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Влияние локальных напряжений и трещин на проницаемость угольного пласта зависит от их 
взаимной ориентации. Ориентация локальных напряжений в блоке Линьфэнь в юго-восточной части 
бассейна Ордос определялась систематическими измерениями трещин в лессах. Величины локальных 
напряжений рассчитывались по данным каротажа и гидравлического разрыва пласта. Были изучены ори-
ентации трещин в угольном пласте № 5 и распределение плотностей перекрывающего его слоя песча-
ника. Результаты показывают, что максимальное горизонтальное напряжение имеет северо-восточное 
направление, почти параллельное преобладающей ориентации трещин в угольном пласте, что способ-
ствует их открытию. Минимальное горизонтальное напряжение, ориентированное перпендикулярно 
преобладающей ориентации трещин, провоцирует их закрытие. Угольный пласт № 5 характеризуется 
напряжениями σv > σH > σh, что способствует открытию субвертикальных трещин и увеличению про-
ницаемости пласта. Очевидно, что проницаемость угольного пласта № 5 возрастает с увеличением эф-
фективного вертикального напряжения и эффективного максимального горизонтального напряжения. 
Кроме того, установлена четкая экспоненциальная зависимость проницаемости угольного пласта № 5 
от плотности концентрации трещин преобладающей ориентации. Поэтому трещины с преобладающей 
ориентацией 45° главным образом способствуют повышению проницаемости угольного пласта № 5 в 
блоке Линьфэнь. Многомерный анализ показывает четкие экспоненциальные зависимости между про-
ницаемостью, плотностью концентрации трещин преобладающей ориентации и эффективным напряже-
нием в угольном пласте № 5.
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EffEcts of in-situ strEss and joint on pErmEability of thE coal bEd  
in linfEn block, southEastErn ordos basin, china

linlin Wang, bo jiang , jilin Wang, jiyao Wang, Zhenghui Qu 

Effects of in-situ stress and joint on permeability of the coal bed depend on orientation relationships 
between in-situ stress and joint. In-situ stress orientations of Linfen block of southeastern Ordos Basin were 
determined by systematical measurements of the loess joints. In-situ stress magnitudes were calculated based 
on well logging and hydraulic fracturing data. Joint orientations of the No.5 coal bed and density distributions 
of the overlying sandstone bed were investigated. The results show that the NE-oriented maximum horizontal 
principal stress, approximately parallel to the predominant joint orientation of the coal bed, is favorable to the 
openness of the predominant joints. The minimum horizontal principal stress, with its orientation perpendicular 
to the predominant joint orientation, tends to induce the closure of the predominant joints. The stress state of 
No.5 coal bed is σv>σH>σh, which is favorable for the openness of subvertical joints and an increase in perme-
ability. The permeability of No. 5 coal bed increases obviously with increasing effective vertical stress and ef-
fective horizontal maximum stress and decreases with increasing effective horizontal minimum stress. Besides, 
the permeability of No. 5 coal bed exhibits a good exponential relationship with the density of predominant joint 
set. Therefore, predominant joints with the orientation of 45° mainly contribute to increases in the permeability 
of the No. 5 coal bed in Linfen block. Multidimensional analysis show good exponential relationships among 
the permeability, predominant joint density, and effective stress of the No.5 coal bed.

In-situ stress, joint, permeability, coal bed, Ordos Basin

1. introduction

Permeability of the coal reservoir greatly affects the productivity and commercial exploitation of coalbed 
methane (CBM). Influencing factors of permeability, i.e. coal rank, macerals, burial depth, coal texture, in-situ 
stress, fracture (joint and cleat) and etc., have been investigated in previous studies (Flores, 1998; Ye et al., 
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1999; Fu et al., 2001; Groshong, 2009). It is thought that the permeability of the coal bed is composed of matrix 
permeability and fracture permeability; the matrix permeability, generally far lower than the fracture permeabil-
ity, could be ignored (close, 1993). Therefore, the permeability of the coal bed mainly depends on the number, 
scale, connectivity and openness of the fracture. Levine (1996) revealed that permeability of the coal bed is 
inversely proportional to fracture spacing and proportional to fracture width.

Permeability of the coal bed is also closely related to the in-situ stress. Previous studies have focused on 
relationships between the permeability and the stress. It is indicated that the permeability decreases exponentially 
with increasing effective stress of the coal bed during CBM production in many coal beds of United States 
(Mckee et al., 1988), China (Meng et al., 2011) and Australia (Enever and Henning, 1997). Permeability-stress 
tests of coal samples also revealed that the permeability decreases with increasing stress (He et al., 2000). How-
ever, the relationship between permeability and stress is affected by the orientations of stress and fracture (Seidle 
et al., 1992; Zhang et al., 2000; Liu and Rutqvist, 2010). Qin et al. (1999) and Zhang et al. (2003) revealed that 
when fractures strike parallel to maximum compressive stress, the increase of the principal stress difference in-
duces the openness of fractures in the coal bed, and thereby permeability increases; While the fractures, striking 
perpendicular to maximum compressive stress, tend to close, and are not beneficial to the increases of permeabil-
ity. Therefore, controls of stress on permeability can be achieved by changes of the openness of the fracture; 
fracture width is the function of stress magnitude and orientation. In order to reveal the effects of stress and frac-
ture on the permeability, it is necessary to understand direction relationships between fracture and in-situ stress.

Therefore, the Linfen block of southeastern Ordos basin is chosen as the study area to achieve three pri-
mary goals: (1) to study in-situ stress characteristics (stress orientation, horizontal and vertical distributions of 
stress magnitude); (2) to study joint orientation of the coal bed and density characteristics of the overlying 
sandstone bed; (3) to reveal controls of stress and joint on permeability based on the relationship between ori-
entations of stress and joint. Research results will provide a basis for prediction of high-permeability block in 
CBM production areas with well-developed joints.

2. GEoloGical sEttinGs

Linfen block is located in the southeast margin of the Ordos basin, and belongs to the south part of Jinxi 
fold belt (Fig.1). The study area is an overall NE-striking, NW-inclined monocline, with some local secondary 

fig. 1. location and structural sketches of the study area. a) the 
tectonic map of the ordos basin with a rectangle outlining the location 
of the study area. b) the structural sketches of the study area. line 
a-a’ is the location of the cross-section as shown in fig.2.



374

faults and folds (Fig.2). The structural lines are mostly NE-NEE-oriented, such as Guyi-Yaoqu fault and fold 
belt and Hedi-Taitou fault belt, excluding the nearly NS-striking Zijingshan fault zone. The study area is sub-
jected to multi-phase compressions of the Indosin, Yanshan and Himalayan. The NW-SE-oriented Yanshanian 
compression is the key tectonic activity, inducing the formations of NE-striking structures (Wang et al., 2013).

The strata of this study area mainly consist of formations of Cambrian, Ordovician, Carboniferous, Perm-
ian and Triassic (Figs. 1 and 2). The Carboniferous-Permian coal-bearing strata are exposed near the Zijingshan 
fault zone and Hedi-Taitou fault belts, and eroded away in the northeast and southeast corners, due to tectonic 
compression and uplift. The No.5 coal bed of Shanxi formation, as main mined coal bed, with large thickness, 
intermediate coal rank and stable distribution, is considered as one target formation favorable for CBM enrich-
ment (Chen et al., 2009).

3. in-situ strEss charactEristics

3.1. orientation of in-situ stress

The conjugated shear joints in the Quarternary loess are considered as the result of tectonic stress, as in 
the other types of rocks (Wang, 2003). The acute angle bisector of conjugate shear joint indicates the direction 
of the maximum principal stress. The conjugated shear joints are well developed in the study area, and thereby 
it is possible to determine in-situ stress directions by systematical joint measurements in the loess.

The orientations of shear joints developed in the loess were measured at 8 sites, and orientations of 216 
joints were collected. The shear joints in the loess are characterized by the smooth joint plane and the dipping 
angle of nearly 90° as shown in Fig. 3. The sub-vertical to vertical conjugated shear joint indicates that the 
orientation of the maximum principal stress is sub-horizontally oriented. Projections of measured shear joints 
indicate that the angles between conjugate shear joints range from 65° to 80°. The orientations of the maximum 
principal stress, σ1, change from NNE in the north (S1 and S2) to NE (S3, S4 and S5) in the center, and then to 
NEE in the south (S6 and S7). The stress trajectory exhibits curved bending to SE (Fig. 3). Those coincide with 
previous results of the orientation of regional in-situ stress by other researchers. Through the focal mechanism 
solution of seismic data, Wan (2004) found that Mainland China exhibited horizontal in-situ stress orientation, 
and the orientation of maximum principal stress of the Ordos basin was NEE. Based on underground in-situ 
stress measurement data, Kang (2009) proposed that the maximum compressive stress orientation of regional 
in-situ stress struck NE-SW.

3.2. in-situ stress calculation

3.2.1 in-situ stress model

The vertical principal stress, a result of the overburden, varies with the strata density and buried depth, 
and can be calculated applying rock density logging data as shown in Eq. (1). 

 � ��= ( )h gdh
H

0�  (1)

Where σv is the vertical principal stress, MPa, H represents the burial depth of strata, m, g denotes the 
acceleration of gravity, 9.8m∙s2, and ρ(h) is the density function varying with strata depth, g/cm3.

fig. 2. structural section of a-a’ in the study area (see fig. 1 for the section location). 
Q (Quaternary), T1h (Lower Triassic Heshanggou formation), T1l (Lower Triassic Liujiagou formation), P3sh (Upper Permain Shiqianfeng 
formation), P2s (Middle Permain Upper Shihezi formation), P2x (Middle Permain Lower Shihezi formation), P1s (Lower Permain Shanxi 
formation), C2-P1t (Upper Carboniferous–Lower Permain Taiyuan formation), C2b (Upper Carboniferous Benxi formation).
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The other two principal stresses are located in the horizontal plane. The Anderson model added by tec-
tonic stress, described as Eqs. (2) and (3), is used in the present study (Ma and Sun, 2002).
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Where σH and σh are the maximum and minimum horizontal principal stress, respectively, MPa, ν is the 
Poisson’s ratio, Pp is the pore pressure, MPa, α is the pore compressibility coefficient, StH and Sth are the maxi-
mum and minimum horizontal tectonic stress, respectively, MPa.

3.2.2 Parameter calculation
In order to calculate the in-situ stress employing above stress calculation models, the involving parame-

ters, such as the Poisson’s ratio, ν, pore compressibility coefficient, α, and strata pore pressures, Pp, horizontal 
tectonic stresses, Sth and StH, should be obtained.

(1) Poisson’s ratio, ν
The Poisson’s ration can be obtained employing acoustic wave time difference and density logging data. 

The empirical relation between time differences of the S-wave and P-wave can be demonstrated by (Yang, et 
al., 2008)
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The Poisson’s ratio is written by (Zhang and Lin, 2001)
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where ρ is the volume density of rock, g/cm3, Δts is the S-wave time difference, μs/m, and Δtp is the P-wave 
time difference, μs/m.

fig. 3. directions of loess joint and in-situ stress trajectories in the study area
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(2) Pore compressibility coefficient, α
α is the Biot poroelastic parameter (Biot and Willis, 1957), and is calculated by Eqs.(6)-(8). 
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Where Cma is rock matrix compressibility, Cb is rock bulk compressibility, ρma is rock matrix density, g/cm3, 
Δtmas is the S-wave time difference of the rock matrix, μs/m, Δtmap is the P-wave time difference of the rock 
matrix, μs/m.

(3) Prediction of pore pressure based on Eaton’s approach
Based on the Eaton’s method (Kumar et al., 2006), the prediction model of pore pressure, Pp, is described as

 P P P P t tp n n
c� � � � �

0 0
( )( / )  (9)

where P0, Pn are overburden pressure and strata hydrostatic pressure, MPa, respectively, Δt and Δtn are mea-
sured acoustic time difference and the acoustic time difference at the normal compaction trend line at a certain 
depth, respectively, μs/ft, c is the Eaton constant. In order to obtain Pp according to Eq. (9), Δtn and c should be 
obtained firstly.

In the single log coordinate system, the acoustic time difference at the normal compaction section for 
mudstone decreases linearly with increasing depth (Kumar et al., 2006). Because Eaton’s approach was estab-
lished based on mudstone, more than 2-m-thick mudstone intervals of four CBM wells were selected (Fig. 4, 
Table 1). It is clearly seen in Fig. 4 that the relationship between the acoustic time difference and depth, i.e. the 
equation of normal compaction trend line, is described as

 ln( ) . .� � � � ��t Hn 1 4614 10 6 57313  (10)

The Eaton constant can be written by
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According to strata pressure data (Table 1) and Eq. (11), Eaton 
constants of four CBM wells were calculated (Table 1) and the aver-
age value of c is equal to -0.5538.

Therefore, the pore pressure of the study area can be finally ob-
tained as shown in Eq. (12).
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(4) Maximum and minimum horizontal tectonic stress, StH and Sth 
Hydraulic fracture theories and tests indicate that the minimum 

horizontal principal stress, σh, is synonymous with closure pressure as 
shown in Eq.(13). Relationships between maximum and minimum 
horizontal principal stress are demonstrated by Eqs.(14) & (15). 

fig. 4 the normal compaction trend line of coal-bearing strata
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 �h CP�  (13)

 � � �H h P tP P Sb� � � �3  (14)

 S P Pt b r� �  (15)

where PC is the closure pressure, MPa, Pb is breakdown pressure of the coal, MPa, Pr is the fracture reopening 
pressure, MPa, St is the tensile strength of the coal, MPa.

Based on hydraulic fracturing data of the coal bed, the in-situ stress models in Eqs. (2) and (3) are substi-
tuted into Eqs.(13)-(15) to obtain StH and Sth. Finally, σv, σH and σh can be obtained through substituting required 
parameters, calculated by Eqs. (4)-(15), to Eqs. (1)-(3).

3.2.3. calculation results

(1) In-situ stress profile of single well 
Changes of principal stresses with depths of 24 CBM wells were derived based on the above in-situ stress 

calculation model and corresponding parameter predictions. Principal stress characteristics of well J13 are 
shown in Fig. 5. 

The vertical principal stress, due to the cumulative weight of overlying strata, presents obviously linear 
relationship with the buried depth. Meanwhile, horizontal principal stresses exhibit an overall linear increase 
with increasing depth. However, increase amplitudes of horizontal principal stresses are smaller than those of 
vertical principal stresses. Besides, variations of horizontal principal stresses, related to the stratum lithology, 
exhibit the zigzag in the vertical direction. At the shal-
lower strata, the maximum horizontal principal stress is 
generally larger than the vertical one. Therefore, the initial 
maximum principal stress is the horizontal principal stress. 
However, when the buried depth exceeds a certain value, 
the vertical principal stress transforms to the maximum 
principal stress due to its larger increase gradient. It is ob-
viously observed from well J13 that when the buried depth 
is larger than 720 m, the vertical principal stress exceeds 
the horizontal principal stresses and thus becomes the 
maximum principal stress.

(2) In-situ stress characteristics of No. 5 coal bed
Based on principal stress profiles of 24 CBM wells 

and buried depths of No. 5 coal bed, three principal stress-
es of No. 5 coal bed at 24 wells can be obtained. There-
fore, horizontal distributions of principal stresses of No. 5 
coal bed in the study area can be acquired using the linear 
extrapolation method (Figs. 6-8). It should be noted that 
in-situ stress calculation model and corresponding param-
eters calculations are obtained based on the rock. The 
coal, as one type of extremely soft rock, presents large 
differences in the lithology and the acoustic wave time dif-
ference, which induces abnormal increases in horizontal 
principal stresses of the coal bed. For example, horizontal 
principal stresses of coal beds of No. 5 and No. 8 at well 

T a b l e  1.  calculation results of Eaton constant (parameters in the table are the same as above)

Well H P0(MPa) P*
p(MPa) Pn(MPa) Δtn Δt c

J15 924.47 21.65 5.08 7.92 185.2840 208.61 –1.5878
J9 1056.36 26.92 7.53 7.80 152.8002 181.78 –0.0814
J17 990.86 24.40 6.19 7.75 168.1494 190.64 –0.7118
J18 996.56 23.69 6.30 5.60 166.7545 211.78 0.1656

fig. 5. in-situ stress profile of well j13
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J13 are much larger than vertical prin-
cipal stresses and exhibit obvious zig-
zags, which do not agree with overall 
variation trends of three principal 
stresses in the vertical direction. There-
fore, average values of horizontal prin-
cipal stresses of hard roof and floor 
rocks of the coal bed are regarded as 
horizontal principal stresses of the coal 
bed. 

The vertical principal stress, 
maximum and minimum horizontal 
principal stresses of No. 5 coal bed in 
the study area vary in ranges of 17-32 
MPa, 17-28 MPa and 13-18 MPa, re-
spectively (Figs. 6-8). It is obviously 
observed from in-situ stress profiles of 
the single well that vertical and hori-
zontal principal stresses both increase 
with increasing buried depth (Fig. 5). 
The buried depth of strata, obviously 

affected by the structure deformation, exhibits an overall increasing trend from east to west, with local complex 
variations in Guyi-Yaoqu fault and fold belts (Fig. 2). Therefore, three principal stresses show the similar hori-
zontal variations as burial depth of the coal bed. It is clearly seen from Figs. 6-8 that in the study area, three 
principal stresses show gradual increases with increasing buried depth from the southeastern margin towards 
northwest to Yaoqu east syncline, and thereby the Yaoqu east syncline axis exhibits the high in-situ stress re-
gion. However, near the Guyi-Yaoqu anticline, the coal bed with decreased buried depth shows the strip of low 
principal stresses attributed to the stra-
ta uplift. Meanwhile, Guyi-Yaoqu fault 
and fold presents complex stress varia-
tions along the structural line direction. 
Local increases or decreases in in-situ 
stresses along NE-oriented structural 
lines, corresponding to local increases 
or decreases in buried depths of coal 
beds, reveal the complexity or hetero-
geneity of the tectonic deformation. 
The strata, towards northwest away 
from the Guyi-Yaoqu fault and fold 
belt, gradually transit to the monocline, 
and three principal stresses increase 
gradually.

(3) Conversion depth of maxi-
mum principal stress 

As previously noted, the maxi-
mum horizontal principal stress at 
shallower strata, larger than the other 
two principal stresses, is regarded as 

fig. 6. horizontal distributions of the 
vertical principal stress of no. 5 coal 
bed

fig. 7 horizontal distributions of 
maxi mum horizontal principal 
stress of no. 5 coal bed
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the maximum principal stress. At a criti-
cal depth, the vertical principal stress is 
equal to the horizontal maximum princi-
pal stress due to its large increase gradi-
ent. As the buried depth exceeds the 
critical value, the vertical principal stress 
becomes the maximum principal stress. 
Therefore, the critical depth is regarded 
as the conversion depth of maximum 
principal stress. The conversion depth of 
24 wells can be obtained according to 
vertical distributions of principal stress-
es. The linear interpolation method is 
employed to obtain the horizontal distri-
bution of conversion depth as shown in 
Fig. 9. The conversion depth of maxi-
mum principal stress, mainly ranging 
from 700 m to 1150 m, presents the over-
all low-high-low-high variation trend 
from east to west, which coincides with 
change laws of structurally-controlled 
buried depth of the coal bed. The Guyi-
Yaoqu anticline exhibits the lower conversion depth of maximum principal stress, with local increases in the 
conversion depth along the anticline axis, which reveals the complexity and heterogeneity of tectonic deforma-
tion. According to buried depths of No. 5 coal bed and maximum principal stress conversion depths of 24 wells, 
it is found that the buried depth of No. 5 coal bed is larger than the maximum principal stress conversion depth, 
and the difference between two depths ranges approximately from 26.2 m to 593.4 m. That indicates No. 5 coal 

bed is located below the conversion 
depth of maximum principal stress, and 
the maximum principal stress of No. 5 
coal bed is the vertical principal stress.

4. joint dEvElopmEnt  
charactEristics

4.1. joint orientation
The coal-bearing strata of Carbon-

iferous-Permian are exposed at the south-
eastern edge of the study area. Most parts 
of the study area, covered by thick Trias-
sic strata, does not present coal seam out-
crops. Therefore, coal mines are mainly 
located in the southeastern edge with 
shallow coal seams. 232 joints of coal 
beds and 516 joints of rock beds are mea-
sured in five coal and rock outcrops 
(Fig. 10). Meanwhile, 40 coal bed joints 
are measured in two underground coal 

fig. 8. horizontal distributions of min-
imum horizontal principal stress of 
no. 5 coal bed

fig. 9. horizontal distributions of the 
conversion depth of maximum princi-
pal stress in the study area
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mines (Hengsheng and Wangjialing coal 
mines). However, joint data of underground 
rock beds cannot be obtained because rock 
beds are not well exposed in underground coal 
mines. It is obviously observed from Fig. 10 
that four sub-vertical joint sets, with dip an-
gles ranging from 70° to 90°, are well devel-
oped in coal and rock outcrops and under-
ground coal beds. The 45°-striking joint set is 
the most dominant, followed by the 140°-strik-
ing joint set; nearly EW- and NS- striking 
joints locally occurs. Therefore, joint occur-
rences of coal and rock outcrops, and under-
ground coal beds, are basically consistent.

4.2. joint density
Due to few coal bed outcrops in the 

study area, it is difficult to directly obtain hori-
zontal distribution characteristics of joint density of the coal bed. Previous studies demonstrate that under-
ground rock beds have the same relative variations of density as those in outcrop rock beds at the same site 
(Wheeler et al., 1978; Dixon et al., 1979). Therefore, the joint density data of outcrop rock beds can be used to 
study the control of joint development of underground coal beds on the permeability. The joint density of the 
rock bed depends on thickness of the rock bed (Davis et al., 2011). Therefore, the well-developed sandstone bed 
with the thickness of 20 cm in the study area is chosen to measure the joint density of outcrops and thereby to 
draw the horizontal distribution of joint density by linear extrapolation (Fig. 11). The joint density of the 20-cm 
thick sandstone bed mainly ranges 4-14 per meter. The joint density is obviously controlled by the structure, 
and exhibits a gradual increase near the fault and fold belt. The joint density is the largest in southeastern fault 
zones, followed by the Guyi-Yaoqu fault and fold belt. Structurally undeveloped area has the low joint density, 
i.e. generally smaller than 8 per meter.

5. EffEcts of in-situ strEss and joint 
on pErmEability of no. 5 coal bEd

5.1. determination of permeability
The permeability of coal reservoir can be 

determined employing methods of determining 
conventional oil and gas reservoir permeability, 
such as core laboratory test, reservoir simulation, 
geophysical methods (including seismic and log-
ging methods) and well test (Mohammadi et al., 
2013). However, only well test can demonstrate 
the in-situ permeability of coal reservoir under the 
fluid flow state. The routine well test methods 
consist of drill stem test, slug flowing test, injec-
tion pressure drop test and water jug test. Attrib-
uted to the generally low pressure reservoir and 
permeability of coal beds in China, the injection 

fig. 10. joint orientation characteristics of 
outcrop coal and rock beds and underground 
coal beds

fig. 11. horizontal distributions of density of 
dominant joint set of no. 5 coal bed (Wang et 
al., 2016)
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pressure drop test method, as the single well transient pressure test method, is widely employed (Chen and Lian, 
2003). The testing procedure is as follows: at first, put the testing tools (testing string, packer, pressure gauge, 
etc.) into the well; afterwards, inject water into the well for certain time with the stable displacement and injec-
tion pressure lower than the fracture pressure of coal reservoir; then shut in when the pressure distribution re-
gion higher than initial reservoir pressure is produced surrounding the wellbore; finally the pressure surround-
ing the wellbore is gradually equal to initial reservoir pressure. Bottom-hole pressure can be recorded by the 
pressure gauge during injection and shut in, and bottom-hole pressure-time curve can be acquired, which is used 
for calculations of permeability, reservoir pressure and fracture pressure.

The injection pressure drop test method was employed to obtain permeability of 16 wells of No. 5 coal 
bed as shown in Table 2. Large differences up to three orders of magnitude can be seen among the permeabil-
ity of No. 5 coal bed in Linfen block. Most of the wells show lower permeability, i.e. wells with permeability 
ranging from 0.1~1 mD up to 50%, and wells with permeability varying from 0.01~0.1 mD up to 37.5%, except 
higher permeability of wells J7 and J16 (permeability larger than 1 mD). Horizontally, the No.5 coal bed exhib-
its higher permeability in structurally developed area, such as wells J7 and J10 located at Guyi-Yaoqu fault fold 
belt, and well J16 at the eastern fault belts. Wells far away from the structurally developed areas generally show 
lower permeability. 

5.2. relationships between in-situ stress and permeability
In order to investigate the relationship between in-situ stress and permeability of coal bed in Linfen area, 

we introduce the effective vertical stress, σve, effective maximum horizontal stress, σHe, and the effective mini-
mum horizontal stress, σhe, as written by

 � �ve v pp� �  (16)

 � �He H pp� �  (17)

 � �he h pp� �  (18)

It is observed from Fig. 12a-c that the permeability of No. 5 coal bed exhibits obvious exponential rela-
tionships with the effective stresses (σve, σHe and σhe), respectively, as described by Eqs. (19-21).

 k e ve� � �
3 6415 10

5 0 4883
.

. �  (19)

 k e H� � �
6 1754 10

6 0 6468
.

. �
e  (20)

 k e he� �
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0 1836
.

. �  (21)
It is concluded that the permeability of No. 5 coal bed increases obviously with increasing effective verti-

cal stress and effective horizontal maximum stress, and decreases with increasing effective horizontal minimum 
stress. That can be explained by stress states of No. 5 coal bed and the relationship between the joint and stress 
orientations.

Sub-vertical to vertical joints, with predominant strike directions of NE, are well developed in the No. 5 
coal bed of the study area. As previously mentioned, the buried depth of No. 5 coal bed is larger than the con-
version depth of maximum principal stress, and the stress state of No.5 coal bed is σv > σH > σh. Vertical joints 
of No. 5 coal bed are subject to the tensile stress. An increase of the vertical principal stress is favorable to the 
openness of joints and the increase in the permeability. Therefore, the permeability of No.5 coal bed increases 
with increasing effective vertical stress, and there is a good exponential relationship between the permeability 
and effective vertical stress. 

T a b l e  2.  permeability data gained from well testing of no.5 coal bed 

Well Depth
(m)

Permeability
(mD) Well Depth

(m)
Permeability

(mD) Well Depth
(m)

Permeability
(mD)

J1 1124 0.088 J7 923.2 1.011 J13 746.2 0.028
J2 1011.2 0.49 J8 950 0.0162 J14 866.4 0.0478
J3 1059 0.75 J9 996 0.283 J15 826.4 0.0839
J4 1178.4 0.288 J10 880 0.98 J16 1000 2.45
J5 967 0.81 J11 998 0.141
J6 1078.4 0.065 J12 900.1 0.3049
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As previously mentioned, the maximum horizontal compressive stress is NE-oriented, while the pre-
dominat joint set of No. 5 coal bed strikes 55°. Therefore, the orientation of maximum horizontal compressive 
stress is approximately parallel to the predominant joint orientation of the coal bed. Those are favorable to the 
openness of the predominant joints. The permeability of No. 5 coal bed increases with increasing effective 
maximum horizontal compressive stress. However, the minimum horizontal compressive stress, with its orien-
tation perpendicular to the predominant joint orientation, is not favorable to the openness of joints. Therefore, 
the permeability decreases gradually with increasing effective minimum horizontal stress. 

Besides, the permeability of No. 5 coal bed increases with increasing buried depth (Fig. 12d). The effects 
of buried depth of the coal bed on the permeability are the results of complex roles of effective vertical stress, 
effective horizontal maximum principal stress and effective horizontal minimum principal stress. The stress 
states of No. 5 coal seam (σv > σH > σh) is favorable to the increase in permeability. Therefore, an increase in the 
buried depth of No. 5 coal bed induces increases in principal stresses and the permeability. 

5.3. relationships between the joint density and permeability 
Horizontal distribution of the permeability of the No. 5 coal bed is obviously controlled by the structural 

deformation (Fig. 11). The largest joint density occurs in the superimposed area of the eastern Zijinshan fault 
zone and the NE-orientated faults. The corresponding permeability is also the largest up to 2.45 mD, followed 
by the Guyi-Yaoqu fold. However, the areas of Puxian-Mingzhu and Daning-Jixian west, far away from the 
structural belt and located in the stabilized area with undeveloped structure, present low joint density and per-
meability.

The maximum compressive stress in the study area is NE-NEE-oriented, and the predominant joint of the 
coal bed strikes 45°, followed by 140°. The relationship between orientations of in-situ stress and joint affects 
the joint openness and closure, and controls the joint width. The 45°-striking joint set is nearly parallel to the 
orientation of maximum horizontal compressive stress, which induces the opening of predominant joints and 
causes increases of the permeability of No. 5 coal bed. However, another set of joints, striking 140°, are nearly 
perpendicular to the orientation of maximum horizontal principal stress and tend to close, which is not favorable 
to the increase of permeability. It is clearly seen from Fig. 13a that the permeability of No. 5 coal bed increases 

         fig. 12. relationships between permeability and effective stress components and burial depth.
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with increasing total density of all sets of joints, but the data distribution is scattered. Fig. 13b shows that the 
permeability of No. 5 coal bed is obviously controlled by the density of predominant joint with the orientation 
of 45°; the joint density and permeability both increase and exhibit a good exponential relationship. Therefore, 
predominant joints with the orientation of 45° mainly contribute to increases of the permeability of the No. 5 
coal bed in Linfen block; development characteristics of the predominant joint set affect permeability variations.

5.4. multidimensional analysis
It is concluded in Section 5.3 that predominant joints with the orientation of 45° mainly contribute to in-

creases of the permeability of the No. 5 coal bed in Linfen block, and there is a good exponential function rela-
tion between the permeability and predominant joint density in No. 5 coal bed. Meanwhile, the effective stress 
affects the joint width and thereby controls the permeability. Therefore, Eq. (22) is proposed.

 k ae kbD
e

� �  (22)

 � � � � � � �e v H v h H h pp=
1

2

2 2 2(( ) ( ) ( ) )� � � � � �  (23)

where a and b are constants, D is the predominant joint density of No. 5 coal bed, /m, k
eσ
is the permeability 

change attributed to effective stress, σe is the effective stress.
It can be seen from Fig. 14a that the permeability and effective stress also show exponential relationship 

as Eq. (24).
 k e e� � �

6 8194 10
2 0 4011

.
. �  (24)

         fig. 13. relationships between permeability and joint density of no. 5 coal bed.

              fig. 14. relationships between permeability and effective stress and predominant joint density.
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Therefore, correlations among the permeability, predominant joint density and effective stress can be written as

 k ae ebD� c d e�  (25)
where c and d are constants.

Based on the data of permeability, predominant joint density and effective stress of 16 wells of No.5 coal 
bed, the constants of a, b, c and d can be acquired employing nonlinear fitting methods (Fig. 14b). Finally Eq. 
(25) can be written as

 k e eD� � �
8 038 10

2 0 2437 0 1577
.

. . �
e  (26)

6. conclusions

The orientations of in-situ stress in the study area were determined by systematical measurements of 
joints developed in the loess. The in-situ stress magnitudes were calculated based on well logging and hydraulic 
fracturing data. The maximum principal stress, σ1, is mainly NE-oriented. Three principal stresses exhibit an 
overall linear increase with increasing depth, and vertical principal stress presents the largest increase ampli-
tude. Horizontally, three principal stresses of No. 5 coal bed show gradual increases from southeast to north-
west. However, Guyi-Yaoqu fault and fold presents complex stress variations along the structural line direction 
due to the heterogeneity of the tectonic deformation. The conversion depth of maximum principal stress pres-
ents the overall low-high-low-high variation trend from east to west, which coincides with change laws of 
structurally-controlled buried depth of the coal bed. The maximum principal stress of No. 5 coal bed is the 
vertical principal stress.

Four sub-vertical joint sets occur in the study area, with the 45°-striking joint set as the predominant one, 
followed by the 140°-striking joint set and locally-developed nearly EW- and NS- striking joint sets. The joint 
density increases obviously near the fault and fold belt. The joint density is the largest in southeastern fault 
zones, followed by the Guyi-Yaoqu fault and fold belt. Structurally undeveloped area has low joint density. 

The stress state of No.5 coal bed is σv > σH > σh, which is favorable to the openness of sub-vertical joints 
and the increase of the permeability. An increase in the buried depth of No. 5 coal bed induces increases in prin-
cipal stresses and the permeability. Besides, the orientation of maximum horizontal principal stress, approxi-
mately parallel to the predominant joint orientation of the coal bed, is favorable to the openness of the predomi-
nant joints; the minimum horizontal principal stress, with its orientation perpendicular to the predominant joint 
orientation, tends to induce the closure of the predominant joint set. Therefore, the permeability of No. 5 coal bed 
increases obviously with increasing effective vertical stress and effective horizontal maximum stress, and de-
creases with increasing effective horizontal minimum stress. Based on the orientation relationship between in-
situ stress and joint, the predominant joint set with the orientation of 45° is favorable to increase of the permea-
bility. The permeability of No. 5 coal bed exhibits a good exponential relationship with the density of predominant 
joint set. Therefore, predominant joints with the orientation of 45° mainly contribute to increases of the perme-
ability of the No. 5 coal bed in Linfen block. Multidimensional analysis show good exponential relationships 
among the permeability, predominant joint density and effective stress of the No.5 coal bed.
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