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ABSTRACT

This paper presents an analysis of the hy-
draulic fracturing stimulations of the coalbed
formations of the Bowen Basin of eastern
Australia. In particular, two fracturing tests
conducted in coal seam No. 4 (Well 3) are
analyzed.

The analysis indicates that multiple fractures
with horizontal and vertical components are
created. A pressure-dependent  fluid-loss
formulation for naturally fractured reservoirs
and a large apparent fracture toughness are
necessary to match the observed pressures.

A calibration treatment to determine the
fracturing regimes, pressure-dependent per-
meability, and apparent fracture toughness is
proposed for the design and analysis of forth-
coming fracturing stimulations. The formula-
tions for these mechanisms are described.

INTRODUCTION

Several wells have been hydravlically frac-
tured during the last five years in the Moran-
bah and Baralaba coal measures of the east-
ern Bowen Basin of Australia’™ (shown on
the map of Figure 1). The depths of the coal-
bed formations are relatively shallow (1,200
ft to 1,650 ft) and the coal formation heights
are small (5 fit to 16 )™,

With a few exceptions, the fracture-pressure
gradients (1.5 to 2.15 psi/ft) are greater than
the overburden gradient. Typically, the fluid
pressure increases during the early stages
{one to two minuotes) of pumping and de-
creases thereafter. Closure-pressure gradi-
ents of (.77 psi/ft to 1.16 psi/ft have been in-
ferred from the posifracture pressure de-
cline anal:.rsi.i“.

The presence of multiple fractures is ex-
pected in the stimulation of coal seams at
high pressures. For example, two wertical
fractures (orthogonal to each other) within

the coal seam were observed in the mineback
test of the German Creek mine'!. The Ger-
man Creek mine is located in the southeast
section of the Bowen Basin, Further, traces
of wvertical fractures were found i the
caprock. The coal fractures and the caprock
fractures were not clearly conpected, Addi-
tionally, fluid traces were found in an existing
horizontal shear fault near the coal/caprock
interface.

WELL 3 HYDRAULIC FRACTURING
EXPERIMENTS

Minifrac and main fracturing tests were con-
ducted in December 1990 in coal seam No. 4
{(Well 3) of the Baralaba coal measures. The
mechanical properties and other formation
parameters are listed in Table 1.

A 32-Ib borate crosslinked pumping fluid was
used for all tests. The fluid and proppant vol-
umes for the main fracturing ireatment are
listed in Table 2.

The description, data collection, and pres-
sure apalysis for these (ests are outlined in
References 3 and 4. Howewer, the analysis
performed in thess reports is based on estab-
lished principles for sandstone formations
and cannot be used to explain the pressure
responss observed during pumping. As
shown in this paper, the use of multiple frac-
turing mechanisms, pressure-dependent fluid
loss, and apparent fracture toughness is nec-
essary to explain and reproduce the field-re-
corded pressures.

MINIFRAC TEST ANALYSIS

A minifrac test was conducted with the pur-
pose of measuring the fluid-loss coefficient
and closure pressures. 26,400-gal of borate-
crosslinked fluid was pumped at 15 bpm
through the annulus. The pressures were
monitored in the annulus (dead siring). The
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plot of the surface pressure vs. pumping (and
shut-in) time depicted in Figure 2 shows a
pressure increase to 1,850 psi during the first
two minutes of pumping. Thereafter, the
pressure decréases continuously to 1,650 psi
at shut-in,

MINIFRAC - MODELING

Figure 2 also compares the pressures ob-
tained using a multiple fracture simulator
with the field-recorded pressures. The dotted
line is the pressure obtained from the model.
A finite element analysis indicated that
equivalent Young's modulos greater than the
coal modulus was necessary to consider the
influence of the barrier stiffness. Accordingly,
Young's moduli of 550,000 psi and 2,300,000
psi, were used for the vertical and horizontal
fractures, respectively.

Further, an apparent fracture toughness
which is approximately two orders of magni-
tude larger than the laboratory-measured
fracture toughness for coal specimens® (100
to 500 psi in.') was used to match the feld
pressures. The apparent fracture toughness is
intended to represent the effects of a lag re-
gion that is not significantly penetrated by the
fluid and/or a process zone that is generated
around the crack tip"" 9

Figure 3a compares the pressures estimated
by using a fracture toughness of 500 psiin.
with the pressures obtained by using the
larger apparent fracture toughness. The for-
mer case underestimates the feld pressures
by 63%, while the fracture length is overesti-
mated by 12%.

MINIFRAC - FRACTURING REGIMES

As shown in Figure 2, two distinct fracturing
regimes can be interpreted from the observed
and modeled pressures. The first one is the
stecp pressure increase which occurs during
the first two minutes of pumping and corre-
sponds to the lateral extension of a vertical
fracture contained in the coal seam No. 4.
The second is a decreasing pressure trend
which corresponds to the radial extension of
a horizontal fracture (at the upper or lower
coal-barrier interface). Because of the
smaller pressures required to propagate a ra-

dial fracture (compared to the pressures re-
quired to propagate the contained wvertical
fracture), the radial extension of the horizon-
tal fracture occurs at the expense of small or
no propagation of the vertical fracture,

MINIFRAC -
FLUID-LOSS

The pressure plots in Figures 2 and 3b show
a decrease in the slope at the breakover point
between geometries (ie., segment A-B in
Figure 2). Further, the postshut-in falloff
data contained in Figure 4a shows a nonlin-
ear response after shut-in  immediately fol-
lowed by a linear response. The decrease in
pressure slope during pumping and the non-
linear/linear response after shut-in are pres-
sure-dependent fluid loss trends.

The decrease in slope (A-B) is modeled as
an increase in fluid loss (caused by an in-
crease in cleat aperture) with increase in
fluid pressure. The nonlinear response is
modeled as leakoff from the closing fissures
and the linear response as leakoff from the
matrin

PRESSURE-DEFENDENT

Figure 3b, which shows a comparison be-
iween conventional (broken line) and pres-
sure-dependent (solid line), fluid-loss formu-
lations, indicates that the conventional fluid-
loss modeling overestimates the pressures at
critical intervals. A fluid-loss coefficient of
0.0049 ft'min [I:mayz} is used for the con-
stant fluid-loss modeling, while the Walsh cri-
terion (given by Equation 2) is used to relate
the permeability to the fluid treating pres-
sure. The evaluation of the Walsh equation
and the pressure-dependent modeling are de-
scribed later in this paper.

Based on the analysis described above, a 290-
ft fracture half-length and an 82-ft radial ex-
tension are estimated for the vertical and
horizontal fractures, respectively. The esti-
mated wellbore openings in the vertical and
horizontal fractures are 0.30 in. and 0.84 in.,
respectively.

The postshut-in pressure decline (Figures 4a
and 4b) shows an inflection point at 1,730-psi
bottomhole pressure which can be inter-
preted as the closure of the horizontal frac-
ture, and a second inflection point at 1,340
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psi which can be interpreted as the closure of
a vertical fracture.

MAIN FRACTURING TEST

The main fracturing test consisted of pump-
ing 111,000 gal of 32-b crosslinked borate
and 123,100 Ib of proppant. Because of
equipment problems, only a fraction of the
scheduled wolume (75,000 gal of fluid and
63,500 Ib of proppant) was pumped the first
day (Feb. 17, 1990), in three pumping phases.
The remaining wolume was pumped the fol-
lowing day. Table 2 lists the raies and slurry
volumes used in the four phases. The main
events are outlined below but Reference 3
describes the fracturing procedures in detail.

The first pumping phase terminated after 48
min because of anomalies in the densitometer
gauge. The second phase consisted of 6-172
min of flnid imjection to clean and circulate
the slurry from the blender and tubulars. In
the third phase, proppant was ramped from
047 to 3.75 ppg within a 28-min interval. At
this time, a steep increase in pressure (inter-
preted as a near wellbore screemout) oc-
curred. Reference 3 indicates that a failure in
the cross-linked activator likely caused the
wellbore screenout. The next day pumping
was resumed by ramping the proppant from 0
to 458 ppg within & 35-min time interval
Pumping was terminated after a tip screenout
occurred.

OBSERVED PRESSURES

Similar pressure trends to the ones observed
in the minifrac test are seen in the main frac-
turing test. For example, Figure Sa shows that
the surface pressure increases to 1,800 psi
during the earlier stages (0 to 2 min) of
pumping. Thereafter, the pressure decreases
to approximately 1,500 psi (end of first
pumping phase). After shut-in, the pressure
decreases to 1,100 psi. A pressure increase w
1,450 psi is observed during the 6.5 min of
injection in the second phase. Except for the
intervals of pressure rise observed at the end
of Phases 3 and 4 (caused by wellbore bridg-
ing and tip screenout, respectively), the same
sequences of events, already for the minifrac
are observed in these pumping phases.

MAIN FRACTURING TREATMENT
MODELING - PHASES 1 TO 3

The multiple fracture, apparent fracture
toughness, and pressure dependent fluid loss
schemes described later in this paper are
used to model the four phases of the main
fracturing test.

The observed and modeled pressures (Figure
Sa) indicate that the vertical and horizontal
fractures created in the minifrac test were re-
opened and propagated in Phases 1 and 3,
Phase 2 (which was used to circulate fluid)
did not affect the pressure response nor the
fracture propagation.

The pressure behavior predicted by the
model (dotted line) follows closely the field-
recorded pressures (solid line) and bas simi-
lar characteristics to the minifrac test. How-
ever, as described in the following sectiom,
the propagation of a new horizontal fracture
is likely to have occurred in Phase 4.

A 290-ft one-wing vertical fracture and a 100-
ft radius horizontal fracture are estimated for
the firsi pumping phase. No significant frac-
ture advancement occurred in the second
phase. Howewver, the radial extension was in-
creased to 130 &t during the third phase,
while the wvertical fracture remained un-
changed. Hydraulic wellbore openings of
0.32 in. (for the vertical fracture) and 0.98 in.
(for the horizontal fracture) are estimated.
Ounly the borizontal fracture was propped.
Propped radii of 30 fi and 80 ft are esti-
mated for Phases 1 and 3, respectively. A
propped width of 0297 in. (3.15 psf) is esti-
mated at the end of Phase 3.

MAIN FRACTURING TREATMENT
MODELING - PHASE 4

A finits-element analysis indicates that the
formation displacement imposed by the
propped width in coal seam No. 4 increases
the localized in-situ siresses by approx-
mately 100 psi for each 0.1 in. Therefore, the
fracture reopening pressure {of a propped
fracture) is expected to be greater than the
reopening pressure of a ooopropped frac-
ture. Further, if fracture reopening occurs,
the residing proppant will be carried by the
pad causing premature fracture screenout.
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The pressure behavior observed in Phase 4
(Figure 5b) is consistent with the reopening
and propagation of the existent vertical frac-
ture and the development of a new horizontal
fracture, l.e., the opening pressure for the
horizontal fracture is approximately equal o
that observed in Phases 1 and 3 and the
screenout time is consistent with that of a
newly propagated fracture (oo contribution
of residing proppant).

The screenout condition, depicted by the
pressure rise at the end of Phase 4, is char-
acterized by a sieep slope (4.1 in Figure Th)
caused by fluid storage (in a stationary frac-
ture) and frictional resistance (in a rapidly
dehydrating fracture). The fluid dehydration
is caused by the increase in fluid loss with the
increase in pressure.

As explained in later, the log-log plots of net
pressure v8, pumping time for each geometry
(Figures 6a and 6b respectively), follow the
expected trends for PEN and radial frac-
tures. Based on the modeling resuits the ver-
tical fracture was propagated to approx-
mately a 300-ft one-wing length (0.33 . weill-
bore opening), while a 100-ft fracture radius
is estimated for the new horizontal fracture
(0.94 in. wellbore opening). At the end of
pumping, the estimated propped radius is ap-
proximately equal to the fracture radius (100
ft). A propped width of 0.179 in. (1.89 psf) is
estimated for the horizontal fracture. It is
likely that the vertical fractore was propped
in the vicinity of the wellbore during the
high-pressure interval.

CALIBRATION TREATMENT

To design and analyse forthcomimg fractur-
ing stimulations, it is proposed to use a frac-
turing calibration treatment with the same
fluid and the same injection rates as those se-
lected to carry the proppant to determine”
(1) the signatures depicting the fracturing re-
gimes, (2) the apparent fracture toughness
that matches the field pressures, and (3) the
relation between pressure and permeability
(to model the fluid loss through the natural
fissures).

The following sections describe the behavior
of the fracturing repime signatures, pressure
dependent permeability, apparent fracture
toughness, and multiple fractures.

FRACTURING REGIME SIGNATURES

The pressure rends observed from a log-log
plot of pressure vs. pumping time are indica-
tive of the fracturing regimes occurring dur-
ing the¢ pumping process. For example, the
relation of wellbore pressure to the pumping
time (derived from the equations for fluid
flow, solid deformation, and material bal-
ance) for the three basic fracturing models
(PKN, KGD, and radial) can be expressed
by the prop ity"? "
)

logp, =blogt,

where & is the fracture propagation time (for
each fracture component) and b is the slope

of a Iog paet V. log t plot. The value of b
depends on the fractare peometry, fluid
rheology, and efficiency.

For a PKN fracture,

b= U[4n'+ 1)] (low efficiency),

b= 1A2a'+ 3) (high efficizocy).

For a radial model,

b= -30'[B{n'+ 1}] (low efficiency),

b= -n'(n+ 2) (high effciency).

For a KGD model,

b= -o/[Z{n"+ 1})] (low efficiency),

b= -n'(n'+ 2) {high efficiency).

In general the aa;lnpn b of a log-log pressure

vs. time plot is related to the fracture be-
havior as follows ---

* g positive b (less than one) indicates lat-
eral extension in a contained or par-
tially contained fracture.

* due to increase in fissure aperture, b
can decrease from a positive value (ie.,
1/4 to 1/8) to a smaller value (i.e., zero);

= a negative b indicates uncontained frac-
ture extension (ie, penny-shaped or
KGD fracture growth);

» b approaches a value of one in a frac-
ture im which fluid storage occurs (ie.,
growth resiriction due to screenout);
and
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« after screenout, b can further increass
to values greater than one with fuid
debydration,

The above pressure trends are illustrated in
Figures 6a and 6b. The initial pressure inter-
val of Figure 6a follows a slope of 1:4.4. This
slope is consistent with a PKN fracture, and
corresponds to the propagation of a coo-
tained vertical fracture. With pumping time
the slope decreases to approximately zero.
The decrease in slope can be attributed to
the enhanced fluid loss caused by the fissure
aperture increase. At approximately 2.3 min
of pumping, the slope changes from positive
to negative. This time is considered the in-
itiation time for the horizontal fracture, ie.,
the bottomhole pressure gradient of 13
psift (2,570 psi bottomhole pressure) is
greater than the overburden pressure gradi-
ent of 1.05 psi/ft. Figure 6b contains the bot-
tomhole pressure vs. time for the horizontal
fracture. The initial pressure imterval of Fig-
ure 6b shows a negative slope of 1:4.56. This
slope is consistent with a radial model, and
corresponds to the propagation of a horizon-
tal fracture. Afier screenout the pressure
slope increases to 4:1. The increase in slope
indicates a high frictional pressure resistance,
within the fracture, caused by proppant dehy-
dration.

PRESSURE-DEFENDENT FERMEABILITY
FOR NATURALLY FRACTURED
RESERVOIRS

Figure 7 illustrates the fluid-loss behavior of
a hydraulic fracture propagating within a
natorally fractured reserwoir. For this frac-
ture, the most significant fluid loss occurs
through the fissures normal to the fracture at
fluid pressures approaching the fissure's clos-
ing pressures (Ohmax).

The Walsh criterion’* provides an excellent
representation of the permeability vs. pres-
sure response for a fracture intercepting
nans::a.l fissures. The Walsh equation is given
by . @
k= k[DIn"—7,
o-p

where k is the permeability at a reservoir
pressure p, ko is a reference permeability, D

is a constant, o is a reference state of stress,
and o is the stress normal to the fGssures.
Equation 2 indicate that for fluid pressures
approaching the fissure closure stresses (o
p= 0}, the permeabilities are several orders
of magnitude larger than the permeabilities
at small or no fluid pressures (O-p= Chmaz).
Two points (k.pi) are necessary to evaluate
the parameters D and o As explained below,
the Walsh equation or similar function is re-
quired for the fluid-loss evaluation of naiu-
rally fractured reserwoirs.

PRESSURE-DEPFENDENT PERMEABILITY
IN FLUID-LOSS MODELING

A formulation to measure fluid loss in natu-
rally fractured reservoirs based on the Walsh
criterion and Darcy’s law is outlined in Ref-
erence 15. The analysis assumes that the fis-
sures have 3 constant area in a gas reservoir,
and the inflnence of back stresses caused by
the pore-pressure increase is ignored. The
basic equations are summarized below.

The floid-loss velocity which constitutes the
principal equation to estimate the fluid-loss
wvolume is given by

(3)

o).
Vi
where
Clp) = o [F(p) - Fpp" ,

k’q;ﬂ’
a4 = '
\! g
and (6)

L - ...E.._.. ql + u_. *
F@) = (op) (a0 + aTF « 6nT) -6

(4)

(5}

where W is the viscosity for the fFracturing
fluid, ¢ is the formation porosity, pr is the
reserwoir pressure, pr is the fluid pressure
and g is a factor to account for non-constant
leakoff velocity along the fissure (g is close to
unity for most cases). Equations 3 through 6
are sufficient to estimate the fluid-loss wol-
ume by integrating the fluid velocity over the
fracture area.
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PRESSURE DECLINE ANALYSIS

Based on the analysis outlined above, an in-
verse scheme can be used to back calculate
the permeability from a calibration treatment
by evaluating the parameters D and %~ from
the pressure decline after shut-in.

From maierial balance after shut-in, the
floid-loss rate qu can be defined in terms of
the G function as follows ()]
2C(p)A
q, = —=2 G(aty)
%
where Ap i5 the area obtained at the end of
pumping (assumed to be constant during
fracture closure), and tp is the pumping
time. Further, the average fracture opening
can be defined in terms of the fracture com-
A )

W’ﬂr(ﬂ-'ﬂ]-

where (9)
¢ = B oM
2E

In Equations 8 and 9, pr is the fluid pressure,
P is the closure pressure, P is the ratio of the
average fracture pressure to the wellbore
pressure, and E' is the plane strain Young's
modulus. M is a model-dependent factor
equal to —

« by for a PKN model,
» 2z for a KGD model, and
«  32RJ(3n%) for a radial model.

By combining Equations 7 through 9 and in-

tegrating the resulting expression over two

shut-in times, i.e., At; and At, an expression

relating the pressure-dependent function

F(p) to the G function is obtained (10)
miAn e

3 J- "#“J‘ - T el G(Ar,AD ,
sty F@I-FENI® 2

where rp is the ratio of the fluid-loss area to
the fracture area. The G function has been
defined™ for two limiting conditions, i.e., for

G(Aty) = 3‘—:&1+MD}1’=-5:§‘-1] .

and for a low-efficiency fracture, (12)

Glaty) = %[I{lHirp]lin"{l*&tp]“+ﬂ:g=——;-r-] ;

From Equation 10, ¢t can be written as fol-
lows, (13)
24‘:1‘..&1".')1::F
nr,L,G(Ar, AL

Equations 4, 10, and 13 are used to evaluate
the parameters D and u', from the early fal-
loff data, by using the following iterative pro-
cedurg ----

1) assume values for o and C;

2) use Equation 10 and Equation 13 to evalu-
ate o at two points of the pressure-decline
plot;

3) calculate a new value for D from Equation
4

4) use D to obtain a new value for & by sat-
isfying Equation 10;

5) check if Equation 10 is satisfied (within a
convergence criteria) at a neighboring point
of the pressure-decline plot;

6)cotrect o ; and

Tirepeat Steps 2 through 6 until convergence
is achieved.

Alternatively, measurements for permeability
and pressure from drawdown tests or labora-

tory measurements can be used to evaluate
the parameters D and o .

Signatures indicating pressure-dependent
permeability in the pressure vs, time plot of
a fracturing treatment include --—

* a critically enhanced fluid loss at fluid
pressures close to (or greater than) the
fissure closure pressures - this condition
is depicted by a decrease in the slope
of a pressure vs. time plot of a con-
tained fraciure (ie. segment A-B of
Figure 2);

+ a nonlinear response followed by a lin-
ear response in the plot relating the
pressure decline after shut-in to the clo-
sure time (Figure d4a); and

« relatively long closure times, providing a
false indication of a higher efficiency.

-
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APPARENT FRACTURE TOUGHNESS

Experimental data indicate that fracture
toughness values for coal can vary between'”
90 psi n."? and 500 psi in.'? The repre-
sentative value of 100 psi in. 2 for friable
coals is about one order of magnitude
smaller than the fracture toughness values for
most sandstones.

The effect of vsing laboratory-measured frac-
ture toughness values in modeling applica-
tions is minor compared to the case which ig-
nores fracture toughness. For instance, calcu-
lations for contained fractures uami fracture
toughness values of 1,000 psi in."“ show a
(0.1% increase in met pressure compared to
the case which ignores the rock toughness ef-
fect.

To bring the net pressure to values compara-
ble with the field-recorded pressures, appar-
cot fracture toughness values greater than
one order of magnitude larger than the labo-
nmﬁrmeamad values have been sug-
gssted . The fracturing bebavior obtained
with a large apparent fracture toughness
value is expected to equivalently reproduce
tlm bﬂl:m'ior resulting from tip fracturing
‘,Emd: as a lag zone andfor a
prucr.a-amnc }

A up-pressure boundary condition can be
used to estimate the apparent fracture tough-
ness by noting that a large fracture tough-
Tess, PIOCEss Z0Ne, and.i'nr a lag zone result in
anmueaudugprme In a small fractur-
ing teatment (calibration treamment) the
wellbore pressure is approximaiely equal to
the tip pressure. Thus the pressure obtained
immediately after shut-in provides a close
estimate of the tip pressure, po, because the
frictional effects in the wbing and perfora-
tions are already dissipated, ie.,

(14)

Fq - IS'EF e P‘- "

where ISIP is the instantaneous shut-in pres-
sure, and pe is the closure pressure. Further
the tip pressure is related to the apparent
fracture toughness, Kap, by the following ex-
pression (15)

2
K# = ;’P,m )

where R i8 the radius of a penny-shaped frac-
ture. The evaluation of K. requires the
kmowledge of po (from a calibration treat-
ment} and of the fracture radius, R. A value
of R equal to one-half of the height of a con-
taimed fracture will provide a conservative
estimate. Alternatively, R can be estimated
from a hydraulic fracturing model. A tip
pressure evaloated fom a calibration treat-
ment can be used as a boundary condition to
represent an equivalent fracture toughness.

The above analysis, which is based on a ra-
dial Eram:: model, has been expanded by
Noite'” to a contained or partially contained
fracture (ie., P3D model) by noticing that
the tip region can be considered a semicir-
cular cap in which a steady-state pressure
boundary condition po can be imposed. The
circular cap is expected to achieve a steady-
staie condition because the elastic coupling is
limited to a distance of the order of the
height.

Because the viscous fictional effects are
greater in conotained fractures than radial
fractures, fracture toughness effects are sig-
nificant for cases in which the viscous net
pressure (for a case without toughness) is
less than about one-half po17

MODELING OF A SYSTEM OF
MULTIFLE FRACTURES

To simulate the simultaneous propagation of
multiple fractures, it is necessary to integrate
the single fracture model with a series of con-
straints whwh uunpl: the behavior of individ-
ual fractures'®, In Reference 18, an appropri-
ate set of constraints for PKN fractures was
derived by drawing an analogy with an elec-
trical circuit network. This paper expands
that scheme to a combination of vertical and
horizontal fractures’®,

Figure 8 illustrates an idealized multilayer
fracture treatment and the electric circuit
analogy to the treatment. Fractures are gen-
erated in each of the n layers located at
depths z; through zs. The total pumping rate,
(i, is partitioned into layer pumping rates,
(J1 through Qa. The conservation of volume
implies that
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" (16)
Ql » JEGF b
=]

Further, a reference pressure, po, is assumed
to be recorded at a depth, zo.

The drop in pressure from z, to the top of
the i fracture is caused by the casing and/or
tubing friction Appes; the perforation friction
Aptei; the hydrostatic pressure Apyj; and the
Del Pressure Apay.

For each fracture the sum of all pressure ef-
fects including the closure pressure, Pe, must
be equal to (17

Po "D, *Ap,,+ 'd'qu - Ap,, + -‘&F_p_-_;-

Equations 16 and 17 lead to a system of o+ 1
equations with o+ 1 unknowns (Q) through
Qa Eﬂdpn].

An initiation criterion must be satisfied be-
fore the fracture begins to propagate,

* The initiation criterion for a vertical
fracture in the minimum in-situ stress
plane is BHP = thmin.

* The initiation criterion for a vertical
fracture in the maximum in-situ stress

» The criterion w0 propagate an already
existing horizontal fracture of radius R
isBHP 2 ov+ po.

wcremisthaw:rhurdenmmdpqn
the tip pressure for a penny-shaped fracture
(given by Equation 15) at a given apparent
fracture toughness,

CONCLUSIONS

Bmdunthumhi&acmdmainﬁ‘acm;
tests conducted in coal seam No. 4 (Well 3),
the following conclusions can be drawn.

1) The pressure behavior observed during
pumping is consistent with a fracturing sys-
tem composed of vertical and horizontal frac-
tures.

Z) Vertical fracture propagation occurred
during the early stages of pumping (0 to 2
min). The fracture is likely to be contained
within the coal seam as depicted by the posi-
tive slope in pressure vs. pumping time plot.

3) Itis possible that more than one vertical
fracture was propagated during the early
stages of pumping (this assumption has been
substantiated by mineback observations'!).
However, because of the minor differences
between the pressure signatures for one verti-
cal fracture and those for two orthogonal
vertical fractures, it is difficult to clearly de-
termine the development of multiple frac-
ture systems.

4) The borizontal fraciures are likely to
propagate in weak planes (or faults) and are
depicted by the negative slope in the pres-
Sure vi. pumping time plot. This regime fol-
lows the early pressure rise. The horizontal
fractures propagate at the expense of the ver-
tical fractures. Only the horizontal fractures
are propped during mormal pumping condi-
tions. Both the vertical and horizontal frac-
tures are propped during intervals of high-
pressure rise (ie., tip screenouts). However,
the propped vertical area is expected to be
localized to the vicinity of the wellbore.

5) A large apparent fracture toughness is
DEcessary to match the high pressures result-
ing from a lag and/or process zone near the
crack tip region. In addition an appropriate
pressure-dependent permeability relation is
necessary 10 model the enhanced fluid loss
caused by the increase in cleat aperture.

6) Signatures exist for pressure behavior after
screenout. For example, in the absence of
frictional effects, the change to the 1:1 slope
is gradual for a contained or partially con-
tained fracture. However, a radial fracture
will immediately approach the 1:1 slope.
Further slurry debydration can significantly
increase the pressure slope, e.g., a 4:1 slope
is observed in the screenout stage of Phase 4
(Figure 6b).
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B e
Formation Properties Parameter
Coal
Depth (ft) 1,651.5
Formation Height (ft) 10
Young’s Modulus (psi) | 300,000
Poisson’s Ratio 0.39
Permeability (md) 271036
Porosity 0.04
Temperature (°F) 100
Comia (P51} 1,320
rmes (P81 1,730
Bounding Rocks
Young's Modulus (psi) | 2,320.000
Poisson's Ratio 0.23
mrem————

Table 1. Formation properties

Test Stage | Volume | Sand | Mesh
WUS.gal) | (ppg)

Main 1 41,454 0

(Phases 1-3) | 2 3,192 0.98 | 4070
3 2,413 096 | 12720
4 shut-in
5 2709 ]
6 shut-in
7 3,357 047 | 12720
B 4,883 139 | 1420
9 4,439 168 | 12720
10 8,266 329 | 1220
11 233 375 | 1220

Mlain 1 12,703 0

(Fhase &) 2 6,237 0.54 | 12/20
3 4,267 148 | 12720
4 6,468 3322 | 1420
3 6,346 4438 | 1420

e
1) Misin (Phases 1 to ¥): 75,062 gal of 32-1b borate Maid (53,900

b v
2) Muedn (Fhase 43 36023 gol of 32-1b borsts Muid (99500 b

Froppantf.
3) Fluld cheologiesl properties ot 100" P: o'=0.598] and §'=0.047
b=,

Table 2. Fluid and proppant volumes
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Figure 1. Map of Australia showing the location of the Bowen Basin (after I}
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Figure 2. Field-recorded and modeling pressures for the Nipan 4 minifrac test
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Figure 3. Comparison of modeling pressures for (a) a calibrated toughness and a laboratory-
measured toughness; and (b) a constant fluid-loss coefficient and a pressure-dependent perme-
ability function
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Figure 4.(a) Bouomhole pressure decline vs. time since shut-in, and (b) bottombole pressure
vs. G function for the minifrac test.
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Figure 5. Main fracturing treatment field-recorded and modeling pressures vs. time for (a)

Phases 1 through 3, and (b) Phase 4.
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Figure 6. Net pressure vs. pumping time for the (a) vertical and (b) horizontal fractures propa-
gated in Phase 4 of the main fracturing treatment
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Figure 7. Schematic representation of the propagation of a hydraulic fracture in a naturally
fractured reservoir

Figure 8 Schematic illustration of the (a) multilayer fracture reatment, and (b) corresponding
electric circuit analogy (from 18).
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