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The calibration of the elastic characteristics of deformed coals is essential for seismic inversion of such units, because the pre-
diction of coal deformation is essential for both mining safety and methane production. Therefore, many samples of broken
and mylonitic deformed coal were tested with ultrasonic waves in the laboratory. These samples came from four mining areas:
the Huainan, Pingdingshan, Hebi and Jiaozuo coal mines, which present five different metamorphic ranks shown as cylinders
striking across circular limits of steel. Under normal pressures and temperatures, ultrasonic P- and S-wave tests show that the
velocities, quality factors, and elastic moduli of the deformed coals were greatly reduced compared with undeformed coals.
Also, some correlation was found between the P- and S-wave velocities in the deformed coals. However, there is no evidence
of linear correlations between velocity and density, velocity and quality factor, or the quality factors of P- and S-waves. Com-
pared with the elastic characteristics of undeformed coals, such as P- and S-wave velocity ratios or Poisson’s ratio, those of
deformed coals generally decrease and the P-wave quality factors are less than those of S-waves. Moreover, the analysis of the
relationship between pore structure and elastic modulus shows a better correlation between the P- and S-wave velocities and
effective porosity, pore volume and specific surface area. Also, there are similar relationships between the pore structure and
the Young's and shear moduli. However, there are no such correlations with other moduli. Correlations between these elastic
moduli, pore structure, coal rank and density were not found for the various samples of deformed coals, which is consistent
with only structural destruction occurring in the deformed coals with other physical properties remaining unchanged. The ex-
perimental results show that it is possible to predict the deformation of coals with multi-component seismic elastic inversion.
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The vast majority of the coalfields in China have experi-
enced the superposition of multiphase tectonization, leading
to the development of deformed coal (Ju et al., 2005; Jiang
et al.,, 2009; Wang et al., 2007). Because deformed coal
strongly affects methods of coal mining (Zhang, 2009; Hao
et al., 2000; Zhang et al., 2007) and coal-bed methane
(CBM) production (Pan et al., 2011), identification of de-
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formed coal becomes a major challenge in the seismic ex-
ploration of coalfields. This has become especially im-
portant as deeper coals resources are increasingly mined and
as massive fracturation operations are needed during CBM
production (Meng et al., 2013; Wang et al., 2011; Sun et al,,
2005). For such exploration targets, precise spatial mapping
of deformed coal distributions is required. Although geo-
logical and geophysical exploration techniques have im-
proved rapidly in recent years (Zhang et al., 2005), geo-
physical characterization of deformed coal is not generally
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sufficient to meet the needs of mine planning and design,
coal safety or the installation of horizontal wells for CBM
production (Wang et al., 2008). Qualitative geological re-
source mapping depends primarily on borehole and laneway
information. Geophysical forecasting is applied mainly in
the early prospecting stage, and generally is insufficient to
meet the demands of production practice. The large-scale
application of three-dimensional (3D) seismic technologies
for coalfield exploration has the potential to lead to better
quantitative and qualitative characterizations of deformed
coal prior to coal mining, but this requires the development
of new seismic exploration skills and techniques.

Improving our understanding of the elastic properties
(e.g., velocity) of deformed coal is one of the first steps
needed for the seismic exploration of deformed coal. The
elastic properties of such deformed coals have been the
subject of recent research (Lii, 1995; Guo et al., 1998; He et
al., 1999; Peng et al., 2004; Zhang et al., 2006; Peng et al.,
2008; Yao et al., 2011). Some progress has been made in
the detection of deformed coal using laneway and ground-
based seismic methods (Tang et al., 2002; Peng et al., 2005;
Sun et al., 2011; Lu et al., 2011). However, it is very diffi-
cult to sample and prepare standard laboratory samples of
deformed coal, since its structure is often loose, and its elas-
ticity is seldom tested. Therefore, current knowledge of the
elastic parameters of deformed coal, which is limited to a
few mining areas and coal types, is scarce or experimental.
Because of the lack of rigorous physical experiments, fore-
casts of the spatial distribution of deformed coal using the
joint inversion of seismic data and logging data are poorly
constrained (Chen et al., 2010; Chen et al., 2009). For ex-
ample, He et al. (1999) used ultrasonic wave to test coals of
different structures on samples sourced mainly from Ping-
dingshan coal mine in Henan Province, but the metamorphic
degrees of the coals were similar. A broader knowledge of
the elastic properties was not possible because only the
P-wave velocity was measured. Guo et al. (1998) modeled
deformed coal using die-cast molding with deformed coal

powder of different particle sizes under a pressure of 6 MPa.

These results showed that the P-wave velocity of deformed
coal increases with confining pressure; as the degree of
structural damage increases, the velocity becomes reduced;
also, the P-wave velocity shows anisotropy (commonly 5%—
10%). Because the original coal structure and state were
destroyed after die-cast molding, it is difficult to evaluate
their similarity and comparability by comparing samples
with coals produced under geological conditions. Therefore,
the experimental results only have a certain reference value.
Using well log data, Peng et al. (2004) carried out statistical
analyses of the density and P-wave velocity differences
between deformed and undeformed coal in the Huainan
coalfield. Because coal seams are soft relative to other
sedimentary rocks in the region, diameter expansion and
collapse of the drilling holes would have unpredictable in-
fluences on the measurement and interpretation of the data.
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Therefore, there are many uncertainties in elastic properties
that are determined using logging curves; also, such deter-
minations are regionally limited to the deformed coal in
Huainan.

In conclusion, because determinations of elastic proper-
ties of deformed coal are limited to a few samples and drill-
ings from a limited number of coal mines and fields, our
understanding of the elastic properties of such units with
varying degrees of metamorphic change and damage is ex-
tremely limited. Therefore, the development of a better un-
derstanding of the elastic moduli of deformed coals with
different degrees of metamorphic change and damage is
urgent and necessary. The use of ultrasonic measurements is
just one way to implement a scheme of seismic exploration
for deformed coal.

1 Test samples and methods

Coal is a soft sedimentary rock that is found in seams with a
lot of structural interfaces such as bedding, cleats and cracks.
There are two main problems in the ultrasonic measurement
of deformed coal.

(1) Deformed coal has been damaged by tectonic stress
and generally has become so loose in structure that it is eas-
ily broken. It is difficult to collect clumping samples down a
hole. However, extrusion molds of broken deformed coal
can be measured in the lab. So, there is a great difference in
elastic moduli of molded samples and those that formed
under in situ geological conditions.

(2) Because transmitted S-wave arrivals will be over-
lapped by other wave modes during ultrasonic measurement
of shear waves, the accurate calculation of S-wave velocity
is difficult. This will cause a greater error in the calculation
of the shear wave quality factor (Qs).

1.1 Deformed coal sample preparation

To address the first question, the following sampling meth-
od is undertaken. First, a machined cylindrical mold is
beaten directly into the deformed coal seam, and then the
sample is removed while preserving its original state. Sec-
ond, a suitable amount of adhesive is added to the two head
faces of the cylindrical mold to make them as firm as possi-
ble. Finally, sandpaper is used to polish the two faces to
facilitate coupling between the faces and transducers in the
measurements followed. Some of the experimental de-
formed coal samples are shown in Figure 1. Apparently,
adhesive can change the original structure of the deformed
coal and cause the measured travel-time of the ultrasonic
signal to decrease. However, because of the large scale of
the samples (Table 1), the impacts of this structural change
over such a short distance at ultrasonic speeds can be ig-
nored. The measured ultrasonic time difference therefore
should objectively reflect the original structure of the
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Figure 1 Deformed coal samples used for testing.

deformed coal.

1.2 Ultrasonic measurements for deformed coal and
data collection

To address the second question, two methods have been
tried. First, observations of shear waves are made in two
orthogonal directions. Based on the polarization differences
among various types of body waves, the method proposed
by Zhang et al. (2013) was used to pick the first arrivals of
S-waves and improve S-wave recognition. Second, appro-
priate filters were designed to improve the calculation pre-
cision of shear wave velocity and quality factor measure-
ments based on the frequency difference between P- and
S-waves.

The equipment and technologies used for this ultrasonic
experiment on deformed coal have been presented previ-
ously (Wang et al., 2012, 2013). P- and S-wave frequencies
were both set to 100 kHz for the tests. Overall, the meas-
urement system error is less than 1%. However, because of
the complexity and extreme difficulty of sample preparation
and measurement, the system testing error is deemed to
have been controlled within 3%.

Specific test conditions are as follows.

(1) Selection of low frequency probe. Taking the sample
size into consideration (6 cm in diameter and 6 cm in

Table 1 Test sample information®
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height), and to avoid the attenuation of high frequency
waves, 100 kHz low frequency ultrasonic probes were se-
lected.

(2) Controlled water saturation. The primitive moisture
(including free water, bound water and water of crystalliza-
tion) of these samples was inevitably damaged when it was
removed from the coal seam. Because coal elasticity is af-
fected by moisture to some extent, the influence of the state
of the reservoir water and its saturation on the elasticity was
not considered in the experiment. Consistent moisture con-
ditions were ensured by exposing samples to natural air
conditions for a period of time (7 days in this experiment),
then soaking in water for 24 h, and drying in the air for 5 h
more.

(3) Load plan. To maintain the consistency of test con-
ditions for the different laboratory samples, a clamp holder
was used to attach the probes to both ends of the coal sam-
ple at the same pressure, in case of poor coupling. The
pressure imposed on the holders was set to 10 kPa, the low-
est hardness expected for coal samples.

1.3 Sample information

The deformed coal samples were collected from four dif-
ferent mining areas and classified into five different meta-
morphic grades. During the sampling process, the steel
mold was driven into the working face in the strike direction
of the coal seam. Therefore, the sample axial direction—
the X direction—is defined by the labeling method used by
Wang et al. (2012). During sample collection, the occurrence
states of these deformed coals were compiled (Table 1).

2 Experimental results and analysis
2.1 Measurement and conversion results

All Vp (P-wave velocity), Vs (S-wave velocity), elastic
modulus and quality factor data were collected and calcu-
lated from the transmitted waveform in ultrasonic meas-
urements according to accepted elastic modulus calculation
methods (Wang et al., 2013; Cheng, 2012). These data are
presented in Tables 2 and 3.

Coal . . Sample Coal industry analysis
Metamorphic . . . . . Sample processing .
sample rade Sampling mines Coal seam Specific sampling points specification quantity

No. & P (piece)  Mua(%) Aa(%) Vaur(%)

1 Gascoal Huainan Panyi mine 131 Shihezi Group  2331(3) working face 30 m  CYlinder of 6 cmiin diameter 182 1221 3701
and 6 cm in height

2 Fatcoal Pingdingshan 8th mine ~ Wu9-10 Shihezi Group 12160 working face 177 m  Same as above 5 1.67 30.54 33.34
3 Coking coal Pingdingshan 8th mine  Jil5 Shanxi Group 14120 working face 22.5 m Same as above 5 1.58 7.03 2256
4 Meager-lean coal Hebi 6th mine 2-1 Shanxi Group 2143 working face 50 m Same as above 6 1.48 830 1348
5 Anthracite coal Jiaozuo Guhanshan mine 2-1 Shanxi Group 14181 working face 75 m  Same as above 5 285 10.99 7.71

a) M,q4, Water mass fraction of experimental coal samples; A4, ash mass fraction of air-dry base; Vq,, volatiles mass fraction of dry and ash-free base. In-

dustrial analyses were carried out according to GB/T212-2001, China standard.



WangY, etal. Sci China Earth Sci
Table 2 Calculated Vp, Qp, Vs, Q. and Oy 2
Sacrg;}e Block Ve v Os 3
No. No. (ms™) (ms™) 0. 0, (gem™)
1-1 857 1.03 545 1.50  1.26 1.28
1 1-2 667 0.94 400 1.78  1.82 1.27
1-3 857 1.02 545 1.37 1.65 1.22
1-4 938 0.74 566 1.77 149 1.17
2-1 706 0.59 368 1.07  1.52 1.28
2-2 522 0.92 324 0.83  0.89 1.25
2 2-3 833 0.28 455 0.65 1.09 1.27
2-4 759 0.69 508 0.86 0.71 1.29
2-5 789 0.40 522 1.10  1.08 1.28
3-1 583 0.60 400 046  0.62 1.31
3-2 750 0.37 400 023  0.36 1.33
3 3-3 698 0.40 357 140 1.02 1.35
34 732 0.38 423 1.31 098 1.38
3-5 632 0.54 324 0.75 1.52 1.35
4-1 759 0.48 429 046  0.31 1.40
4-2 706 0.47 429 046  1.26 141
4 4-3 706 0.55 375 0.4 0.47 1.39
4-4 674 0.49 400 0.50 043 1.43
4-5 600 0.57 400 048 091 1.37
4-6 714 0.41 286 0.15 0.78 141
5-1 741 0.39 462 1.17 240 1.51
5-2 870 0.88 400 0.37 0.54 1.53
5 5-3 698 0.28 451 0.32  0.89 1.47
5-4 638 0.58 420 1.16 1.14 1.52
5-5 870 0.30 500 0.82 0.57 1.51

a) Qp, P-wave quality factor; Qs, S-wave quality factor; Q,and Q,, the
two shear-wave quality factors in orthogonal polarization directions; ARD
or p, apparent density.

Table 3 Calculated results for five mechanical elastic parameters®

Coal sample

Block No. 4 (GPa) u (GPa) v K (GPa) E (GPa)

No.
1-1 0.18 0.38 0.16 0.43 0.88
1 1-2 0.16 0.20 0.22 0.29 0.50
1-3 0.17 0.36 0.16 0.41 0.84
1-4 0.28 0.37 0.21 0.53 091
2-1 0.29 0.17 0.31 0.41 0.46
2-2 0.08 0.13 0.19 0.17 0.31
2 2-3 0.36 0.26 0.29 0.53 0.68
2-4 0.08 0.33 0.09 0.30 0.73
2-5 0.10 0.35 0.11 0.33 0.77
3-1 0.03 0.21 0.06 0.17 0.44
3-2 0.32 0.21 0.30 0.46 0.55
3 3-3 0.31 0.17 0.32 0.43 0.46
34 0.25 0.25 0.25 0.41 0.62
3-5 0.26 0.14 0.32 0.35 0.37
4-1 0.29 0.26 0.27 0.46 0.65
4-2 0.18 0.26 0.21 0.36 0.63
4 4-3 0.30 0.20 0.30 0.43 0.51
4-4 0.19 0.23 0.23 0.34 0.56
4-5 0.05 0.22 0.10 0.20 0.48
4-6 0.49 0.12 0.40 0.57 0.32
5-1 0.18 0.32 0.18 0.40 0.76
5-2 0.67 0.24 0.37 0.83 0.67
5 5-3 0.12 0.30 0.14 0.32 0.68
5-4 0.08 0.27 0.12 0.26 0.60
5-5 0.39 0.38 0.25 0.64 0.95

a) A, Lame constant; x, shear modulus; v, Poisson’s ratio; K, bulk mod-
ulus; E, Young’s modulus.
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2.2 Elastic characteristics

From Table 2, the following viewpoints can be raised. First,
note that the average Vp (737 m s™'), Vs (433 m s™') and
Vp/Vs (1.702) of the deformed coal are far less than those of
undeformed coal (Wang et al., 2012). The correlation be-
tween Vp or Vs and density is very poor. Density differences
between undeformed and deformed coal are not obvious, so
structural differences can have significant effects on the
speed of the traveling wave. The Vp and Vs of deformed
coal are obviously different, and can be linearly separated
from those of undeformed coals since their Vp and Vg values
are less than 1000 m s™'. As mentioned, the samples can be
divided into five categories based on metamorphic degree,
which means that we can define five groups of Vp and Vg
values. Through the linear regression analysis of Vp and Vg
shown in Figures 2 and 3, a good linear correlation between
the mean Vp and Vs of each group can be made. These linear
correlations vary significantly. The maximum vitrinite re-
flectivity (Table 4) and analysis of the relationship between
density and velocity (Table 2) show that there is a certain
correlation between density and degree of metamorphism.
However, there is no correlation between the five groups of
mean Vp and Vs values and metamorphic grade.

To synthetically illustrate the characteristics of Qp and
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Figure 2 Velocity versus density. The color symbol represents the
P-wave velocity and the black S-wave’s.
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Figure 3 Relationships between Vp and Vs.
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Table 4 Pore structure determination results”
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Coal sample ~ Metamorphic Total poge Y?lume Average pore Effective porosity  Romax BET specifizc sgrface Deformed coal types
No. grade (em’g7) diameter (nm) (%) (%) area(m”~g)
2 Fat coal 0.01996 8.118 2.54 1.346 9.836 Broken particle coal
3 Coking coal 0.003213 4.588 0.43 1.494 2.801 Mylonitic coal
4 Meager-lean coal 0.004559 7.343 0.64 1.672 3.462 Mylonitic coal
5 Anthracite coal 0.02508 6.660 3.78 2.548 15.06 Mylonitic coal

a) R, max, Maximum vitrinite reflectance. Effective porosity is calculated with the total pore volume and the apparent relative density (Zhang, 2009).

Qs, the mean value of the quality factors in the two orthogo-
nal directions is treated as the quality factor in the direction
of wave propagation direction (Figure 4). From Table 2 and
Figure 4, we see that the quality factors of deformed coal
are generally low (<2). Qp is nearly half of Qg for most of
the samples. There is no correlation between Q and speed,
therefore there is no physical basis for estimating quality
factor based on speed. However, from the relationship be-

tween Qp and Qg (Figure 5), some conclusions can be drawn.

Although Qg generally gets larger as Qp increases, there is
no linear correlation between Qp and Qs. Also, there is no
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1.8 ® X B Fat coal
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Figure 4 Relationships between velocity and Q. The color symbol repre-
sents QOp and the black Qs.
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Figure 5 Relationships between Qp and Qs.

correlation between Q and metamorphic grade, which is
unlike the situation with general sedimentary rocks and un-
deformed coal (Wang et al., 2013, 2009). According to the
bisectrix in Figure 5, Qg is generally greater than QOp.
Therefore, the absorption and attenuation effects of de-
formed coal for P-waves are much stronger, which has sig-
nificance for the recognition of deformed coal with multiple
waves.

Some results can be found by contrasting O, and Q, (Ta-
ble 2). If 2|(Q, -0 )(Q,+0,)| is regarded as the ani-

sotropy coefficient, then the variability of Qg anisotropy is
found to be intense, ranging from 1.7% to 135%, but pre-
dominantly from 30% to 40% with a coefficient average of
38.5%. The destructive effect of tectonic stress is deduced
to cause greater azimuthal differences in Qg for a given coal
seam, even though the anisotropy coefficient is independent
of the metamorphic degree.

The elastic modulus values (Table 3) show that, with the
exception of Poisson’s ratio, the elastic moduli of the de-
formed coals are small (Wang et al., 2013), and less than
1 GPa. This shows that the resistance strength of the de-
formed coal to crushing and shearing deformation is very
low, and that it is partially kept in a state of stress equilib-
rium by the surrounding rocks in the coal seam. However, if
this balance is disequilibrated, it is difficult for the de-
formed coal to bear the high ground stress. This is one of
the reasons why the detection of deformed coal is of great
importance for deep coal mining and gas extraction.

2.3 Relationship between pore structure and elastic
moduli in deformed coal

Because deformed coal is generally implicated in the for-
mation of a dynamic disaster within a coal mine, and is
generally avoided during horizontal fracturing operations,
an evaluation of its pore structure is meaningful (Cheng,
2012; Ju et al., 2004). In particular, deformed coal may ad-
sorb excessive gas. The pore volume and specific surface
area are two important indicators for weighing the absorp-
tion capacity of deformed coal (Hou et al., 2012; Ju et al,,
2005). Pore volume and effective porosity, which provide
an indication of the pore structure, are the two main indica-
tors of the gas desorption and diffusion rate in CBM pro-
duction (Chen et al., 2010). Therefore, the specific surface
area and pore structure of samples were measured (Table 4).
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N, absorption and Hg injection were undertaken as part of
the determination of the pore structure, for which N, ad-
sorption is mainly used to determine the pore size distribu-
tion (<50 nm) in the coal, and the Hg injection experiment
is mainly used to determine the pore size distribution (>50
nm) of mesopores and macropores in the coal. Vitrinite re-
flectance was analyzed in China according to GB/T6948-
2008 and the specific surface areas were measured with N,
absorption according to GB/T7702.20-2008.

Note the following differences. Gas coal samples from
Huainan coalfield were used in the ultrasonic measurements,
but gas coal samples from Henan coalfield were used for
pore structure measurements. Because of this regional dif-
ference, gas coal was not considered in the following anal-
yses of the relationship between pore structure and elastic
moduli.

Because the density was almost unchanged during the
deformation of the deformed coal, while the pore structure
changed greatly, there are no obvious correlations between
the total pore volume, average pore diameter, effective po-
rosity and density. However, as seen by comparing and
contrasting Tables 2 and 4 (Figure 6), there are good corre-
lations between Vp, Vg and total pore volume, effective po-
rosity and specific surface area, even though there are no
correlations between Vp, Vs and average pore diameter. Be-
cause of the non-quantitative characteristics used to classify
coal body structure, it is difficult to determine a relationship
between the degree of damage to coal structure and the pore
structure (Table 4). In practice, pore volume and the specif-
ic surface area should increase according to the degree of
damage of the deformed coal and also because of the in-
crease based on the classification method (Ju et al., 2005)
and microstructural analysis. Therefore, a simple classifica-
tion of three types of deformed coal shows finite precision
in reflecting microstructure.

After a comprehensive analysis of Tables 3 and 4, we can
investigate the relationship between the elastic moduli and
pore structure (Figure 7). It is apparent that the correlations
between Young’s modulus, shear modulus, specific surface
area and the effective porosity are better. This improved
correlation coincides with the relationship between veloci-
ties and pore structure caused by the conversion relationship
within the velocities and elastic moduli.

Through the pore structure data (Table 4), the total pore
volume, effective porosity and BET specific surface area
increase with metamorphic degree, which increases from
coking coal to anthracite coal, consistent with the relation-
ship of metamorphic degree to density. There are positive
correlations between velocities, moduli and the degree
of development of pore structure. In fact, the influence of
pore structure on the velocities and moduli is embodied in
their macro-density influence on velocities and moduli.
However, when fat coal with a low metamorphic grade and
a low density is considered, its total pore volume, effective
porosity and BET specific surface area are significantly
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Figure 6 The relationship between velocities and pore structure. (a) The
relationship between velocities and total pore volume; (b) the relationship
between velocities and effective porosity; (c) the relationship between
velocities and BET specific surface area.

higher than those of coking coal and meager-to-lean
coal, but only slightly less than those of anthracite, which
reflects the limitation of the above law. The average pore
size of the fat coal is maximized and the fat coal samples
belong to a broken particle of coal (others belong to mylo-
nitic coal). The fundamental difference in the pore-fracture
structure is that the influence of the fat coal on velocities
and moduli is very different from the influences of other
coals.
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¢ Lame constant provide some control on the general characteristics of the

081 @ R igii;:g?:if coal. Mean values calculated from Table 2 are shown in
07 - X Bulk modulus Table 5. The most important conclusion is the observation
Young’s modulus that the Vp and Vs of the deformed coal decrease with good
0.6 correlation between each other. There are poor linear corre-
s 05 - > lations between Vp, Vs and density. The results of regression
% analysis between mean Vp, Vs and mean density are shown
é 0.4 - >2< in Figure 8. There are stronger qu.adratu.: corre.latlons be-
g X tween mean Vp, Vs and mean density. With an increase of
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W oo [ whole. The correlations between average density and the
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(b) ¥ shear modulus . R
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% Bulk modulus elastic response characteristics. The before-mentioned in-
06+ Young’s modulus fluence of pore structure on elastic parameters should be the
g concrete manifestation of the influence of macroscopic
Py 051 X structural damage on the elastic responses. The ratio of Vp
2 04- X and Vs for deformed coal is 1.7:1, which is lower than that

E X X of undeformed coal.
E 031 | The second conclusion is that Qp and Qg are very small.
“ 0.2 - i u This means that the absorption effect of the elastic waves in
v deformed coal is strong, which is in agreement with its
0.1 characteristic low strength. There are poor correlations

0.0 . . . .
0 1 2 3 4

Table 5 Mean values of p, Vp and Vs
Effective porosity (%)

Figure 7 Relationship between elastic moduli and pore structure. Pois- Coal sample No. P(gem™) Ve (ms7) Vs (ms™)
son’s ratio unit is 1. (a) The relationship between elastic moduli and BET 1 1.24 830 514
specific surface area; (b) the relationship between elastic moduli and effec- 2 1.27 722 435
tive porosity. 3 1.34 679 381

4 1.40 693 387

5 1.51 763 447
3 Discussion
Because regions of deformed coal restrict CBM production 900 -
and coal mining, the need for elastic measurements of de- * Vp = 6237.5p2 ~17286p+12648
formed coal is urgent so that a basic physical support can be 800 - R=92.18%

provided for seismic characterizations in such settings. In

this paper, deformed coal samples extracted from four dif- T: 700+ 4 v Povave
ferent mining areas and characterized by five different 3 B S-wave
metamorphic grades (medium to high) and two degrees of ‘§ 6001 — 2nd fitting
structure damage were evaluated in the laboratory with ul- 2 50 W Vg = 5518.3p2 ~15354p+11053

trasonic transmissions. R=96.37%
Because the physical composition and structure of coal

400
are extremely complex topics, the measured ultrasonic wave
velocities must be a comprehensive reflection of geological 300 . . . .
parameters such as material composition, pore structure and 12 1.3 1.4 15 16

: : : : "
bedding structure. Therefore, after merging multiple test Apparent density (g cm =)

results for the coal samples, an analysis of the results can Figure 8 Correlations between the mean Vjp, Vs and p.
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Table 6 Pore structure comparisons between deformed and undeformed coal
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Coal . Total pore volume (cm?® g’l) Average pore diameter (nm) Effective porosity (%)
Metamorphic grade
sample No. Undeformed coal — Deformed coal — Undeformed coal Deformed coal Undeformed coal ~ Deformed coal
2 Fat coal 0.00972 0.01996 5.474 8.118 1.39 2.54
3 Coking coal 0.005716 0.003213 4.037 4.588 0.83 0.43
4 Meager-lean coal 0.008957 0.004559 5.195 7.343 1.25 0.64
5 Anthracite coal 0.005208 0.02508 3.953 6.660 0.85 3.78

between quality factors and wave velocities. The same
characteristics exist between Qp and Qs, with an average
anisotropic coefficient of Qg of 38%.

Table 6 compares the pore structures of deformed and
undeformed coal. The average pore size of deformed coal is
generally greater than that of the corresponding undeformed
coal. This may be the main reason why the attenuation of
elastic waves in deformed coal is greater than in the corre-
sponding undeformed coal.

By comparing corresponding test results of deformed and
undeformed coal (Wang et al., 2012, 2013; Cheng, 2012),
the velocities, Q values, speed ratios and elastic moduli of
deformed coal are observed to reduce significantly as a re-
sult of changes in coal body structure from matrix-fissure to
broken and mylonitic particles. The above analysis provides
basic experimental support for the detection of deformed
coal by using further elastic inversion with effective rock
physics support.

Now, because there is no unified standard for the classi-
fication of deformed coal damage in geology (e.g., Ju et al.,
2005; Zhang, 2009), the classification of coal structure
damage is based on qualitative analyses of coal samples.
The deformed coal is divided into two simple categories in
the field sampling and laboratory observations presented in
this paper. Due to an absence of quantitative description
parameters for the qualitative analysis and definition of
structural damage, elastic characteristic differences found in
the various kinds of damaged coal are not discussed in this
paper. The formation of precise and quantitative micro-
scopic descriptions of deformed coals is required to predict
the degree of damage in deformed coal using seismic ex-
ploration techniques. To make use of basic ultrasonic ex-
perimental results in practical seismic exploration, the tran-
sition from ultrasonic waves to lower-frequency seismic
waves must be considered, since there can be a significant
difference in elastic parameters at different frequencies (i.e.,
those used in laboratory ultrasound studies and those used
in field-based seismic experiments). Because ultrasonic
measurement is implemented under normal pressure and
temperature conditions, the results of this paper only pro-
vide a relative guide for simulating actual formation condi-
tions.

According to experimental ultrasound results (Zhou et al.,
2012) conducted under different temperature and pressure
conditions for coal samples with both developed and unde-
veloped cleats, and in view of the temperature conditions

needed for the development of China’s current coal and
CBM resources, temperature is found to have little effect on
the speed of coal with different cleat developments. For
example, velocities could increase by nearly 10% with an
increase in pressure for coal samples with cleat develop-
ment, but only increase by < 5% for coal samples with un-
developed cleats. Although the results of the tests presented
in this paper were achieved under normal temperature and
pressure conditions, it is still possible to compare physical
characteristics such as velocities, elastic moduli and the
relationships between these properties and density under
both experimental and field conditions. This provides a sig-
nificant reference for the seismic detection of deformed
coal.
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