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Results of stress sensitivity experiments show that, when the confining pressure reaches
15.5 MPa, six coal cores have strong stress sensitivity effect (SSE) and cleat compressibility
varying from 0.0286 to 0.0725 MPa'. The development of coalbed methane (CBM) is a
process of drainage and pressure reduction, which causes inevitable stress-related damage to
coal reservoirs. CBM production is affected by different stress-related damage levels, and
the damage level depends on different reservoir conditions, working systems, and devel-
opment stages. The Gu, Huagu, and Pu-Punan zones have high-yield wells with NW-SE
distribution, while the Huayna and Huaxi zones have high-yield wells with NE-SW distri-
bution. Based on the stress damage mechanism of reservoir permeability, the factors that
control SSE are tectonic stress field, reservoir pressure, and fracture pressure, which in turn
affect the productivity changes of CBM wells.

KEY WORDS: Stress sensitivity effect, CBM wells, Gas production, High-yield area, Fanzhuang

Block.

INTRODUCTION

By the end of 2018, 18,850 coalbed methane
(CBM) wells had been drilled in major CBM basins
in China, of which more than 15,000 were in pro-
duction. However, the ground CBM production was
only 5.41 billion m* (bem) in 2018 (Tao, Chen, et al.,
2019). Low annual production is caused mainly by
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the low averaging production rate due to various
geological and engineering factors (Tao et al., 2014;
Tao, Chen, et al., 2019; Ye et al., 2013; Zhao et al.,
2015a). Regarding the factors that affect CBM pro-
duction, permeability is a key geological parameter
that cannot be ignored (Men et al., 2021; Zhao et al.,
2015a; Chen et al., 2018). The development degree
and spatial distribution of cleat system (including
butt cleat and face cleat, the angle between the two
is ~ 90°) have an important impact on coal perme-
ability (Bell, 2006; Laubach et al., 1998).

During the development of CBM, under the
action of effective stress (the dissimilarity between
the total stress perpendicular to the fractures’
direction and the fluid stress within the holes and
fractures), matrix shrinkage, and Klingberg effect,
the coal reservoir permeability changes dynamically
(Kumar et al., 2012). In the early stage of CBM
development, the permeability of coal reservoirs is

1520-7439/21/0600-2361/0 © 2021 International Association for Mathematical Geosciences


http://crossmark.crossref.org/dialog/?doi=10.1007/s11053-021-09853-1&amp;domain=pdf

2362

affected greatly by the effective stress, and the per-
meability drops rapidly with increase in effective
stress (Yan et al., 2019; Zhang et al., 2019). In the
stage of co-production of gas and water, effective
stress and matrix shrinkage effects control simulta-
neously the dynamic changes of coal permeability,
and the permeability gradually stops decreasing or
even rebounds (Mazumder et al., 2012; Seidle &
Huitt, 1995). In the main gas production stage, with
continuous desorption, diffusion, seepage and out-
put of CBM, coal permeability is controlled by the
above three effects (Li et al., 2014). Generally, the
stress sensitivity effect (SSE) of permeability acts on
the entire drainage stage of CBM wells and is the
main factor affecting the permeability of coal
reservoirs.

Scholars have applied various methods to re-
search the relationship between coal permeability
and stress. These studies have concluded that, as the
effective stress increases, the cleat width becomes
narrower, and the permeability decreases exponen-
tially (Meng et al. 2010, 2011). Meanwhile, many
scholars have studied the dynamic changes of per-
meability under the superposition of multiple factors
and established a series of dynamic permeability
prediction models based on these factors (e.g.,
Clarkson et al., 2008; Kumar et al., 2012; Liu et al.,
2012; Palmer & Mansoori, 1998; Pan et al., 2010; Shi
& Durucan, 2004; Zhou et al., 2020). Moreover, the
anisotropy of fractures is expected to affect reservoir
characteristics and seepage performance, and fur-
ther it affects the advantageous seepage channel in
coal seam (Zhang et al., 2021). Previous studies
found that permeability varies extensively in differ-
ent directions (relative to bedding plane), and the
maximum ratio of permeability in different direc-
tions of coal bedding could be 17:1 (Laubach et al.,
1998; Li et al., 2004; Wang et al., 2014; Zhang et al.,
2021).

Therefore, the effective stress is extremely
harmful to coal reservoir permeability, which in turn
affects the productivity of CBM wells. However,
most of these studies are based on theoretical anal-
ysis or laboratory physical simulation, and few re-
searches combine analysis results with production
practices. The control effect of SSE on the distri-
bution of high-yield wells has never been reported.
Since the commercial development of the Fanz-
huang Block (FZ Block) in 2006, more than 1,200
CBM wells have been put into production. However,
the gas production rate varies greatly between wells,
showing the characteristics of zoning or fragmenta-
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Figure 1 (. a) Generalized map showing location of the Qinshui
Basin ( modified from Lv et al., 2012). (b) Qinshui Basin and
CBM commercial development blocks, mainly including
Zhengzhuang Block, FZ Block, and Panzhuang Block. (c)
Distribution of faults emphasizing the distribution of production
wells and sampling location in the FZ Block.

tion changes (Meng et al., 2011; Tao et al. 2014,
2019b). Therefore, understanding the distribution
law of high-yield wells and the geological and engi-
neering conditions for forming high-yield wells are
of great significance for well deployment and well
pattern optimization.

In the current study, based on stress sensitivity
experiments and on analysis of gas production from
different wells at different drainage stages in the FZ
Block, the damage to coal reservoir permeability is
caused by the SSE and the corresponding variation
of CBM productivity was analyzed. Finally, the dis-
tribution of high-yield wells in the FZ Block was
discussed, aiming to provide insights for selecting
suitable CBM development blocks and making
appropriate development strategies.

GEOLOGICAL SETTING AND SAMPLES

The Qinshui Basin is located in the southeast of
Shanxi Province in northern China (Fig. 1a). The
long axis of the basin is arranged generally in the
NW-SW direction and it is more than 330 km long.
The basin is a large synclinorium with symmetrical
sides (Lv et al., 2012; Tao et al., 2019c). The main
coal-bearing strata are the Carboniferous Taiyuan
and the Permian Shanxi Formations. The No. 3 coal
seam of the Shanxi Formation is the main target
layer for CBM development. The FZ Block is lo-
cated in the southwest corner of the Qinshui Basin
with total gas-bearing area of 398.23 km?* (Fig. 1b;
Su et al., 2005).

Six coal samples were collected from scattered
exploration wells in the FZ Block (Fig. 1c), and then
coal core samples (about 2.5 cm in diameter and 3-
5 cm in length) were prepared using wire cutting
method for stress sensitivity experiments (Wan
et al., 2015). Meanwhile, another seven cylindrical
coal samples (about 5 cm in diameter and 10 cm in
length) were drilled from coal blocks for basic
physical property testing. These coal blocks were
collected from the No. 3 coal seam in the coal mines
distributed in the FZ Block.
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SAMPLES AND ANALYTICAL
PROCEDURES

Porosity and permeability tests were performed
following the method described by Zhao et al.,
(2015a). Here, permeability was measured based on
the unsteady pressure decay method (Jones, 1972).
Meanwhile, the measurement was performed at a
constant ambient temperature. Porosity and pore
volume were calculated by Boyle’s law, while per-
meability was calculated with Darcy’s law.

Considering stress gradient of 0.94 MPa/100 m
(Ye et al., 1998) and burial depth of the No. 3 coal
seam in the FZ Block of 400-1200 m, the confining
pressure of the stress sensitivity experiment was set
from 3.5 to 15.5 MPa, with a step interval of
2.0 MPa. The specific experimental steps were as
follows (Fig. 2):

(1) Load coal sample into core holder, connect
the instrument and debug the instrument.

(2) Open helium cylinder to supply gas to the
device, and perform leak detection to ensure that
device does not leak gas before proceeding with
experiment.

(3) Adjust inlet pressure (pump A) to ensure
that gas can pass through the entire core. Keep inlet
pressure unchanged in subsequent experiments.

(4) A confining pressure of 3.5 MPa was applied
to the core holder by the confining pressure pump
(pump B) to test the first data point. The confining
pressure was maintained for 60 min to ensure that
coal deformation reaches equilibrium. Record the
corresponding pressure and flow rate after the outlet

Data logger }—b‘ Computer

A
Inlet pressure
Coal core holder H
T ¥
Confining Flow
pressure meter

Helium
Isco pump A Isco pump B

Figure 2. Diagram of coal core stress sensitivity experimental
setups.
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flow rate are stable; then, permeability was calcu-
lated.

(5) Adjust confining pressure and repeat step
(4) to next data point until the experiment is com-
pleted.

(6) The confining pressure was gradually re-
duced from 15.5 to 3.5 MPa, and then the same
method was used to measure permeability again for
another sample.

Following Zhao et al. (2015b), the maximum
permeability damage rate and irreversible damage
rate were calculated, respectively, as

Dm:ko—kl

x 100% (1)
0

pi=f =k o0y, (2)
ko

where D; and D,, are, respectively, the damage rate
(%) and maximum damage rate (%) of coal per-
meability during the pressure decreasing process, kg
is the initial permeability (mD'") of coal core, and k;
and k, are, respectively, the permeability (mD)
measured at different pressures during pressure in-
crease and pressure reduction.

The elastic modulus and Poisson’s ratio of
cylinder coal samples were determined according to
GB/T 23,561.7 (2009). In addition, proximate anal-
ysis was conducted following the method GB/T 212-
2008. Random vitrinite reflectance measurements
and maceral analyses (500 points) were performed
on polished sections according to ISO 7404.3-1994
(1994) and ISO 7404.5-1994 (1994).

RESULTS AND DISCUSSION
Basic Information of Coal Samples

The collected coals had high vitrinite content
(71.0-89.1%), followed by inertinite (10.9-29.0%),
with vitrinite reflectance (R,) ranging from 2.6 to
3.07%. The result of the proximate analysis shows
that the collected samples had relatively low mois-
ture content (0.13-0.4%), low volatile component
(6.04-9.68%), and high fixed carbon content (77.76—
85.58%) (Table 1). The average elastic modulus and
Poisson’s ratio of the seven core samples were 4.51
GPa and 0.31, respectively (Table 2).

! Millidarcy. 1 mD = 0.9869233 x 10~ pm?.
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Table 1. Material composition of the selected coal samples, including results of macerals analysis and proximate analysis

Coal core No R, (%) Relative content of macerals groups (vol%) Proximate analysis (%)
Vitrinite Inertinite Moisture Ash yield Volatile Fixed carbon

FS1 2.63 71 29 0.13 6.58 8.58 84.71
FS2 2.95 86.2 13.8 0.29 13.43 6.08 80.2

FS3 3.07 82.3 17.7 0.22 8.16 6.04 85.58
FS4 2.49 74.5 25.5 0.4 12.87 6.74 79.99
FS5 2.19 89.1 10.9 0.16 10.31 7.67 81.86
FS6 2.6 85.9 14.1 0.13 12.43 9.68 77.76

Table 2. Elastic modulus, Poisson’s ratio, and compressive strength of the selected coal samples

Coal cylinder Diameter Height Confining pressure Elastic modulus Poisson’s ra- Compressive strength
No (cm) (cm) (MPa) (MPa) tio (MPa)

FZ01 5 10.04 5 3572 0.29 33.54

FZ02 5 9.99 5955 0.35 36.24

FZ03 5 10 2846 0.26 30.5

FZ04 4.98 10.13 3624 0.25 3511

FZ05 5 10 6382 0.36 38.13

FZ06 5 10.04 4917 0.34 36.08

FZ07 5.01 10.03 4276 0.31 34.85
Average 5 10.03 4510 0.31 34.92

PRODUCTIVITY CHARACTERISTICS
IN DIFFERENT PRODUCTION STAGES

Regional geological setting and coal reservoir
properties have great effects on the productivity of
CBM wells (e.g., Bachu & Michael, 2003; Palmer,
Cameron, et al., 2005; Tao et al., 2019b; Zhao et al.,
2015b; Ziarani et al., 2011). The CBM wells in the
FZ Block are divided into seven groups including
the Gu, Huayao, Huagu, Huaxi, Pu-Punan, Fan, and
Huapu Groups. Considering the overall production
of CBM wells in the FZ Block as relatively low,
wells with gas production rate of 2000 m’/day or
higher are regarded as high-yield wells. As drainage
progresses, the number and distribution of high-
yield wells will change.

As shown in Table 3, with the progress of
drainage, the gas production rate of wells gradually
increases, but the time to reach high production and
the number of high-yield wells in different groups is
significantly different. Wells with high water pro-
duction rate in the single-phase water stage always
have a longer gas breakthrough time, which means
that these wells have experienced a long single-

phase water stage, leading to serious stress sensitiv-
ity damage (SSD) to the permeability of coal
reservoirs. Moreover, as shown in Fig. 3, after
3 years of production, wells in the Gu, Huagu and
Pu-Punan Groups have a NW-SE high-yield distri-
bution trend, while wells in the Huayao and Huaxi
Groups have a NE-SW high-yield distribution trend.
Due to the low gas content (almost <15 m®) of
Huapu and Fan wells, none of the collected 11 wells
can achieve high production (Lv et al., 2012). Liu
et al. (2008) reported that a very low gas production
occurred in high-rank coal reservoir with the gas
content lower than 15 m>. Thus, the number and
distribution of high-yield wells in different groups
changed in different drainage stages. On the one
hand, it depends on the initial gas content of the coal
seam. On the other hand, it is related to the
advantageous seepage channel (controlling the
expansion direction of the regional pressure drop) in
the coal seam formed during the production process,
while the latter is closely related to the SSD of
reservoir permeability during the CBM develop-
ment process.
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Table 3. Average gas and water production rate of high-yield wells in different groups of FZ Block

Group Well Average water production (m*/day) in single-phase water stage Average gas production (m*/day)
05a la 15a 2a 25a 3a
Gu Gu-H1 5.04 2483 3032 2674 2570 2655 2634
Gu-H2 3.79 261 1396 2411 3005 3921 4725
Gu-H3 6.63 0 410 1304 1851 2207 2602
Gu-H4 3.05 390 1648 2364 2814 2883 2891
Huayao HY-H1 2.03 0 347 889 1257 1676 2063
HY-H2 1.25 0 1166 1836 2190 2381 2475
HY-H3 1.78 0 438 1329 2021 2652 2944
HY-H4 1.54 193 1263 1948 2265 2425 2523
Huagu HG-H1 4.33 262 1880 2896 3369 3455 3418
HG-H2 3.43 307 1359 1813 2005 2110 2142
HG-H3 3.83 409 1892 4059 4643 4806 4914
HG-H4 12.74 0 253 288 351 1581 2077
HG-H5 3.60 537 1392 1838 2002 2074 2115
Huaxi HX-H1 2.86 144 1337 2397 2677 2670 2769
HX-H2 11 1179 1468 1856 2231 2384 2458
HX-H3 227 1282 2875 3312 3398 3431 3384
HX-H4 1.38 935 2063 2474 2483 2400 2223
HX-HS 13 1488 2324 2367 2290 2191 2182
HX-H6 2.24 579 1366 1589 1637 1459 2151
HX-H7 1.89 1308 1762 1724 1633 1544 2017
HX-H8 2.29 2491 3678 4196 4082 3800 3560
HX-H9 1.38 2713 3864 4512 4421 4115 3807
HX-H10 1.73 275 774 1775 2528 2774 2825
Pu-Punan  PuPN-HI1 1.94 2225 2092 2348 2527 2640 2592
PuPN-H2 3.78 249 1471 1404 1404 1851 3640
PuPN-H3 1.67 971 1183 1412 1626 1775 2006
CHARACTERIZATION As shown in Fig. 4, at the initial stage of

OF ADVANTAGEOUS SEEPAGE
CHANNEL THROUGH STRESS
SENSITIVITY EXPERIMENT

Stress Sensitivity Experiment

The initial porosity and permeability of the coal
cores were 3.2-5.5% and 0.12-0.54 mD, respectively.
All coal cores had strong SSD to coal permeability
when the confining pressure reached 15.5 MPa.
Among these cores, FS3 had the lowest maximum
damage rate of 65.6%, while S4 had the highest of
98.5%. The permeability of coal cores, which have
undergone the SSD, cannot be fully recovered even
after the stress was released, which indicates that the
SSD of the CBM reservoir was irreversible, and the
irreversible damage rate varied from 21.9 to 75.9%
(Table 4). This may mean irreversible damage to
coal permeability due to the inelastic deformation
during hydraulic fracturing or CBM development.
Therefore, the SSD of reservoir permeability should
be limited to a minimum during CBM production.

increasing the confining pressure, the permeability
of coal was reduced greatly. The greater the pressure
increase, the greater the decrease in permeability.
Moreover, the maximum damage rate increased
with decrease in permeability. Therefore, on the one
hand, the excessively fast drainage rate causes the
reservoir pressure to drop too fast, which leads to
the reservoir permeability damage caused by effec-
tive stress during decompression process (Harpalani
& Chen, 1992; Tao et al., 2012; Walsh, 1981). On the
other hand, a well with a slow drainage rate will
experience a longer single-phase water drainage
time, and so the reservoir will suffer continuous SSE,
which will make it difficult to restore the perme-
ability of the coal reservoir later. In the development
of CBM, the drainage rate should be controlled
strictly to maintain a stable pressure drop and re-
duce the reservoir permeability damage caused by
the SSE.

According to Palmer and Mansoori (1996) and
Jaeger and Cook (1979), the dynamic change of coal
permeability caused by effective stress during the
CBM development can be obtained as:
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Figure 3. Gas production rate of CBM wells in the FZ Block emphasizing the distribution trend of high-yield wells in different
production stages. The black double arrow line represents the expansion direction of high-yield areas.
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and the axial modulus is calculated as:

1-v
Y- Erm-m Y

where k and k, are, respectively, the instant per-
meability (mD) during the CBM development pro-
cess and the initial permeability, p and p, are,
respectively, confining pressure (MPa) and reservoir
pressure (MPa), ¢, is the initial effective porosity
(%), M and E are, respectively, axial modulus
(MPa) and elastic modulus (MPa), and v is the
Poisson’s ratio of the axial modulus.

Based on the Egs. (3) and (4) and the tested
mechanical parameters listed in Table 2, the per-
meability decline caused by effective stress increase
during the CBM development can be calculated. A

pressure drop of 3 MPa (i.e., p—py = 3 MPa) will
reduce the initial permeability by 4.25% (k,), while
pressure drops of 5 MPa and 10 MPa will reduce
permeability by 7.01% and 13.7%, respectively. At
the same differential pressure point, although the
calculated permeability damage values are lower
than those measured by the SSE experiment due to
the lack of stress release process, the damage to the
coal reservoir in the FZ block with extremely low
initial permeability is still serious (Meng et al.,
2011).

Cleat Compressibility Controls Advantageous
Seepage Channel

Considering the dynamic change of permeabil-
ity, the sensitivity of permeability to effective stress
increase can be expressed as:
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Table 4. Maximum and irreversible damage rate of coal cores

Coal Porosity R, Length Diameter Permeability Maximum damage rate  Irreversible damage rate
cores (%) (%) (cm) (cm) (mD) (%) (%)
FS1 5.5 2.63 2.726 2.568 0.54 94.4 75.9
FS2 5.5 2.95 2.975 2.560 0.13 90.5 63.5
FS3 4.1 3.07 4.610 2.550 0.10 65.6 21.9
FS4 4.1 2.49 3.144 2.540 0.12 98.5 40.0
FS5 5.4 2.19 3.713 2.563 0.22 85.4 49.8
FS6 32 2.6 3.424 2.562 0.14 93.9 41.8
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Figure 4. Change of coal core permeability with adding and unloading confining pressure.
aCAe of the Eq. (5) are taken as logarithms, it can be re-
k = koe™™ (5) written as:
. T -1 . 1 k
where C; is cleat compressibility (MPa™"), and Ag is I = CfAc (6)

the effective stress (MPa) difference. If the two sides 37 ko
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Equation (6) indicates that the change rate of
permeability and the variation of effective stress
have a linear relationship in the semi-logarithmic
coordinate system. Cleat compressibility can be
determined quantitatively as the slope of the fitted
curve between -1/3 In(k/ky) and Ac. Cleat com-
pressibility is written as:

- )

Ao

Therefore, in the semi-logarithmic coordinate
system, the horizontal axis is the effective stress
difference (¢ — gy), the vertical axis is the (— 1/3
In(k/ky)), and the slope of the fitting curve is the
cleat compressibility under the condition of the
stress difference (o — og), which is a significant
coefficient reflecting permeability loss as the effec-
tive stress increases. Figure 5 indicates that the
permeability ratio of the six coal samples increased
with the effective stress as the confining pressure

Cy

6
Ac (MPa)

Figure 5. Fitting of effective stress difference versus permeability ratio identifying cleat compressibility.

8 10 12 14

increased from 3.5 to 15.5 MPa. Here, the cleat
compressibility varied between 0.0286 and
0.0725 MPa ! (average 0.06 MPa '), but the varia-
tion range was relatively small, which indicates that
pore-fracture system of high-rank coal was poorly
developed, and the compressibility was weak,
resulting in the similar cleat compressibility of these
samples.

Figure 6 shows that as the effective stress dif-
ference increased, the cleat compressibility of the
sample increased or decreased, but overall showing
a decreasing trend. It also suggests that the dynamic
variation of permeability was essentially the com-
pression and deformation of coal reservoir cleats
under the action of effective stress, and the increase
in pore-fracture compression had a good consistency
with increase in pressure difference.

Therefore, it can be found that cleat com-
pressibility is not a fixed value under different
effective stress difference. Shi and Durucan (2004)
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Figure 6. Dynamic variation of cleat compressibility under different effective stress difference.

noted that under biaxial stress, both permeability
and horizontal stress strongly influence the deter-
mination of cleat compressibility. Zheng et al. (2012)
suggested that as pore pressure increases, cleat
compressibility first decreases and then increases
slightly. Gensterblum et al. (2014) indicated that due
to the orientation of the cleat, its compressibility
might be affected by the variation of multi-slip flow.
During the development of CBM, due to the influ-
ence of effective stress, the coal reservoir cleat
undergoes compression deformation, and perme-
ability changes dynamically, which in turn controls
CBM production. For high-rank coal reservoirs, al-
though the compression of the cleat is limited by a
single factor, the superposition of multiple factors
will inevitably lead to an increase in cleat compres-
sion in a certain direction, while the cleat compres-
sion in the opposite direction is relatively smaller. In
this case, an advantageous seepage channel is
formed, which in turn controls the expansion direc-
tion of high-yield wells.

INFLUENCE OF ADVANTAGEOUS
SEEPAGE CHANNEL

ON THE DISTRIBUTION OF HIGH-YIELD
WELLS

The development of CBM is a process of drai-
nage and pressure reduction, which inevitably causes
SSE in coal reservoirs. The gas production rate is
influenced by different levels of cleat compression
under different reservoir conditions, working sys-
tems, and development stages. According to the
variation characteristics of gas production rate at
different development stages in the FZ Block,
combined with regional geological conditions, the
influence of SSE on CBM production at different
development stages is discussed below.

Tectonic Stress Field

According to fracturing monitoring reports, the
predominant extension direction of fracturing frac-
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Figure 7. Fracturing fracture distribution of No. 3 coal seam in the FZ Block.

tures in the FZ Block is NNE (Fig. 7), which reflects
that the present in situ stress orientation is ENE-
WSW. Meng et al. (2010) obtained the same results
based on 45 hydraulic fracturing test data. They
proposed that the principal compressional axis ori-
entation of the tectonic stress field is ENE, with an
elevation angle of 10°, and the principal tensile axis
orientation is NNW, with elevation angle varies
between 30° and 50°. Therefore, the tectonic stress

field in the study area is characterized by near-hor-
izontal extrusion in the ENE-WSW direction and
tensile stress in the NNW-SSE direction.

By analyzing the productivity variation of CBM
wells at different stages and the distribution of the
wells, it can be considered that the Gu and Huagu
wells with high gas production rate extend from NW
to SE, while for the Huayao group, the distribution
of high-yield wells shows the direction from NE to
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Figure 8. Reservoir pressure distribution of No. 3 coal seam in the FZ Block.

SW. As shown in Table 3, the water production rate
of Gu wells (averaging 4.63 m’/day) and Huagu
wells (averaging 5.59 m*/day) in the early production
stage is higher than that of Huayao wells (averaging
1.65 m’/day) and Huaxi wells (averaging 1.84
m’/day). Generally, a large amount of produced
water means a large pressure drop range (Lv et al.,
2012; Tao et al., 2012). Therefore, the Gu and Huagu
CBM wells appeared to have suffered strong SSE
according to the experimental simulation results.
Moreover, according to the distribution of tectonic

stress field, the SSD to coal reservoir is relatively
weak in NNW-SSE orientation due to the tensile
stress condition so that the pressure drop funnel can
be effectively extended, and a large desorption area
can be achieved in this direction. The SSD is much
greater along the ENE-WSW orientation under the
near-horizontal extrusion condition, which leads to a
decrease in reservoir permeability. The depressur-
ization is difficult and the pressure drop is limited in
this direction. Therefore, the desorption and
migration capacity of CBM are much weaker in
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Figure 9. Fracture pressure distribution of No. 3 coal seam in the FZ Block.

wells in the ENE-WSW direction than those in wells
in the NNW-SSE direction. The water production
rate of Huayao wells in the early production stage is
relatively low and the SSD to reservoirs is small. At
the same time, the direction of predominant frac-
turing fractures is ENE-WSW, so the dominant
direction of high-yield wells of Huayao group is
consistent with the direction of the predominant
fractures.

Reservoir Pressure

As shown in Fig. 8, the coal reservoir pressure
varies greatly in the FZ Block. The reservoir pres-
sure in the Gu, Pu-Punan and Huagu wells is greater
than 4.5 MPa, and the reservoir pressure in the
Huapu, Huayao and Huaxi wells is between 3 and
4.5 MPa, while the Fan wells have relatively low
reservoir pressure, lower than 3 MPa. High reservoir
pressure usually corresponds to high gas content in
coal (Tang et al., 2016; Zhu et al., 2017), and so high-
yield wells are usually distributed in areas with high
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reservoir pressure. Figure 8 shows that most high-
yield wells are located in areas where the reservoir
pressure is greater than 4 MPa. However, in the FZ
Block, many coal reservoirs have low gas saturation,
and average ratio of critical desorption pressure to
reservoir pressure is only 0.5 on average (Lv et al.,
2012). In the drainage stage, areas with high reser-
voir pressures usually require rapid drainage and
pressure reduction to reach the critical desorption
pressure. Thus, high reservoir pressure areas often
go through a long period of single-phase water
drainage, and coal reservoirs have stronger SSD,
which in turn controls the distribution of high-yield
wells.

The Gu, Huagu, and Pu-Punan wells have rel-
atively high reservoir pressure, which causes a large
pressure drop and a long single-phase water drai-
nage time, leading to strong SSE on coal reservoir in
the predominant fracture direction and the expan-
sion of pressure drop funnel is restricted. Therefore,
the distribution of high-yield wells in the Gu, Pu-
Punan, and Huagu areas is in the NW-SE direction
(tensile stress direction), which is perpendicular to
the direction of predominant fractures. In contrast,
the reservoir pressures of Huayao and Huaxi wells
are relatively low, and so the critical desorption
pressure can be reached with a small pressure drop.
Therefore, the SSE on the shape of predominant
fractures is weak, which is conductive to form a re-
gional pressure drop funnel along the direction of
predominant fractures, and it is the distribution
direction of high-yield wells. Therefore, in the initial
stage of drainage, the pressure drop rate should be
reasonably controlled in the high reservoir pressure
area to avoid severe reservoir damage caused by
SSE.

Fracture Pressure of Coal Reservoir

Fracture pressure is determined mainly by the
in situ stress properties and tensile strength. Under
condition of a certain in situ stress, the smaller the
tensile strength, the lower the fracture pressure (Zhu
et al., 2009). Based on the fracturing reports of the
FZ Block, the fracture pressure of No.3 coal seam is
presented in Fig. 9. Comparing the distribution of
high-yield wells (Fig. 3), it can be seen that high-
yield wells are always located in areas with high
fracture pressure (Fig. 9). This is because the coal
reservoir with high fracture pressure has a relatively
high tensile strength and the SSD of coal reservoir is

Y. Wu, S Tao

relatively weak, which is conducive to the expansion
of the pressure drop funnel and increases the des-
orption area of the CBM well.

CONCLUSIONS

(1) All the coal cores samples have strong SSD
with increasing in confining pressure. Among the
test samples, FS3 had the lowest maximum perme-
ability damage rate of 65.6%, and FS4 had the
highest of 98.5%. The coal permeability could not be
fully recovered after the stress was unloaded, indi-
cating that the SSD to the CBM reservoirs was
irreversible, and the irreversible damage rate varied
greatly, from 21.9% to 75.9%. The cleat compress-
ibility varied between 0.0286 and 0.0725 MPa .

(2) The gas production rate of CBM wells
changes dramatically in the FZ Block, and only a
few of them can reach high-yield. During the
development process of CBM, under the action of
effective stress, an advantageous seepage channel
will be formed in the coal seam, which determines
the expansion direction of high-yield wells. The Gu,
Huagu, and Pu-Punan Groups have high-yield wells
with NW-SE distribution, while the Huayao and
Huaxi Groups have high-yield wells with NE-SW
distribution.

(3) The development of CBM is a process of
drainage and pressure reduction, which causes
inevitable stress-related damage to coal reservoirs.
Therefore, during the development process of CBM,
effective measures should be taken to reduce per-
meability damage of coal reservoirs caused by
effective stress, such as controlling the rate of drai-
nage. At the same time, factors such as tectonic
stress field, coal reservoir pressure and coal fracture
pressure should also be considered to find advanta-
geous seepage channels and deploy wells along these
channels to increase the production rate of CBM
wells.
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