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In the process of improving coalbed permeability through pulse hydraulic fracturing, the cyclic loading effect influences the
characteristics of micropores in coal matrix, thus affecting the process of gas migration. ,erefore, it is essential to investigate the
effect of cyclic loading on the pore structure of coal. Seven groups of loading tests at different frequencies and amplitudes were
conducted on anthracite coal obtained from Shanxi Province, China, using a fatigue-testing machine. Subsequently, using a
PoreMaster GT-60 Mercury-intrusion apparatus, the influence of the frequency and amplitude on the structural characteristics
(including mercury-injection and mercury-ejection curves, pore size distribution, porosity, and specific surface area) of pores in
coal samples was analyzed. Finally, the law and mechanism of action of the loading frequency and amplitude on pores in coal
samples were comprehensively analyzed. ,e test results showed that, in the case of maintaining the sine-wave amplitude
unchanged during loading while altering the loading frequency, the overall porosity and pore volume rise at different degrees.,e
growth of the loading frequency presents a more significant promotive effect on the initiation and development of pores and
fractures. Moreover, it drives the transformation of micropores and transition pores into mesopores and macropores, thus
increasing the proportion of seepage pores. Under the condition of large sine-wave amplitude during loading, macropores and
mesopores are subjected to the repeated action of the external force, thereby reducing the overall porosity. In addition, the volume
of the seepage pores declines, and the number of the coalesced pores decreases. Finally, in light of these results, the implications of
frequency and amplitude selection in the process of pulse hydraulic fracturing are discussed.,erefore, the results of this research
will provide an important theoretical basis for the field application of pulse hydraulic fracturing technology in coal mines.

1. Introduction

Efficient extraction of coalbed methane (CBM) is important
for the safe production of coal in many underground coal
mines [1, 2]. Additionally, the extracted CBM can be used as
energy, and the combustion of CBM can be part of the
environmental protection plan of coal mine enterprises,
because it can avoid the release of the greenhouse gas (CH4)
into the atmosphere [3–5]. However, the permeability of
coal seams in China is generally low, which is unfavorable
for the production and utilization of CBM [6, 7]. At present,
hydraulic fracturing has been widely used to improve the
yield of CBM reservoirs [8–10]. ,e technology can enhance

the permeability of coal seams by increasing the number and
density of fractures, thus changing the structures of coal
seams [11, 12]. In the past decades, hydraulic fracturing
technology has been widely applied to coal mine production
in numerous countries, including China, USA, Canada, and
Australia [13, 14].

Previous research has shown that traditional hydraulic
fracturing technologies employ a constant higher water
pressure than the rock strength to fracture the rock [15].
,us, to realize an ideal fracturing effect, traditional hy-
draulic fracturing requires high flow, high pressure, and
large amounts of water. Moreover, proppants and certain
chemical agents are typically used to improve the effect of
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hydraulic fracturing and maintain the stability of the frac-
ture. ,ese proppants and chemical reagents may enter the
formation water and, consequently, pollute and damage the
CBM reservoirs [16–18]. In addition, high-pressure equip-
ment required to perform hydraulic fracturing in under-
ground coal mines should have more complex sealing
requirements, which significantly increases the safety risks.
Utilization of the pulse hydraulic fracturing technology has
been proposed to overcome this limitation [19]. Under a low
impulsive load, more secondary cracks will be generated and
the surface area of coal increases to promote gas desorption.
At present, this technology has been the focus of research.

During pulse hydraulic fracturing, the persistent pulse
waves propagate into coal rock, and the periodically alter-
nating stresses generated under the peak pressure and base
pressure are repeatedly applied to the coal mass. Eventually,
due to the influence of cyclic loads at different frequencies,
the fatigue failure of pores and cracks in coal gradually
becomes more obvious, thus promoting the formation of
new pores and cracks. Li et al. [20] investigated the
mechanism of crack propagation during pulse hydraulic
fracturing by utilizing the triaxial mechanical test system and
acoustic emission. Similarly, Li et al. [21] carried out field
testing at Yuwu Coal Mine (Shanxi Province, China) with
pulse hydraulic fracturing. ,e S2107 coal seam was selected
as the test coal seam, showing high gas content and coal and
gas outburst hazard. ,e pulse hydraulic fracturing tech-
nology was used in the cross-measure boreholes from the
high-level roadway to the driving roadway to improve the
effect of gas drainage and ensure safety during the pro-
duction. ,e test results revealed that the amount of gas
extracted from the coal seams treated with pulse hydraulic
fracturing separately increases by 3.32- and 3.07-fold relative
to ordinary boreholes. Wang et al. [22] analyzed the in-
fluence of the pulse pressure on the formation and propa-
gation of cracks in coal through numerical simulation. ,e
results showed that the radius of influence of pulse hydraulic
fracturing in coal seams reaches 8m, and the total amount of
the gas extraction rises by 3.6-fold; the flow of gas extraction
reaches ≤50 L/min. However, the above studies did not
thoroughly investigate themechanism of pulsating hydraulic
slitting at the microlevel.

As a special porous medium, natural coal mass exhibits
many microporous characteristics, including porosity, pore
size distribution, and pore volume [23–25]. ,e pore
characteristics of coal are closely related to the adsorption
capacity of gas in coal seams and also greatly influence the
dynamic characteristics of gas [26–29]. ,e effect of cyclic
loading may influence the characteristics of micropores in
coal matrix in the process of improving permeability of coal
seams through pulse hydraulic fracturing. ,us, cyclic
loading affects the processes of gas migration, such as gas
desorption, diffusion, and seepage in coal seams. ,erefore,
investigating the influence of cyclic loading on the char-
acteristics of micropores in coal may provide an important
theoretical basis for analyzing the microdynamic charac-
teristics of gas during pulse hydraulic fracturing.

Based on the above evidence, seven groups of loading
tests at different frequencies and amplitudes were performed

on anthracite coal obtained from Shanxi Province, China,
using a fatigue-testing machine. Afterwards, by applying a
PoreMaster GT-60 Mercury-intrusion apparatus, the in-
fluence of the frequency and amplitude on the structural
characteristics (e.g., mercury-injection and -ejection curves,
pore size distribution, porosity, and specific surface area) of
pores in coal samples was analyzed. Finally, the law and
mechanism of action of the loading frequency and amplitude
on pores in coal samples were comprehensively analyzed.
,e aim of this research study was to provide an important
theoretical basis for the field application of pulse hydraulic
fracturing technology in coal mines.

2. Materials and Methods

2.1. Preparation of Coal Samples. Anthracite coal obtained
from YangquanMining Area in Shanxi Province, China, was
used for the test. ,e location of Yangquan Mining Area is
shown in Figure 1. ,e blocky coal samples were imme-
diately sealed after collection from the fresh working face,
packed, and sent to the laboratory.

,e anisotropy of coal samples would influence the
cyclic loading tests. Hence, the coal samples were crushed
and processed into a briquette prior to testing and analysis
for pores. ,e briquette is prepared mainly according to the
following two steps: (1) (preparation of pulverized coal) the
coal blocks were ground into fine powder particles by
successively using a crusher and a grinder; afterwards, the
powder particles were screened using standard sieves to
attain particles of pulverized coal with pore size ranging
0.2–0.25mm; and (2) (molding under compression) 200 g of
pulverized coal and some water was loaded into a mold
(diameter: 50mm) and pressed for 20min under the
forming pressure of 100MPa using a material testing ma-
chine with 200 t. ,rough this approach, coal samples were
formed (the process required 10min to load the pressure to
the preset value at the loading rate of 20 kN/min).

2.2. Cyclic Loading Test. As shown in Table 1, seven groups
of loading conditions were designed to investigate the in-
fluence of cyclic loading at different frequencies and am-
plitudes on the pore structure of anthracite coal.

During cyclic loading, a sample under loading for 20min
subjected to the forming pressure together with the mold
was placed onto the fatigue-testing machine (Figure 2).
According to the loading conditions in Table 1, the coal
sample was loaded for 6 h, with sine waves as the loading
waveform. After the loading was completed, the mold and
sample were removed; furthermore, the mold was opened
using a spanner to extract the final sample, whose length was
measured with a Vernier caliper. Finally, after being sub-
jected to loading, the coal particles with size ranging 1–3mm
were obtained from the sample using a knife, to be used as
the test coal samples for the Mercury-intrusion test.

2.3.Determination of Pore Structure. ,e test was performed
using the PoreMaster GT-60 Mercury-intrusion apparatus
(Quantachrome Instruments, Boynton Beach, FL, USA) to
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Figure 1: Location of Yangquan mining area.

Table 1: Loading conditions for the cyclic loading tests.

Group
Test condition

Loading time (h)
Loading frequency (Hz) Pressure amplitude during loading (MPa)

1 10 12–18

6
2 7
3 4
4 7 10–20
5 14–16
6 — 15
7 — — —
Note. In the test groups 1–5, only the frequency or amplitude was changed; in the control group 6, the frequency or amplitude was fixed; in the blank control
group 7, cyclic fatigue loading was not performed.

Coal
sample

Figure 2: Fatigue-testing machine.
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measure the volume of pores with diameter ranging
1,000–0.0035 μm (Figure 3). ,e apparatus is equipped with
two low-pressure ports and two high-pressure ports. It is
necessary to apply the low-pressure port and Mercury-
injection station when measuring the volume of pores with
size ranging 7–99 μm. ,e low-pressure examination port
(under pressure of 0.2–50 psi) was used to inject Mercury
with a sample tube, which measured the volume of pores
with diameter ranging 1.0–4.3 μm. ,e high-pressure
examination port (Figure 3) is utilized under pressure of
20–60,000 psi. ,e test data were processed using Wash-
burn’s equation [30] shown as follows:

pc �
2σ cos θ

r
, (1)

where pc, σ, θ, and r refer to the additional pressure (MPa) of
the applied liquid, surface tension (dyn/cm2) of Mercury,
wetting contact angle of Mercury, and radius (nm) of the
pore throat, respectively.

Washburn’s equation provides a simple relationship
between the pressure and pore radius. ,erefore, during the
Mercury-intrusion test, it was feasible to attain the distri-
bution of the pore radius by tracing the relationship between
the amount of Mercury injected into pores and the con-
stantly increasing pressure. Pores with different sizes show
diverse degrees of resistance to Mercury; higher external
pressures indicate smaller pore sizes in coal to which
Mercury can enter [31]. Some other analysis parameters
(e.g., specific surface area and porosity) can also be obtained
by analyzing changes in the volumes of injected and ejected
Mercury and pressures [32]. Of note, the pore distribution in
coal samples under different loading conditions compared in
this study was investigated the absence of any stress.
,erefore, the influence of cyclic loading on pores can be
determined to a certain extent through comparison before
and after the stress-free condition.

3. Results and Discussion

3.1. Influence of Different Loading Frequencies on Pore
Characteristics of Coal Mass. To investigate the influence of
different loading frequencies on the pore characteristics of
coal mass, tests were performed at loading frequencies of 4,
7, and 10Hz and loading amplitude ranging 12–18MPa
(frequency magnitude that engineering applications can
achieve). Moreover, the test results were compared with
those attained in the control group under a steady pressure
(15MPa).

3.1.1. Mercury-Injection and Mercury-Ejection Curves.
Figure 4 shows the mercury-injection and mercury-ejection
curves of samples at different loading frequencies. ,e
mercury-intrusion curves in the test groups at different
loading frequencies and the control group presented a
similar shape: a large growth amplitude in the low-pressure
mercury-injection stage. Under the pressure of approxi-
mately 15MPa, the curves became gentle, and they slowly
rose with increasing pressure. In contrast, the mercury-

ejection curves started to separate from the injection ones
under the initially high pressure, illustrating the hysteresis
phenomenon. However, the final contents of Mercury in-
jected are different, implying that the loading frequency
influences the pore characteristics of coal samples to some
extent. As shown in Figure 4, the highest final content of
Mercury injected in the test group was shown at the loading
frequency of 10Hz, and the contents of Mercury injected in
the test groups at 7 and 4Hz differed only slightly. However,
the contents of Mercury injected in the three test groups
were significantly larger compared with those of the control
group. It was also found that the mercury-injection and
mercury-ejection curves in the two sample groups at the
loading frequencies of 7 and 4Hz were similar. ,is finding

Figure 3: PoreMaster GT-60 Mercury-intrusion apparatus (Quan-
tachrome Instruments).
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Figure 4: Mercury-intrusion curves of samples at different loading
frequencies.
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indicates that, with the same amplitude, the pores in samples
increase when loading sine waves with different frequencies
are used. Moreover, the most remarkable influence was
observed at the loading frequency of 10Hz. In contrast, there
was no great difference shown at low loading frequencies.
Additionally, in terms of the difference in cumulative
contents of the Mercury injected and ejected, the differences
of the test groups at different loading frequencies were
obviously larger than those of the control group. ,is result
implies that when loading sine waves at different frequencies
are used, the pores in samples favorably develop, and the
proportion of seepage pores increases, thus optimizing the
connectivity of pores.

3.1.2. Pore Size Distribution. Figure 5 shows the pore size
distribution under four loading conditions, demonstrating a
relatively similar overall shape to that of the control group.
,e pore size distribution was relatively concentrated, and
the corresponding pore size ranges of two peaks were ap-
proximated; however, the peaks of the size range of the
seepage pores in several test groups marginally shifted
rightward; higher loading frequencies were associated with
larger shift amplitudes. In other words, the peak pore vol-
ume slightly varied towards the range of macropores. ,e
difference is that the global pore volume of the coal samples
loaded with sine waves at different frequencies rose at dif-
ferent amplitudes, in which the pore volume of the test
group at the loading frequency of 10Hz showed the most
significant growth amplitude, followed by the test groups at 7
and 4Hz. In terms of the distribution of seepage pores and
adsorption pores, the volumes of the former greatly in-
creased, while those of the latter were similar.

3.1.3. Porosity and Percentage of Pore Volume. ,e division
scheme of the pore size proposed by Hodot was employed in
the test; pores were divided into macropores (>1,000 nm),
mesopores (100–1,000 nm), transition pores (10–100 nm),
and micropores (<10 nm) [33]. Micropores are space-
storing gas; transition pores provide the space for gas dif-
fusion; mesopores offer the space for slow gas flow; and
macropores are space for strong flow of gas. ,erefore,
scholars also termed the pores with a size <100 nm (i.e.,
micropores and transition pores) adsorption pores, while
mesopores and macropores with a size >100 nm are termed
seepage pores [28, 34].

Table 2 displays the comparison data of the percentage of
the pore volume and porosity under four loading conditions.
In terms of the total porosity, the overall porosities of the
samples loaded with sine waves at different frequencies
increased slightly; higher loading frequencies were linked to
higher total porosities. ,is indicates that the porosities of
coal samples are markedly enhanced after performing cyclic
loading with sine waves at different frequencies. Regarding
the classification based on the pore size (Figure 6), the
corresponding porosities contributed by pores of various
size ranges also varied at different amplitudes.,e porosities
contributed by seepage pores delivered a large growth
amplitude: it nearly doubled in the test group at 10Hz, while

those in the test groups at 7 and 4Hz increased by 3.41% and
2.04%, respectively. ,e porosities contributed by adsorp-
tion pores exhibited a nonsignificant increase: those in the
test groups at 4 and 7Hz hardly differed from those in the
control group, and only the porosity contributed by ad-
sorption pores in the test group at 10Hz was slightly
increased.

Table 3 shows the percentages of pore volume at different
loading frequencies. ,e volume ratio of the adsorption
pores to seepage pores in the control group was approxi-
mately 1 : 2. In contrast, the volume ratios of the adsorption
pores to seepage pores in several test groups were ap-
proximately 1 : 3, and the proportion of the adsorption pores
markedly decreased.,is shows that loading sine waves with
different frequencies can promote the expansion of pores
and even fractures in coal samples. As a result, micropores
and transition pores develop into mesopores and macro-
pores, and new pores and fractures appear, thereby signif-
icantly improving the porosity of coal mass. However, the
amplitude at which new pores and fractures initiate is lower
than that at which pores expand. ,us, the porosity con-
tributed by the adsorption pores nonsignificantly increases,
while that contributed by seepage pores markedly rises.

3.1.4. Specific Surface Areas of Pores. ,e specific surface
area of pores in coal mass is an important parameter for
describing the pore characteristics. It is an important factor
influencing the adsorption and desorption properties of gas
in coal mass [5, 35, 36]. Figure 7 shows the distribution of the
specific surface area of pores with the unit diameter under
different loading frequencies, that is, the change in the re-
lationship between the distribution density function ds(d)
for the specific surface area and the diameter d. ,e de-
velopment trend of curves shown in Figure 8 illustrates that
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Figure 5: Density functions of pore volume distribution at dif-
ferent loading frequencies.
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Table 2: Percentages of the pore volume and porosities of coal mass at different loading frequencies.

Loading condition Porosity (%)
Frequency
(Hz)

Amplitude
(MPa)

Micropores
(<10 nm)

Transition pores
(10–100 nm)

Mesopores
(100–1,000 nm)

Macropores
(>1,000 nm)

Porosity
(%)

4
12–18

2.42 0.69 2.06 7.55 12.71
7 2.02 1.42 5.15 5.83 14.41
10 3.15 2.11 5.88 8.68 19.81
— 15 2.15 1.60 4.40 3.18 11.32

16.00
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12.00
10.00

8.00
6.00
4.00
2.00
0.00

4Hz
Adsorption pore
Seepage pore

3.10%

9.61%
10.98%

3.44%
5.25%

14.56%

7.57%

3.75%

7Hz 10Hz Control group

%

Figure 6: Distribution of the porosities contributed by adsorption and seepage pores at different loading frequencies.

Table 3: Percentages of the pore volume at different loading frequencies.

Loading condition Percentage of the pore volume (%)
Frequency (Hz) Amplitude (MPa) Micropores Transition pores Adsorption pores Mesopores Macropores Seepage pores
4

12–18
18.31 5.41 23.72 41.57 34.72 76.28

7 14.00 9.27 23.27 39.88 36.85 76.73
10 14.91 11.76 26.67 37.20 36.13 73.33
— 15 16.70 17.15 33.85 47.66 18.49 66.15
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Figure 7: Distribution densities of the specific surface area of pores
in coal mass at different loading frequencies.
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the distribution densities of the specific surface area of all
samples in the test were generally increased at first. Sub-
sequently, they were reduced with the increasing pore size;
they all reached the maximum before the pore size reached
10 nm. ,e peak in the test group at 10Hz was observed at
4.57 nm, and the two peaks in the test group at 7Hz sep-
arately appeared at 3.82 nm and 6.87 nm; the peak in the test
group at 4Hz was found at 6.37 nm, while that in the control
group appeared at 6.36 nm. ,e growth of the distribution
density shows that the growth rate of the cumulative specific
surface area of pores in coal samples was gradually
accelerated, and the specific surface area reached the peak at
the peak of the distribution density. At the peak of the
distribution density, the number of pores in coal samples
with the corresponding size was the largest, or the length of
pores was the largest, and the specific surface area was the
largest. Based on this condition, the pores presented the
strongest capacity of gas storage; in contrast, the capacity of
pores for storing gas was gradually reduced.

Based on this evidence, the following conclusions can be
drawn: the difference in loading frequencies influences the
pore characteristics of coal samples to some extent; the pore
volume generally increases significantly; although meso-
pores constitute the majority, followed by macropores,
micropores, and transition pores, the proportions of mes-
opores and macropores increase, whereas those of micro-
pores and transition pores slightly decline. ,is implies that
the change in loading frequency exposes the coal mass to
long-term fatigue loading. As a result, internal pores or
fractures develop, and somemicropores and transition pores
are expanded and transformed into mesopores and mac-
ropores in the loading process; moreover, new pores and
fractures are generated.

3.2. Influence of Different Loading Amplitudes on Pore
Characteristics of Coal Mass. To investigate the influence of
different loading amplitudes on the pore characteristics of
coal mass, tests were carried out by separately selecting
loading amplitudes (10–20, 12–18, and 14–16MPa) and
loading frequency (7Hz). Furthermore, the results of the test
were compared with those of the control group with a steady
pressure (15MPa) to analyze the influence law of the change
of the loading amplitudes on the pore characteristics of coal
samples.

3.2.1. Mercury-Injection and Mercury-Ejection Curves.
Figure 8 shows the mercury-intrusion curves concerning the
relationship between the cumulative content of Mercury
injected in samples and mercury-injection and mercury-
ejection pressures after loading sine waves at different
amplitudes and frequency of 7Hz. ,e curve in the control
group under a steady pressure of 15MPa was utilized as the
reference curve. ,e shapes of mercury-intrusion curves in
the four groups were similar. In the initial mercury-injection
stage under low pressure, the mercury-injection curves
abruptly rose and gently increased when the mercury-
injection content reached two-thirds of the final overall
content of Mercury injected.,e curves slowly grew with the

increasing pressure. ,e change in the mercury-ejection
stage was similar to that observed in the mercury-intrusion
curves at different loading frequencies in the last section:
hysteresis was initiated in the initial mercury-ejection stage
under high pressure. ,e generation of hysteresis is related
to the existence of “ink bottle”-shaped holes in coal. Hys-
teresis is caused because the Mercury inlet pressure used to
completely fill such holes with Mercury is different from the
Mercury withdrawal pressure utilized to completely empty
Mercury. However, the final contents of Mercury injected in
the four test groups markedly differed. Relative to the test
groups with different loading frequencies, the final contents
of Mercury injected in the test groups loaded at different
amplitudes demonstrated a smaller difference. ,e test
group with the loading amplitude of 14–16MPa showed the
highest final content of Mercury injected (approximately
0.3 cm3/g), followed by the test groups (approximately
0.2 cm3/g) with the loading amplitudes of 12–18 and
10–20MPa; among these two groups, the content of Mer-
cury injected was higher in the test group with the loading
amplitude of 12–18MPa; the final content of Mercury in-
jected was the lowest in the control group. However, the
differences between the final content of Mercury injected in
the test groups with the loading amplitude of 12–18MPa and
10∼20MPa and the control group were nonsignificant. ,is
indicates that when the loading frequency is unchanged,
while the amplitude varies, the pores in coal samples are
greatly affected; also, larger amplitudes are linked to lower
final pore volumes, showing a negative correlation.,emost
remarkable influence was noted in the test group with the
loading amplitude of 14–16MPa. In terms of the difference
between the cumulative contents of Mercury injected and
ejected, the differences in the test groups loaded with dif-
ferent amplitudes were slightly larger than those observed in
the control group. ,is indicates that changes in the loading
amplitude of sine waves lead to the development of pores in
coal samples and increase the seepage pores, thereby im-
proving the connectivity of pores.

3.2.2. Pore Size Distribution. Figure 9 shows the distribution
density functions of pore volumes under four loading
conditions. ,e four curves with a similar shape presented
two peaks. ,e pore size ranges corresponding to the peaks
were relatively similar (d< 10 nm and d� 1,000 nm, re-
spectively). However, the corresponding pore sizes of the
peaks of seepage pores at 12–18MPa and 14–16MPa
exhibited a nonsignificant rightward shift, in which the
deviation value at 12–18MPa was larger, implying that the
peak pore volume slightly shifted to macropores. Moreover,
the overall pore volumes of the two test groups were greatly
larger than those of the control group. According to the
distribution of seepage and adsorption pores, the pore
volume of the former was more markedly increased, while
that of the latter was less significantly increased. Never-
theless, the overall pore volume of the test group at the
loading amplitude of 10–20MPa decreased at a small am-
plitude relative to the control group. Among the several
loading conditions, this was the only one under which the
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peak distribution density of the pore volume was lower than
that of the control group. ,is finding reveals that the
loading condition of the test group possibly presents a small-
amplitude inhibitory effect or nonsignificant promotive
effect on the development of the pore volume of coal samples
with different pore sizes.

3.2.3. Porosities and Percentages of the Pore Volume.
Table 4 lists the comparison data of the percentages of the
pore volumes and porosities under four loading conditions.
,e test groups at amplitudes of 14–16 and 12–18MPa
exhibited the highest total porosities, which were similar
(14.47% and 14.41%, respectively). Relative to the porosity
(11.32%) of the control group, the test group with the largest
amplitude of 10–20MPa only showed porosity of 10.22%,
which was reduced by 1%. Regarding the porosity, the
loading condition of 10–20MPa showed an inhibitory effect
on the development of pores, and the pores were slightly
closed. ,e variations in the porosities contributed by ad-
sorption and seepage pores also differed; the porosities
contributed by seepage pores at 14–16 and 12–18MPa were
markedly increased by >10%. However, the porosity con-
tributed by seepage pores in the test group at 10–20MPa
(only 6.92%) was lower than that of the control group, and
the lowest among those of the test groups, as shown in
Figure 10. Moreover, the porosity contributed by adsorption
pores was slightly increased only in the test group at
14–16MPa, while those in the test groups at 10–20 (3.30%)
and 12–18MPa (3.44%) were lower than those of the control
group.

Table 5 shows that the volume ratios of the adsorption
pores to seepage pores in the test groups and control group
approximated 1 : 2; only the volume ratio of adsorption

pores to seepage pores in the test group at 12–18MPa ap-
proximated 1 : 3; the proportion of the adsorption pores was
not markedly changed. ,ese findings show that the change
in the loading amplitude during the test exerted a non-
uniform effect on promoting the formation of pores in coal
samples. With the increase in loading amplitude, the seepage
pores of coal showed an initially increasing trend followed by
a decreasing trend, while the adsorption pores of coal
showed a decreasing trend. Compared with the conventional
control group (constant 15MPa), the loading amplitude in
the experimental group was the smallest (14–16MPa), and
the adsorption pores and seepage pores showed an in-
creasing trend.,e above experimental observations showed
that the increase in loading amplitude can promote the
expansion of existing pores or fractures, as well as the
initiation of new pores and fractures. Although there was a
difference in the degree of promotion of expansion and
initiation, overall, the total pores in the coal sample were
increased. When a loading amplitude of 10–20MPa is used,
the adsorption seepage pore porosity decreased.,is showed
that 10–20MPa loading condition for the development of
pore expansion inhibition and reaction, coal sample after
extrusion force to change substantially, release, internal
sample particles is compressed and intergranular pore, hole
and the hole in the collapse of pore structure, transition into
pores, holes, and microporous and transition hole by
compaction, the compaction, the aperture range was lower
than that of Mercury-injection experiment can measure
range.

3.2.4. Specific Surface Area of Pores. Figure 11 shows the
distribution of the specific surface area of pores with the unit
diameter under different loading amplitudes. ,ere is the
relationship of change between the distribution density
function ds(d) of the specific surface area and the diameter d.
According to the development trend noted in the curves, the
distribution densities of the specific surface areas of all
samples during the test were initially increased and subse-
quently decreased with the increase in pore size; they all
reached the maximum before the pore size reached 10 nm.
,e peak in the test group at the loading amplitude of
10–20MPa appeared at 5.18 nm, and the test group at
12–18MPa presented two peaks at 3.82 nm and 6.87 nm; the
peak in the test group at 14–16MPa occurred at 4.31 nm,
while that in the control group was found at 6.36 nm. ,e
growth of the distribution density implies that the cumu-
lative specific surface area of pores shows a gradually
accelerated growth rate and reaches the peak at the peak of
the distribution density. At the peak of the distribution
density, the number of pores in samples with the corre-
sponding size (mainly concentrated between 3.5 and
30.0 nm) was the largest, or the length of pores was the
largest, and the specific surface area was the largest. Such
pores demonstrated the strongest capacity for gas storage; in
contrast, the capacity of pores for gas storage was gradually
reduced.

According to the above evidence, the following con-
clusions can be drawn: the difference in the loading
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Figure 9: Distribution density functions of the pore volumes at
different loading amplitudes.
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Table 4: Percentages of the pore volume and porosities of coal mass at different loading amplitudes.

Loading condition Porosity (%)
Frequency (Hz) Amplitude (MPa) Micropores (<10 nm) Transition pores Mesopores Macropores Porosity (%)

7
10–20 1.95 1.35 3.35 3.57 10.22
12–18 2.02 1.42 5.15 5.83 14.41
14–16 2.51 1.77 4.97 5.22 14.47

— 15 2.15 1.60 4.40 3.18 11.32
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Figure 10: Distribution of porosities contributed by adsorption and seepage pores at different loading amplitudes.

Table 5: Percentages of the pore volume at different loading amplitudes.

Loading condition Percentage of the pore volume (%)
Frequency
(Hz)

Amplitude
(MPa)

Micropores
(<10 nm)

Transition pores
(10–100 nm)

Adsorption
pores

Mesopores
(100–1,000 nm)

Macropores
(>1,000 nm)

Seepage
pores

7Hz
10–20 17.51 15.23 32.74 46.10 21.16 67.26
12–18 14.00 9.27 23.27 39.88 36.85 76.73
14–16 16.68 13.34 30.02 37.61 32.37 69.98

— 15 16.70 17.15 33.85 47.66 18.49 66.15
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Figure 11: Distribution densities of the specific surface area of pores in coal mass at different loading amplitudes.
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amplitudes influences the pore characteristics of coal sam-
ple; and the pore volume generally increases slightly. In
terms of the classification based on the pore size, mesopores
generally account for the majority, followed by macropores,
micropores, and transition pores. Moreover, the change in
loading amplitude promoted an initial increase followed by a
decrease in the seepage pores of coal body, while the ad-
sorption pores were gradually decreased. ,is implies that
the change in amplitude plays a nonsignificant role in
distinguishing the pores with different sizes. However, the
porosity of the test group with the largest amplitude of
10–20MPa decreased, and the corresponding peak of the
pore volume slightly declined. ,ese data reveal that a large
loading amplitude exerts an opposite effect on the initiation
and development of pores or fractures, which induces the
collapse of macropores and mesopores. Furthermore, the
pores were more compacted, thus leading to reduction of the
porosity to lower levels than the original coal porosity or
fracture occurrence degree.

4. Implications for Frequency and Amplitude
Selection during Pulse Hydraulic Fracturing

According to the analysis described in Sections 3.1 and 3.2,
the change in the loading frequency or loading amplitude
influences the pore characteristics of coal samples. ,e in-
fluence was basically positive, promoting the initiation and
development of pores; however, there was also negative
influence noted.

Table 6 compares the effects of the change in amplitude
and frequency on the porosity. Relative to the control group
loaded under a steady pressure, the growth amplitude of the
porosity ranged from −9.7450% to 27.7895% when changing
the amplitude; lower amplitudes were linked to larger
growth amplitudes. ,e growth amplitude of the total po-
rosity varied between 12.2637% and 74.9861% when
changing the frequency; higher frequencies were associated
with larger growth amplitudes. Regarding the total porosity,
the change in frequency imposed obviously greater influ-
ences than the change in amplitude.

In terms of seepage and adsorption pores, the growth
amplitude of the porosity of the seepage pores in the test
group with changing frequency ranged from −8.58% to
45.02%, while that of adsorption pores was between −8.37%
and 14.10%; the porosity contributed by seepage pores in the
test group with changing amplitude presented a growth
amplitude of 26.95–92.34%, while that contributed by ad-
sorption pores delivered a growth amplitude between
−17.33% and 40.00%. ,is indicates that the loading fre-
quency exerts a greater negative influence on adsorption
pores; correspondingly, it exhibits a greater positive influ-
ence on seepage pores. ,e effects of the loading amplitude
on the growth amplitudes of the porosity contributed by the
two types of pores were nearly equivalent.

By comparing the distribution density functions of the
pore volume under different loading conditions (Figure 12),
it was found that the function curve of the pore volume in
the test group at 10Hz and 12–18MPa was located markedly
above those of the other test groups. Moreover, only the
function curve of the pore volume in the test group at 7Hz
and 10–20MPa was situated below that of the control group.
,e curves of the three groups at different loading ampli-
tudes were denser than those at different loading frequen-
cies, implying that the change in amplitude marginally

Table 6: Comparison of the growth amplitudes of the porosity under different loading conditions.

Frequency
(Hz)

Amplitude
(MPa)

Total
porosity

Growth amplitude
(%)

Growth amplitude of adsorption
pores (%)

Growth amplitude of seepage
pores (%)

— 15 11.32 — — —

7
10–20 10.22 −9.75 −12.00 −8.58
12–18 14.41 27.29 −8.37 45.02
14–16 14.47 27.79 14.10 34.63

4
12–18

12.71 12.26 −17.33 26.95
7 14.41 27.29 −8.27 45.05
10 19.81 74.99 40.00 92.34
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Figure 12: Distribution density functions of the pore volume under
different loading conditions.
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influences the pore volume, whereas the change in frequency
greatly changes the pore volume of samples.

,e final purpose of pulse hydraulic fracturing in un-
derground coal mines is to increase the permeability of coal
seams and further improve the amount of gas extraction.,e
results of this research show that the seepage pores in coal
samples rose significantly in response to increasing fre-
quency. ,is indicates that, in field construction, the frac-
turing effect can be strengthened by enhancing the
frequency. However, enhancement of the frequency is as-
sociated with an increase in construction cost. Further re-
search on this topic is warranted for the selection of the
proper frequency and evaluation of the economic cost.
Additionally, the results described in Section 3.2 show that
the largest increment of seepage pores is observed at the
amplitude of 12–18MPa. ,us, during field construction, it
is suggested to perform pulse hydraulic fracturing by
selecting the amplitude within this range.

5. Conclusions

Based on the findings of the present study, the following
conclusions can be drawn.

Firstly, by maintaining the loading amplitude of sine
waves unchanged while changing their loading frequency,
the overall porosity and the pore volume increase at different
amplitudes. ,e increase in loading frequency exerts a more
significant promotive effect on the initiation and develop-
ment of pores and fractures and drives the transformation of
micropores and transition pores into mesopores and mac-
ropores. ,e proportion of the seepage pores grows, and the
change in the loading amplitude of sine waves delivers a
complex influence on the pore characteristics of anthracite
coal.

Secondly, when the frequency of the loaded sinusoidal
wave is unchanged, the amplitude of the loaded sinusoidal
wave is altered to promote change in coal seepage pores
through an initial increase followed by a decrease, while the
change in coal adsorption pores gradually decreases. When
the loading amplitude increases, it influences the develop-
ment and initiation of pores or fractures. ,is leads to the
collapse of macropores and mesopores, and the pores be-
come more compact.

Finally, the change in loading frequency has a greater
impact on the pore characteristics of the briquette and a
greater negative impact on adsorption pores than seepage
pores. Amplitude of the change of adsorption and filtration
could inhibit the growth of two types of pores, which is
relatively close, active application in practice of changing
load change coal pore properties, and if unable to meet the
change of frequency and amplitude, at the same time, give
priority to increasing frequency of choice to promote the
initiation and development of pore, to be connected hole,
and guide the internal pore gas form seepage.
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