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ARTICLE INFO ABSTRACT

Keywords: Fracture injection/shut-in tests are commonly used to measure the state of stress in the subsurface. Injection
DFIT creates a hydraulic fracture (or in some cases, opens a preexisting fracture), and then the pressure after shut-in is
Minifrac monitored to identify fracture closure. Different interpretation procedures have been proposed for estimating
(S:H\SFLP closure, and the procedures sometimes yield significantly different results. In this study, direct, in-situ strain
ora measurements are used to observe fracture reopening and closure. The tests were performed as part of the EGS
Collab project, a mesoscale project performed at 1.25 and 1.5 km depth at the Sanford Underground Research
Facility. The tests were instrumented with the SIMFIP tool, a double-packer probe with a high-resolution three-
dimensional borehole displacement sensor. The measurements provide a direct observation of the fracture
closure signature, enabling a high-fidelity estimate of the fracture closure stress (ie, the normal stress on the
fracture). In two of the four tests, injection created an opening mode fracture, and so the closure stress can be
interpreted as the minimum principal stress. In the other two tests, injection probably opened preexisting natural
fractures, and so the closure stress can be interpreted as the normal stress on the fractures. The strain mea-
surements are compared against different proposed methods for estimating closure stress from pressure tran-
sients. The shut-in transients are analyzed with two techniques that are widely used in the field of petroleum
engineering — the ‘tangent’ method and the ‘compliance’ method. In three of the four tests, the tangent method
significantly underestimates the closure stress. The compliance method is reasonably accurate in all four tests.
Closure stress is also interpreted using two other commonly-used methods — ‘first deviation from linearity’ and
the method of (Hayashi and Haimson, 1991). In comparison with the SIMFIP data, these methods tend to
overestimate the closure stress, evidently because they identify closure from early-time transient effects, such as
near-wellbore tortuosity. In two of the tests, microseismic imaging provides an independent estimate of the size
of the fracture created by injection. When combined with a simple mass balance calculation, the SIMFIP stress
measurements yield predictions of fracture size that are reasonably consistent with the estimates from micro-
seismic. The calculations imply an apparent fracture toughness 2-3x higher than typical laboratory-derived
values.

1. Introduction pressure transient after shut-in is analyzed to estimate the fracture
closure pressure, which is taken as an estimate for the minimum prin-

1.1. Overview cipal stress (Smin). Alternatively, under certain conditions, injection
may open a preexisting fracture, and in this case, the closure pressure

Fracture injection/shut-in tests are used to estimate the state of stress may be interpreted as the normal stress on the fracture.® Fracture

in the subsurface. ! Injection propagates a hydraulic fracture, and the injection/shut-in tests are sometimes called minifracs, leakoff tests, or
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‘diagnostic fracture injection tests’ (DFITs).

Fracture injection test procedures vary significantly depending on
context. In mining and civil engineering applications, fracture injection
tests commonly utilize: (a) straddle packers to isolate small openhole
sections, (b) coring and/or downhole imaging, (c) relatively small in-
jection volumes, and (d) repeated injection cycles.®!! In oil, gas, and
geothermal (OGG) applications, which usually involve deeper and larger
boreholes, injection: (a) may utilize either openhole or cased/perforated
sections, (b) rarely include coring, (c) usually do not use straddle
packers, and (d) are often performed with a single injection cycle. In
OGG applications, wells are rarely drilled with the primary purpose of
performing stress estimation. Thus, wellbore orientation, construction,
and test procedure are usually not ‘ideal’ from the perspective of esti-
mating stress; interpretation must be robust to these challenges. In OGG
applications with low permeability, fracture injection tests are often
used to measure permeability and pore pressure, in addition to
measuring the stress. Consequently, these tests use an extended shut-in
lasting hours or days.'’

Pressure measurements during fracture closure are used to estimate
the closure stress. However, different procedures are available in the
literature, and these procedures may yield significantly different results.
This has led to ongoing controversy in the literature.'? ?* The discrep-
ancy from different interpretation procedures creates a need for inde-
pendent assessment of their accuracy.

This paper analyzes results from fracture injection tests performed at
the EGS Collab project at Sanford Underground Research Facility (SURF)
in South Dakota, USA.>»?° The fracture injection tests were instru-
mented with the SIMFIP tool (Step-Rate Injection Method for Fracture
In-Situ Properties), which measures 6-component displacements during
and after fluid injection.?®2® The SIMFIP displacement measurements
provide a mechanical measurement of fracture closure during shut-in,
which can be used to derive an independent estimate of fracture
closure stress.

This paper primarily focuses on comparing two procedures — the
‘tangent’ and ‘compliance’ procedures.'®'® These methods are chosen
because: (a) they are widely used in OGG applications, (b) there is
ongoing literature disagreement regarding their accuracy, and (c) they
often yield significantly different stress estimates.

In mining and civil engineering applications, the tangent and the
compliance methods are not commonly used.  and !* review the most
widely used methods. Testing all of these methods would be beyond the
scope of the present paper. However, for completeness, in Section 3.3,
we include comparison with two procedures — (a) the method of l; and
(b) the ‘first deviation from linearity’ on a square root of time or
G-function plot.”*?

1.2. Fracture toughness and net pressure

In a propagating hydraulic fracture, the ‘fracture propagation pres-
sure’ is the pressure measured in the wellbore during injection as the
fracture propagates.(’ The propagation pressure is higher than the min-
imum principal stress because: (a) the pressure in the fracture must
exceed the stress magnitude to open the fracture and overcome the
formation’s fracture toughness, and (b) pressure can be elevated by
wellbore friction, near-wellbore pressure drop, and/or pressure gradient
along the fracture. To estimate the stress, the pressure is monitored after
shut-in to identify the ‘fracture closure pressure,” which, for a newly
forming fracture, is interpreted as being equal to Smin.”,”,?° The ‘initial
shut-in pressure’ (ISIP) is interpreted as an estimate of pressure in the
fracture during propagation.’ In horizontal wells, near-wellbore tortu-
osity can elevate pressure for tens of minutes after shut-in, and so
alternatively, the ‘effective ISIP’ may be used.'®

The ‘net pressure’ is defined as the difference between the fluid
pressure in the fracture and the normal stress on the fracture. Larger net
pressure implies greater effective fracture toughness, greater aperture,
and lower surface area.’’ Laboratory-derived values of fracture
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toughness imply that net pressure should be very low (<0.5-1 MPa) for
cracks larger than a few feet.” However, in-situ measurements suggest
that toughness may exhibit scale-dependence,®! * and that in-situ net
pressure are usually on the order of 2-3 MPa or more (**; Section 6-7.2
from 303%),

A variety of different processes have been proposed to explain
elevated field-scale values of fracture toughness (Section 5-4.5 from 36,
Section 6-7.2 from °°; Section 2.8 from ***7). Independently, geologists
have hypothesized that fracture toughness may be scale-dependent,
based on rock outcrop observations.*"*>> Numerical modeling matches
to high-quality diagnostics from field-scale hydraulic fracturing datasets
in shale usually yield apparent toughness estimates that are 2-3x or more
above typical laboratory values.*®“°

The SIMFIP measurements of fracture closure from the EGS Collab
project provide a high-fidelity measurement of fracture closure. In
Section 3.4, values of apparent toughness are calculated from the ob-
servations. The values are combined with mass balance calculations to
compare with microseismic observations of fracture size.

1.3. G-function plotting techniques

Many procedures for identifying fracture closure are based on plot-
ting pressure versus a function of time that has been derived to represent
the scaling of leakoff rate with time. If the fracture is assumed to have
formed instantaneously, the leakoff rate from the fracture is expected to
scale with the inverse of the square root of time."' Therefore, if the
fracture stiffness is constant prior to closure, a plot of pressure versus
square root of time should generate a straight line (Appendix A from 9.
As explained by /, closure causes a ‘deviation from linearity’ that can be
used to identify fracture closure and estimating stress: “the pressure
decline approaches a linear relation with the square root of time since
shut-in began ... when the fracture closes a distinct change in slope may
be seen ... the break can be either way and depends on the relative
relationship of the variables of the fracture and the reservoir.”

G-function plotting techniques have been used for stress estimation
in the oil and gas industry since the 1980s. The G-function is an
improvement over the ‘square root of time’ plotting technique because
the derivation accounts for non-instantaneous propagation of the frac-
ture over time — which causes the ‘duration of leakoff’ to be different at
different locations along the fracture.

The G-function is a dimensionless function of time derived such that
— given certain simplifying assumptions (such as Carter leakoff) - it is
linearly proportional to the volume of fluid leaked off from the fracture
prior to the contacting of the fracture walls.***> This property allows
G-function plotting techniques to be used to estimate not only stress, but
also fracture geometry and the leakoff coefficient***°; Section A.3
from.'°

The G-function is defined as:

G(AN =" (5(81) ~ g(81=0)) M

In low permeability rock, the g-function is defined as:

e

At is duration of shut-in, and t, is the duration of injection. “° provides a
succinct derivation of Equation (2), based on the original derivation
from.*?

1.4. Compliance and tangent methods for identifying fracture closure

To demonstrate the compliance and tangent methods, Figs. 1 and 2
show interpretations of a Utica/Point Pleasant shale DFIT (the figures
are reproduced from 16y The test was performed from the toe of a
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Fig. 1. Example of a compliance method stress estimate. The blue curve shows pressure, and the red curve shows dP/dG. Data taken from a fracture injection test in
the Utica/Point Pleasant Shale.'® (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Example of a tangent method stress estimate. The blue curve shows pressure, and the red curve shows G*dP/dG. Data taken from a fracture injection test in
the Utica/Point Pleasant Shale.'® (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

horizontal well, with a total volume of 7.37 m? (46.4 bbl) of fluid with
an injection rate of 0.013 m3/s (5 bbl/min). The pressure drops by
roughly 20.7 MPa (3000 psi) in the first hour of shut-in. This pressure
drop corresponds to the dissipation of near-wellbore tortuosity and does
not indicate closure or yield a stress estimate.

Following the procedure from '°, the straight section of the pressure
versus G-time plot can be extrapolated back to the y-intercept to esti-
mate the pressure in the far-field fracture at shut-in (the so-called
effective instantaneous shut-in pressure, or effective ISIP). In Fig. 1,
the effective ISIP is 57.4 MPa (8330 psi). The magnitude of the
near-wellbore tortuosity is approximately equal to the difference be-
tween the ‘literal’ ISIP (equal to roughly 11,300 psi in Fig. 1) and the
effective ISIP.

35 reviewed 62 DFITs performed in various shale formations across

North America and found that — in horizontal wells drilled in the di-
rection of Shmin — the early-time pressure drop varied between 5 and 40
MPa. In contrast, in vertical wells, the early-time pressure-drop was
usually less than 1 MPa. The difference arises because in vertical wells,
fractures can form longitudinally along the wellbore, resulting in little or
zero near-wellbore tortuosity (unless in a reverse faulting regime), but in
horizontal wells drilled in the direction of Shmin, the far-field fracture
orientation is transverse to the well orientation.

In Fig. 1, at around G-time of 17 and 55.8 MPa (8100 psi), the
pressure curve deviates from a straight line and begins to decrease more
rapidly. This corresponds to an upward deflection on the plot of dP/dG.
The ‘compliance method’ identifies the point where dP/dG has
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increased appreciably above its minimum value and labels this point the
‘contact pressure.” The compliance stress estimate is defined as being
equal to the contact pressure minus 0.5 MPa (75 psi). The subtraction of
0.5 MPa accounts for the effect of fracture roughness, which causes the
walls to contact at a pressure slightly higher than the normal stress.
Therefore, in this case, the compliance method estimate is 55.3 MPa.

6 recommend picking the contact pressure when dP/dG has
increased 10% above its minimum value. The ‘10% increase’ and ‘sub-
tract 0.5 MPa’ guidelines are both rules of thumb, developed to be
simple and practical. The procedure yields good accuracy when
compared with detailed numerical simulation matches to real data.'>'°
As with other graphical stress estimation techniques, there is sometimes
a modest degree of subjectivity in making the ‘compliance’ pick on real
data. The stress estimate has at least +1 MPa of uncertainty, which is
unavoidable, given the complexity of real-life fracturing process and the
inherent heterogeneity of in-situ stress. > note that in some cases, dP/dG
inflects upwards and then inflects downwards, but never quite reaches a
maximum; in these cases, closure may still be picked with ‘adequate’
confidence (an example is shown in Fig. 17a, below).

The increase in dP/dG visually corresponds to a deviation from
linearity, and so the compliance procedure is somewhat analogous to the
classical stress estimation technique of estimating stress at the first de-
viation from linearity described by ?° and.” However, the compliance
method differentiates between the early-time ‘near-wellbore tortuosity’
and the subsequent occurrence of fracture closure. The ‘first deviation
from linearity’ method could mistakenly pick closure during the dissi-
pation of the near-wellbore tortuosity. If applied to the test in Fig. 1, this
would result in a significant overestimate of the stress. As discussed in
Section 3.3, the method of ' would also be affected by this issue and
would significantly overestimate stress if applied to the test in Fig. 1.

The tangent method stress estimate relies on a plot of G*dP/dG
(Fig. 2). A straight line is drawn from the origin to the tangent of the
G*dP/dG curve. The stress estimate is equal to the point where the
G*dP/dG curve deviates downward from the straight line.

In this example, the tangent method estimate is 52.6 MPa (7630 psi),
2.7 MPa (395 psi) less than the compliance method estimate. The
implied net pressure (the pressure in the fracture minus the normal
stress) is (57.4-55.3) = 2.1 MPa with the compliance method and
(57.4-52.6) = 4.8 MPa with the tangent method.

The tangent method yields systematically lower stress estimates than
the compliance method. A review of 62 DFITs from *° found that the
tangent method was about 3 MPa lower, on average, implying a 2.5x
higher net pressure. In some cases, the methods differed by 5 MPa or
more.

15 provide a mathematical framework for explaining how and why
the pressure trend changes with closure. If the permeability is very low
(less than approximately 10 microdarcies), then the fracture will remain
effectively infinite conductivity after closure. In this case, the system can
be described with a simple lumped parameter model. Under these con-
ditions, it can be derived that'>'°:

dP 1 dv
% = a E s (3)
where P is pressure, G is G-time, C; is the storage coefficient of the
wellbore/fracture system, and V is the volume of fluid in the wellbore/
fracture system. The storage coefficient is defined as the volume of fluid
released from the system per increment of pressure decrease. The system
storage coefficient includes the wellbore storage coefficient (primarily
controlled by the compressibility of the fluid in the well) and the fracture
storage coefficient (primarily controlled by changes in fracture volume
with pressure).

As long as the walls are out of contact, then according to linear
elasticity, the fracture storage coefficient should be approximately
constant (*; Equation 9-21 from 43, Section 8.13 from *®). The G-func-
tion was derived by ** specifically to have the property that 4 will be
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constant, as long as leakoff is consistent with the Carter leakoff model
(ie, leakoff rate at a location is approximately equal to the inverse of the
square root of time). The Carter leakoff model is only valid if pressure in
the fracture is approximately constant. As pressure decreases during
shut-in, the Carter leakoff assumption becomes increasingly inaccurate,
and ‘di—‘é begins to gradually decrease as leakoff occurs more slowly than
would be expected from Carter leakoff.

At early time, before significant pressure decrease, and while the
fracture walls are still out of contact, both terms in Equation (3) are
constant and so % is constant, resulting in a straight line on the P versus
G plot (or equivalently, the P versus sqrt(t) plot).

When the fracture walls contact, the fracture becomes stiffer, which
decreases the system storage coefficient, resulting in an increase in %,
This is why '>'° recommend picking the ‘contact pressure’ at the point
when the derivative has increased from its minimum. The fracture walls
do not contact instantaneously everywhere, and they have some residual
aperture at contact caused by roughness. Thus, the ‘compliance method’
interpretation is to estimate stress at 0.5 MPa (75 psi) less than the
contact pressure.

The % curve eventually peaks and goes back down. The peak occurs
because as the pressure decreases, Carter leakoff becomes an increas-
ingly invalid assumption, and so rather than remaining constant, 4%
decreases progressively to zero.

As discussed by '®%, a significant percentage of tests exhibit
monotonically decreasing dP/dG, rather than the ‘S’ shape seen in Fig. 1.
This may occur for two primary reasons: (a) the fracture closes rapidly
after shut-in, and/or (b) near-wellbore tortuosity is so strong or takes so
long to dissipate that it covers the actual transient. In a horizontal well
where near-wellbore tortuosity may be strong, '*° recommend against
making a stress estimate, since there is not an unambiguous indication of
closure. In a vertical well or in a situation where we otherwise expect to
see minor near-wellbore tortuosity, then we may interpret the test as
representing ‘rapid closure’ and use the ‘first deviation from linearity’
approach. In this scenario, the uncertainty in the stress estimate is
considered relatively high, because of the risk that near-wellbore tor-
tuosity or other brief transient effects occur simultaneously with fracture
closure.

16 developed an alternative to the G-function that scales with cu-
mulative leakoff volume, but accounts for changing pressure in the
fracture over time (ie, does not assume Carter leakoff). Using this
concept, it is possible to construct a ‘relative stiffness’ plot. On this plot,
the contact pressure can be estimated from when stiffness is observed to
increase appreciably. Fig. 3 shows the relative stiffness plot constructed

10! 4

Contact pressure
100 4

Relative system stiffness

1014

7000 7200 7400 7600 7800 8000 8200 8400
Pressure (psi)

Fig. 3. Example of a relative stiffness versus pressure plot. Data taken from the
same Utica/Point Pleasant Shale fracture injection test that is shown in the
previous figures. Relative stiffness is a unitless quantity.
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from the same data as Figs. 1 and 2. The stiffness increases at 55.8 MPa
(8100 psi), consistent with the compliance method pick seen in Fig. 1.

1.5. Other examples in the literature

Several recent papers have performed explicit comparisons between
methods for estimating closure stress.

20" described a series of minifracs performed with in-situ strain
measurements at the Grimsel project. They found that the
compliance-based estimates were reasonably accurate, and that the
tangent-method estimates were significantly too low. These tests typi-
cally exhibited a ‘monotonic dP/dG’ signature, a special case discussed
in Section 1.4. They tested a method similar to the procedure from ' and
found that it yielded accurate interpretations.

22 analyzed a set of minifrac tests with five different stress estimation
procedures. They did not use strain measurements to independently
assess accuracy; they solely performed a comparison between different
procedures. The tangent method was an outlier, yielding much lower
results than the other methods. In some cases, the tangent method es-
timates were so low that they violated constraints based on the frictional
strength of the rock. The compliance method estimates were the
second-lowest of the five techniques, but much closer to the others than
the tangent method.

!5 compared shut-in transients with tiltmeter measurements from the
DOE M-Site project. They found that the tangent method yielded an un-
derestimate, and that the compliance method accurately picked closure.

In contrast, */ also analyzed the tiltmeter measurements from the
M-Site project and argued that the results supported the use of the
tangent method. The apparent difference from the interpretation of *°
was related to how they estimated stress from the deformation mea-
surements. They did not use the ‘x-intercept’ approach explained in
Section 2.3 (Figure 9A-4 from **). Further discussion is provided by.'”

In tests from vertical wells with little or no near-wellbore tortuosity,
fracture reopening pressures can provide a useful independent estimate
of Smin. For example, *° analyzed microfrac tests performed from ver-
tical wells in shale. In their tests, the tangent method interpretations
were consistently several MPa lower than the fracture reopening
pressures.

2! compared the tangent and compliance methods and argued that
the tangent method yielded the correct stress estimate. The discussion
from %' was based on heuristic arguments related to stress profiles
derived from well logs and measurements of fracture height growth.

23 applied the tangent and compliance methods to interpret micro-
frac tests performed at the laboratory scale. The tangent method in-
terpretations were around 3 MPa lower than the Smin imposed on the
rock samples. The compliance method interpretations were about 1 MPa
lower than the imposed Smin.

2. Methods
2.1. Project background

In this study, we analyze fracture injection tests performed as part of
the EGS Collab project at Sanford Underground Research Facility (SURF)
in South Dakota, USA.>*?%27:60

Numerous fracture injection tests were performed at the Collab
project. However, most involved brief shut-in, followed by flowback. For
this study, we used only tests that had extended shut-in periods and
simultaneous SIMFIP measurements. There were four fracture injection
tests that met these requirements, and these are the tests included in this
study. The E1-I 164 Test 2 probably had slight leakage into a grouted,
nearby observation well, as discussed below, but was nevertheless
included in the study.

Of the four tests, two were performed in a borehole drilled from the
4100’ level of the mine (~1.25 km deep), and two were performed in a
borehole drilled from the 4850’ level of the mine (~1.5 km deep —
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Table 1). These depths are referenced to a particular reference location
in the mine shaft and are not referenced precisely to the geodetic datum
depth. The borehole on the 4850’ level, E1-I, was 69 m long and slightly
dipping from horizontal while the 4100" borehole, TV 4100, was
approximately 50 m long and vertical. The E1-I tests at the 4850’ level
were performed at a measured depth of 164 ft (50 m) from the wellhead.
The E1-I well was drilled in approximately the direction of Shmin. The
tests at the 4100’ level were performed at a measured depth of 32 ft (9.8
m) and 148 ft (45.1 m) (TV Test 4 and TV Test 7).

The stress state in the vicinity of the E1-I tests was previously esti-
mated from tests performed in nearby borehole as part of the Kismet
project.?>°%>! The vertical stress magnitude was estimated to be around
41.8 MPa. The magnitudes of SHmax and Shmin have been estimated to
be around 34.0 and 21.7 MPa. As noted in Section 3.1, the SIMFIP
measurements suggest that Shmin is 21.4 MPa, which is close to the
Kismet estimate. Over time, fluid has drained into the mineshaft, causing
a localized region of depleted pore pressure. The in-situ magnitude of
stress may also be significantly depleted by this depletion. There is likely
a spatial gradient in both pore pressure and stress towards the mineshaft.

In the E1-I 164 tests, there were three injection/shut-in periods. The
third injection period caused the fracture to intersect an offset produc-
tion well at a distance of 10 m.

In the well at the 4100 interval, a total of eight injections were
performed, all with the SIMFIP probe. Of these, most involved brief shut-
in followed by flowback. The tests suggested significant stress variation
along the borehole, evidently caused by differences in lithology. Of the
tests in the 4100’ interval, Tests 4 and 7 used extended shut-ins, and
these are the two analyzed in this study.

2.2. SIMFIP tool

The SIMFIP tool contains a 6-component displacement sensor for
measuring deformation during and after fluid injection. The injection
interval is isolated by packers on each side, separated by 2.41 m, and the
displacement sensor is placed in the center. The displacement sensor is
an aluminum cage (0.24 m and 0.1 m diameter) connected to two 0.58 m
elements that enable clamping to the borehole wall (Points A and B in
Fig. 4). The sensor measures the relative borehole wall displacement
between the anchors, which are 1.4 m apart. When clamped, the cage is
disconnected from the packer system, which enables it to measure
deformation independently from the packer system. The resolution of
the measurements is at the micrometer scale, and the range is a few
millimeters. The system enables continuous and simultaneous mea-
surement of the three-dimensional borehole wall displacements, injec-
tion rate, and injection pressure.

Examples of the SIMFIP test procedure are provided by
SIMFIP tests typically begin with a calibration injection. Pressure is
increased in steps to a pressure safely below the fracture initiation
pressure, and then the pressure is stepped back down. The deformation
response is used to calibrate the tool’s response in the absence of frac-
turing. Usually, the displacements are reversible when the pressure is
stepped back down.

After the calibration injection, one or more injection steps are per-
formed at higher rate and pressure, to create and propagate a hydraulic
fracture. At the beginning of fracturing, the displacement distribution is
often complex because of localized deformation associated with fracture
initiation. However, with further injection (and during subsequent in-
jection cycles), the displacement measurements become dominated by
the primary deformation mode in the near-wellbore region (within a few
meters).

The SIMFIP can produce reliable data when fractures make an angle
>~10° with the borehole. This is the case in the four tests presented in
this paper. Indeed, the fracture is almost perpendicular to the borehole
in the E1-I 164 tests, while reactivated fractures make angles of 12 and
36° with borehole respectively in the two tests from the 4100’ interval
(see Fig. 5).

26,52 4 4 53
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Table 1
Summary of the geological setting of each test.
Test Depth of the wellhead ~ Borehole Orientation Fractures (from Optical and Acoustic Geology
(m) logs)
Azimuth  Inclination  Number  Dip Dip
direction angle
E1-I 164 Test 1490.5 02° 9.3° 0 Intact foliated metamorphic rock
1
E1-1164 Test  1490.5 02° 9.3° 1 Hydro-fracture Intact foliated metamorphic rock with one hydraulic fracture (HF)
2 Dip direction (dd) 159° initiated during the test
Dip angle (da) 83°
TV4100 Test 1278 0° 90° ~13 ~3 fractures directions Foliated metamorphic rock with ~13 initially closed and/or cemented
4 dd 180-240° da45-55° natural fractures
dd 110-120° da 10-20°
dd 0-10°da 60°
TV4100 Test 1262 0° 90° ~20 ~3 fractures directions Foliated metamorphic rock with ~20 initially closed and/or cemented
7 dd 100-130° da 20-40° natural fractures

dd 70° da 49°
dd 199° da 43°

- E1-1164 Tests 1 and 2 b

P th
(m) o1tV (a)

p
ATV (m)
28.7

orv

29.0
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TV4100 Test 4
(b) ATV (m)

Clamp B

Orientation (degree)

TV4100 Test 7
OTV (¢) ATV
3 =

0 18 0 0 180 0

180 O

Orientation (degree)

Fig. 4. Pre-tests logs (OTV - Optical Tele Viewer, ATV — Acoustic Tele Viewer (modified from .

2.3. Estimating the fracture closure stress from SIMFIP measurements

To estimate the fracture closure stress (ie, the normal stress on the
fracture), the fracture-normal displacement should be plotted versus
pressure (Fig. 6).

When a crack is mechanically open and not propagating, there is an
approximately linear relationship between deformation and pressure, as

given by the equation (*’; Equation 9-21 from “*; Section 8.13 from “®):

—_ P Shmi

W= = (P=0,)C;, @
f

where W is the average fracture width (defined as the crack volume
divided by area), Syis the fracture stiffness, Cris the fracture compliance
(equal to the reciprocal of fracture stiffness), and o, is the normal stress
on the fracture.

The fracture walls contain asperities that contact during closure,
creating a backstress that nonlinearly increases stiffness.”* The asper-
ities contact at a width W, that is some fraction of the maximum width
reached during injection. If the crack was perfectly smooth, then W,
would be equal to zero, and the straight line would extend all the way to
zero on the x-axis of Fig. 6. With nonzero W,, the curve deviates from the
straight line and curves to asymptotically approach zero (or possibly, a
small residual width) as pressure decreases below the normal stress.
Comparison between Fig. 6 and Equation (4) shows that the x-intercept
of the straight line is equal to normal stress. It might be tempting to
identify ‘closure/reopening’ as the point where the displacement visu-
ally deviates from zero. However, the progressive, asymptotic reduction
in aperture with falloff continues at pressures much lower than the
fracture normal stress.
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Fig. 5. SIMFIP probe. (a) Design of the
probe; (b) Schematic concept of the borehole
three-dimensional relative displacement be-
tween anchors A and B; (c) Example of a
SIMFIP displacement signal captured across
the activated hydrofracture during E1-I 164
Test 2. Red segment is the displacement
during injection and growth of the fracture.
Orange segment is the displacement during
shut-in (modified from 7). (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)
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Fig. 6. Schematic of hydraulic fracture reopening/closure. Based on Figure 9A-
4 from .** The orange dashed line shows the extrapolation of the ‘open fracture’
curve back to the fracture normal stress (ie, the fracture closure stress), as per
Equation (4). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

3. Results and discussion
3.1. E1-I 164 interval

E1-1164 Test 1 involved 10 min of injection at 0.2 1/min, followed by
an extended shut-in (Fig. 7). A power outage ended the SIMFIP
recording once the pressure had reached 22.2 MPa. The pressure mea-
surements continued until reaching a minimum of 20 MPa. E1-1 164 Test
2 involved 57 min of injection at up to 0.4 1/min”’, followed by a 15 h
shut-in (Fig. 8). E1-I 164 Test 3 involved injection at 3 1/min until the
fracture intersected an offset production well, as observed by a down-
hole camera in the production well.

The interval in the E1-I tests was notched prior to the tests, in order
to promote breakdown. However, the SIMFIP measurements suggest
initiation probably did not occur from the notch. During initiation at the
start of Step 1, the SIMFIP observed microshearing on a preexisting
foliation plane until reaching 112% of the estimated Shmin, followed by
initiation and opening-mode displacement. Overall, the E1-I tests are
believed to have predominantly created an opening mode hydraulic
fracture. Therefore, the closure stress can be interpreted as representing
the magnitude of the minimum principal stress.

A detailed microseismic array provided information on the far-field
fracture geometry, which was approximately planar and perpendicular
to Shmin, with some interaction with natural fractures, and possibly a
few different discrete propagation planes.?”,°%%

Because of the early loss of recording, the SIMFIP measurements
from Test 1 are insufficient to enable an estimation of the normal stress.
The SIMFIP measurements from the Test 2 reopening and closure and
the Test 3 reopening provide the best data for estimating stress. In these
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Fig. 8. SIMFIP displacement normal and tangential to the activated fracture during E1-1 164 Test 2. Displacements are plotted with injection chamber pressure and
injection flowrate. The tangential displacement is the absolute shear displacement regardless of its direction in the fracture plane.

tests, the measured reopening and shut-in lie on top of each other. The The final asymptote in displacement is not required to occur at a
curves all have an x-intercept stress estimate around 21.4 MPa (Fig. 9). measured value of zero. Irreversible displacement can occur during in-
As the pressure drops further, the fracture continues to gradually close jection, resulting in an apparent offset from zero. As a result, the ‘x-
and stiffen, as the fracture closes down on asperities. intercept’ stress estimate should be based on drawing a tangent to the
164Test 1 164Test 2 164Test3
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Fig. 9. SIMFIP displacement normal to the activated fracture versus zone pressure for the E1-I 164 tests. Black is the injection period, blue is the shut-in period. The
black dashed lines have been added to show how stress can be estimated from the plot, as shown in Fig. 6. The intercept occurs at around 21.4 MPa in both Tests 2
and 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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long-term asymptote on the plot, rather than at the literal value of ‘zero’
on the plot.

The displacement data from the Test 1 shut-in cannot be interpreted
to estimate stress using the technique shown in Fig. 6, because the test
ended before we could identify the location of the final asymptote in
displacement. The bending of the curve suggests that it may have
occurred at a y-axis value around 19 pm, implying an ‘x-intercept’ at a
pressure similar to Tests 2 and 3. However, without the measurements,
this is not known with certainty.

Fig. 10 shows the G-function and relative stiffness plots from the E1-I
164 Test 1 shut-in. The dP/dG plot indicates a contact pressure of 21.9
MPa, for a ‘compliance method’ stress estimate of 21.4 MPa — the same
as the ‘x-intercept’ stress estimate from the SIMFIP measurements. The
relative stiffness plot shows an upward deflection at a slightly higher
pressure as the dP/dG plot, 22.1 MPa. Conversely, the ‘tangent method’
interpretation of the G*dP/dG plot is that the fracture never closed
during the duration of the shut-in.

If the shut-in had been performed for longer duration in E1-I 164 Test
1, it is certain that a tangent point would have eventually been reached
and that the ‘tangent method’ stress estimate would have been lower
than the final measured pressure. It is a mathematical requirement that
the G*dP/dG curve must always eventually yield a ‘tangent’ point, given
a sufficiently long shut-in period. As time goes to infinity, the pressure
derivative goes to zero, which causes the G*dP/dG curve to approach
zero. At G-time equal to zero, G*dP/dG must be equal to zero. Thus, the
G*dP/dG curve must always increase from zero, and then eventually
bend back down to zero. This implies that there is always a point when a
straight line from the origin is tangent to the curve, creating a ‘tangent
closure pick.” For detailed analysis of the late-time asymptotic behavior
of shut-in pressure transients from fracture injection tests, refer to

BHP (MPa)
dP/dG (MPa/G)
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Ref. 46.

The dP/dG curve in E1-I 164 Test 2 is monotonically decreasing
(Fig. 11). According to the compliance procedure from '°, a mono-
tonically decreasing dP/dG curve indicates either: (a) rapid closure, or
(b) excessive near-wellbore tortuosity. Because there is not an indication
of strong near-wellbore tortuosity in this dataset, the best interpretation
is the ‘rapid closure’ interpretation. The ‘rapid closure’ stress estimate is
equivalent to the effective ISIP; it does not yield a precise stress estimate,
and so ‘compliance stress estimate’ is an inexact range from roughly
20.7-24.1 MPa.

The G*dP/dG plot never reaches a tangent point or maximum, and so
the ‘tangent method’ interpretation is that the fracture never closed,
reaching a minimum pressure of 15.2 MPa. The SIMFIP estimate of 21.4
MPa is within the range of the compliance method ‘rapid closure’
interpretation. The tangent method interpretation (that the stress is less
than 15.2 MPa) is far too low.

‘Rapid closure’ in Test 2 was evidently caused by either: (a) inter-
section with a relatively conductive natural fracture, or (b) possible
leakoff into an offset observation well. The offset observation well was
grouted, and so supposedly sealed to flow. However, distributed tem-
perature sensing (DTS) measurements in the observation well indicated
a small temperature change, suggesting that some fluid may have leaked
off into the well.

3.2. TV 4100’ interval

In TV 4100’ Test 4 Cycle 1, injection was performed at 1.2 1/min for
10.48 min, followed by a 7-h shut-in (Fig. 12). The SIMFIP measure-
ments suggest reactivation (opening and shearing) on a fracture with
236°/54° dip direction/dip angle. At the fracturing pressure during
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Fig. 10. dP/dG, G*dP/dG, and relative stiffness plots for E1-1 164 Test 1. The contact pressure is labeled with dashed lines. It is of 21.9 MPa in the dP/dG plot (for a
stress estimate of 21.4 MPa) and 22.1 MPa in the relative stiffness plot. The tangent point cannot be labeled because it is not reached before the end of the transient. A
tangent point would have been reached eventually if the shut-in duration had been longer.
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The compliance interpretation is ‘rapid closure,” implying an uncertain range from 20.7 to 24.1 MPa. The tangent point cannot be labeled because it is not reached
before the end of the transient. A tangent point would have been reached eventually if the shut-in duration had been longer.
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Fig. 12. SIMFIP displacement normal and tangential to the activated fracture during TV 4100’ Test 4. Displacements are plotted with injection chamber pressure and
injection flowrate (note that only a part of the shut-in is plotted on this graph). The tangential displacement is the absolute shear displacement regardless of its

direction in the fracture plane.

injection, the first displacement was tangential to the fracture, and
displacement normal to the fracture was not detected. Then, at 2:56 min
after injection began, the fracture started opening with a normal
displacement of about 10 pm. At shut-in there is a smooth normal
closure and no clear tangential movement.

Far-field fracture imaging was not performed with the two 4100’

10

tests. Comparison of imaging logs before and after injection did not show
indication of new fractures, but stronger acoustic contrasts were
apparent at some of the preexisting fractures after the injections. A
newly formed hydraulic fracture would not necessarily be visible from
an imaging log performed after the tests. However, the SIMFIP mea-
surements and the OTV/ATV post-test observations were consistent with
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reactivation of natural fractures at the wellbore.

Overall, the most likely interpretation is that the two tests performed
at the 4100’ interval opened a preexisting fracture, and so the closure
stress should be interpreted as representing the normal stress on the
fracture (which depends on its orientation), rather than the magnitude
of the minimum principal stress. This interpretation has some ambiguity
because of the possibility that opening mode splay fractures could have
propagated off the opening natural fracture.”” However, in the 4100°
tests, there is not any indication from the SIMFIP observations to suggest
a far-field reorientation of the strain/deformation field that would be
associated with the opening of splay fractures. Our focus in this paper is
to compare estimates of the fracture closure pressure from the SIMFIP
and the pressure observations, and so regardless of the interpretation of
closure pressure with respect to the overall state of stress, we can
evaluate the methods based on their ability to estimate closure pressure.

The SIMFIP estimates of closure in Cycle 1 and reopening in Cycle 2
are affected by nonmonotonic behavior evidently caused by complex
hydromechanical effects associated with leakage into the formation
(Fig. 13). During the Cycle 1 shut-in, the normal displacement drops to
near zero at 18.6 MPa, and then goes back up. Estimates of stress from
the x-intercept are challenging because the data does not yield a smooth,
ideal straight-line, as in the E1-1 164 tests. In Cycle 2, it is not possible to
apply the x-intercept because displacement did not reach a minimum or
an asymptote. The reopening pressure in Cycle 2 appears to be around
17.7 MPa.

In the dP/dG plot, the curve reaches a minimum and begins to in-
crease at about 17.6 MPa, yielding a compliance method stress estimate
of 17.1 MPa (Fig. 14). The relative stiffness plot shows an upward
deflection at around the same pressures, roughly 17.2 MPa. The G*dP/
dG curve never bends downward and reaches a tangent point, and so the
tangent method interpretation is that the fracture never closed during
the shut-in, and so the stress is lower than the final measured value of
15.2 MPa.

TV 4100’ Test 7 Cycle 1 involved 12.35 min of injection at 2.8 1/min,
followed by a 16-h shut-in (Fig. 15). It is believed that injection reac-
tivated one or more natural fractures. Initially, the SIMFIP-measured
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displacements were complex because the reactivated fracture was
outside the SIMFIP anchors. Nevertheless, the SIMFIP measurements
suggest reactivation of a fracture with 128°/68° dip direction/dip angle.
After shut-in, normal displacement briefly continued to increase. Sub-
sequently, it settled into a smooth straight line with x-intercept of 17.9
MPa (lower left panel of Fig. 13). At the start of injection for Cycle 2,
displacement increased from its minimum at 16.4 MPa (black line on the
lower right panel of Fig. 13).

After TV 4100’ Test 7 Cycle 2, fluid was immediately flowed back. °®
recommend interpreting flowback tests with a plot of pressure versus
cumulative flowback volume. The stress estimate is based on the inter-
section of straight lines drawn through the linear periods before and
after the downward deflection. In Cycle 2, this yields a stress estimate of
18.5 MPa (Fig. 16).

The dP/dG plot shows what would be termed an ‘adequate’ indica-
tion of closure®® (Fig. 17). There is an upward deflection in dP/dG, but it
never actually reaches a minimum. The upward deflection occurs at
approximately 19.8 MPa (the pick has some degree of subjectivity),
suggesting a stress estimate of 19.3 MPa. The relative stiffness plot does
not show a clear upward inflection, with the implied relative stiffness
increasing steadily as pressure drops.

The G*dP/dG curve reaches a tangent point at 18.6 MPa, which is
within 0.7 MPa of the compliance method estimate. The SIMFIP estimate
is 17.9 MPa, and the flowback test interpretation is 18.5 MPa. Thus, in
this case, the methods are within 1.4 MPa of each other, with the
compliance interpretation slightly higher than the others.

Table 2 summarizes the results from the different tests. The E1-I 164
tests were performed in the same interval, but the other two tests were
performed in different intervals. Table 3 summarizes some of the key
details of the tests, such as injection duration and volume.

A statistical comparison from *° suggests wide variance in the dif-
ference between the tangent and compliance methods. This is consistent
with the results from this study, where the accuracy of the tangent
interpretation was highly variable. If the tangent method was inaccurate
by a consistent amount, then it could potentially be adjusted to account
for the bias. However, because the inaccuracy is inconsistent, this

Fig. 13. SIMFIP displacement normal to the
10 4100Test 4 Cyde 1 ’g 10 4100Test 4 cyCIe 2 activated fracture versus zone pressure for the TV
8 S | 4100’ tests (black is the injection period, blue is
= £ the shut-in period). The x-intercept values are
- T - T unclear in 4100 Test 4. In Test 4 Cycle 1 the
c c . . : .
] E (7] B displacement reaches a minimum during shut-in
QE) 0- 1 4 | s 0 - T — T at 18.6 MPa. In Test 4 Cycle 2, the reopening
2 4 and closure curves lift off from a minimum at
é. T 2 ] around 17.7 MPa. In Test 7 Cycles 1 and 2, the x-
e T T T T T T a T T T T T T intercept value is around 17.9 MPa. (For inter-
35 10.5 17.5 35 10.5 17.5 pretation of the references to colour in this figure
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suggests that the estimate does not have any reliable relationship to the 3.3. Comparison with the ! and ‘deviation from linearity’ techniques for
actual stress magnitude. This finding is expected because it has been estimating stress from shut-in tests

shown mathematically that the tangent method procedure does not have

a theoretical relationship with the process of closure.® ! recommend estimating stress with a plot of dt/dP versus P. The
curve should be fit with three straight lines, and the magnitude of the

least principal stress should be estimated from the pressure at the

12
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Fig. 17. dP/dG, G*dP/dG, and relative stiffness plots for TV 4100’ Test 7. The contact pressure and tangent point are labeled with dashed lines. The contact pressure
from the dP/dG plot is 19.8 MPa (suggesting a stress estimate of 19.3 MPa). The tangent method stress estimate is 18.6 MPa. The relative stiffness plot is ambiguous
to interpret, consistent with the only weak inflection observed for dP/dG.

deviation from linearity on the earliest (highest pressure) straight line (*; the first two straight lines, and so two different possible stress estimates
Haimson and Cornet, 1993). Fig. 18 shows the plots for the four tests, are reported in Table 4. The estimates from the ' method exceed the
and Table 4 summarizes the results. In TV 4100’ Test 7, four ‘straight SIMFIP estimates by 1.1-3.5 MPa.

line’ periods could be identified, and so all four are labeled on the plot. Table 4 also summarizes results from estimating stress from the point
The stress estimate could arguably be picked from the end of either of of deviation from linearity after shut-in on a plot of square root of shut-in

13
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Table 2
Comparison of stress estimates from the tangent method, the compliance
method, flowback, and the SIMFIP measurements.

Name Tangent Compliance Method SIMFIP Flowback
Method

El-1164 Less than 20 21.4 MPa 21.4 MPa N/A
Test 1 MPa

El1-1164 Less than Rapid closure — 21.4 MPa N/A
Test 2 15.2 MPa 20.7-24.1 MPa

TV 4100’ Less than 17.1 MPa 17.7-18.6 N/A
Test 4 15.2 MPa MPa

TV 4100’ 18.6 MPa 19.3 MPa 17.9 MPa 18.5 MPa
Test 7

Table 3

Injection duration, total injection volume, average injection rate, and shut-in
duration for the four tests.

International Journal of Rock Mechanics and Mining Sciences 170 (2023) 105521
time or G-time (Fig. 1 from 7’29; Figure 7.3 from %1y,

In both E1-1 164 Test 1 and E1-I 164 Test 2, the first deviation from
linearity on the plot of pressure versus G-time occurs at around 24.1 MPa
(Figs. 10 and 11), well-above the SIMFIP measured value of 21.4 MPa
(Fig. 9). Arguably, the deviation from linearity from E1-I 164 Test 1
could be picked at an even higher stress, 25.5 MPa.

In TV 4100 Test 4, the early deviation from linearity occurs at
around 19.0 MPa (Fig. 14). In this case, the interpretation is close to the
SIMFIP measured value. In TV 4100’ Test 7, the early deviation from
linearity occurs at around 21.0 MPa (Fig. 17), well-above the SIMFIP
measured value of 18.6 MPa.

In all four tests, it appears that transient effects cause a temporarily
elevated rate of pressure decline during the early shut-in period, which

Table 4
Comparison of stress estimates from SIMFIP, the method of ! and the “first de-
viation from linearity.”

Name Injection Injection Avg Injection Shut-in
duration (min: volume (L) rate (L/min) duration Test SIMFIP stress Stress estimate from ‘first Stress estimate
sec) (hours) estimate deviation from linearity’ from '
El1-1164 10:00 2.1 0.21 2 E1-1164 21.4 MPa 24.1 or 25.5 MPa 24.7 MPa
Test 1 Test 1
E1l-1164 63:00 23 0.37 15 El-1164 21.4 MPa 24.1 MPa 22.5 MPa
Test 2 Test 2
TV 4100’ 10:29 20.5 1.08 7 TV 4100’ 17.7-18.6 MPa 19.0 MPa 20.4 MPa
Test 4 Test 4
TV 4100’ 12:21 45.2 2.15 16 TV 4100’ 17.9 MPa 21.0 MPa 21.50r 19.3
Test 7 Test 7 MPa
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affects the accuracy of the ! and ‘first deviation from linearity’ proced-
ures. Near-wellbore tortuosity (caused either by opening of a natural
fracture at the wellbore or complex initiation of hydraulic fractures from
the wellbore) is a plausible explanation for this phenomenon. In addi-
tion, early-time elevated pressure derivative after shut-in of a fracturing
test has been hypothesized to be caused by ‘pressure dependent leakoff’
or ‘tip-extension’.”’

The method of ! was recommended in the ISRM procedure from.
This procedure lays out carefully controlled test conditions, such as
using a wellbore alignment so that a hydraulic fracture can form cleanly
at the wellbore (ie, a vertical well in a normal or strike-slip faulting
regime). In this ideal configuration, near-wellbore tortuosity should be
zero. If the well is not oriented parallel to one of the maximum principal
stresses (as in the tests considered in this study), near-wellbore tortu-
osity may develop and introduce the potential for stress overestimation
if using either “first deviation from linearity’ or the method from.'

As discussed in Section 1.4, early-time pressure drop caused by near-
wellbore tortuosity is commonplace in fracturing tests performed for
petroleum engineering, at least in non-vertical wells. For example, if
applied to the test shown in Fig. 1, the methods of ! and “first deviation
from linearity’ would yield large overestimates of the closure pressure,
because of the very large magnitude of near-wellbore tortuosity.

20 also performed a comparison between in-situ strain measurements
and pressure transient interpretations of closure. In their results, they
observed good accuracy from the method of.! Evidently, the accuracy of
the method depends on whether or not near-wellbore tortuosity causes
elevated pressure derivative at early-time.

8

3.4. Net pressure and fracture size

Microseismic imaging during the E1-1 164 Test 1 injection observed a
fracture of “approximately 3 m in diameter”.”> However, Fig. 7 from °°
shows that seismic events occurred as far as 8 m from the injection well.

During the E1-I1 164 Test 2, °° report that the fracture appears to have
propagated towards an offset monitoring well E1-OT. The well was
grouted, but it is believed that fluid was nevertheless able to leak off into
the well. Fig. 7 from °° shows that the E1-I 164 Test 2 injection created a
fracture with diameter of 10-12 m.

For comparison, we can use a mass balance equation to estimate the
fracture size implied by the stress estimates. The volume of fluid injected
is equal to the volume of fluid stored in the fracture at shut-in (area times
net pressure divided by fracture stiffness) plus the volume of fluid leaked
off at shut-in (approximately equal to three times the leakoff coefficient
and the square root of injection duration). Assuming a radial crack, we
can then write (Equation 40 from 16y,

37FE )

Qi =aR* | (ISIP - 6,,) 16R +3(ISIP — P,.y) %‘Ik NG } ,
where Qjy; is the volume injected, R is radius of the crack, E is the plane
strain modulus (estimated to be 75 GPa), Py is the reservoir pressure
(estimated to be 7 MPa), ¢ is the porosity (estimated to be 4%), c; is the
total compressibility of the formation (estimated to be 5e-4 MPa_l), kis
the permeability, u is the viscosity of the fluid (1 cp), o, is the normal
stress on the fracture, and t;;; is the duration of injection. The perme-
ability is not well-known; however, as a rough estimate, we can use 1e-
19 m?. If the fracture formed instantaneously, the volume of fluid leaked
off would be calculated with a factor “4,” not “3.” However, because the
fracture propagates over time, and so the leakoff duration is variable
along the fracture face, it is common to approximate this effect by using
a factor “3” instead of “4.”

Using the stress and radius estimates, we can calculate the implied
fracture toughness from stress intensity factor of a circular crack
(Equation 2.44 from 7
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K, = % (ISIP — 6,)V7R (6)

Table 5 summarizes the estimated fracture diameter and toughness
for the two tests, comparing the results from the compliance and tangent
procedures. Microseismic diameter estimates are not available for the
two TV 4100’ tests.

In the E1-I 164 Test 1, the stress estimate from the compliance
method and from the SIMFIP measurements is 21.4 MPa. The estimate
from the tangent method in this test is unknown because a tangent point
was not reached before the end of the measurements. In E1-1 164 Test 1,
the ISIP was approximately 25 MPa, the injection duration was 600 s,
and the injection volume was 2.1 L. Given these values, Equation (5)
yields a diameter of 3.78 m. With a higher permeability of 1e-18 m?, it
yields a diameter of 3.33 m. With zero leakoff, the equation yields a
diameter of 4.03 m. These values are in the range of the 3 m diameter
estimated by.55

In the E1-1164 Test 2, the crack is believed to have closed fairly soon
after shut-in, probably due to leakoff into the offset observation well.
Nevertheless, using the stress estimate from the E1-I 164 Test 1, we can
use Equation (5) to estimate the fracture size. In E1-I 164 Test 2, in-
jection volume is 23.08 L, duration is 3795 s, and ISIP is 24.1 MPa. Using
the compliance stress estimate of 21.4 MPa and a permeability of 1e-19
m?, the fracture diameter is calculated to be 9.05 m, close to the estimate
of fracture size (which was 10-12 m).

A tangent point was not reached before the end the measurements in
Test 2. However, the final pressure measurement was around 15 MPa. If
we assume that a tangent point would have been reached shortly after
the end of the test, we can use 13 MPa as the tangent method estimate of
stress. Using this value, diameter is calculated to be 5.96 m, significantly
smaller than observed in the microseismic imaging.

If we use the compliance stress estimate and the ISIP from the E1-I
164 Test 1 and the calculated diameter of 3.78 m, the implied
‘apparent’ toughness is 5.58 MPa-m'/2. Using the compliance stress es-
timate and the ISIP from E1-I 164 Test 2 and the calculated diameter of
9 m, the implied ‘apparent’ toughness is 6.5 MPa-m'/2. Using the esti-
mated tangent stress estimate from E1-I 164 Test 2 (13 MPa) and the
calculated diameter of 6 m, the implied ‘apparent’ toughness is 21.6
MPa-m'/2, Typical laboratory measurements of fracture toughness in
rock are in the range of 1.0-2.5 MPa-m'/2.

For comparison, if we assume that the crack diameter from E1-I 164
Test 2 was 12 m (the upper limit on the size of the fracture, based on
microseismic imaging), we can use Equation (5) to calculate that the net
pressure would have had to be 0.9 MPa, for an implied Shmin value of
23.2 MPa. This would imply a toughness of 2.5 MPa-m'/2, which is in the
ballpark of laboratory toughness measurements. However, while thisis a
tempting interpretation, it is difficult to accept because it requires a
lower net pressure than observed from the SIMFIP measurements
(Fig. 9).

Overall, the calculation accuracy is reasonable, considering that the
equation seeks to describe a complex, in-situ fracturing process with
only a simple mass-balance and a radial crack assumption. °° note that
the direction of propagation changed during the test, which implies
more complexity than implied by a simple ‘radial propagation’ model.
The compliance-method implied diameter is about 25% larger than
observed in E1-I 164 Test 1 and 10-25% smaller than observed in E1-I
164 Test 2.

Laboratory measurements of toughness typically vary from 1.1 to
3.9 MPa-m"(1/2) (Section 5-4.5 from °®). The implied toughness values
from the compliance method interpretations are significantly larger than
this range. The tangent-method calculated diameter from the E1-I 164
Test 2 is 40-50% smaller than observed in the microseismic, and the
implied toughness value is much larger than the range of typical labo-
ratory values.

These comparisons show the value of having multiple, overlapping,
high-quality measurements. The SIMFIP stress estimates and the
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Table 5
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Summary of fracture diameter and toughness estimates for E1-I1 164 Tests 1 and 2 from Equations (5) and (6), based on the compliance and tangent estimates.

Test Microseismic Diameter from stress estimate Diameter from stress Implied toughness from stress Implied toughness from stress
diameter estimate (compliance procedure) estimate (tangent procedure)  estimate (compliance procedure) estimate (tangent procedure)
El1-1164 3m 3.78 m NA 5.58 MPa-m"1/2 NA
Test 1
E1-1164 10-12 m 9.05m ~6m 6.5 MPa-m™1/2 21.6 MPa-m"1/2
Test 2
microseismic fracture size estimates can be compared, allowing as- Acknowledgements

sumptions to be cross-checked. Additional datasets of this type would be
valuable for calculating apparent ‘field-scale’ values of fracture tough-
ness in different formations.

4. Conclusions

In all four tests, the compliance method estimate is reasonably
consistent with the fracture closure stress estimate from the SIMFIP
measurements. Three of the four tests had clean ‘S’-shaped dP/dG
curves, and one - E1-I 164 Test 2 — had a monotonic dP/dG curve that
was interpreted as rapid closure. In contrast, the tangent method
significantly underestimated the closure stress in three of the four tests.
In the fourth test, the tangent method was consistent with the SIMFIP
measurements and also close to the compliance interpretation. Overall,
the results are consistent with findings from other studies,'>>%*? which
have found that compliance method is reasonably accurate, and that the
tangent method tends to underestimate the closure stress.

The ‘first deviation from linearity’ technique tended to overestimate
SIMFIP-measured closure stress, evidently because the initial pressure
response after shut-in was affected by transient effects such as near-
wellbore tortuosity. However, if discarding the initial period of rapid
stress drop, the ‘first deviation from linearity’ approach tended to give
similar results to the compliance method, and so yielded accurate
results.

The method of ! tended to overestimate SIMFIP-measured closure
stress. As with the ‘first deviation from linearity’ approach, it was
affected by early-time transient effects. In the ISRM procedure, °
recommend the method for use in carefully controlled test procedures to
ensure axial hydraulic fracture initiation. None of the four tests
considered in this paper included axial fracture initiation. In many
practical situations, particularly in the petroleum/geothermal applica-
tions with deep, costly boreholes (which are not drilled solely for the
purpose of measuring stress), it is not practical to meet all of the re-
quirements of the procedures from.® In these non-ideal cases, methods
such as ! may be vulnerable to overestimating the closure stress, because
they can be affected by near-wellbore tortuosity.

Within coarse bounds, the microseismically observed fracture ge-
ometries are consistent with the fracture sizes calculated from the net
pressure observations and the assumption of a single circular fracture.
The implied apparent fracture toughness values are 2-3x higher than
typical values measured in the lab. This finding is consistent with
literature observations of elevated apparent fracture toughness from
field-scale fracturing tests.
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