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Abstract Acoustic testing is a widely used technique to
measure the coal mechanical properties under high
temperature and pressure in situ conditions. This study
compared the acoustic wave characteristics of briquette
and raw coal under various temperature and pressure
conditions. The results show that the longitudinal wave
velocity (Vp) decreases with an increasing vitrinite content.
A large number of the vitrinite content enhances the
process in which the temperature and pressure changed the
V,- The ¥V, of briquette decreases approximately linearly
with the temperature compared to raw coal. The ¥ of raw
coal experiences initially a rapid, then gradual, and finally
the moderate increasing trend with the increase in
confining pressure. However, in briquette, the ¥ increases
approximately linearly with the confining pressure. The
results indicate that the Vp is more sensitive to temperature
under low confining pressure and peaks at 50°C—60°C
than high confining pressure. However, the Vo is less
sensitive to temperature under higher confining pressure,
and the positive effect of high confining pressure is
dominant. Understanding the mechanical properties of coal
under high pressure and temperature develops better
insight into coalbed methane (CBM) exploration from
deep reservoirs.
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1 Introduction

Understanding of coal reservoir parameters is necessary
for the robust selection of coalbed methane (CBM)
reservoir (Palmer, 2010), drilling operation (Zhu et al.,
2012), reservoir reconstruction (Shietal.,2017), and
drainage mechanism (Karacan, 2009). The complex pore
structure and coal cleats increase the difficulty of coalbed
methane exploration and production (Senel et al., 2001;
Wei et al., 2019). In addition, the heterogeneous charac-
teristics of coal cause difficulty in sample preparation,
and it is difficult to measure the mechanical properties of
coal under high temperature and pressure in situ
conditions. Therefore, a non-destructive, fast, and
representative evaluation technology is required to
accelerate CBM production.

Acoustic waves are used to determine petrophysical
parameters of reservoirs (Donohue et al., 2013; Cardarelli
etal.,2014). However, the propagation of acoustic
waves in rocks is affected by geological factors such
as water, confining pressure, temperature, density (Li
etal.,,2021; Liuetal,2021a), pore geometry, and
mineral composition (Tandon and Gupta, 2013; Martinez-
Martinez et al., 2016). The speed of acoustic waves
becomes fast with the high rock density and Young's
modulus  (Gaviglio, 1989;  Khalil and Hanafy, 2008;
Antonangeli et al., 2012; Rabbel et al., 2013). Porosity
and permeability are negatively correlated with the
longitudinal wave velocity (V) (Popp and Kern, 1998;
Brown et al., 2009; Wang et al., 2009; Maalej et al., 2013).
Moreover, the v, decreases with increasing temperature
(Krzesinska, 2000; Punturo et al., 2005) but positively
correlated with the pressure (Yangetal., 2014). In the
past, acoustic waves had been used to study petrophysical
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characteristics mostly of sandstone, carbonate rock, and
basalt, while few studies were done on coal.

Coal is a complex organic rock with strong acoustic
anisotropy (Wang et al., 2015a). The coal rank, pore
distribution, carbon content, and ash yield affect the
acoustic characteristics of coal. (Meng et al., 2011; Nara
etal., 2011; Panetal, 2013; Lietal., 2017; Golsanami
etal., 2021). However, the physical properties of coal
reservoirs under geological conditions are mainly
regulated by temperature and pressure (Gao et al., 2019).
Therefore, it is necessary to understand the acoustic
characteristics of coal under temperature and pressure
conditions. In coal, bound water, pores and cracks have a
strong relationship with temperature. The bound water of
coal decreases with the increase in temperature (Liu et al.,
2017). The coal pores and fissures increase to varying
degrees with the temperature (Yan et al., 2020; Liu et al.,
2021b). Coal properties such as matrix compression and
reduction of pores change under the influence of
confining pressure (Yao and Han, 2008; Li etal., 2016;
Shkuratnik et al., 2016; Huang et al., 2020). The influence
of physical factors on the acoustic velocity of coal were
discussed previously by many researchers (Meng et al.,
2008). However, coal composition, temperature and
pressure control effects on acoustic velocity and
sensitivity were seldom analyzed.

The high-rank coals were collected from the southern
Qinshui Basin and processed as raw coal and briquette.

The maximum reflectance (R,,,,) of oil-immersed
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measured. Moreover, the porosity and the ¥, of the dried
coal samples were measured under different temperature
and pressure control conditions. The coal composition,
temperature, and pressure effects on coal acoustic
velocity were analyzed, which provides a reference for
the acoustic prediction of deep coal reservoir parameters.

2 Samples and experimental methods

2.1 Sampling point and sample preparation

The raw coal samples were collected from the No. 3 coal
seam of Zhulinshan Mine and Fuyanshan Mine in the
southern Qinshui Basin. The coal seams are in the Shanxi
Formation of the Lower Permian. The Qinshui Basin
located in the central part of north China, and it is a large
north-east-trending Syncline as a whole. The east wing
has an inclination angle of about 10°, which is relatively
gentle. The west wing is relatively steep, with an
inclination angle of 10°-20°. Many secondary folds and
high-angle normal faults are developed in the basin. The
main coal-bearing strata in the southern Qinshui Basin are
the Carboniferous-Permian Taiyuan Formation and
Shanxi Formation. The thickness of the No. 3 coal seam
in Shanxi Formation is in the range of 0.8-6.4 m, R, ..
ranges from 1.3% to 4.0%, with an average of 3.2%, and
the coal rank in the south is higher than in the northern
region (Fig. 1).
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Fig. 1 Sampling location of Zhulinshan and Fuyanshan mine.
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2.1.1 Briquette

The raw coal of Zhulinshan Mine was used to prepare
briquette sample to study the regulating effect of maceral
components on acoustic wave velocity under different
temperature and pressure conditions. The process of
briquette sample preparation follows specific steps.

1) The raw coal with well-developed vitrinite was
preliminarily crushed to collect vitrinite strips.

2) The vitrinite strips were mechanically ground, and
particles with diameters ranging from 0.12 to 0.25 mm
were screened for further process.

3) The screened powdered samples were dried in the
oven at a constant temperature (80°C) for more than 24 h
to no longer change the quality of the samples.

4) The dried powdered sample was divided into three
sub-samples named: ZJ-1, ZJ-2, and ZJ-3. These samples
were individually molded into cylindrical sizes with
50 mm x 80 mm under the same experimental conditions.
The remaining dried powdered samples were used for
maceral component and industrial component tests at the
same time.

5) The acoustic tests were performed immediately after
the preparation of briquettes under different temperature
and pressure conditions. Furthermore, the microscopic
composition and vitrinite reflectivity of each briquette
sample was also determined.

2.1.2 Raw coal

The raw coal samples from the Fuyanshan Mine were
drilled along the bedding direction to get 50 mm x100 mm
sized cylinders denoted as FYS-1, FYS-2, and FYS-3. At
the same time, the residual samples at the end was
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collected for basic experiments.
2.2 Experimental methods

Maceral analysis, R, ., and proximate analysis tests were
performed according to corresponding standards. The
maximum reflectance (R, ) of oil-immersed vitrinite
and the maceral composition of coal were determined
following ASTM standard D2798-05 and [SO7404-3
(2009). The proximate analysis of coal was done in
Jiangsu Institute of Geology and Mineral Resources
following the national standard (GB/T 30732-2014).

The mercury porosimeter (Poremaster 60 GT,
Quantachrome Instruments, Boynton Beach, USA) was
used to conduct the mercury intrusion porosimetry (MIP)
test at Nanjing University of Technology. The coal
samples were dried at a constant temperature of 80°C for
24 h. The maximum test pressure was about 274 MPa,
and the minimum test aperture was 5.4 nm.

The acoustic wave experiment was performed at South-
west Petroleum University, using the SCMS-E high
temperature and pressure core multi-parameter instrument
(Fig. 2). The equipment is mainly composed of a gas
pressure regulating system, a gripper, an acoustic wave
instrument, a confining pressure-axial pressure system, a
temperature control system and a data acquisition system.
The working temperature of the equipment is between
20°C and 150°C, the accuracy is 0.5°C, the maximum
confining pressure is 50 MPa, the accuracy is 0.1 MPa,
and the V accuracy is 0.001 m/s. The average geothermal
gradient in the study area is about 2.4°C/hm, and acoustic
wave tests at different T-P are designed to explore the V.
response characteristics of coal seams buried at a depth of

Advection pump
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Fig. 2 SCMS-E Acoustic Measurement Equipment.
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800—2000 m. The experiment was conducted at four
different test temperatures (40°C, 50°C, 60°C, 70°C) and
five different test pressures (7 MPa, 9 MPa, 14 MPa,
19 MPa, 24 MPa). The acoustic testing proceeds as
follows.

1) Put the standard sample into the holder, load 2 MPa
confining pressure, turn on the sonic pulse transmitter to
measure, and record the data. Comparing the test results
with the longitudinal wave properties of the standard
block, the sample test can be carried out with an error of
less than 1%.

2) Load the sample to be tested, turn on the heating
device and raise the temperature to 40°C. After the
temperature is stable, load the confining pressure to
7 MPa. After stabilization, turn on the acoustic wave
transmitter to record the test data. The same temperature
and pressure point were measured three times, and the
average value was taken as the test result.

3) After completing one confining pressure point,
slowly load the confining pressure to the next test
pressure point, and repeat step 2. After all pressure points
at one temperature are completed, slowly unload the
confining pressure, then heat up to the next temperature
point, and repeat step 2.

4) After all tests of one sample are completed, remove
the pressure and temperature, and repeat steps 2 and 3.
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3 Results

3.1 Basic properties

The basic properties of briquette samples (ZJ-1, ZJ-2, Z]J-3)
and raw coal samples (FYS-1, FYS-2, FYS-3) are given
in Table 1. The maximum reflectance of the briquette
samples (2.94%—2.99%) is higher than the raw coal
samples (2.29%—2.40%). The maceral composition of
briquette samples is significantly different from the raw
coal samples. The vitrinite content of the briquette
samples (average 97.89%) is higher than the raw coal
samples (average 75.09%). Both briquette and raw coal
samples contain less water, low ash, and low volatile
yield.

3.2 Characteristics of MIP pore structure

The mercury intrusion curve (Fig.3(a)) shows a
prominent characteristic of pores segmentation. The
mercury intrusion volume increases slowly at the
50—10000 nm pore size stage, and rapidly increases at the
< 50 nm pore size stage, indicating that the pores < 50 nm
in all the samples are well-developed. In addition, the
cumulative mercury injection curve shows that there are

Table 1 Basic properties of the samples
Macerals/% Industrial components/%
Sample Ry max
' v 1 E M M, Ay Viat Fe

ZJ-1 2.97 98.04 1.96 / / 9.63 6.07 8.63 85.82
VARY) 2.99 97.81 2.21 / / 4.30 5.49 12.96 82.25
ZJ-3 2.94 97.46 2.54 / / 5.40 6.10 12.90 81.78
FYS-1 2.29 73.37 22.88 1.56 2.19 2.84 11.58 9.15 80.34
FYS-2 2.39 80.70 14.80 1.90 2.60 3.39 8.80 6.65 85.14
FYS-3 2.40 71.20 24.30 3.51 0.99 2.62 13.30 9.79 78.45

Notes: V is vitrinite content, / is inertinite content, £ is exinite content, M is mineral content, M, is moisture content, 4, is ash yield, V is volatile

component yield, F, is fixed carbon content.
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Fig.3 MIP curves: cumulative mercury quantity (a) and incremental pore volume (b).
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apparent hysteresis loops for mercury extrusion in the
coal samples. The hysteresis loops overlap the mercury
injection curve, indicating that most coal pores in the
sample are semi-closed (Zhao et al., 2019). Figure. 3(b)
shows multiple peaks of pore size distribution with the
increase in pore volume. According to the IUPAC pore
size classification, the coal samples have mainly mesopores
(540 nm) and macropores (= 6000 nm) (Sing and Sw,
1985).

3.3 Acoustic characteristics under temperature-pressure
conditions

The porosity test results under temperature and pressure
show that the measured porosity of briquette samples

ranges from 42.6% to 43.2%, which is more significant
than the raw coal (3.07%—6.88%). The compressional
wave velocity of briquette (ZJ-1, ZJ-2, ZJ-3) under
different temperature and pressure conditions are
significantly lower than the raw coal (FYS-1, FYS-2,
FYS-3) (Table 2).

The difference between raw coal and briquette acoustic
waves under various temperature and pressure conditions
shows two characteristics. 1) The range of V_ of the raw
coal significantly varies than the briquette under the
increase of confining pressure. However, the V change
rate of the briquette is more significant than the raw coal
(except the sample FYS-3). 2) The range and average
change rate of ¥, of briquette at the temperature ranging
from 40°C—70°C are smaller than the raw coal.

Table 2 Experimental results of coal samples under different temperature and pressure

Temperature
Sample Porosity/% Confining pressure/MPa 40°C 50°C 60°C 70°C
Vy/(m-s™ Vy/(m-s™) V(s V/(m-sh)

ZJ-1 43.1 7 513.32 495.87 458.02 452.26
9 584.42 579.71 485.83 480.00

14 761.07 740.74 715.00 697.67

19 764.38 748.44 746.30 740.74

24 796.46 792.17 801.48 807.21

7)-2 42.6 7 599.00 586.32 509.92 484.42
9 701.07 687.02 630.47 621.58

14 740.74 748.44 736.30 729.48

19 835.72 825.69 815.07 811.11

24 865.38 862.38 868.90 872.91

7]-3 432 7 584.42 495.87 489.92 485.83
9 627.18 586.32 579.71 545.87

14 687.02 630.47 627.18 616.58

19 729.48 718.44 697.67 692.30

24 814.48 807.17 800.14 805.11

FYS-1 3.07 7 1783.94 1740.81 1683.82 1629.27
9 1829.27 1815.43 1806.23 1788.38

14 1876.96 1857.59 1853.68 1843.32

19 1952.37 1930.50 1927.19 1901.74

24 2295.92 2259.89 2224.97 2095.46

FYS-2 6.88 7 1324.50 1173.40 1134.29 947.54
9 1536.49 1444.04 1349.33 1303.60

14 1641.00 1623.08 1604.99 1570.00

19 1852.80 1829.27 1679.89 1665.00

24 1953.34 1927.19 1901.74 1876.96

FYS-3 6.32 7 1093.23 1068.88 767.10 743.34
9 1641.56 1584.36 1336.80 1312.43

14 1720.02 1699.72 1679.89 1660.52

19 2036.20 2007.81 1762.11 1740.81

24 2784.22 2371.54 2095.46 2065.40
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4 Discussion

4.1 Effect of maceral components on v,
The ¥, is negatively correlated with the vitrinite content
(Fig. 4(a)) while positively related to the inertinite content
(Fig. 4(b)) in corroboration with the findings of Liu et al.
(2017) and Lietal. (2016) had discovered these same
phenomena. The main reason may be the difference of
pore structure and pore distribution in the raw coal.

Generally, the coal maceral composition varies with
different pore and fissure types, increasing the hetero-
geneity of coal acoustic characteristics. The microcracks
in the vitrinite are more developed than the inertinite
result in the V_ decrease with the increase of vitrinite
content. In addition, the v, is also affected by factors such
as coal grade, moisture content and ash yield, which
greatly enhances the heterogeneity of sound wave pro-
pagation. Yao etal. (2010) also support our results by
founding that the degree of micro-fracture development
varies significantly with the different maceral composi-
tions of coal.

The physical properties of briquette samples ZJ-1, ZJ-2,
and ZJ-3 prepared from the same raw coal are the same.
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However, the V, response characteristics of these samples
vary under different temperature and pressure conditions.

Figure 5 shows that the average change rate of V/, under
the confining pressure ranging from 7 MPa to 24 MPa in
the briquette increases with the temperature (Fig. 5). The
briquette samples with higher vitrinite content (ZJ-1,
ZJ-2) have a higher change rate than the briquette sample
(ZJ-3) with the lowest vitrinite content, which indicates
that the briquette with higher vitrinite content is more
sensitive to the temperature changes.

In Fig. 6, the average change rate of ¥ under the
influence of temperature ranging from 40°C to 70°C
decreases with the confining pressure. The briquette
samples with higher vitrinite content (ZJ-1, ZJ-2) show
tremendous change and a significant average v, change
rate fluctuation curve than the ZJ-3 sample. It indicates
that the briquette with higher vitrinite content is also more
sensitive to changes in confining pressure than the low
vitrinite briquette.

4.2 Effect of temperature on V)

The V, of raw coal and briquette decrease with the
increase in temperature, whereas changes in V, are more
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linear in briquette (Fig. 7). Yao and Han (2008) also
observed a linear trend change of V, in coal at the
temperature ranging 22°C—90°C.

The changes in the speed of sound waves with
temperature depend upon the way these waves propagate
in the coal sample. The coal has a complex pores and
fissures, and the degree of development of pores and
fissures in coal is inversely proportional to the ¥, (Wang
etal., 2015b). Moreover, the increase in temperature
causes thermal expansion in the channels between
isolated pores and other pores, increasing the total
porosity of the coal. The influence of high-temperature
thermal stress can also cause micro-cracks in the rock
mass, which reduces the acoustic wave speed to a certain
extent (Nara et al., 2011). According to Yan et al. (2020),
the increase in temperature from 25°C to 65°C leads to an
increase in coal porosity and a decrease in V, which
supports our findings.

4.3 Effect of confining pressure on ¥,

The confining pressure accelerates the V- of raw coal and
briquette, shown in Fig. 8, consistent with the findings of
other researchers (Fengetal.,2012; Wuetal., 2015; Li
etal., 2016; Liuetal., 2017). The Vp increases with the
confining pressure due to the gradual closure of micro-
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cracks or pores (Punturo et al., 2005).

Figure 8(a) shows a rapid increase in the V, of raw coal
samples (FYS-1, FYS-2) at the confining pressure
ranging from 7-9 MPa, followed by a gradual increase at
the pressure ranging from 9 MPa to 19 MPa, then a
moderate increase at the pressure range of 19—24 MPa. In
comparison, the FYS-3 samples follow the same behavior
as FYS-1 and FYS-2, except that the increase in v is
more linear at the pressure ranging 9—14 MPa, which may
be caused by differences in sample properties. Our results
are in concordance with the findings of Popp and Kern
(1998), which showed that the ¥ increased sharply at low
pressure and increased slowly under high pressure.
Briquette samples (Fig. 8(b)) show comparatively the
approximately linear change under the same pressure
range used for raw coal.

4.4 Sensitivity of V, to temperature and pressure

The temperature and confining pressure have opposite
effects on the ¥, for raw coal and briquette samples. So,
which one dominates under the combined effect of the
two? Therefore, the change rate of V_  is used to
characterize the sensitivity of ¥, to temperature and
pressure.

The characteristic of the V, change rate under the low
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Fig.7 Relationship between ¥ and temperature of raw coal (a) and briquette (b) under different pressures.
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confining pressure (7 MPa) shows a trend of increase
followed by a decrease with the increasing temperature
(Fig. 9). The rate of change of ¥, varies significantly at
different temperature stages and peaks at the stage of
50°C—60°C. Under high confining pressure, the change
rate decreases non-significantly with the increasing
temperature. The change rate of V' of raw coal under low
confining pressure (Fig. 9(a)) is significantly higher than
that of briquette in general (Fig. 9(b)), and under higher
confining pressure (19-24 MPa), the ¥V, change rate of
raw coal fluctuates more than the briquette coal. The V,
increases with the temperature under the confining
pressure of 24 MPa, indicating that the positive effect of
the confining pressure overcomes the negative effect of
temperature.

The change rate of V_ decreases with the increase in
confining pressure (Fig. 10). The change rate of V, from
the raw coal decreases rapidly when the confining
pressure increases from 7 MPa to 9 MPa; however, a
gradual decrease is observed at other stages (Fig. 10(a)).
Moreover, the difference between the rate of change of ¥,
at various stages of confining pressures becomes more
pronounced as the temperature increases. The difference
in change rate between briquette samples and the raw coal
is non-significant (Fig. 10(b)).
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Figure 10 indicates that the v, is more sensitive to the
changes at low temperature and confining pressure, while
the positive effect of the high pressure gradually
dominates when both temperature and pressure increase
together. The briquette samples exhibit more stability to
change in the ¥ than raw coal with increased temperature
and pressure.

5 Conclusions

1) The v, is negatively correlated with the vitrinite
content whereas positively correlated with the inertinite
content of the coal. Under the low confining pressure, the
V, change rate of the briquette with higher vitrinite
content is greater than the briquette with lower vitrinite
content with the temperature increase. However, the
change rate of ¥, of the briquette with higher vitrinite
content shows higher fluctuations than the briquette with
low vitrinite content with the increasing confining
pressure. Thus, it indicates that the ¥, of the briquette
with higher vitrinite content is more sensitive to
temperature and confining pressure.

2) As the temperature increases, the coal ¥, decreases.
The ¥, of raw coal and briquette decreases approximately

0.5

Rate of change/%

Fig.9 Relationship between change rate of ¥ of raw coal (a) and briquette (b) and temperature.
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linearly under the pressure range of 7—24 MPa, but the
change was more gradual in briquette compared to raw
coal samples.

3) The V_ of raw coal experiences a rapidly increasing
trend at 7-9 MPa, followed by a gradual increase at 9—19
MPa, then a moderate increase at 19—24 MPa, whereas
the ¥, of briquette increases approximately linearly with
the confining pressure.

4) The ¥ is more sensitive to temperature under low
confining pressure and peaks at 50°C—60°C. The v, is
less sensitive to temperature under high confining
pressure, while the positive effect of high confining
pressure is dominant. At a specific temperature, the
sensitivity of V, to low confining pressure is more
significant than at high confining pressure. In addition,
the sensitivity of ¥ to the confining pressure increases
with the temperature.
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