curve gradually increases, and change rate of the porosity
aggravates the change trend with an increase in the strain rate. Therefore, the greater the
moisture content of the rock, the worse the rock damage caused by the increased number of
impacts, and the more sensitive the rock damage is to the change in the number of impacts.

4.3. Magnetic Resonance Imaging Analysis

Figure 13 illustrate magnetic resonance imaging (hereinafter referred to as MRI) of
multiple impacts after cyclic impact of rock samples with different moisture states. The
number in the lower left corner of the picture represents the impact times.

From Figure 13, it can be observed that the dry rock sample has no damage or cracks
under the five impacts. The white spots in the sample are more evenly distributed, and
density of the white spots also increases with impact time. This phenomenon indicates that
the rock pores are evenly distributed, and with an increase in the impact time, the pores are
also more uniform. In the case of a short impact time, the pores of the water-containing and
dry rock samples were basically the same, and the white spots were uniformly distributed
inside the samples. However, cracks and damage were observed in the water-bearing rock
samples after repeated impacts.

As illustrated in Figures 14 and 15, a semi-saturated rock sample appears as a large
white spot inside the sample after the fourth impact. This phenomenon indicates that
there were cracks inside the rock at this time. The rocks were destroyed after the fifth
impact. The MRI image indicates banded stripes on the damaged surface, and the stripes
have larger brightness and size. This indicates that the impact led to the development of
fractured surface cracks, resulting in increased porosity. At this moment, the white spots
in the undamaged area of the sample were evenly distributed, and there were no obvious
cracks in the undamaged area of the sample. After the third impact, two large white spots
appeared in the saturated rock samples. At this time, the rock began to crack and was
destroyed. After the fourth impact, the saturated sample was partially destroyed and the
NMRI of the failure surface had a white mark. After the fifth impact, rock damage was
further aggravated. The brightness and size of the white markings on the damaged surface
also increased. There were also a few brightly colored markings inside the sample. This
phenomenon indicates that rock damage was severe at this time. In addition to the cracks
on the damaged surface, cracks with varying degrees of penetration appeared within the
sample, thereby increasing the porosity.

Figure 13. Pore images of dry rock samples.
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Figure 15. Pore images of saturated rock samples.

4.4. Fractal Analysis

Fractal analysis of the broken rock core sample was performed to establish the re-
lationship between the fractal dimension, impacts, and J,,. The curves are illustrated in
Figures 16 and 17.

From Figures 16 and 17, it can be observed that the fractal dimension is positively
proportional to the impact time and porosity change rate. Judging from the change trend
of the curve in Figure 16, the impact times of dry rocks are approximately linearly related
to the fractal dimension. After two impacts of water-bearing rocks, the change in fractal
dimension was not obvious with an increase in the number of impacts. This indicates that
after the second impact, the damage of the water-bearing rocks was relatively obvious, and
change in pores was maximized; however, at this time, the rock can still maintain integrity
and there will be no penetrating cracks inside it. After three impacts, the damage further
expanded, and the crack ran through, resulting in a destructive effect.
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Figure 16. The relationship curve of fractal dimension—impact times.
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According to Figure 17, all rocks began to have obvious inflection points during the
third impact in the relationship curves of J,, and fractal dimension. Owing to its high
strength and relatively negligible destruction effect, the fractal dimension of dry rocks
changed significantly after multiple impacts. For water-bearing rocks, the third impact
caused evident damage cracks inside the rock. At this time, the internal stress underwent
recombination and the relationship between the rock particles stabilized. The expansion
and aggravation of the cracks caused more damage in the subsequent impact.

5. Conclusions

To study the mechanical response and damage evolution of rocks under cyclic dynamic
loading and different moisture contents, as well as reduce or even eliminate the effects
of other factors; dry, semi-saturated, and saturated sandstone specimens with different
moisture contents were prepared via drying, water treatment, and maintenance. The SHPB
system was utilized to perform five impact cycles on each rock sample, and an NMR system
was employed to scan the rock samples after impact. A small energy impact was utilized
in the test because it did not cause serious damage to the sample, which is also similar
to real engineering. Compared with references [13,14,16] using an acoustic method to
measure rock damage, NMR technology in this study can obtain the changes in rock pores
intuitively; therefore, we can master the damage development law. Compared with the
same type of research, this study has higher rigor and can obtain more realistic conclusions.

The results presented in this paper indicate that water negatively affects the mechanical
properties of rocks; however, the studies in references [7,12] had different or even opposite
results, concluding that an increased water content might enhance the dynamic properties
of the rock. This phenomenon may be related to the small impact capacity employed in
this study and perhaps is largely due to differences in the rocks.

By analyzing the damage properties of rocks, we observed that frequent impacts can
cause intensification of rock damage. The images of the pores in this study present the
projection of all the pores on one surface, which may lead to pore overlap, and therefore
does not truly reflect the distribution of the pores, which is caused by technical limitations.
Therefore, the fractal analysis of the images is not very accurate. Existing CT and NMR
technologies can completely present the three-dimensional distribution of pores. However,
few scholars have conducted in-depth research in this field. Therefore, the next step of this
research is to analyze the damage properties of rocks from a three-dimensional perspective.

The main results are as follows:
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Dynamic cyclic compression impact tests on rocks indicate that, as the impact time
increased, the stress-strain curve of the rock moved to the lower right. The stress
and strain curves of all the rock samples appeared during the loading and unloading
stages. The peak stress of the rock was inversely proportional to the impact time, and
the relationship between the peak strain and impact time was contrary to the above
relationship. This phenomenon indicates that with the accumulation of rock damage,
rock deformation became increasingly severe and its strength gradually decreased.
At the same impact energy and frequency, few obvious damages occurred in the dry
rock, and the damage to the saturated rock was the most severe. When the impact
reached the third time, there was a very obvious crack on the surface of the rock
sample, and the more the impact time, the more serious the damage. Therefore, the
influence of water content in the rock on the mechanical properties, especially the
dynamic properties, was evident.

According to the NMR scan of rock samples subjected to dynamic disturbance, the
peak value of the T, spectrum curve of the rock sample increased, especially for
the water-containing samples and those with more frequent impacts. Small pores
with a relaxation time < 0.1 ms were still reduced after impact compared to before
impact. The peaks of the large pores increased or even exceeded the peaks before the
impact in the case of more impacts. The analysis of porosity changes indicates that the
porosity change rate and impact times exhibited a quadratic polynomial relationship,
and the porosity change rate increased with the increase in moisture content under
impact times. From the MRI images, it was observed that the internal pores of the
dry rock sample were evenly distributed, and the porosity change rate was relatively
stable after multiple impacts. The semi-saturated and saturated rock samples suffered
damage and cracks on the fourth and third impacts, respectively. As the impact
time increased, the rock was destroyed, and streaks with white and bright features
appeared on the failure surface. In addition to streaks on the damaged surface of
the saturated sample, several white markings also appeared inside the sample. This
phenomenon indicates that there were obvious cracks inside the sample, and this was
also confirmed by the fractal analysis. After 2-3 impacts on the sample, the internal
pores reached equilibrium. If the impact continues, a pore will be formed internally.
In the initial stage of penetration, a macrocrack was not formed. Continuous impact
will form an obvious penetrating crack and lead to destruction.
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Abbreviations

MRI Magnetic resonance imaging
NMR  Nuclear magnetic resonance
SHPB  Split Hopkinson pressure bar

T>

Transverse relaxation time
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My Weight of rock specimen (kg)
g Weight of dry rock (kg)

Ws Rock moisture content
Wsa Moisture content of rock under saturation conditions
Ky Rock saturation coefficient
my Weight of sample before the test (kg)
Ko Average saturation coefficient of rock
o Stress (MPa)
Om Peak stress (MPa)
€ Strain
E€m Peak strain
N Impact times
R? Goodness of fit
Mg Porosity before sample is impacted
ny Porosity after sample is impacted
On Porosity change rate
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