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The Mafangquan (MFQ) fault zone, transecting a coal seam in Jiulishan coal mine in
Jiaozuo coalfield, Henan Province, China, was investigated in detail in view of coal mining
safety, including its architecture, stress and permeability features and implication for coal
and gas outburst. 10 boreholes have been drilled for formation testing as well as coal sample
retrieval for laboratory analysis. Gas content, Protodyakonov strength, gas emission index
and pore volume are tested and analysed at different distances from the MFQ fault. A fault
structure that can be separated into three distinct zones, including the fault core, the
mylonitized zone and the granulated/cataclastic zone, was identified. In-situ stress tests,
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numerical simulations and model predictions show a principal stress rotation and fault zone
stress regime. It is found that the maximum principal stress has shifted to a lower angle pent
to the fault zone extend direction gradually with a destress zone from fault core to the
damage zone. The permeability of the fault zone has a correlation to fault zone architecture

PT

and stress regimes in the coal seam with a high permeability in the mylonitized coal zone.

RI

The coal weakened due to deformation, high pore pressure and stress superimposition have

SC

a negative impact on coal and gas outburst. In particular, the stress rotation limits the
formation of hydrofractures in the case of high pore pressure and reduces fault zone strength,

NU

which may have an orthogonal relation to the mining galleries, favouring coal and gas

MA

outburst.

Keywords: Coal mining; Fault zone; Permeability structure; Stress rotation; Coal and gas

1 Introduction
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outburst
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Coal plays an important role in the Chinese energy mix; in 2017, China consumed 50%
of the worldwide coal, and around45% of that was mined within China. With the depths of
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subsurface mining continuously increasing, coal mining accidents become more precarious
causing thousands of fatalities in China every year Wang et al. (2014). Internationally, coal
outbursts have been recognized as one of the most catastrophic failures associated with the
coal mining industry. It poses one of the highest safety and productivity risks in coal mines,
since outbursts have the potential to cause injuries and fatalities for miners as well as
significant production losses. A recent outburst occurred in the Jiulishan coal mine during
tunnel excavation adjacent to the Mafangquan (MFQ) normal fault in Jiaozuo, on October 27,
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2011. About 3,246 tons of solids and 291,200 m3 of coal gas was released, and 18 miners
were killed (An and Cheng, 2014).
Research indicates that more than 90% of significant outbursts have been concentrated
in strongly deformed zones along the axes of structures such as asymmetrical anticlines, the

PT

hinge zones of recumbent folds, and the intensely deformed zones of strike-slip, thrust,

RI

reverse, and normal faults (Cao et al., 2001; Li, 2001; Li et al., 2003; Mark, 2017; Shepherd et

SC

al., 1981). In particular, coal and gas outbursts have often been reported to be closely related
with faults in coal mining areas (Karacan et al., 2008; Li et al., 2011; Zhai et al., 2016).

NU

However, little research has been published focusing specifically on the architecture, stress

MA

state and permeability of fault zones and coal seams near fault zones. Fault zones are of
particular importance to estimate reservoir permeability because, depending on their

ED

architecture, they enhance or impede permeability of the rock (Faulkner et al., 2010;
Wibberley et al., 2008). Caine et al. (1996) developed a conceptual fault zone model that is
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composed of the core zone and surrounding damage zones with different properties and
thicknesses. A simple conceptual model for fault zone structure involves strain that is
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localized in a fault core surrounded by a distributed zone of fractures and faulting in the
damage zone. The fault core generally consists of gouge, cataclasite or ultracataclasite (or a
combination thereof). The damage zone generally consists of fractures over a wide range of
length scales and subsidiary faults. Although this conceptual model is widely accepted, it
does not apply to all rock types, in particular not to porous sandstone (Caine and Minor,
2009; Rawling and Goodwin, 2006).
In the original fault core and damage zone model of fault architecture the fault core was
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visualised as providing an across-fault barrier to flow and the fractured damage zone as an
along/up-fault conduit. Fault slip can lead to reduce effective mechanical rock properties,
such as uniaxial compressive strength, Young's modulus or brittle strain of a fault zone . At
the same time permeability of the rock mass can be increased (Evans et al., 1997), or

PT

reduced due to the formation of compaction bands whereby mechanical rock strength

RI

properties increase in the vicinity of the band (Fossen and Bale, 2007). Fault zones are

SC

important since displacements can greatly reduce the strength of the coal seam due to the
creation of weaker zones and the presence of gouge materials that may be dissolved and

NU

become permeable to gas and water (Karacan et al., 2011; Wu et al., 2004). The stress

MA

history of fault gouge, particularly clay-rich gouge, has been shown to be an important
control on the across-fault permeability (Bolton et al., 1998; Moustafa et al., 2016). The

ED

permeability of fault cores is controlled by gouges and mineral composition; a strong
deformation of localized, fine-grained fault core may have a lower permeability (Crawford et

EP
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al., 2008; Marone and Scholz, 1989; Zhang and Tullis, 1998). In addition, clay-rich material
tends to have lower permeabilities than quartz and/or framework silicate -rich gouges
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(Faulkner and Rutter, 2001; van der Zee and Urai, 2005). The permeability of fault damage
zones is governed by the host rock permeability and the presence and geometric
composition of both macro-scale fracture networks, and of low permeability deformation
and compaction bands (Balsamo et al., 2010; Lunn et al., 2008). Some studies have shown
that fault zone permeability is highly heterogeneous both spatially and temporally, may have
a relationship with discrete pathways for fluid flow (Fairley and Hinds, 2004), pore pressure
differential along the fault zone with time (Wiprut and Zoback, 2002), and the effective
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principal stress change (Cuisiat et al., 2010). Furthermore, the testing conditions with the
principal stress orientation can also have an impact on the fault zone permeability (Losh and
Haney, 2006).
The presence of fault zones in coal has an important implication for coal and gas

PT

outburst predictions and precaution (Fisne and Esen, 2014); however, in comparison to fault

RI

zones in siliciclastic or carbonate-rich rocks, limited information is available on the fault

SC

architecture, stress state and permeability of fault zones in coal mines. Coal is mainly
composed of organic material, originating from discrete organic plant constituents, hence

NU

differs in composition from the fault zones in siliciclastic or carbonate rocks discussed above .

MA

Moreover, coal seams are dual porosity reservoirs that consist of porous matrix and fracture
networks that are mechanically weaker than other sedimentary rocks (An et al., 2013). In this

ED

paper, a detailed study of the MFQ coal fault zone within the Jiaozuo coal mining area is
presented. The MFQ fault is exposed in a mining gallery at a depth of 200-250m, overlain by
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Quaternary strata. Since it is not possible to identify fault architecture from the fault outcrop
alone, Outcrop studies were combined with in-situ well tests, coal sample analysis and
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numerical simulation to analyse the architecture, permeability and stress regimes of the
MFQ coal fault zone, and consequently the implication for coal and gas outbursts.

2 Geological setting
Geographically, the Jiaozuo coalfield is situated in the northeast of the city of Jiaozuo,
Henan province, as shown in Fig. 1 and is part of the Late Paleozoic coal basin. Structurally it
is at the southern margin of the Taihang fault-uplift zone, generated in the North China plate,
which turns from nearly a NNE direction to an EW direction (Ji et al., 2017; Zhang et al.,
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2009). Tectonic structures north of the Fenghuangling Ridge fault (Fig. 2), which is a
divisional fault of the Jiaozuo mining area, show NE and NNE directional features. This is the
main fault direction in the coalfield which is dominated by high angle normal faults. The
Jiulishan coal mine is located in the centre of the Jiaozuo coalfield, while the specific tectonic

PT

position is in the centre of the triangular fault block, which was formed by three faults: the

RI

Jiulishan, Fenghuangling and Fangzhuang faults. The coalfield displays a stratum strike of

SC

N50°-70°E, a SE dip direction, and a dip angle of 4–14°, representing a monoclinal structure

NU

(Ji et al., 2017).

[FIGURE 1 PLACEHOLDER]
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[FIGURE 1 PLACEHOLDER]

The MFQ fault zone pinches out gradually in the NW, is cut by the Beibeidian fault in the

ED

SE and extends over 17 km in length. The fault throw over this distance varies from 45 to 165
m. It is a normal fault with strike angles between 45° and 55° and dip angles of 70° to the NW.
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Formation beddings gently dip to the SE at angles varying from 10° to 15°.
The strata in the Jiulishan coalfield is composed of Ordovician Majiagou (O2f) formation,

AC
C

the Pennsylvanian Benxi (C2b) and Taiyuan (C3t) formations, the Permian Shanxi (P 1S),
Xiashihezi (P1x), and Shangshihezi (P2s) formations. Tertiary (T) and Quaternary (Q) deposits
have covered the entire Jiulishan coalfield. The main coal-bearing strata are C3t and P1S.
Furthermore, the No. 2 coal seam in the Shanxi formation is the primary coal bed mined in
this area (Fig. 2). It has an average thickness of 5.3m and an average maximum vitrinite
reflectance (Ro,max) of 3.5% (Zhang et al., 2009). It was further found that the No. 2 coal seam
poses an increased risk of coal and gas outbursts.

[FIGURE 2 PLACEHOLDER]
[FIGURE 2 PLACEHOLDER]
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3 Methodology
3.1 Layout of boreholes drilled in underground coal mine
In total 8 boreholes at 4 different locations have been drilled from the floor of the
mining gallery to obtain samples from and to perform geostress and permeability

PT

measurements of the No. 2 coal seam within the MFQ fault zone (Fig. 3a). At each site 2

RI

boreholes with different drilling angle have been drilled at 10, 20, 30, and 50m (are named

SC

B1, B2, B3, B5, respectively) distance from the MFQ fault footwall slip surface (Fig. 3b). These
boreholes are drilled from the floor of the mining gallery to penetrate the upper No.2 coal

NU

seam until the whole coal, and the gas flow velocity, gas content are tested in the field (Fig.

MA

3c). Coal samples were characterised in the laboratory conducting proximate analysis,
Protodyakonov strength, gas emission index and pore volume tests. Further coal samples

ED

were collected from the boreholes and the ribs of the mining gallery at a distance 150m,
300m and 500m from the MFQ fault (F15-1, F15-2, F30 and F50, Fig.3b).
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[FIGURE 3 PLACEHOLDER]
[FIGURE 3 PLACEHOLDER]

3.2 In situ permeability of the coal seam
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Permeability has been determined from the boreholes intersecting the coal seam. In a first
step, the formation gas pressure was determined after sealing the borehole. Then, coalbed
gas fluxes were measured at different time steps after releasing the original gas pressure to
ambient pressure. Finally, coalbed permeability was obtained using methodology described
in Li et al. (2013).

3.3 Mercury porosimetry analysis
Mercury porosimetry analysis was performed following the Chinese Oil and Gas
Industry Standard SY/T 5346-1994, using a Micrometics AutoPore IV 9500 porosimeter, which
automatically registers pressure, pore diameter, intrusion volume, and surface area. Before
conducting the porosimetry analysis, all samples were dried at 105 °C for 12 h. The method
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determines pore diameters of ~10 nm to ~11000 nm over a pressure range from 0.13 to 140
MPa.

3.4 Protodyakonov strength
Outburst-prone coals have lower strength values than microstructurally unaltered coals
(Beamish and Crosdale, 1998; Cao et al., 2001). One of the strength values used in prediction

PT

of coal and gas outbursts is the Protodyakonov strength parameter (Lama and Bodziony,

RI

1996; Protodyakonov, 1962). This is a simple test meant to determine the degree of

SC

pulverization of coal. This test is performed by dropping a steel plunger (2.4 kg weight) from

NU

a height of 6 cm into a cylinder of 76 mm internal diameter that contains ~50 grams of coal.
This is done 15 times in the case of coal and the crushed sample is sieved through a 0.5 mm

MA

mesh. The <0.5 mm sample is collected and filled in a volumometer whereby the height in
the volumometer is measured. Protodyakonov impact strength index If is determined by
20𝑛
ℎ

ED

𝐼𝑓 =

Where n is the number of impacts and h the height of the fines column in the volumometer

EP
T

(Ghose and Chakraborti, 1986).

3.5 Gas emission index
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The gas emission index (ΔP) indicates outburst tendency, following the Chinese
Standard of Gas Emission Index (AQ1080-2009). In the procedure used for the present study,
3.5 g coal with a particle size of 0.25–0.5 mm is vacuum-dried at 105°C and then charged
with 1bar of CH4 for 1.5 h in a closed system. Excess methane is then evacuated from the
system, triggering the gas to desorb, leading to a pressure build-up. Subsequently, the
increasing pressure in the system is measured at time intervals of 10 and 60 s. The gas
emission index ΔP typically varies between 10 and 60 mmHg (0.013 to 0.08 bar), and is
calculated by the pressure difference between the measurement after 60 s and after 10 s
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respectively.

3.6 In-situ gas content
Coalbed gas content was determined from desorption tests during the
geological exploration in accordance with the China Safety Industry Standards

V1 + V2 + V3 + V4
Q

RI

X0=

PT

(AQ1066-2008; MT/T77-1994):

SC

Where X 0 is the total gas contents [ml.g-1], V1 is the desorption gas content in
the mine [ml], V2 is the lost gas content [ml], V3 is the gas content following

NU

desorption in a closed vessel [ml], V4 is the gas content obtained following sample

MA

grinding [ml], and Q is the coal sample mass (g). V2 was obtained from an empirical
formula, while V3 and V4 were determined in the laboratory. Gas volume was

ED

converted to standard conditions (0°C and101.3kPa).

3.7 Stress-relief method for in-situ stress test
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A common method to determine in-situ stress state in subsurface mines is to perform
stress relief tests by overcoring (Ljunggren et al., 2003). Borehole strains induced by
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overcoring were determined using hollow inclusion cells. For this, dedicated boreholes were
drilled horizontally into the host rock with a length of about 8-12 m, i.e. 3-4 times the
adjacent opening width to ensure that the stress state in the measuring position was not
locally disturbed by mining activities. During overcoring, the strain changes sensed by every
gauge in the hollow inclusion were transmitted to the Wheatstone bridge unit and the
output voltage values from the unit, i.e. from all the bridges, were automatically recorded by
a programmed data logger. Targeted parameters of the indirect methods can be calculated
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according to Ljunggren et al. (2003).

4 Results
4.1 Coal properties in fault zone
The coal samples at 11 locations (from mining face and boreholes) away from the MFQ

PT

fault were collected using drill cores. Coal samples were sealed to prevent moisture loss and

RI

analysed within weeks after sampling. It was found that ash and moisture contents of the

SC

coal samples show a similar trend of decreasing values away from the fault damage zone into
the coal formation (Fig. 4). Here, ash contents decrease from values as high as 28% near the

NU

fault zone (interval of ~20 m) down to about 8% up to 500m away from the fault. Over the

MA

same distance, moisture content decreases from 1.5% to 4.8%. Compared to the undisturbed
coal at more than 200m away from the damage zone, the ash content of close to the fault is

ED

increased, likely being affected by the fault damage zone.

[FIGURE 4 PLACEHOLDER]
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[FIGURE 4 PLACEHOLDER]

Gas content, Protodyakonov strength, and gas emission index of coal samples are
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equally tested with distance from MFQ fault (Fig. 5). It is obvious that all properties increase
with increasing distance from the hanging wall of MFQ fault. Gas content, Protodyakonov
strength, and gas emission index close to the fault are 11 m3.t-1, 0.4 and 19 mmHg and
increase to 18 m3.t-1, 0.6 and 30mmHg at a distance of 50 m from the fault, respectively. At a
distance of 150 m from the fault, gas content Protodyakonov strength, and gas emission
index approach approximately 22 m3.t-1, 0.65 and 31 mmHg. All values increase values that
are representative of undamaged coal further away from the fault.
Fig. 5(d) presents the porosity obtained from Hg porosimetry data for the coal samples.
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Generally, the porosity is around 4% at 10-20m from the fault, increasing at a distance of
30-50 m from fault to values of 5%-6%. The coal porosity varies from 3.7% to 4.0% over
150m from the fault, which is similar to the values near the fault.

[FIGURE 5 PLACEHOLDER]
[FIGURE 5 PLACEHOLDER]

PT

4.2 Permeability along the fault

RI

In-situ permeability of the MFQ fault zone in Jiulishan coal mine was estimated using

SC

methane flow recession curves and pore pressure observations in boreholes at different
distances from the fault. The methane flow rate is high within the first ten minutes; a fast

NU

decrease in flow rates is observed for all boreholes (Fig.6). The borehole at about 10m from

MA

the fault has the highest flow rate, rates further away decrease gradually, and boreholes with
a distance of more than 30m from the fault core show constant values, interpreted as the

ED

undisturbed permeability of the coal seam. This translates into permeabilities for short

EP
T

distances to the fault of 0.04 to 1.43 mD (0.04-1.42E-15 m2 ), and permeabilities for distances
of more than 30m of 0.005 to 0.008 mD (5-8 E-18 m2), about 2.5 orders of magnitude lower
than close to the fault. The permeability of the original coal seam, close to the screened
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depth, ranges from 0.003 to 0.004 mD (3-4E-18 m2). The permeability observed in this study
reflects the complex fault zone permeability structure of the MFQ fault zone.

[FIGURE 6 PLACEHOLDER]
[FIGURE 6 PLACEHOLDER]

4.3 Stress test and numerical analysis
4.3.1 In-situ stress test
Using the stress relief test by the overcoring method, in-situ stress measurements were
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conducted at 5 sites in Jiulishan coal mines, as show in Fig. 3. The two sites (FGS1 and FGS2)
are adjacent to the footwall of the MFQ fault for fault local stress; the three other stress data
points show the regional tectonic stress without being impacted by the fault. The depth of
these test sites varies from 230 m to 413 m. The formation stress data is shown in Table 1, in

2

and

3

are the maximum and the minimum principal stresses, respectively,

is the intermediate stress. The maximum and minimum stress magnitudes range

RI

and

1

PT

which,

SC

from 12.4 MPa to 18.3 MPa and from 4.9MPa to 9.2 MPa between 230 and 424 m depth
respectively. The maximum and minimum principal stresses are almost horizontal and the

NU

intermediate principle stress almost vertical. The three principal stresses are calculated by

recent in-situ stress field is

MA

the overcoring method between horizontal and vertical principal and in-situ stress. The

 H > V >  h

in all 5 test sites, indicating a strike-slip fault

ED

regime, while the fault was originally formed as a normal fault. The orientation of  H is SW,
and concentrated between S15°W-S45°W, indicating a SSW trending tectonic compressive
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stress field. In general, both minimum and maximum horizontal stress magnitudes increase
linearly with depth, however, the stress in the MFQ fault zone shows some deviation from
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this linear behaviour (Fig. 7).

Table.1 In-situ stress from the field test in the Jiulishan coal mine.

Sites No. Depth(m) Principal stress Value(MPa) Dip angle(°) Azimuthal angle(°)

FGS1

FGS2

412

413

σ1

15.68

-5.28

155.78

σ2

8.05

70.59

80.98

σ3

6.31

18.62

243.99

σ1

14.88

-1.17

157.63

σ2

10.92

75.06

72.04
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326

424

σ1

12.4

-6.6

226.3

σ2

6.1

-62.3

-40.9

σ3

4.9

-26.6

120.7

σ1

14.1

5.8

207.8

σ2

6.4

67.8

-55.7

σ3

5.1

21.6

σ1

18.3

2.7

σ2

9.9

73.2

-47.9

σ3

9.2

18.9

117.1

112.6
195.4

NU

GS3

247.32

PT

GS2

14.89

RI

230

7.1

SC

GS1

σ3

[FIGURE 7 PLACEHOLDER]
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The orientations of σ1, σ2 and σ3 in the five boreholes are also presented in Table 1 and

ED

Fig. 7. The primary orientation of σ1 in the regional (not fault-affected) stress state is NNW.
This changes near or at the fault where σ1 follows a NS direction. Stress rotation near the

EP
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fault is causing the azimuthal angle to change quite substantially while the dip angle remains
largely unaffected. It can be seen that the orientation of

 1 ,  2 and  3
1

direction away from the

AC
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FGS2 boreholes is very different to the other orientations, the

in FGS1 and

fault is approximately S30±15°W compared to close to the fault where it rather follows a
S15±2°E direction and is mostly perpendicular to the fault slip surface. The orientation of

2

and

 3 are rotated by 120±10°rotation compare to GS1, GS2 and GS3, indicated from

borehole stresses.

4.3.2 Numerical simulation of stress field
Numerical simulation is a powerful tool to investigate the fault stress and fault zone
evolution (Chemenda et al., 2016; Li et al., 2012). Based on the geological conditions of the
MFQ fault, FLAC3D was used for mechanical modelling (Itasca, 1997). The software performs
mechanical and strain state analysis of geological discontinuous surfaces such as faults, joints
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and underground mining. We obtained the stress state of the MFQ fault according to the
measured stress values by including two damage zones in the hanging and footwall
respectively which are 50m and 100m in width. The fault zone has a lower mechanical
strength compared to the undisturbed zone, hence a mechanical fault zone weakening
method was used to build the physical model. The isotropic material around the fault zone,

PT

its elastic properties and the regional stress state are implemented in the model using values
discussed above. This divides the modelled section into seven layers following the general

RI

stratigraphy and fault zone testing through boreholes, the mechanical parameters of rock
and fault zone derived from the geological report and experiment results as show in Table.2.

Density

Bulk

[kg.m−3] modulus

Shear modulus Cohesion Friction

Tensile

[GPa]

[GPa]

(MPa)

angle [°]

strength [MPa]

0.60

21.00

0.20

NU

Lithology

SC

Table.2. Thickness and mechanics parameters of the strata

1940

2.80

1.22

Gritstone

2700

12.88

6.64

17.20

32.80

3.40

Sandstone

2440

12.78

6.24

8.00

24.00

3.20

No.2 coal

1400

2.19

0.95

2.90

20.00

1.30

Sandstone

2440

12.78

6.24

8.00

24.00

3.20

Limestone

2480

14.00

8.40

16.70

28.00

3.90

Fault zone I

1200

0.33

0.36

0.63

37.00

0.80

Fault zone 1300

7.62

4.40

4.90

34.00

1.20

ED
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II

MA

Gravel

The maximum principal (N42°E) and minimum principal stress direction (N48ºW) are x
and y-axis respectively, and the modelled area is 6000 x 3000 x 400 m in x, y and z direction
respectively, corresponding to 100-500 m depth. The dip angle of the coal seam and
interbedded layers is 12°. The boundary conditions of the model is apply ing vertical
displacement constraints in z direction, with imposed stresses along x and y directions.
Initially, the fault zone has the same mechanical properties as surrounding lithologies. After
the original stress field is produced, new mechanical properties with lower mechanical
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strength are imposed on the two fault zone demonstrating the influence on the stress field.
Furthermore, the boundary stress loading conditions have been fixed after the simulated
result in accordance with the five geostress points. The infield test stress of 15.2MPa and
6.1MPa are applied in the xx and yy direction on the model boundary, respectively. The
Mohr-Coulomb failure criterion is used to evaluate the failure of the coal and rocks caused
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by the MFQ fault.
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Compared to the in-situ stress test points, the numerical results of stress magnitudes
show slight deviations (Fig. 8), indicating that the numerical simulation method could reflect
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a more realistic MFQ fault zone stress state. The maximum principal stress magnitudes for
Jiulishan coal mine range between 9.4 and 29.50 MPa, while the minimum principal stress is
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2.1 to 10.4 MPa, as show in the Figs.9 and 10. The horizontal stress plays an important role in
the in-situ stress fields. Stress concentrations at end points or inflection points of the faults
are observed with a maximum principal stress of 28.75 MPa, which is 1.7-1.9 times higher
than stresses in the intermediate zone. The lower stress area is show in the fault zone and
No.2 coal seam with the maximum principal stress of 9MPa, which is less than half of the
normal stress. In the fault zone, there is a gradient stress increase from fault core to fault
damage zone at a distance of 50-150m from the fault core before stress recovery to the

ACCEPTED MANUSCRIPT
normal regional stress is obtained, which have a relationship with the width of fault damage
mechanical properties. This stress magnitude in the fault zone is not only related to the
mechanical properties of rock but also to the tectonic stress field.

[FIGURE 11 PLACEHOLDER]
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Figure 11 shows the simulated maximum and minimum principal stress distribution

RI

across the MFQ fault, this section location as show in the Fig.3b of A-A’. The maximum

SC

principal stress increases from values around 10 MPa in the fault core to about 15 MPa in the

NU

undamaged host rock. Similarly, the minimum principal stress increases from about 2.3MPa
to 6.1MPa. The shear stress distribution, as show in Figure 12, decreases initially and then

MA

increases with an increase in the distance from the fault core. The shear stress is around
4MPa in the fault damage zone I (<50m), decreases to 2.3-2.7MPa in the fault damage zone II,

ED

and increases again to 4MPa in the undamaged host rock. The shear stress has a profound
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impact on the fault stability, slip is likely to occur on a surface if resolved shear stress equals
or exceeds the frictional sliding resistance (Moeck et al., 2009; Yamashita et al., 2015). The
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stress rotation can be found from the stress vectors in Figure 13. The FGS1 and FGS2
direction angles of maximum principal stress are 140° and 138°, respectively, which are only
about 10% lower than the field test values of 155.78° and 157.63°. There is a stress angle
rotation when the principle stress approaches the stress in the fault zone, which is typically
perpendicular to the fault zone. The closer to the fault zone, the more distinct this trend will
be.
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5 Discussion
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5.1 MFQ fault zone architecture

RI

Fault slip induced deformation and failure to the adjacent coal seam, in combination

SC

with mylonitised, granulated and cataclastic coal is found in the fault and related shear zone
(Cao et al., 2003; Ju et al., 2005; Li, 2001). This caused a change in the intensity of

NU

deformation with distance from the fault slip surface. Following borehole sampling and

MA

testing, data was used to define the MFQ fault zone architecture. Consequently, the MFQ
Fault Zone in No.2 coal seam is subdivided into three architectural elements (Fig. 14): 1) the

ED

fault core, 2) the mylonitized coal zone (Fault damage zone I), which is reconsolidated after
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fault slip formed powdered coal with a diameter less than 1mm, with a distance of 50m from
the fault core, and 3) the granulated and cataclastic coal zone (Fault damage zone II) at a
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distance of 50 to 150m from the fault core. Here, reservoir stress resulted in compaction of
this unconsolidated granulated coal.

[FIGURE 14 PLACEHOLDER]
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In general, fault cores are characterised by non-cohesive fault rocks with random fabric,
characterised by tectonic stress reduction in grain size and possibly cementation due to
mineral precipitation induced by fluid circulation during faulting (Brogi, 2008). Brecciated
and mylonitised rocks are observed at depths of 400m by exploration drillings in the MFQ
fault zone, and moisture content increases away from the fault core. The lower water
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bearing carbonate group is displaced by the MFQ fault. This has an impact on the coal
moisture content through the connected fault core, shown in Fig.3. The composition and
rock type of the fault core is contributed to a localized conduit or combined conduit-barrier
according to Caine et al. (1996).

PT

In the damage zone, the variation of gas content, gas emission index, as well as

RI

moisture and ash contents of coal samples implies that the coal formation differs in

SC

properties around the fault core which is affected by the faulting process. The in-situ gas
content and gas emission index show lower values close to the fault compared to 50m or

NU

more from the fault, which is confirmed by the higher moisture and ash content of coal

MA

samples adjacent to fault. We interpret the higher ash contents due to fluid circulation and
mineral (e.g. carbonate) precipitation in the immediate vicinity of the fault core.
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Mylonitisation may have increased (micro)fracture porosity in and near the fault core,
leading to slightly higher moisture contents. Similar observations have been reported earlier
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for siliciclastic or carbonaceous fault core material compared to the undeformed protolith
(Caine et al., 1996; Zhao et al., 2007).
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In the mylonitized coal zone, coal acts as a soft rock compared to the over or
underburden, which is dominated by silicate and carbonate minerals. Hence coal porosity
increase might be attributed to the formation of microfractures near the fault core. An
additional decrease in coal strength due to plastic deformation results in disappearance of
the original coal structure (Ju et al., 2005), and the mylonitised coal structure can even be
observed in hand specimen.
Most of the fault zone research provides a multiscale qualitative description of fracture
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density, fracture orientation, fracture length and aperture surrounding a fault core from
outcrop studies (Johansen et al., 2005; McGrath and Davison, 1995; Reyer et al., 2012).
However, the MFQ fault outcrop studied is studied at a depth of nearly 200m, so the coal
sampling and well testing are carried out without field scale analysis. As a consequence, the

PT

fault zone in the coal seam may have a more complicated structure following multiphase

RI

tectonic movements, which may have an effect on coal seam deformation (Bo and Yiwen,

SC

2004; Frodsham and Gayer, 1999). This research provides a simple fault architecture to
reflect the coal deformation and microscopic features. Further studies are required to better

NU

characterise and understand fault zones in coal seams.

MA

5.2 Fault zone stress rotation and permeability structure
The numerical modelling of the stress magnitudes in and surrounding the MFQ fault

ED

zone is based on the measured in-situ stress at five different locations within the mine.
Generally, at the tip area of the fault, the stress increases significantly, and at either side of

EP
T

the fault, the stress decreases according to the maximum and minimum principal stress state,
which have a distance of 50-150m from the fault core before the stress approaches the
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normal regional stress (Fig.9 and Fig.10). A rotation of the maximum principal stress was
found in the vicinity of MFQ fault footwall, and stress rotations around faults have been
inferred from other seismological studies (Hardebeck and Hauksson, 1999; Rajabi et al.,
2017). The borehole outbreak rotation might occur on planes of weakness, such as fractures,
faults and bedding planes, at or near the borehole (Martin and Chandler, 1993). The damage
zone has a different static elastic modulus and Poisson’s ratio with respect to increasing crack
damage from the mylonitized to the cataclastic coal zone (Wang et al., 2015; Yin et al.,
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2015a), and the same coal mechanical property change from low to high pore pressures (Yin
et al., 2015b). Modelled stress rotations are substantial and can have important implications
for fault zones mechanics (Faulkner et al., 2006), stress rotations are calculated according to
a remote stress applied at an angle  = 80°, 60°, 45° and the elastic stresses and strains
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calculated in the remaining layers of fault zone (Fig. 15) (Jaeger et al., 2009).

The influence of Young’s modulus E and Poisson’s ratio ν on θ is shown by decreasing

NU

Young’s modulus and increasing Poisson’s ratio close to the fault core. These curves were

MA

calculated using an applied remote stress of σ1 =15 MPa (applied at 80°, 60°, 45° to the fault
zone) and σ3 = 6 MPa. In Fig.12, the effect of Poisson’s ratio and Young’s modulus in the

ED

isotropic model are significant for the case of highly non-oriented faults (θ = 60° outside the
fault). For E<3.7 GPa or ν > 0.33, the rapid increase in the component results in a decrease of
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θ to values less than 40°. At the isotropic limit of ν = 0.37, θ can be as low as 20°. Note also
that decreasing values of ν result in increasing values of θ, i.e., σ1 can rotate away from the
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fault. The stress magnitude and rotation angle are changed when the stress approaches
stress values of the fault zone with the original stress not perpendicular to the fault strike .
Similar behaviour is observed in other case studies (Hardebeck and Hauksson, 1999; Huang
et al., 2014). The stress rotation of the maximum principal (horizontal) stress is small near
the fault and the normal stress decreases while the shear stress increases near the fault zone.
Furthermore, the shear stress is closely related to the mechanical properties of the fault
damage zone as show in section 4.3.2, potentially increasing the risk of fault slip.

ACCEPTED MANUSCRIPT
Generally, the permeability architecture of a mature fault zone consists of two main
components: the damage zone, which has the highest permeability, and the fault core, which
constitutes a low-permeability sector. However, the permeability of the fault zone is
changing temporally and spatially. The relationship between permeability and fracture

3

RI

k  
 
k0  0 
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porosity can be described by a cubic law relationship (Peters, 2007):
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Where k is the coal permeability, k0 is the initial permeability, ɸ is the current porosity,

NU

ɸ0 is the initial porosity of coal.

Changes in porosity due to deformation are controlled by alterations in coal grain size

MA

and grain size distributions and by the production of microstructures which can modify pore
connectivity. Increases in porosity can occur through formation of (micro)fractures and
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dilatancy associated with coal cataclasis and distress (Chen et al., 2014; Konecny and
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Kozusnikova, 2011). Coal is a soft material compared to surrounding silicate and carbonate
rich layers; the coal powder is found in the fault zone, with an isotropic permeability
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dominated by millimeter-sized particles under in-situ stress, and the permeability of coal
seam under effective stress could be expressed with the in-situ stress and pore pressure (Cui
and Bustin, 2005):
𝑘
𝑘0

= 𝑒𝑥𝑝 {−3𝐶𝑓 ⌈(𝜎̅ − 𝜎̅0 ) − (𝑝 − 𝑝0 )⌉}

where k is permeability; Cf is fracture compressibility constant. 𝜎̅ is the average confining
pressure; p is the gas pressure; subscript ‘0’ represents the initial value.
The coal seam damage zone of the MFQ fault has the highest permeability in the mylonitic
zone, corresponding to higher porosity and lower in-situ stress. Porosity values determined
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in the laboratory may have lower values than in-situ values, since small samples do not
represent fractures and potential mineralisation in the pore space by increased circulation of
fluids in the fault zone (Zhang et al., 2007). Within the cataclastic coal zone, juxtaposed on
the mylonitic coal zone, permeability decreases rapidly with distance from the fault, and its

PT

primary texture has been damaged. This results in slip surfaces and striations, which could

RI

be easily broken into granular solid fines with unconsolidated coal. The stress sensitivity and

SC

adsorption-swelling effect are attributes to permeability decrease for granulated coal in the
MFQ fault zone (Pan and Connell, 2011), the permeability of the fault core may be

NU

dominated by the grain-scale permeability of the fault rocks at a constant stress regime, the

MA

smaller coal powder have a lower permeability in the mylonitic zone (Taheri et al., 2017).
However, fault zone permeability is highly heterogeneous both spatially and temporally

ED

under stress change or fault slip.

5.3 Implication for coal and gas outburst
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Coal and gas outbursts are dynamic failures resulting in the sudden ejection of
thousands of tons of coal and rock as well as large amounts of gas into a limited
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underground working space and in a short periods of time. Outburst of coal and gas is a very
complex dynamic phenomenon, which is considered to be the result of the interaction of
multiple factors like stress regimes, pore pressure and coal strength. In particular, the stress
regime, which is a combination of the in-situ stress and mining-induced stress, consisting of
the stress magnitude and principle stress angle as mentioned above, and the pore pressure
and coal strength, are recognized to promote or prevent coal and gas outbursts. The
understanding of coal and gas outburst is still in the stage of qualitative de scription instead
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of quantitative analyses (Yuan, 2016; Zhang et al., 2017). The fault as a geological
discontinuity is formed during the tectonic movement and the critical stress regimes, which
change the original state of stress, coal structure and the permeability of fault cutting coal
seam.

PT

It has been shown that the principle and shear stresses change in the vicinity of the

RI

fault damage zone and the undisturbed host rock. Accordingly, there is a stress concentration

SC

at the tip of the fault, which may act as the release point for coal and gas outburst. Coal
strength in the damage zone is lower than in the intact coal, and is therefore prone to failure

NU

under mining induced stress changes. Hence, the coal seam fault damage zone should be

MA

detected from coal mechanical properties and coal gas dynamic parameters. This might
enable the prediction of the stress state and permeability of fault zone to prevent coal and
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gas outburst. The gas volume liberated during a gas outburst is usually much bigger than the
amount of in-situ gas content in the outburst area, which is regarded as a gas enriched area.
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The fault zone has a similar structure for gas trapping, a combined conduit-barrier fault core,
and gas volumes either adsorbed or as free gas in the porosity are constantly fed from lower
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coal seams via the relatively permeable fault damage zone. Therefore, the gas loss rate may
is high as 0.1-0.01 m3.y r-1.m-1, considering an average fault zone permeability of 0.003 mD
for long periods of time (Evans and Wong, 1992; Faulkner and Rutter, 2001). The stress state
is predicated to develop inside a fault zone of weak material , and an increase in stresses
parallel to the displacement direction might suppress hydrofracturing in the case of high
pore pressure. In addition, rotation of the principal stress axes typically occurs (Hardebeck
and Hauksson, 1999), and a high gas pressure gradient is formed near the exposed surface
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due to the quick migration of coal gas, which may causes a tensile failure of coal during
tunnel excavation (Tu et al., 2018). Moreover, the stress state, which controls the coal and
gas outburst, is the most important parameter for outburst prediction, which contains the
in-situ stress and superimposed stress induced by mining disturbance stresses. This

PT

superimposed stress is characterised before coal excavation takes place using field tests and

RI

numerical modelling (An et al., 2013; Wang et al., 2013). However, the stress rotation can

SC

also significantly contribute to the tunnel excavation under the in-situ stress field (Sengupta
et al., 2013). This can create damage oriented at angles other than the final

NU

boundary-parallel crack directions, normally associated with brittle coal damage (Diederichs

MA

et al., 2004; Eberhardt, 2001). As a consequence, a profound impact on the tunnelling
stability under various mining-induced rotational stress changes and high pore pressure can

ED

be observed. To date, this phenomenon has been paid insufficient attention. The in-situ
stress state measured at the drill site of MFQ fault shows a nearly strike-slip fault regime
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rather than normal faulting conditions at the time of deformation. Presumably a normal
stress regime would exist prior to the current strike-slip fault regime. However without
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detailed stress information it is not known how the stress state has changed between initial
faulting and present day conditions. Alternatively, the measured stress condition can be used
to evaluate the reactivation potential on the MFQ fault (Zoback et al., 2003), which might
induce coal and gas outbursts (Islam and Shinjo, 2009; Li et al., 2014; Mazaira and Konicek,
2015). In addition, the coal mining activity could potentially perturb the in-situ stress and
rebuild the stress state which, in turn, will have an influence on the fault stress regimes for
fault slip risk (Zhang et al., 2018). The energy release during fault slip could further induce to

ACCEPTED MANUSCRIPT
coal and gas outburst at a critical conditions and it is therefore important to understand
these relationships in detail.

Conclusion

PT

Detailed laboratory and field studies of MFQ fault zone crosscutting coal seam in Jilishan
coal mine show that previous conceptual fault zone models are not applicable to the

RI

observed fault zone in the coal seam, The porosity, stiffness, gas content of coal samples

SC

have a relationship with the distance from the fault, consisting of a fault core, a mylonitized

NU

coal zone and a granulated and cataclastic coal zone. Stress measurements indicate a
strike-slip fault regime and stress magnitudes decreasing away from the fault core. The

MA

observed rotation of maximum and minimum principal stress relative to the regional stress
field, and the stress rotation angle also further decrease to become parallel to the fault

ED

extension direction. Hence, as indicated from model predictions, the mechanical strength of
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the fault layer zone changes. The permeability of the fault zone indicates that the
mylonitized coal zone has a higher permeability compared to the granulated and cataclastic
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coal zone. This is consistent with a lower stress state and higher porosity in the mylonitized
coal zone. The stress state is an important parameter to predict the permeability of soft coal.
The low strength coal, high pore pressure and high local stresses in the fault zone contribute
to the potential coal and gas outburst risk. Coal mining induces stress rotation in the tunnel,
causing coal failure and/or fault slip, ultimately leading to an increase of the risk of coal
outburst. A furthering of the understanding of the in-situ stress rotation as well as the mining
related stress rotation in the fault zone is required to reduce this risk.
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Figure titles
Fig.1: Structural setting of the Jiaozuo coalfield. The Jiulishan coal mine is located in the

PT

centre of this coal field (shaded area), and the normal Mafangquan (MFQ) fault is indicated

RI

by the red line, transecting the coal mine in a NE-SW direction and dipping to the NW.

SC

Fig. 2. Stratigraphic column of the Permian coal-bearing strata in the Jiulishan coal mine.

NU

Fig.3. Locations for coal samples collection, field tests and in-situ stress measurements. (a)
Red dots represent sampling locations, black dots show the in-situ stress test points. FGS-1

MA

and FGS-2 are within the damage zone of the MFQ fault, GS-1, GS-2 and GS-3 are located far
from the MFQ fault to collect regional stress states. (b) detailed location of coal sample, B1,
B2, B3 and B5 collected from boreholes at a 10, 20, 30 and 50m from the MFQ fault footwall

ED

slip surface, respectively. Samples F15-1, F15-2, F30 and F50 are collected from boreholes
and the coal tunnelling face at 150m, 300m and 500m from the MFQ fault, respectively. A
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T

major coal and gas outburst incident in 2011 is shown by the star. (c) A-A’ profile from (b)
providing an illustration of fault throw and different angles of well drilling from same

AC
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location.

Fig.4. Ash content (a) and moisture content (b) of coal samples in relation to distance from
MFQ fault.

Fig. 5. (a) Gas content, (b) Protodyakonov strength, (c) gas emission index, and (d) porosity
with distance from MFQ fault.

Fig.6. (a) Methane flow rates determined in the boreholes, and (b) in-situ permeability of

ACCEPTED MANUSCRIPT
boreholes with different distances to the fault.

Fig.7. Measured in-situ stress distribution and comparison between local MFQ fault zone
stress magnitudes and regional stresses. (a) stress magnitude, (b) stress azimuthal angle.

PT

Fig.8. Comparison between the field test stress and the numerical simulation results.
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Fig.10. Minimum principal stress for MFQ fault zone

RI

Fig.9. Maximum principal stress of MFQ fault zone.
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Figure 11. Simulation results of maximum (σ1 ) and minimum (σ3) principal stress distribution

MA

across MFQ fault.

Fig.12. Shear stress distribution in the fault section, the shear stress is calculated according
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to τ=(σ1-σ3)/2, and σ1, σ3 are obtained from numerical calculation.
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Fig.13. The trajectory of maximum principal stress when approaching the fault zone.

Fig.14. (a) Architecture of MFQ fault zone in the foot wall. (b) stress regimes in the MFQ fault
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zone, whereby stress magnitude is decreasing closer to the fault core.

Fig.15. Graph showing the dependence of σ 1 and θ on Poisson’s ratio and Young’s modulus
for the isotropic multilayer model.
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Highlights
1) Coal properties in MFQ fault zone are investigated through field test and
laboratory experiment.
2) MFQ fault zone architecture is divided according to coal properties, stress
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state and permeability analysis.
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3) The characteristic that coal and gas outburst have a closely relationship with
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fault zone stress rotation and permeability structure is revealed.
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