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Abstract

In this paper, whether the coal fines can be induced by shear failure during drainage process has been discussed in detail.
By coupling with the percolation theory, the elasticity mechanics were used to construe the extra stresses in the formation
surrounding with the hydraulic fracture. The safe window of the bottom hole pressure was also calculated from the failure
envelope. The research shows that the formation pressure on the fracture surface of the coal seam is negatively related with
the bottom hole pressure, and the induced stress is positively related with the bottom hole pressure during the drainage pro-
cess of fractured CBM wells. The pore pressure around the fracture changed due to pore-elastic effects, which also caused
a significant change of the in situ stresses. In order to avoid the breakout of the coal seam around hydraulic fracture during
drainage process, the model of the reasonable bottom hole pressure is also built.

Keywords Coalbed methane - Fracture - Induced stress - Shear failure

Introduction

The coalbed methane (CBM) resources in China are abun-
dant, and the exploration and development of CBM in China
also have made great achievements; what is more, the CBM
has achieved commercial exploitation and development.
During the operation of CBM wells, coal fines are easily
generated due to the rise of liquid level or pressure changes
(Liu et al. 2012a, b; Zhang et al. 2009). The coal fines clog
gas production channels of CBM wells, which can reduce
the production of CBM wells even after they are put into
operation. It is difficult to keep the production of CBM
wells stable, and it also hard to maintain high yield, which
affects the overall development of CBM benefits. Coal fines
are among the key issues that restrict the highly efficient
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production of CBM, because they cause blockages in reser-
voirs and accidents in wellbores. With the CBM producing
gas, it also produces different extent of coal fines, especially
hydraulic fractured well.

Wei et al. (2013) points out that coal fines production
results from unreasonable drainage operation parameters,
such as unreasonable bottom hole pressure and drainage
quantity (Wei et al. 2013). Some researchers (Chen et al.
2009; Marcinew and Hinkel 1990; Zhang et al. 2012) argue
that coal fines unload and gather in the bottom of the well,
which results in pipe blockage and getting stuck. The con-
tinuity of gas and water flow is broken off, and correspond-
ingly, the gas production declines quickly (Chen et al. 2009;
Marcinew and Hinkel 1990; Zhang et al. 2012). Further-
more, the cost of developing CBM increases significantly
by several times of checking pump operation. At present,
researchers ( Wang et al. 2011, 2013) focus on the evaluation
of the wellbore stability of CBM wells (Wang et al. 2011,
2013; Soliman et al. 2004). And what is important, the pos-
sibility of shear failure mechanisms induced by fractures is
not clear during the coal fines production. Hydraulic fractur-
ing can produce induced stress and result in the formation
pressure declination in the coal seam, which leads to the
redistribution of the in situ stress field near the fractures.
For the induced stress, it can be obtained by RFPA 2D flow
method, traditional FEM method, and cohesive interface
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method for modeling fractures (Olson and Wu 2012; Liu
and Ai 2015; Guo et al. 2015). According to the elasticity
mechanics coupled with percolation theory, the analytical
model of stress field for fractured coal seam can be derived.
The stability of fractures surface can be evaluated by the
instability criterion, which is good to determine reasonable
bottom hole pressure and hinders coal fines production.

Analytical model of stress field

According to the study of Sneddon (1946), it is assumed
that the fracture is vertical in homogeneous and isotropic
reservoir, with the height of H and elliptical longitudinal
profile. The 2D geometry model for fracture is shown in
Fig. 1 (Sneddon and Elliot 1946; Sneddon 1946).

A coordinate system is established, that is, the fracture
length, fracture width, and fracture height are x, y, and z
coordinate directions, respectively. Fractures extend per-
pendicular to minimum horizontal principal stress direction.
Therefore, the x, y, and z coordinate directions are the direc-
tions of the minimum horizontal principal stress direction,
the maximum horizontal principal stress, and the vertical
direction.

Warpinski and Branagan (1989) suggests that the total
stress is equal to induced stress plus in situ stress adopting
the principle of superposition. The induced stress is pro-
duced by different mechanisms. Hydraulic fracturing, pore
elasticity effect, and gas desorption can lead to induced
stress (Wright et al. 1995).

o = oy+Acp+Acy + Aoy, (1)
where o is total stress during CBM gas production, MPa; o,
is in situ stress, MPa; Ao, Aoy, and Aoy are induced stresses

z
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Fig. 1 Geometry for 2D fracture
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from hydraulic fracturing, pore elasticity effect, and gas des-
orption, respectively, MPa.

The total stress can be divided into x, y, and z coordinate
direction, that is

o, = 0, gt+Acg+Acy + Aoy, 2)
o, = 0y y+Ack,+Ac, + Aoy, 3)
6, = 0,yt+Acg,+Acy, + Ao 4)

where o, oy, and o, are stresses of x, y, and z coordinate
direction, respectively, MPa; o,, G405 and o, are in situ
stress along x, y, and z coordinate direction, respectively,
MPa; Aog,, Aoy, and Aoy, are induced stress from hydraulic
fracturing along x, y, and z coordinate direction, respectively,
MPa.

Stress Induced by hydraulic fracturing

Wright et al. (1995) identifies that fractures can alter the value
and direction of stress near the wellbore area by adopting re-
fracturing operation in the field (Wright et al. 1995). Warpin-
ski and Branagan (1989) derives the formula of calculating
induced stress at arbitrary point A, which is based on the
geometry model shown in Fig. 1. The formula can be simpli-
fied as (Warpinski and Branagan 1989):

3
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The parameters in Eqs. 5-7 can be calculated by the fol-
lowing equations.

Pi =Dys — 0y )
r=vVxr+z? ®
0 = tan"'(x/ - 2) (10)
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0, =tan™" [x/(—z—¢)| (12)
r, = \/x2+(z—c)2 (13)
0, =tan"" [x/(c - 2)] (14)

where p; is net pressure on the fracture surface, MPa; c is
half of the fracture height, that is H/2, m; r is the distance
between the center point of the fracture and the point A, m;
r, is the distance between the lower end point of the fracture
and the point A, m; r, is the distance between the upper
end point of the fracture and the point A, m; 0 is the angle
between the Z axis and the line through both the center point
of the fracture and the point A, °; 6, is the angle between
the Z axis and the line through the lower end point of the
fracture and the point A, °; 6, is the angle between the Z
axis and the line through both the upper end point of the
fracture and the point A, °; Pus is the bottom hole pressure
in the hydraulic fractures, MPa; ¢, is the closure pressure of
fractures (that is the minimum principal in situ stress), MPa;
Aty is shear stress at point A in X—Z plane, MPa.

If 6, 0,, and 0, are all negative, then they can be replaced
by 6 + x, 0, + =, and 0, + x correspondingly. The induced
stress along the direction of fracture length can be calculated
by Hooke’s law.

Aop, = v(AO'Fx + AO'FZ) (15)

where v is Poisson’s ratio.

According to Egs. 5-7 and 15, when the bottom hole pres-
Sure p,,r decreases, the absolute value of the net pressure on
the fracture surface p; will increase, which results in larger
induced stress. Therefore, the induced stress of seam fractures
is positively correlated with the net pressure on the fracture
surface p; and negatively correlated with the bottom hole pres-
Sure p,,.

In this section, an actual coal seam with log data and frac-
turing data is chosen to study the relationship between the
induced stress and the bottom hole pressure. The necessary
parameters are shown in Table 1.

First, according to Egs. 5-7, the stress near the wellbore
area can be obtained.

Aoy, = —1.93 MPa,
Aoy, = —3.66 MPa,

Atp,, = —2.19 MPa.

Second, keeping the above three parameters of Aoy,
Aoy, and Atg,, as constant and decreasing the bottom hole
pressure, the net pressure can be obtained by using the fol-
lowing formula.

the net pressure = a(the original formation pressure
— the bottom hole pressure)

where a is the correction factor.

Finally, the induced stress of seam fractures can be calcu-
lated according to Eq. 15. The calculated results are shown
in Fig. 2.

Figure 2 shows that the induced stress of seam fractures
is positively correlated with the net pressure on the frac-
ture surface, which also means that the induced stress of
seam fractures is negatively correlated with the bottom hole
pressure.

10.00

© 900 y =1.4979x + 4.262

=2 R?=0.9993
8.00

2

I

£ 7.00 F

el

8

S 600 f

©

£

@ 500 r

s
4.00

0 0.5 1 1.5 2 2.5 3 3.5
the net pressure  MPa)

Fig.2 Calculating results

Table 1 Necessary parameters

Parameter Value Parameter Value
The maximum horizontal struc- 1.25 The minimum horizontal building 0.75

tural stress coefficient stress coefficient
Fracturing fluid density 1007 kg/m® Fracturing fluid viscosity 0.61mPa - s
Depth of the well 1231 m Injection rate 0.05 m*d
Pore fluid pressure 7 MPa Wellbore radius 0.1 m
Effective stress coefficient 0.5 Correction factor 0.95
Fracture length 273 m Fracture width 0.31m
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Decreasing formation pressure induces
stress

Aoy, and Aoy are induced when the formation pressure
decreases in Eq. 1, so the total induced stress is the sum of
the two,

Ao, = Aoy, + Aoy, (16)

where Ao, is the total induced stress when formation pres-
sure decreases.
Therefore, Eq. 1 is rewritten as:

0 = oy+Acp+Acp (17)
when the CBM produces gas in the principle of constant
bottom hole pressure p,,., then ¢, and Aoy remain constant,
so the change of total stress is only the total induced stress
Ao, dependent

Ao = Acp (18)

where Ao is the change of total stress during gas produc-
tion, MPa.

Stress induced by pore elasticity effect

During the gas production, the percolation of the CBM frac-
turing well is simplified as a single-phase linear flow in the
homogeneous coal seam which is defined by a semi-infinite
domain (0 < x < o0). The formation pressure near the frac-
tures changes with time, which leads to the redistribution of
the stress near fractures.

It is assumed that coal seam is considered as isotropic
homogeneous media, and its initial pressure is p,, and the
bottom hole pressure is p,... The stress induced by the pore
elasticity effect can be written as:

1-2v
1-0o

Aoy, = (p = po)a : (19)
where Ao, is the induced stress of pore elasticity effect,
MPa; P is the formation pressure with the distance of x away
from the fracture surface at time #;a is Biot pore elasticity
coefficient.

In particular, the formation pressure is equal to the bot-
tom hole pressure on the fracture surface.

1-20
1-o

Stress induced by desorption

When the formation pressure decreases to the critical des-
orption pressure, then the methane desorbs with coal matrix
shrinkage simultaneously. Barenblatt et al. (1960) and Espi-
noza (2013) did certain experiments about the study of coal
matrix shrinkage and swelling. They demonstrate that coal

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

matrix shrinkage and swelling have an effect on induced
stress (Zhang et al. 2012; Wang et al. 2013).

There are many methods to calculate the induced stress
from coal matrix shrinkage and swelling. It is assumed that
the CBM desorption starts at the initial formation pressure.
According to the S-D adsorption and stress calculation
method (Pascal et al. 1981) (Zhang et al. 2012), the volumet-
ric strain caused by desorption of CBM can be written as:

p Po
Ae, = ¢ = ,
S smax < . o . > (21)

where Ag is strain caused by gas desorption (or adsorption);
E¢may 18 strain of the maximum coal matrix shrinkage; p is
the formation pressure, MPa;p, is the formation pressure
when the strain is half of the maximum coal matrix shrink-
age, MPa.

The change of stress caused by desorption of CBM can
be written as:

E
Ao, = gsm“( L > 22)
A=) \p+p. Potpe

where Ao, is induced stress by desorption of CBM, MPa; E
is the Young’s modulus, MPa.

Total induced stress caused by decreasing formation
pressure

According to the relationship between the initial pressure
P, and the critical desorption pressure p,, the total induced
stress caused by the change of the formation pressure can be
discussed as the following three cases.

1. When p, > p. > p, the water of the coal seam flows to
the well without CBM desorption, then only the pore
elasticity effect term is taken into consideration, that is

1-20
1-vo

Acy = (p - po)a (23)

2. When p, > p > p., the water of the coal seam flows to
the well with CBM desorption, and the CBM desorbs at
the pressure of the critical desorption pressure p,., then
the pore elasticity effect term and the desorption term
are taken into consideration, that is

1-2v E‘Esmax P P
a + -
l-v 30-v)\p+p. p.+p.
(24)

where p, is critical desorption pressure, MPa.

3. When p > p, > p., the water of the coal seam flows to
the well with CBM desorption, and the CBM desorbs
at the pressure of the initial pressure p,, then the pore
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elasticity effect term and the desorption term are taken
into consideration, that is

1-20 | Eegny ( PP >
I=v 30-0)\p+p. po+p.)
(25)
It is noted that if the formation pressure p is the bottom
hole pressure p,., then the induced stress of fractures sur-
face can be calculated by substituting the formation pres-
sure p into bottom hole pressure Puy in Egs. 23, 24, and 25.
Figure 2 shows that the induced stress of seam fractures is
negatively correlated with the bottom hole pressure, which
means that if the formation pressure p is the bottom hole
pressure p,, ., the induced stress is negatively correlated with
the formation pressure, that is to say, the greater the forma-
tion pressure decreases, the bigger the induced stress is.

Acp = (P —Po)a

The analysis method of critical parameters

In Egs. 24 and 25, the parameters of ¢, and p, are
unknown, so a adsorption stress test needs to be performed
to determine €,,,, and p,. In the state of three-axis loading,
it is very difficult to obtain the strain directly during the des-
orption process. However, the permeability is relatively easy
to obtain. As the permeability is affected by the effective
stress, we only need to obtain the changes of permeability
during the desorption process, and then g, and p, can be
calculated.

In the analysis of stress sensitivity, the effective stress is
frequently used. According to the definition of the effective
stress, the formula can be written as:

6, =0—ap, (26)
where o, is the effective stress, MPa.
According to Eq. 26, Aop can be obtained.

Acp = Ac, + a(p = po) Q27)
Substituting Eq. 27 into Eq. 24,

—av + Efsmax ( )4 _ P
I—=v 30 -v)\p+p. p.+p.

Ao, = (p—py) ) Pe>p>po
(28)
where Ao, is the change of the effective stress, MPa.
Substituting Eq. 27 into Eq. 25,

_ E
Ao, = (P_Po) av €smax < p Po

—o " 3(1-0v)\p+p. _p0+pe>’ P>po>Pe
(29)
According to the definition of coal matrix compressibility
coefficient, the relationship between natural fracture porosity
and effective stress can be written as below (Cheng 2011).
i _ e—Cane

¢ (30)

where ¢ is the porosity of coal matrix—fracture system,
dimensionless; ¢, is the porosity of coal matrix—fracture
system under the initial conditions, dimensionless;Cf is volu-
metric compressibility coefficient of the coal matrix—fracture
system, MPa~ !,

The fracture permeability of coal seam can be written as
below (Cheng 2011).

_

.= 31

where K is the permeability of fractures, mD; b is the width
of natural fractures, pm.
According to Eq. 31, we can rewrite it as shown below.

K 3 3
(@)
Ko by b0

where K is the permeability of fracture at the initial for-
mation pressure, mD; b is the width of coal fracture at the
initial formation pressure, pm.

According to Egs. 30 and 32, the relationship between the
permeability and the effective stress can be written as below:

Ko b 3C,A
Lo _ (L) e3ae., 33
KooO <b0> © ( )

If the permeability of the coal is low (< ImD), it should
also be corrected by the slippage effect. Klinkenberg (1941)
proposes that the relationship between gas permeability and
rock permeability is (Liu and Ai 2015):

by

Ka=K°0<1+—> 34)
p

where K, is the permeability of coal rock at the pressure p

in gas medium, mD. b, is the slippage coefficient under at

the pressure p.

The slip coefficient is critical to characterizing gas per-
meability in Eq. 34. When the permeability of coal rock is
0.0001 mD < K, < 1 mD, de Swaan (1976) proposes the
empirical equation of the slip coefficient for low-permeability
rocks (Guo et al. 2015):

b, = 0.086(K )" (35)

In conclusion, the steps of data analysis of laboratory exper-
iment are summarized as following:

1. According to Eqs. 34 and 35, K, can be calculated by
the measured permeability K, at different pressure.

2. According to Egs. 35 and 28, or 35 and 29, the values of
permeability K at different gas pressure can be fitted
by using the optimization algorithm. And then Ce
and p, are calculated consequently.

smax?
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3. According to Egs. 24 or 25, the stress changes Ao, can
be calculated at different pore pressure.

The criterion of fracture surface stability

The induced stress changes at each point near the fractures.
Based on the above method, o, 0y, 0, and 7, of the point A
near the fractures can be calculated. And then the principal
stress of the point A can be calculated by the equation of the

three-dimensional stress state (Wright et al. 1995)
as —110'5—120'”—13 =0 (n=x,y2 (36)

where 1,15, and I; are the invariant of the first, second, and
third stress tensors, respectively. Equation 36 is the equa-
tion of the stress state with three roots, that is ¢,,0,, and o5
at the stress state of point A. The order of the three principal
stresses is arranged from large to small according to their
algebraic values, thatis 6, > o, > 03.

Mohr-Coulomb theory describes the strength character-
istics of geomaterials. However, the criterion ignores the
effect of intermediate principal stress. The D-P criterion has
high computational efficiency, and the effect of intermedi-
ate principal stresses is also taken into account. So the D-P
criterion has been widely applied in rock mechanics.

In the D—P series criterion, there is a series of concentric
circles on the z-plane. The first and the second invariant of
effective stress partial tensor can be written as below.

J, = o+0,+03 — 3ap (37)

2

1
J, = 8[(0'1 —0'2)2+(62—O'3) +(63—0'1)2] (38)

where J 10, are the first and the second invariant of effective
stress partial tensor, MPa?; 0,,0,,051s the principal stress,
MPa.

According to the criterion of linear strength, the root-

mean-square of shear strength is:

Ji/2

V= al+H (39)

3C tgep

H = a=
\/9 + 12tg%p (40)

\/9 + 12tg%p

where J2S is the shear strength, MPa?; C is the cohesion,
MPa; ¢ is the internal friction angle.

The analysis results of the previous section show that the
bottom hole pressure p, . is negatively correlated with the
two induced stresses on the surface of the fractures. There-
fore, a safety window of p,, can be found. Only if the bot-
tom hole pressure p,,, decreases to the critical value, that
is J2 > st’ shear damage will occur on the surface of the
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fractures. By the way, in the CBM depletion development
process, the bottom hole pressure cannot be too big, which
must be smaller the original formation pressure.

Case study on analysis of fracture surface
stability

Taking the coal seam of a certain block as an example,
the average depth of coal seam is 650 m. The compressive
strength and the tensile strength are 11.1 and 0.48 MPa,
respectively. The Young modulus is 0.91GPa. The Poisson
ratio and Biot pore elasticity coefficient are 0.31 and 0.69.
The minimum and maximum horizontal principal stress
are 11 MPa and 16 MPa. The vertical principal stress is
17.55 MPa. The initial pressure and the critical desorption
pressure are 4.6 and 3 MPa. The gas desorption will occur
until the pressure is less than 3 MPa. According to the
results of well logging, the average height of fractures is
30 m, and the average porosity of coal seam is 4.3%, and
the average permeability is 0.76 X 107> pm?. The internal
friction angle is 32°.

Indoor experiment and analysis

The experiment of desorption and permeability for coal
under three-dimensional stress conditions has been intro-
duced in detail by Zhang et al. (2005), Jia et al. (2013) and
Liu and Liu(2015). The steps are as follows:

1. Choose or make standard coal sample with
5cmXx5 ecm X 10 cm (length X width X height);

2. Put the coal sample into triaxial desorption—permeability
test machine of the CBM. First, adjust the axial pressure
to the set value, then adjust the surrounding pressure
and pore pressure to the set value, finally, place the coal
sample for 5 days to reach the absorption—desorption
equilibrium, and measure the gas permeability of coal.
The experimental setup is shown in Fig. 3.

This is a cycle test with the above two steps. In the
process of testing, the coal sample remains intact in the
testing machine. What needs to be done is to change the
triaxial stress. By the way, the following test order and
operating procedures should be obeyed. Firstly, when
increasing the pore pressure, then the axial pressure also
needs to be increased. Correspondingly, when decreas-
ing the axial pressure, the pore pressure also needs to be
decreased. Finally the condition of loading and unloading
stress on coal sample can be simulated. The results of per-
meability test are shown in Fig. 4.
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Fig.3 Experimental setup

A experimental data

~¢—calculating data

0 1 2 3 4 5 6
pressure(MPa)

Fig.4 Results of permeability test

According to Eqgs. 28 and 32, the following parameters
can be obtained.

C; =022 MPa™',
Eqmax= 0.01075,
pe=4.16 MPa.

It should be noted that the optimization algorithm is
used to fit the measured permeability at different pore
pressure points.

The analysis of induced stress on the fracture
surface

The height of fracture is 30 m, and the pressure inside frac-
ture (pressure on the fracture surface) is 0.5, 1, 1.5, 2, 2.5,
and 3 MPa, respectively. Two kinds of induced stresses are
calculated, respectively,

1. Stress induced by fractures

According to Eqs. 5, 6, 7, and 15, Aoy, Aoy, ATg,,, Aoy,
are calculated respectively. For example, when the bottom
hole pressure is 1 MPa, the net pressure on the fracture sur-
face P;is — 10 MPa. Calculate the Aoy, Aoy, At,,, and
Aoy, and divide them with the condition of P;. The fracture
center is the origin point, and the value of each point is
divided by 30 m, and the results are given on X coordinate,
which is shown in Fig. 5.

Figure 5 shows that the stress induced by the fractures of
the coal seam is positively correlated with the net pressure
on the fracture surface. The main effect area of the stress
induced by the fractures is two times of fracture height in
the minimum principal stress direction.

2. Stress induced by formation pressure on the fracture sur-
face
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Fig.5 Results of induced stresses along X axis

According to Egs. 26-27, the induced stress on the frac-
ture surface Aop, Aoy, and Aoy can be calculated, which is
shown in Fig. 6. Figure 6 shows that the smaller the bottom
hole pressure is, the greater the formation pressure on the
fracture surface of the coal seam decreases, and the greater
the induced stress on the fracture surface is. The conclusion
can be made that the formation pressure on the fracture sur-
face of the coal seam is negatively related with the bottom
hole pressure, and the induced stress is positively related
with the bottom hole pressure.

Analysis of safety window of bottom hole pressure
After calculating the 3D stresses of o, Oy and o, on the
fracture surface and 7, the principal stress of ¢y, 0,, and
o5 can be calculated by Eq. 22, respectively. The pressure
inside fracture (pressure on the fracture surface) is set as 1,
1.5,2,2.5, and 3 MPa, respectively. The calculation results
of the principal stress are shown in Fig. 7.

Being based on the principal of the D-P failure cri-
terion and according to Eqs. 38-39, the second invari-
ant of the effective stress J, and the root-mean-square
of the shear strength J, can be obtained. The calculat-
ing results are shown in Fig. 8. Figure 8 shows that the
second invariant of the effective stress J, is greater than

pressure( MPa)
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Fig.6 Results of the stress induced by depletion of bottom hole pres-
sure
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the root-mean-square of the shear strength J,, when the
bottom hole pressure is less than 1.7 MPa. So the bot-
tom hole pressure of the study area should be maintained
above about 1.7 MPa, and it is also should be smaller than
4.6 MPa.

Conclusions

1. Basing on the analytical model of stress field, shear dam-
age on the fracture surface of coal is one of the impor-
tant reasons of producing coal fines. Shear damage may
result from the change of the in situ stress field during
the drainage process of fractured CBM wells.

2. After fracturing CBM well, the bottom pressure has
a great effect on the two induced stress fields near the
fracture surface. The formation pressure on the fracture
surface of the coal seam is negatively related with the
bottom hole pressure, and the induced stress is positively
related with the bottom hole pressure during the drain-
age process of fractured CBM wells.

3. Strong drainage may result in shear failure and dam-
age, which is supposed to avoid in fractured CBM wells.
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Avoiding shear failure is critical to keep the conductivity
of fractures.
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tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
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Creative Commons license, and indicate if changes were made.
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