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FIG. 2

(57) Abstract: In an example diagnostic fracture injec-
tion test (DFIT), or a "minifrac," a fracturing fluid is
pumped at a relatively constant rate and high pressure to
achieve a fracture pressure of a subterranean formation.
Sometime after achieving formation fracture pressure,
the pump 1s shut off and the well 1s shut i, such that the
pressure within the sealed portion of the well equilib-
rates with the pressure of the subterranean formation. As
the pressure declines, the pressure of the injection fluid
1s monitored. This collected pressure data 1s then used to
determine information regarding the permeability of the
subterrancan formation. In some mmplementations, a
model for before closure analysis (BCA) can be used to
estimate the permeability of a formation based on before
closure pressure data (1.e., data collected before the frac-
ture closure pressure 1s reached) based on a solution to
the rigorous flow equation of fracturing fluid, which 1s
leaking off into the formation during fracture closure.
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Estimating Permeability in Unconventional Subterranean

Reservoirs using Diagnostic Fracture Injection Tests

TECHNICAL FIELD
This invention relates to subterranean evaluation techniques, and more
particularly to techniques for evaluating physical parameters of a subterranean reservoir

using “minifrac” or diagnostic fracture injection tests (DFITs).

BACKGROUND

Unconventional subterranean formations (e.g., unconventional reservoirs) play an
important role in hydrocarbon production. Unconventional reservoirs are continuous-
type reservoirs containing large-scale reserves, including shale gas and shale oil reserves,
coalbed methane (CBM), and tight gas reservoirs. Unlike conventional reservoirs,
unconventional reservoirs require specialized production technology, such as massive
fracturing treatments for shale reservoirs or dewatering CBM.

Extracting hydrocarbon from an unconventional reservoir can involve significant
expenditures in several operational aspects. For example, for an extraction operation in a
shale formation, notable costs are incurred relating to pressure pumping, contract drilling,
line pipes, and drilling fluids. Before proceeding with these potentially massive and
costly operations, production testing can be used to help operators better understand,
analyze, and forecast production. Further, by better understanding the formation
properties, operators can optimize simulated treatments, and design and implement more
cfiicient and cost-ettective treatments.

Understanding formation properties can be achieved by performing a variety of

different types of tests. In addition to conventional well testing, other tests can be used to
understand the mechanical properties of the rock, predict formation behavior, and to
optimize hydraulic fracturing treatments. For example, fracture closure pressure,
instantaneous shut-in pressure, fracture breakdown pressure, and the formation fracturing
fluid leakoft coctficient can be determined using specialized tests before or after

fracturing treatments. In another example, “minifrac” or diagnostic fracture injection
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tests (DFITS) can be used to estimate the permeability of a formation and the initial

reservolr pressure.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram of an example system for performing a diagnostic fracture
injection test (DFIT).

FIG. 2 1s a flow chart of an example method of performing a DFIT.

FIG. 3 1s a plot of pressure versus time data obtained for a DFIT of an example
formation.

FIG. 4 1s a plot of the G-function for the example formation.

FIG. 5 1s a plot of an example implementation of a before closure analysis (BCA)
model.

FIG. 6 1s a log-log plot of an example after closure analysis (ACA) model.

FIG. 7 1s a plot of a modified Mayerhofer’s BCA model.

F1G. & 1s a plot of pressure versus time data obtained for a DFIT of a second
example formation.

FIG. 9 1s a plot of the G-function for the second example formation.

FIG. 10 1s a plot of an example implementation of a before closure analysis
(BCA) model of the second example formation.

FIG. 11 1s a log-log plot of an example after closure analysis (ACA) model of the
second example formation.

FIG. 12 1s a plot of a modified Mayerhotfer’s BCA model of the second example
formation.

FIG. 13 1s a plot of pressure versus time data obtained for a DFIT of a third
example formation.

FIG. 14 1s a plot of the G-function for the third example formation.

FIG. 15 1s a plot of an example implementation of a before closure analysis
(BCA) model of the third example formation.

FIG. 16 1s a log-log plot of an example after closure analysis (ACA) model of the

third example formation.
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FIG. 17 1s a plot of a modified Mayerhofer’s BCA model of the third example
formation.

Like reference symbols 1n the various drawings indicate like elements.

DETAILED DESCRIPTION

A diagnostic fracture injection test (DFIT), or a “minifrac,” 1s a subterranean
analysis technique in which a fracturing fluid is pumped at a relatively constant rate and
high pressure to achieve a fracture pressure of a subterranean formation. FIG. 1
illustrates schematically an example system 100 for performing a DFIT on a subterranean
region 130. System 100 includes a coiled tubing 102, a pump 104, a processing module
106, and one or more 1solation packers 108. During use, coiled tubing 102 inserted into a
wellhead 124 of a well 120, and suspended within the casing string 122 of the well 120.

[solation packers 108 are arranged along the length of coiled tubing 102, and
provide a seal between the coiled tubing 102 and the casing string 122. Isolation packers
108 can be moved downward or upward along coiled tubing 102 in order to create zonal
1solation of a desired layer of subterranean region 130, such that the desired layer can be
tested.

A hydraulic pump 104 1s attached to the coiled tubing 102 in order to inject
injection fluid into a subterranean region 130 (¢.g., a subterranean reservoir) to test for an
existing fracture or a new fracture 140. The pump can be a positive displacement pump,
and can be used to inject either relatively small volumes (e.g., about 10-20 bbl) or
relatively large volumes (e.g., about 70-80 bbl)) of injection fluids. Injection fluids can
be compressible fluids (e.g., a gas, such as Nitrogen) or slightly compressible fluids (e.g.,
trecated water, such as 2% KCI1 water with a surfactant).

Instrumentation for measuring the pressure of the reservoir and injected fluids
(not shown) are arranged along the length of coiled tubing 102. Data can be collected by
the instrumentation before, during and after the injection of injection fluid. This data can
be collected continuously, intermittently, or periodically, as desired.

The data obtained by the measuring instruments are stored for later manipulation

and transformation within the processing module 106 located on the surface. Data can be
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transmitted between the instrumentation and the processing module 106 by any
conventional telemetry system.

An example method 200 of using system 100 to perform DFIT 1s shown in FIG.
2. In method 200, an 1njection fluid 1s 1injected into a subterranean formation at an
injection pressure sufficient to cause a fracture of the subterranean formation (202). The
volume and the pressure of the injection fluid can vary depending on the implementation.
In an example, a volume of 10-20 bbl injection fluid 1s injected into a subterranean
formation at an injection pressure of approximately 5000-10000 psi, resulting in a
fracture. During the pumping of injection fluid, the fracture will propagate and a portion
of fracturing fluid will leak off into the formation.

Somctime after achicving formation fracture pressure (e.g., approximatcly 5000-
10000 ps1), the pump 18 shut off and the well is shut in (i.e., the well 1s sealed from the
surtace) (204), such that the pressure within the sealed portion of well equilibrates with
the pressure of the subterranean formation. In an example, shut in can be performed by
scaling the well at the wellhead (e.g., by sealing wellhead 124 of wellbore 120). After
shut in, the pressure inside the fracture begins declining as the pumping 1s ceased the
fracturc beings to closc. The between the end of shut in and the closurc of the fracture
can vary depending on the implementation, the formation type, and fluid volume, and
other factors. In an example, the time between shut in and closure of the fracture can
rangc from approximatcly 10 minutcs (c.g., in the casc of somc high-pcrmceability
reservolrs) to 3000 minutes (€.g., 1n the case of some low-permeability, nanodarcy
reSCrvolrs).

As the pressure declines, the pressurc of the injection fluid 1s monitored (206). In
an example, instrumentation of system 100 can be used to collect pressure data before,
during and after the injection of injection fluid, and can collect data continuously,
intcrmittently, or periodically, as desired. This collected pressurc data can be divided into
two distinct regions: before closure pressure data and after closure pressure data, which
are temporally separated by the point in time when the fracture closure pressure 1s

rcached. Pressure data from one or both regions can be collected for analysis.
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This collected pressure data is then used to determine information regarding the
permeability of the subterranean formation (208). Different analysis models can be used
to interpret the collected pressure data. A suitable analysis model can be selected based
on various factors, such as based on known or assumed information about the
subterranean formation, the region of the pressure data being analyzed (i.e., whether the
pressure data 1s before closure data vs. after closure data), or other considerations. For
Instance, in some implementations, a first analysis model can be used to interpret the
before closure pressure data, and a different analysis model can be used to interpret after
closure pressure data.

A model for betore closure analysis (BCA) can be used to estimate the
pcrmcability of a formation bascd on before closure pressurc data (i.c., data collected
betore the fracture closure pressure 1s reached) based on a solution to the rigorous flow
equation of fracturing fluid, which 1s leaking off into the formation during fracture
closure. Leakoft into unconventional formations follows the linear flow pattern
attributed to the tight nature of the formation and low permeability. A solution is then
developed based on the 1dea of the short time injection of the DFIT test relative to total
time of the test, with the DFIT test considered as a whole, with no scparation of injection
and shut in time. The governing effects of injection and shut-in time are included in
boundary conditions.

The flow cquation in lincar form can be written as follows:

d°P, 0Py
dx3 Oty

(1),

where Pp 18 dimensionless pressure, xp 18 the spatial dimensionless parameter of fracture
of the fracture, and t, 1s dimensionless time.

The general solution for this equation is:
Pp = c e *pVZ 4 (,eXDVz (2),
where P, is the Laplace transform of Pp, ¢; and ¢, are constants, and z is the Laplace

variablc. The boundary and initial conditions for Eq. 2 arc dcfincd as:
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dP JdP
Cpy == =1-U(tp —tip),tp >0

dty dtp D=0

B.Cs: 3p ,
PDS -_— PD — S_D
0Xp Xp=0

and:

I.C : PD — OIxD}tD:O!
where Cpr 1s the dimensionless fracture storage coefficient of the formation, ¢;p is the
dimensionless time at the cnd of injection, U(t) is a unit function that is zero when

t <tp;, and 1 when t = tp;, and § is the skin factor. Cpr can be calculated using the

following relations:

~ 0.8936C,,

Cpf = ———— 3),
d DcehlLy (3)
where Cp. 1s the before closure storage, c¢; 1s the total reservoir compressibility
(expressed in dimension M~1LT%, where M is a dimension of mass), h is the fracture

height, cxpressed in dimension L, and Ly is the fracturc length (expressed in dimension
L). Cp. can be defined depending on different fracture geometries (e.g., a Perkins-Kem-
Nordgren (PKN) gecomctry, a Kristonovich-Geertsma-Dancshy (GDK) gecomcetry, or a
radial geometry). Table 1 defines Cp,. of each of three example fracture geometries,
where v 1s Poisson's Ration (dimensionless), x is the fracture length (expressed in
dimension L), h¢ 1s the fracture height (expressed in dimension L), and E is the Young's

modulus (expressed in dimension ML™1T ~2%):

TABLE 1 - Cp. VALUES FOR DIFFERENT GEOMETRIES

" PKN GDK Radial
— (1 — v?)xeh? - (1 — v?)hex? - 16(1 — v*)R;
be 5.615E B 5.615E ok 3 % 5.615E

By applying the 1nitial condition, the solution for ¢, will be:

lim P, = limzP, =0 -¢, =0 (4).

tp—-0 700
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And, by applying the boundary conditions:

oP
TR Dts =1—-U(tp — tip) (5).

Xp=0

Cpf

This equation could be solved by transferring into Laplace space. Taking Laplace from

both sides of the above equation results in:

oP, 0P, 1 etipZ

dxp0t, dxp .o Z z
n=

By substituting the P, into the equation, the above equation can be written in the form of:

1 e_tiDZ

Cszcle"xD‘/E + C,{,},rSz\/che"CD*/E + \/Ecle‘xD‘/Elx S ===
D= Z Z

(7).

By applying xp = 0, the ¢; value could be written 1n the following form:

1 — e~ tipZ (8)
Cf = e .
" 2(Copz +V2(CoySz + 1))

Consequently, the pressure solution on the fracture side will be:

(1 _ e“tiDZ)e—xD\/E

}3 = e_xD\E R —
S 2(Cosz +V2(CpsSz + 1))

(9).

The pressure solution on the formation side, considering the skin effect, can be
found using the following relation between fracture side pressure and formation side

pressurc:
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z(Copz +Vz(CopSz + 1))

(1 — e~fip%)

" \/ESZ (Csz + \/E(CDsz + 1))

(10).

And, fimnally, the fracture side pressure solution could be simplified as the

following equation:

_ (1 — e~tip?)(1 + V/zS)

Pps =—F———— = 11).
z(Copz +Vz(CopSz + 1)) -

This equation can be solved in linear form in the case of unconventional
reservolrs, where linear flow for leakoff liquid exists. The radial form of the equation
also can be solved in the same format.

This BCA model 1s based on solving the fluid flow equation for the leakoff fluid
into the formation. The Laplace transform of the leakoff rate into the formation, g, is

defined according to the following equation:

_ zCph(1—e %) (1+VzS)  Cpe(1 —e~tiv?)(1 + Vz5)

Gps = zCphePps = (12).
S 2 (Copz +E(CorSz+ 1)) (Copz + V2 (CopSz + 1))

This 1s the fluid leakoff equation, which can be inverted from Laplace space
numerically. For simplicity, in some implementations, the skin factor can be ignored and
can be assumed that the fracturing fluid has the same properties as the formation fluid.
When the 1njecting fluid 1s liquid into a gas reservoir, there is a moving interface between
lcakoff liquid and formation fluid. However, when the injection volume is small, and
assuming that the displacement is piston-like, the single phase model can be applied. A

more comprehensive solution when considering the skin factor requires a more complex
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mathematical method to calculate the Laplace inverse of the fluid leakoff equation. For
the purpose of this description, the skin factor is ignored; thus, the resulting equation for
the fluid leakott becomes:
—_ CDf(l — e_th)
qp = zCpePp = ———r—
dp DfYD ( CDfZ N \/-Z_)

The long-term approximation of Eq. 13 is:

dps = —Cpy tipVz (14).

Taking the Laplace inversion from both sides using Laplace pseudo-transform

(13).

results 1n the following equation for fluid leakoff into the formation. The linear and
radial solution of the long-term approximation will have fairly close results at the end:

Cprtip

dp = (15),

2ty

where gp 1s the dimensionless leakoff rate through one side of the fracture.

141.2uq
KRAPip ’

Assuming the dimensionless fluid leakoftf for one side of the fracture is

where u 1s the viscosity, q is the leakoff rate through one side (expressed in dimension

L*T~1), the dimensional form of the Eq. 15 is:

_ Cprtip kKh(Pnj — Pinitial)
1T o im | 14l2a

(16),

where k is the reservoir permeability (expressed in dimension L%) and P;y,;¢i; 1S the initial
reSCrvolr pressure.

On the contrary, by using matcrial balance, fluid leakoff could be written as:

= — A, — 17),
q f s (17)
where A¢ is the fracture area for one face (expressed in dimension L?) and w is the

fracture width (expressed in dimension L).

Substituting for fracturc width with ¢,(P — P,), where P, is the closurc pressurc

(expressed in dimension ML™'T ™), one can write the new equation for leakoff according

to Eq. 18:

dP
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Equalizing Eq. 18 with the previous relation for fluid leakoff in Eq. 16, one can

simplify the relation as follows:
Cortip khAP;,: 24 dP
g = Df “1D my _ _Afcf..__ (19),
2./mt,3 141.2 4 5.615 dt

where AP, ; 1s the change in pressure at the end of injection.

By further simplifying the equation, the above relation becomes:

1 24 khAijCthi @HCtlz 1/2 —dt _ 4p -
Jm1412+ 5615  Acou \0000264k) 2ve3 (20),

where [ 1s the fracture length (expressed in dimension L).

Replacing the fracture area, Ay = h¢L¢ for one side of the fracture, one can write

the following equation. In all following examples, radial geometry calculations are only

estimations, since fracture area calculation is different in this case.

1

Cf TN

where 1, 1s the ratio of permeable area to fracture area and @ is the porosity.

1.051114 dP (21),

Taking integral from both sides from the time of injection to the time step n,
where n 18 any time step after injection time and before closure time, Eq. 21 could be

written as

1

r,AP: :Chet: (@kc\Z (fn —dt tn
p=tinj~Df l( f) f — dP (22),
Cr i b 24t3 t;

l

1.051114

where t,, 15 the time at the end of step n (expressed in dimension T).

Solving for the integral, one gets the final form of the new BCA model.
1

AP, i Crel; (Qkec\2 [ 1 1
1.051114u—9-f-—‘-( ‘) (———t—-)+Pi = P, (23),
i

Cr H t, \/_

where P; and P, are the pressures P at time t; and t,,, respectively, and where the value of

the fracture compliance ¢f (expressed in dimension M~*L*T*?) is listed in Table 2 for
cach of the three example fracture geometries, where Ay 1s the fracture height (expressed

in dimension L), L¢ 18 the fracture length (expressed in dimension L), Rf is the fracture

10
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radius (expressed in dimension L), and E’ is the plane strain modulus (expressed in

dimension ML 1T ~%):

TABLE 2 - §¢ VALUES FOR DIFFERENT GEOMETRIES

PKN GDK Radial
h l 16R
_ Ty _ 0 =1
“f = 3F ‘TR “f = 3nE

This equation shows that if one plots the falling pressure during the before closure
period versus the time difference term in parenthesis, the results should fall on the

straight line with the intercept showing the pressure at stopping the injection. The slope,

M, of the resulting line will be equal to:

1
2

1.051114

1 AP, :Cpet; (Dkc
_p___E_’.’:.J___‘_?I__‘_( t) M 24

Cr u

Solving for the permeability of the formation provides the following term for
calculating the permeability of formation

(0.9514Mcf )2 U
o= (=2 (=) @5
AP, iCprti | \Dc,

This relation shows that the formation permeability can be calculated using the
betore closure data, and the properties of the formation. This model is based on solving
the rigorous fluid cquation for unconventional reservoirs with lincar flow, and docs not
require any limiting assumptions that can interfere with interpretation of the results.
Thus, this BCA model can be used to examine an unconventional reservoir more
accuratcly, without rclying on accuratc cstimates, limiting assumptions, or additional a
priori information that may unavailable or impractical to determine for a particular
application. In some implementations, the solution for other types of flow, for example
radial tlow, can also be derived in the same manner. Further, as no limiting assumptions
are required, this BCA model can be used to examine a broad range of unconventional

reservoirs under a broad range of conditions. For instance, this BCA model can used to

analyzc a varicty of diffcrent formations. As an cxample, pressurce data versus time (i.c.,

11
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wellhead treating pressure (WHTP)) and injection fluid injection rate for an example
formation 1s shown 1n plot 300 of FIG. 3. There is some “water hammer” right after shut-
in time, which resulted in distorting the WHTP data shortly after shut-in. The G-function
plot 400 1s shown 1n FIG. 4, which shows the borehole pressure (BHP) at the point of
fracture closure (i.e., the fracture closure pressure) is equal to 10,699 psi, and closure
time 1s 411 sec after the end of injection.

The effect of pressure-dependent leakoff (PDL) in early time, and fracture height
recession 18 clear in the G-function plot. In this example, the water hammer effect on
pressure was manualy minimized; but, the overal effect of height recession is clear in the
data. Height recession occurs when fractures closes at high-stress impermeable layers,
and the total fracturc arca starts approching to thc pcrmcablc fracturc arca. Although, this
cttect distorts the pressure data, BCA could still be performed as long as there are enough
pressure data in normal leakoff situations. After plotting the before closure plot, these
effects are clearly seen. This DFIT test represents the of injection of 7,375 gal of
fracturing fluid for 422 sec. The average injection rate was 16.2 bbl/min. The
instantaneous shut-in pressure (ISIP) was also recorded as 11,894 psi. Physical formation
and fracturc propcrtics arc listed in Tablc 3. Fracturc length is listed for three different
fracture geometries as well. In this example, the formation thickness is 40 ft (30 ft of net)

and the bottomhole temperature (BHT) was 300°F. The estimated kh for this well using

prefracturing analysis was 86 md-ft.
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TABLE 3 —- FORMATION AND FRACTURE PROPERTIES

Formation Properties

c, 6.35E-05 psi”
ILr 0.0203 cp
Porosity 0.12
Poisson's 0.2
E 5.00E+06 ps1
P, 10,699 psi
h,(permeable height) 30 ft
hy 40 ft
X (GDK) 87 ft
Xs (PKN) 70 ft
R, (Radial) 72 ft

As 1t could be seen from plot 400, showing an implementation of the present BCA

model formulation, the ISIP also could be calculated using this model. Py,; is the

pressure at the end of pumping, which, according to the Eq. 23, will be the intercept of
the straight line with the pressure axis. The time term in Eq. 23 will result in negative

numbers as time increases from injection time of t; to any point after shut-in time and

before closure time of ¢

Reterring to FIG. 5, the BCA plot 500 corresponds to a plotting of (P; — P,)

: 1 1) . . :
versus time term o =T —ﬁ_:) in Eq. 23. As it can be seen in the BCA plot 500, the

height recession effect caused the data not to fall on the straight line. Once the normal
leakoft period was achieved, the data began falling on straight line. The slope of the
straight line is calculated as 1459.7 psi*hr'’* and the intercept is calculated as 12,116 psi.
The few points between the end of the height recession effect and the start of normal
leakoft were not considered. However, in some implementations, this method can be

considered as a more reliable tool for estimating the ISIP.
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By using the slope of the straight line, the calculation of the permeability of the

formation could be performed as follows:
1
2

) = 1459.7 psi*hr!/%.

C f U
AP;p; 18 calculated by using the intercept of the straight line and initial pressure

pressure equal to 3,776 psi, and r, = 0.75. The calculation of permeability for the three

different example fracture geometries of GDK, PKN, and radial is listed in Table 4:

TABLE 4—RESULTS FOR NEW BCA MODEL

Fracture Storage

Geometry Coeftlicient = u g
PKN 1.20E-02 9.60E-03 1.21E-05 0.07
GDK 3.29E-02 1.68E-02 5.28E-05 0.46

Radial 6.81E-02 5.13E-02 2.35E-05 0.01

The permeability calculated for three geometries range from 0.01 to 0.46 md. To
confirm this calculation, ACA 1s also provided and the results were also compared to a
modified Mayerhofer’s model. The initial pressure used for BCA was given in data equal
to 8,340 ps1 and was used in before closure analysis. However, in ACA, the initial
pressure could be calculated as shown below.

ACA analysis requires knowledge of the reservoir initial pressure. In this
example, this reservoir pressure was determined to be 8,765 psi by a pre-fracturing
analysis, and also was determined by using the Cartesian plot of the pressure and its
derivative versus reciprocal of time.

After finding the imitial reservoir pressure, and plotting the log-log graph of
pressure and 1its derivative versus reciprocal of time, the ACA can be conducted.

The derivative plot 600 is shown in FIG. 6, and indicates the unit slope, which is
indicative of the presence of pseudo-radial flow. Radial flow occurs when a fracture is
closed, and the formation controls the fluid flow patterns. In the log-log graph in FIG. 6,

two lines overlap with a slope of 1, and the intercept of the log-log plot was used to
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calculate the formation permeability. The radial flow equation could be written in the

following form:

P » = 1694.4 Vyu 1 (26)
fo LT kR (t; + At) ’
and the formation permeability by using intercept of log-log graph is:
1694.4V
h=—"""F (27
by

Substitution of the values into the above equation results in calculation of kh equal

to 11.25 md-ft

1694.4 (7375) v 0.02

B 42 _
kh= ———_8"——=1125  (28).

Considering the reservoir net thickness of 30 ft, the permeability is calculated as
0.38 md. This value is very close to 0.46 md calculated with the present before closure
model for GDK geometry, which indicates that the best geometry to describe the fracture
in this example 1s GDK. The radial geometry for before closure results shows
significantly lower permeability and PKN resulted in lower formation permeability as
well.

The shight difference of 0.08 md between the BCA and ACA may be caused by the
estimated value of Young’s Modulus when calculating the fracture length using Nolte-
Shlyapobersky model and the difference in initial pressure.

This example showed the application of the present BCA for estimation of
permeability. To further confirm the reliability of this new model, the results also were
compared to the BCA developed using a modified Mayerhofer’s model. 1t should be

noted that, according to the assumptions of developing the modified Mayerhofer’s model,

the normal leakoff points should fall on a straight line. Plot 700 of FIG. 7 illustrates the
modified Mayerhofer’s BCA model for only GDK geometry. The scattering of data
shows the PDL and height recession effect on the data. The results from this model are

shown 1n Table 5.
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' TABLE 5—MODIFIED MAYERHOFER'S MODEL PERMEABILITY CALCULATION

metly Kmd
PKN 0.01-0.04 |
GDK 0.02-0.09
Radial 0.03-0.06

In another example, plot 800 of FIG. 8 illustrates pressure falloff data versus time
in the DFIT test of another example formation. In this example, the formation is a tight
formation with relatively low porosity.

This test represents of injection of 7,966 gal of fluid for 1,090 sec. The injection
rate was 10.5 bbl/min. The closure was at 11,505 psi and the closure time was 90 sec
atter the end of injection. ISIP was recorded at 13,508 psi.

Referring to FIG. 9, a plot 900 of thc dimension loss function, G (i.c., the “G-
function”) shows the existence of pressure dependent leakoff in early time with a
characteristic hump 1n the superposition derivative curve before fracture closure. The
formation and fracturc propcrtics arc listed in Table 6. The fracturc length for threc
different geometries was calculated using Nolte-Shlyapobersky. The before closure plot

1000 1s also shown 1n FIG. 10.
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| TABLE 6—FORMATION AND FRACTURE PROPERTIES FOR EXAMPLE 2

C, 7.7E-05 psi”
o 0.0320 cp
Porosity 0.1 —
Poisson's 0.2 —
E 3.00E+06 psi
P, 11,505 psi
2 7,750 psi |
h, 27 ft
hy 40 ft
Xr (GDK) 30 ft
X¢ (PKN) 37 ft
‘ R¢ (Radial) 47 ft

The slope and intercept of the straight line is shown on plot 1000. The calculation

for the BCA modcl can be performed according to the following:
1

2
1.051114 ) — 15792 psi*hr!/2,

1, AP iCpret; (Dkc,
“T( p
The AP;,; 18 calculated by using the line intercept and initial pressure; the results

for permeability for three different geometries are listed in Table 7.
As 1t can be seen from Table 7, the values calculated for permeability based on the
three example geometrics range from a relatively low value of of 0.04 md for radial

geometry to the 0.92 md calculated using the GDK model.

TABLE 7—BCA RESULTS FOR EXAMPLE 2

Fracture mStorage
Cd Ct K md
Geometry Coecftlicicent
PKN 1.37E-02 2.57TE-02 2.01E-05 0.58
GDK 6.45E-03 3.08E-02 3.02E-05 0.92

Radial 3.34E-02 1.03E-01 2.03E-05 0.04
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For comparison, the result of ACA is shown in plots 1100 and 1200 of FIGS. 11
and 12, respectively. The existence of 0.75 slopes in the log-log plot 1000 indicates that
the bilinear flow pattern dominated the reservoir flow.

As noted previously, the initial pressure is required to conduct the ACA and to

5 plot the log-log graph. The initial pressure was obtained using a Cartesian plot of after
closure data. The Cartesian plot of after closure data provides a reservoir pressure of
7,750 psi, which was used to generate the log-log plot. The intercept of log-log plot is
933 pst; using this value and according to the bilinear ACA, formation permeability could

be calculated as follows:

k = 2646+ :
= O 025
hbr(2637t,)
10 Substituting the formation properties and intercept in the equation below results in

calculation of permeability equal to 0.58 md.

k= 2646 (%) 0.344 1

27 933 (2.637 % (0.75722)0-25

This calculated permeability from ACA is the same value calculated by the

= (0.5763 md.

present BCA model for a PKN geometry, which confirms the application of the present
BCA model.

15 The BCA analysis using a modified Maycrhofer’s model suggests the same
calculated permeability, but for GDK geometry. The modified Mayerhofer BCA results

are summarized 1in Table K.

TABLE 8— MODIFIED MAYERHFOER BCA RESULTS
Fracture Geomelry K md
PKN 0.02
GKD 0.59
Radial 0.46
20 In another example, plot 1300 of FIG. 13 shows the pressure falloff data for

another example formation. In this example, there is no water hammer effect, which

cases the analysis and interpretation of data. This DFIT test represents the injection of
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12,210 gal of linear gel with average injection rate of 18.8 bbl/min for an injection time
of 928 scc. BHT was 312°F and the kh was cstimatcd to be 240 md-ft.

The ISIP pressure was recorded as 13,760 psi and the resulting fracture gradient
was 0.97 psv/ft. The G-function graph 1400 1s shown in FIG. 14; the closure pressure
was observed at 12,578 pst and closure time was 874 sec after the end of injection. The
characteristic hump in the G-function graph shows the existence of PDL.

With the reservoir thickness of 20 ft, it was estimated by pre-fracturing analysis
that the formation permeability should be approximately 2 md. Although this
permeability 1s fairly high, still, the present BCA model can be applied to analyze the
betore closure data to estimate the permeability, because, as noted in the above, the
results from fluid flow solution for linear and radial flow pattern in the case of long-term
approximation are fairly close in most cases.

However, 1n case of high formation permeability where spurt loss volume exists,
the fracture length calculation might not be accurate because the fracture geometries for
these examples in this paper are calculated using Nolte-Shlypobersky model, which
1ignores the spurt loss volume. Thus, in some implementations, the calculated results
could be slightly different than what 1s calculated by ACA.

The formation and fracture properties are shown in Table 9. The analysis for

fracture geometries of GDK, radial, and PKN are provided.

TABLE 9—FORMATION AND FRACTURE PROPERTIES FOR EXAMPLE 3 ]

Formation Propcrtics

Cy 9.5E-05 psi”
lLg 0.037 cp
Porosity 0.095 — l
Poisson's 0.2 —
E 5.00E+06 psi
P. 12,578 pSi ,
| hy, 20 ft
he 67 ft
Xr (GDK) 38 ft
Xs (PKN) 47 ft
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A plot 1500 of the present BCA 1s shown in FIG. 15. Although, the existence of
PDL distorts the data somewhat, the data points are still showing the straight-line pattern.
The intercept 1s showing the P;,; equal to 13,441 psi, which is very close to
recorded ISIP pressure during the test. This method provides a more accurate tool to
calculate the ISIP pressure. The slope of the straight line is 14,469 psi.hr'’?, the BCA

results are shown 1n Table 10.

1
TpAPm]CthL (@kCt E

1.051114 ) — 14469 psi*hr!/?.
Cf 74

PR

TABLE 10—NEW BCA MODEL RESULTS FOR EXAMPLE 3

Fracture Storage

Geometry Coefficient = = —
PKN 0.022641 0.050852 2.02067E-05 1.18
GDK 0.010412 0.035634 2.29417E-05 3.11

Radial 0.018688 0.042252 1.52529E-05 0.98

For comparison, the result of ACA is shown in plot 1600 of FIG. 16, depicting the
derivative of the pressure versus time plotted as a log-log graph.

The existence of the unit slope line again indicates the presence of the pseudo-
radial flow regime. The Cartesian plot of Pressure versus reciprocal of time then was

created to estimate the reservoir initial pressure, by using the equation of:

1694.4Vy 1
kh (ti + At)

The estimated 1nitial pressure was recorded as 9,000 psi and then the log-log plot

PfO_Pi=

1500 was created to calculate the permeability. The calculation of the reservoir

permeability 1s as follows:

- 16944 Vu

kh
b,

where

1694.4 (12120) « 0.0037

4.7
kh —— %% . - .
20 = 43.4 md-ft
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Using the reservoir thickness of 20 fi, the permeability was calculated equal to
2.17 md.

In this example, the permeability calculated from ACA 1is slightly different than
permeability calculated from the present BCA model. As discussed previously, this
formation 18 a moderate-permeability formation, and, because this model was developed
for unconventional reservoirs with low permeability and we used the long term solution
from linear leakoff flow regime, there might be some error in the BCA calculated
permeability because the leakoff could not be considered completely linear. However,
this error should be relatively small because the results for long-term approximation
using linear and radial flow regime is fairly close. The more important portion of this
0.9-md diffcrence between ACA and BCA 18 related to fracturc dimensions uscd in this
example. As discussed above, fracture dimensions were calculated using the Nolte-
Shlyapobersky model. The main assumption in this model is neglecting the spurt loss
volume. In low-permeability formations, such as unconventional reservoirs, this
assumption 1s valid. However, in the case of this example, where the formation
permeability 1s moderately high, 1gnoring this volume will result in calculation of longer
fracturcs. Considering a shorter fracturc length of 32 ft for the GDK gecometry in the new
BCA model results 1n calculation of permeability equal to 2.20 md, which is in agreement
with the ACA model, as shown in plot 1700 of FIG. 17. These results furthermore
confirm thec validity of the present BCA modcl bascd on the solution of fluid flow into the
formation.

The analysis of the BCA using the modified Mayerhofer’s model also agrees with
thce valucs presented here, which shows that, as long as the assumptions of the modificd
Mayerhofer’s model are not extremely violated, it could provide the estimation of
permeability with high accuracy.

The techniques described above can be implemented in digital clectronic circuitry,
or in computer software, firmware, or hardware, including the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of them.
For example, control module 106 can include an electronic processor that can be used to

control systems for controlling pump 104 and measuring data from the instrumentation.
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In another example, an electronic processor can be used to analyze and process data
during DFIT analysis, for instance to estimate the permeability using implementations of
the above described BCA model.

The term “electronic processor’” encompasses all kinds of apparatus, devices, and
machines for processing data, including by way of example a programmable processor, a
computer, a system on a chip, or multiple ones, or combinations, of the foregoing. The
apparatus can include special purpose logic circuitry, ¢.g., an FPGA (field programmable
gate array) or an ASIC (application specific integrated circuit). The apparatus can also
include, 1n addition to hardware, code that creates an execution environment for the
computer program in question, e.g., code that constitutes processor firmware, a protocol
stack, a databasc management system, an opcrating systcm, a cross-platform runtime
environment, a virtual machine, or a combination of one or more of them. The apparatus
and execution environment can realize various different computing model infrastructures,
such as web services, distributed computing and grid computing infrastructures.

Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more
proccssors of any kind of digital computcr. Gencerally, a processor will receive
instructions and data from a read only memory or a random access memory or both. The
essential elements of a computer are a processor for performing actions in accordance
with instructions and onc or morc mcmory devices for storing instructions and data.
Generally, a computer will also include, or be operatively coupled to receive data from or
transter data to, or both, one or more mass storage devices for storing data, e.g.,
magnctic, magncto optical disks, or optical disks. Howcvcer, a computcer nced not have
such devices. Moreover, a computer can be embedded in another device, e.g., a mobile
telephone, a personal digital assistant (PDA), a mobile audio or video player, a game
consolc, a Global Positioning System (GPS) rccciver, or a portablc storage device (c.g., a
untversal serial bus (USB) flash drive), to name just a few. Devices suitable for storing
computer program instructions and data include all forms of non-volatile memory, media
and memory devices, including by way of example semiconductor memory devices, €.g.,

EPROM, EEPROM, and flash memory devices; magnetic disks, e.g., internal hard disks
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or removable disks; magneto optical disks; and CD ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated 1n, special purpose
logic circuitry.

Various aspects of the invention may be summarized as follows.

In general, 1n an aspect, a method for determining a permeability of a
subterranean formation includes injecting a fluid through a well into a subterranean
formation at an injection pressure sutficient to cause a fracture of the subterrancan
formation, shutting in the well after injecting the fluid, and before closure of the fracture,
monitoring a pressure of the fluid injected into the subterranean formation after shutting
in the well to provide before closure pressure data. The method turther includes
dctermining information about the permceability of the subtcrrancan formation bascd on
the before closure pressure data using a mathematical formula relating a measured
pressure, P;, at the time of shutting in, t;, and the measured pressure, P,, at a later time
prior to closure of the fracture, t,,, the mathematical formula corresponding to a solution

of a flow equation of the form:

d°Pp _ dPp
x4 atp’

where Pp 18 pressure, Xp 1S a spatial dimension of the fracture, and t;, 1s time.
Implementations of this aspect may include one or more of the following features:
The mathematical formula can be of the form:
. 1 1 B
A-t;- 2(\/—t_n—\/—t_i)+Pi = P,

where k 1s the permeability of the formation and A 1s a proportionality factor.

1
, : rpAP iy iC Dce\2 . . : :
In some implementations, A = B %"W 7‘) , in which B is a constant, 7, is a
f

ratio of permeable area to fracture arca of the formation, AP, ; 1s a change in pressure at
the end of 1njection, Cp ¢ 18 a fracture storage coetticient, ¢f 18 a fracture compliance

parameter, @ 1s a porosity ot the formation, ¢, 1s a total reservoir compressibility

parameter, and u 1s a viscosity of the formation. In some implementations, B can be
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1.051114. In some implementations, the permeability, k, can be determined according to

10

15

20

25

thc cquation:

2
: :( CMc, ) (L)
rpAPinjCthi ®Ct

where C 15 a constant, and M 1s a equal to A. In some implementations, C can be 0.9514.

In some 1implementations, ¢ can correspond to a Perkins-Kermn-Nordgren

geometry, a Kristonovich-Geertsma-Daneshy geometry, or a Radial geometry. In some

implementations, ¢, = %, in which h¢ 1s a height of the fracture and E'is a plane strain

. . . Lf . . .
modulus of the formation. In some implementations, ¢f = fE,—f, in which L¢ 1s a length of

the fracture and E'1s a plane strain modulus of the formation. In some implementations,

16Rf . . . : . .
Cr = ;;—-é, in which R is a radius of the fracture and E"is a plane strain modulus of the
formation.

In some implementations, the subterranean formation can include a porous
medium. In some implementations, the medium can be shale. In some implementations,
the formation i1s an unconventional formation.

In some implementations, the before closure pressure data can correspond to the
pressure of the fluid injected into the subterrancan formation over a timespan of between
approximately 10-3000 minutes. In some implementations, the pressure of the fluid
injected into the subterranean formation can be between approximately 5000-10000 psi.

In general, 1n another aspect, a non-transitory computer readable medium storing
instructions that are operable when executed by a data processing apparatus to perform
operations for determining a permeability of a subterrancan formation, the operations
including obtaining before closure pressure data, the before closure pressure data
corresponding to a pressure of fluid injected into a subterrancan formation from a well
mcasurcd aftcr the well 1s shut in and before a fracturc of the subterrancan formation is
closed. The operations further include determining information about the permeability of
the subterrancan formation based on the pressure measurement data, the information

determined using a mathematical formula relating a measured pressure, P;, at the time of

shutting in, t;, and the measured pressure, B,, at a later time prior to closure of the
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fracture, t,,, the mathematical formula corresponding to a solution of a flow equation of

the form:

aZPD ~ 0dPp
6xf3 - 6tD’

where Pp 18 pressure, Xp 18 a spatial dimension of the fracture, and ¢, is time.
Implementations of this aspect may include one or more of the following features:

The mathematical formula can be of the form:

1/ 1 1
A'ti’kf(_—‘%)'l'Pi =Pn

N

where k 1s the permeability of the formation and A is a proportionality factor.

1
, . rpAPiniCpfr fOci\Z . : : :
In some implementations, A = B —p—-—-{-';-?-z—’—--f- 7‘) , in which B is a constant, 7,, is a
f

rat1o ot permeable area to fracture area of the formation, AP, ; is a change in pressure at
the end of njection, Cpr 18 a fracture storage coefficient, ¢ is a fracture compliance

parameter, @ 1s a porosity of the formation, ¢, is a total reservoir compressibility
parameter, and u 1s a viscosity of the formation. In some implementations, B can be

1.051114. In some implementations, the permeability, k, can be determined according to

2
L = (__Ef‘_f&..___) (..fi_.)
rpAPEnjCthi QCt

where C 15 a constant, and M 1s a equal to A. In some implementations, € can be 0.9514.

the equation:

In some implementations, ¢y can correspond to a Perkins-Kern-Nordgren

geometry, a Kristonovich-Geertsma-Daneshy geometry, or a Radial geometry. In some

implementations, ¢f = %{-, in which A¢ 18 a height of the fracture and E'is a plane strain

. . : Lf . : .
modulus of the formation. In some implementations, ¢, = %,f-, in which L¢ is a length of

the fracture and E'1s a plane strain modulus of the formation. In some implementations,
16Rf . . . . . .
Cr = E?{z}f?’ in which R 18 a radius of the fracture and E’is a plane strain modulus of the

formation.
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In some implementations, the subterrancan formation can include a porous
medium. In some implementations, the medium can be shale. In some implementations,
the formation can be an unconventional formation.

In some implementations, the before closure pressure data can correspond to the
pressure of the fluid injected into the subterranean formation over a timespan of between
approximately 10-3000 minutes. In some implementations, the pressure of the fluid
injected into the subterranean formation can be between approximately 5000-10000 psi.

In general, in another aspect, a system for determining a permeability of a
subterranean formation includes an injection module adapted to inject a fluid_through a
well into a subterranean formation at an injection pressure sufficient to cause a fracture of
thc subtcrrancan formation, and to shut in the formation after injection the fluid. The
system also includes an instrumentation module adapted to, before closure of the fracture,
monitor a pressure of the fluid injected into the subterranean formation after shutting in
the well to provide before closure pressure data. The system also includes a data
processing apparatus operable to determine information about the permeability of the
subterranean formation based on the before closure pressure data using a mathematical
formula relating a measured pressure, P;, at the time of shutting in, t;, and the measured
pressure, P,, at a later time prior to closure of the fracture, t,,, the mathematical formula

corresponding to a solution of a flow equation of the form:

0°Pp ~_ dPp
6x% 6tD’

where Pp 18 pressure, xp 18 a spatial dimension of the fracture, and t,, is time.
Implementations of this aspect may include one or more of the following features:

In somc implementations, the mathematical formula can be of the form:

At kz ( I ) +P, =P
LK = T = i — In
Jtn  ti
where k 1s the permeability of the formation and A is a proportionality factor. In some
1

z . . . . :
) , In which B is a constant, 7;, is a ratio of

. . rnAPiy,iC Oc
implementations, A = B i 2 4 (--E

Cf U

permeable area to fracture area of the formation, AP, ; is a change in pressure at the end
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of injection, Cp 18 a fracture storage coefficient, ¢, 1s a fracture compliance parameter,

@ 1s a porosity of the formation, ¢, is a total reservoir compressibility parameter, and u is
a viscosity of the formation. In some implementations, B can be 1.051114. In some
implementations, the data processing apparatus can be operable to determine the

permeability, k, according to the equation:

2
I — (_......._....._CMCf ) (._‘_‘.....)
rpAPinjCthi @Ct

where C 1s a constant, and M 1s a equal to A. In some implementations, C can be 0.9514.

In some implementations, ¢¢ can correspond to a Perkins-Kem-Nordgren

geometry, a Kristonovich-Geertsma-Daneshy geometry, or a Radial geometry. In some

implementations, ¢, = Z_E)’:’ in which A¢ 1s a height of the fracture and E’is a plane strain

. . . Lf . . .
modulus of the formation. In some implementations, ¢ = %—;’:, in which L¢ 18 a length of

the fracture and E” 1s a plane strain modulus of the formation. In some implementations,

16Rf . . . . . .
Cr = -5-1;}-5—?, in which R 18 a radius of the fracture and E' 1s a plane strain modulus of the

formation.

In some implementations, the subterranean formation can include a porous
medium. In some implementations, the medium can be shale. In some implementations,
the formation can be an unconventional formation.

[n some implementations, the before closure pressure data can correspond to the
pressure ot the fluid injected into the subterranean formation over a timespan of between
approximately 10-3000 minutes. In some implementations, the pressure of the fluid

injected into the subterranean formation can be between 5000-10000 psi.

Other embodiments are in the following claims.
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WHAT IS CLAIMED IS5:

1. A mcthod for determining a permeability of a subterranean formation, the method
comprising:

injecting a fluid through a well into a subterranean formation at an injection
pressure sufficient to cause a fracture of the subterranean formation;

shutting in the well after injecting the flnd;

before closure of the fracture, monitoring a pressurc of the fluid injected into the
subterranean formation after shutting in thc well to provide before closure pressure data;

determining information about the permeability of the subterranean formation
based on the before closure pressure data using a mathematical formula relating a
measurcd pressure, P;, at the time of shutting in, t;, and the measured pressure, P,, ata
latcr time prior to closure of the fracture, t,,, the mathematical formula corresponding to a

solution of a flow equation of the form:

62PD ~ 0Pp
635%) atD,

where P, is pressure, Xp, is a spatial dimension of the fracture, and t, 1s time.

2. The method of claim 1, wherein the mathecmatical formula is of the form:

1/ 1 1
A- .-k_ — c— . ==

where k is the pcrmeability of the formation and A is a proportionality factor.

1

ry AP; 'CD Oc 2 . . .
i il M 8 --—t) , In which B 1s a constant,

3. The method of claim 2, wherein A = B r p

1, 1s a ratio of permeable area to fracture area of the formation, AP;,; 1s a change in
pressure at the end of injection, Cp( is a fracture storage coefficient, ¢y 1s a fracture
compliance parameter, @ is a porosity of the formation, ¢, is a total reservoir

compressibility parameter, and g is a viscosity of the formation.
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4. The method of claim 3, wherem B 1s 1.051114.

5. The method of claim 3, wherein the permeability, k, is determined according to

k—( CMcy )2(;4)
TpAPm]CthL @Ct

where C 1s a constant, and M is a equal to A.

the equation:

6. The method of claim 5, wherein C 1s 0.9514.

7. The mcthod of claim 3, wherein Cr corresponds to a Perkins-Kern-Nordgren
gcomcetry, a Kristonovich-Geertsma-Dancshy gcometry, or a Radial gcometry.
Th f -

8. The method of claim 7, wherein ¢, = —=r 1N which h 1s a height of the fracture

and E'1s a plane strain modulus of the formation.

9. The method of claim 7, wherein ¢ = -T-ZJ—,I, in which Ly is a length of the fracture

and E’is a plane strain modulus of the formation.

16Rf

3nE’’

10. The method of claim 7, wherein ¢; = in which Ry 1s a radius of the fracture

and E'is a plane strain modulus of the formation.

11.  The method of claim 1, wherein the subterranean formation is comprised of a

porous medium.

12. The method of claim 11, wherein the medium is shale.

13, The method of claim 1, wherein the formation 1s an unconventional formation.
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14.  The method of claim 1, wherein the before closure pressure data corresponds to
the pressure of the fluid injected into the subterranean formation over a timespan of

between approximately 10-3000 minutes.

15.  The method of claim 1, wherein the pressure of the fluid injected into the

subterranean formation is between approximately 5000-10000 psi.

16. A non-transitory computer readable medium storing instructions that are operable
when executed by a data processing apparatus to perform operations for determining a
permeability of a subterranean formation, the operations comprising:

obtaining before closurc pressurc data, the before closure pressurce data
corresponding to a pressure of fluid injected into a subterranean formation from a well
measured after the well is shut in and before a fracture of the subterranean formation 1s
closed;

determining information about the permeability of the subterranean formation
based on the pressure measurement data , the information determined using a
mathcmatical formula relating a measured pressure, P;, at the time of shutting in, ¢;, and
thc measurcd pressure, P,, at a later time prior to closure of the fracture, t,, the

mathematical formula corresponding to a solution of a flow equation of the form:

8°Pp _ OPp
6x12) o StD’

where P, is pressure, xp 15 a spatial dimension of the fracture, and ¢, 1s time.

17.  The computer readablec medium of claim 16, wherein the mathematical formula 1s

of the form:

11 1
A'trk?’(“ “{)eri;‘f’n
L

VoVt

where k is the permeability of the formation and A 1s a proportionality factor.
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1
AP iniCpr {Bce\Z .
pEPing f(__g) in

18.  The computer readable medium of claim 17, wherein A = B > .

which B is a constant, 1, 1s a ratio of permeable area to fracture area of the formation,
AP, ; 18 a change in pressure at the end of injection, Cp¢ 18 a fracture storage coetticient,
¢ is a fracture compliance parameter, 9 is a porosity of the formation, ¢, 1s a total

rcscrvoir compressibility parameter, and u s a viscosity of the formation.
19.  The computer readable medium of claim 18, wheremn B 1s 1.051114.

20.  Thc computcr rcadablc medium of claim 18, wherein the permeability, k, 18

determined according to the cquation:

2
k = (___..._...._..CMCf ) (_‘L.‘_.)
rpAijCthi ¢Ct

where C is a constant, and M 1s a equal to A.
21. The computer readable medium of claim 20, wherein C 1s 0.9514.

22.  The computer readable medium of claim 18, wherein ¢, corresponds to a Perkins-

Kern-Nordgren geometry, a Kristonovich-Geertsma-Daneshy geometry, or a Radial

geometry.

: , : he . : :
23.  The computer readable medium of claim 22, wherein ¢y = %E{" n which A¢ 18 a

height of the fracture and E'is a plane strain modulus of the formation.

24.  The computer readable medium of claim 22, wherein ¢ = %’—r, in which L¢ 15 a

length of the fracture and E'is a plane strain modulus of the formation.

16Rfr .

25.  The computer readable medium of claim 22, wherein ¢ = —, 1N which Ry is a

radius of the fracture and E'is a plane strain modulus of the formation.
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26.  The computer readable medium of claim 16, wherein the subterranean formation

1s compriscd of a porous medium.

27.  The computer readable medium of claim 26, wherein the medium 1s shale.

28.  The computer readable medium of claim 16, wherein the formation 1s an

unconventional formation.

29.  The computer readable medium of claim 16, wherein the before closure pressure
data corresponds to the pressure of the fluid injected into the subterrancan formation over

a timespan of between approxmmately 10-3000 minutes.

30.  The computer readable medium of claim 16, wherein the pressure of the fluid

injected into the subterranean formation is between approximately 5000-10000 psi.

31. A systcm for determining a pcrmcability of a subterrancan formation, the system
comprising:

an injection module adapted to inject a fluid through a well into a subterranean
formation at an injcction pressure sufficient to causc a fracture of the subtcrrancan
formation, and to shut in the formation after injection the fluid;

an instrumentation module adapted to, before closure of the fracture, monitor a
pressure of the flutd injected into the subterrancan formation after shutting in the well to
provide before closure pressure data;

a data processing apparatus operable to determine information about the
permeability of the subterrancan formation based on the before closure pressurce data
using a mathematical formula relating a measured pressure, P;, at the time of shutting in,
t;, and the measured pressure, P,, at a later tume prior to closure of the fracture, t,,, the

mathematical formula corresponding to a solution of a flow equation of the form:
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d“Pp ~__adPp
ax% atD,

where Pp, 1S pressure, X 18 a spatial dimension of the fracture, and ¢, is time.

32.  Thesystem of 31, wherein the mathematical formula is of the form:

1 1
Ak (=) 4 P=

7o T

where k 1s the permeability of the formation and A is a proportionality factor.

1

7 . . .
) , In which B 1s a constant,

33.  The system of claim 32, wherein A = B TpClinjCos (9‘?5

Cf i’

T.

» 18 a ratio of permeable area to fracture area of the formation, AP;,, ; 1s a change in

pressure at the end of injection, Cp /- 15 a fracture storage coefficient, ¢, 1s a fracture

compliance parameter, @ 18 a porosity of the formation, ¢, 1s a total reservoir

compressibility parameter, and u is a viscosity of the formation.
34,  The system of claim 33, wherein B 15 1.051114.

35.  The system of claim 33, wherein the data processing apparatus operable to

determine the permeability, k, according to the equation:

2
K = (__.E_"fff___) (1)
TpAP,:njCthi Qct

where € 1s a constant, and M 1s a cqual to A.

36.  The system of claim 35, wherein € 1s 0.9514.

37.  The system of claim 33, wherein ¢ corresponds to a Perkins-Kern-Nordgren

geometry, a Kristonovich-Geertsma-Daneshy geometry, or a Radial geometry.
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- © : hre . : ST
38. ['he system of ¢laim 37, wherein ¢, = %—{, in which hr 1s a height of the

[racture and E'1s a plane strain modulus of the formation.

30, ['he system of claim 37, wherein ¢, = f—-f-, in which L 1s a length of the
y / 244 f E

fracture and £’ is a plane strain modulus of the formation.

16Rf

40. The system of claim 37, wherein ¢ = in which Ry 1s a radius of the

SE’’

fracture and £’ is a plane strain modulus of the formation.

41. T'he system of claim 31, wherein the subterranean formation is comprised of a

porous medium.

42.  'The system of claim 41, wherein the medium is shale.

43 The system of claim 31, wherein the formation is an unconventional

formation.

44, T'he system of claim 31, wherein the before closure pressure data corresponds
to the pressure of the fluid injected into the subterranean formation over a timespan of

between approximately 10-3000 minutes.

45. The system of claim 31, wherein the pressure of the fluid injected into the

subterranean formation s between 5000-10000 psi.
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