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Abstract

In Utah FORGE reservoir, eight pressure transient tests (microhydraulic fracturing and DFIT™) show natural fracture/
pressure-dependent leakoff. This behavior may lead to misinterpretation of the closure pressure (proxy for minimum principal
stress). The closure pressures obtained from DFIT™ (or microhydraulic fracturing) testing may reflect shear failure along
natural fractures or discontinuities rather than tensile failure and lead to inaccurate estimates of the minimum principal stress.
In pressure tests conducted at the Utah FORGE site showed that reactivation or opening of natural fractures intersecting the
wellbore and were suggested by multiple closure events in DFIT™ tests. In addition, comparisons between the pre- and post-
well-tests FMI logs show that there are populations of induced fracture and reactivated natural fractures which are mostly
vertical and sub-vertical. In this study, DFIT™ (or microhydraulic fracturing) test analysis and numerical simulations were
used to suggest that hydraulic shearing of critically stressed natural fractures can contribute to multiple closure signatures
and possibly lead to incorrect determination of the minimum principal stress. As other authors have previously advocated,
the DFIT™ test analyses and numerical simulations suggest that better estimations of minimum principal stress may be
derived by injecting at relatively high rate and pressure and insuring that tensile breakdown is reached. In addition, extended
shut-in period is required to determine accurate reservoir characteristics and fluid flow regime.

Keywords Utah FORGE - Microhydraulic fracturing and DFIT™ . Natural fracture/pressure-dependent leakoff - Minimum
principal stress - Closure pressure - XSite™

List of symbols P; Reservoir pore pressure (psi)
Ty Shear strength of single rock fracture (psi) T Injectivity index (bpm/psi)
n Frictional coefficient, which is also the
tangent of the friction angle ¢, unitless
o, Normal stress applied to the surface of a Introduction
fracture (psi)
Pc Critical pressure (psi) Various publications have studied injection-related frac-
T Shear stress (psi) turing mechanisms and characterized the Mode I, Mode
I, m,and n Direction cosines of the fracture plane IT and mixed mode behavior caused by hydraulic injection

normal with respect to the principal stress,
unitless

01, 0,and 6; Maximum, intermediate and minimum
principle stresses, respectively (psi)

q Flow rate (bpm)

P Well flowing bottomhole pressure (psi)
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(Nadimi 2015). Typical procedures for estimating the orien-
tations of critically stressed fractures were presented by Ito
and Hayashi (2003) and Nadimi et al. (2016). Morris et al.
(1996) reaffirmed slippage tendencies, based on the ratio
of the resolved shear stress to the resolved effective normal
stress acting on a fracture plane. This concept was used to
study the potential of fracture shearing and dilation in a deep
geothermal reservoir in the Northeast German Basin. The
probability of shearing along natural fractures was studied
by Meller et al. (2012) using statistical analyses of the frac-
ture distribution, length and orientation. This method was
used to study shearing at the Soultz-sour-Foréts EGS pro-
ject. Pine and Batchelor (1984) proposed shearing to explain
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the downward growth of microseismicity during hydraulic
stimulation at the Rosemanowes EGS site during initiation
and propagation.

Tensile initiation, reopening and fracture propagation
during well testing and stimulation is usually considered
as the primary mechanism hydraulic stimulation (Poe et al.
2000) in the oil and gas field. Initiation occurs when the
fluid pressure exceeds the stress concentration and tensile
strength at the borehole wall. Propagation overcomes the
minimum principal stress, o5. Slip (shearing) is another pos-
sible stimulation mechanism in fractured reservoirs (Evans
2005; Zoback 2010). Initiation of natural fracture shearing
can be mistaken for tensile fracturing and lead to an under-
estimation of the minimum principal stress. Studies have
shown cases where the pressure during testing deviates from
a linear trend early and causes a curved shape in a pres-
sure versus volume plot (Couzens-Schultz and Chan 2010;
Zoback and Healy 1992). Also, it was proposed that fluid
loss along the conductive natural fractures causes abnormal
leakoff behavior.

Well 58-32 was drilled at the Utah FORGE site to meas-
ure the thermal reservoir properties such as temperature,
rock type, permeability and stress. Eight injection test cycles
were conducted to determine the reservoir the permeability,
closure pressure (minimum principal stress) and reservoir
pressure. It is not clear to what extent significant fracture
slip was initiated during DFIT™ tests in well 58-32. For-
mation Microlmager logs (FMI) and pressure tests were
used to investigate the effect of natural fractures which have
on determining the closure pressure in naturally fractured,
impermeable FORGE reservoir. In addition, numerical simu-
lations were used to assess if hydraulic shearing of critically
stressed natural fractures could cause multi-closure and lead
to difficulties in determining the minimum principal stress.

FORGE

The Utah FORGE (Frontier Observatory for Research in
Geothermal Energy) site has been chosen by the Department
of Energy (DOE) as a location for testing and demonstrating
new technologies that advance geothermal heat extraction
from naturally fractured low-permeability host rocks. The
primary purpose of this field laboratory is to demonstrate
the viability of enhanced geothermal systems (EGS) energy
development. The FORGE site is located 350 km south of
Salt Lake City and 16 km north—northeast of Milford, Utah,
between the basin and range (BR) and Colorado Plateau
(CP) (Nadimi et al. 2018).

On September 23, 2017, as part of the injection measure-
ment program, a falloff test, three microhydraulic fracturing
tests and a Diagnostic Fracture Injection Test (DFIT™) with
an extended shut-in period were run. Transmissibility was
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estimated using accepted after-closure analysis techniques
(Poe et al. 2000). On the following day, a microhydraulic
fracturing test, a step rate test (SRT) with an extended shut-
in and a Diagnostic Fracture Injection Test (DFIT™) were
run. In this final DFIT™ cycle, a slug of viscosified fluid
with proppant (200 mesh CaCO;) was pumped to enhance
prominent fractures taking fluid—for subsequent FMI evalu-
ation. After-closure analysis was also carried out after the
step rate test. Table 1 shows the sequence of injection meas-
urements taken on September 23 and September 24, 2017.
Figure 1 shows the surface pressure data for the eight injec-
tion cycles.

Fracture opening versus fracture slip
in FORGE

The Coulomb failure criterion has been adapted to estimate
the shear strength of a single fracture in a reservoir (Xie and
Min 2016),

7 = 1oy, 1)
where 7; is the shear strength of a fracture, o,, is the normal
stress on the fracture and 7 is the frictional coefficient (the
tangent of the friction angle ¢). Cohesion of the fracture is
neglected (Zoback et al. 2003).

During fluid injection, an elevated pressure inside a frac-
ture leads to a decrease in the effective normal stress, result-
ing in a reduced frictional resistance to sliding. Fracture
shearing initiates when the applied injection pressure is high
enough to overcome the resistance to the applied (driving)
shear stress, 7, along the fracture surface. The magnitude of
the critical pressure of a fracture is defined as:

T
Po=0,——
c p )

The resolved normal and shear stresses on the fracture
surface can be calculated using the following equations:

Oy

= o, + m*c, + n’oy 3)
T = [(0'1 - 02)2127112 + (0'2 - 0'3)2m2n2 + (63 - 01>212n2]

“
where [, m and n are the direction cosines of the fracture
plane normal with respect to the principal stress axes, ¢, 6,
and o3, respectively (Zoback and Healy 1992). The critical
shearing pressure on a specific fracture can be calculated by
substituting Eqs. (3) and (4) in Eq. (2). The critical shear-
ing pressure varies with the fracture surface characteristics,
orientation and stress conditions. It is well established that
a fracture with its normal vector perpendicular to o, and
an angle of 7/4 + ¢/2 to o5 is the most vulnerable fracture
to shear.
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Table 1 Summary of stress and permeability measurements

Cycle

Description

Purpose

1

D A~ W

=)}

Injection falloff: Pressure was increased to below the pressure
required to hydraulically fracture the formation. Well shut-in and
pressure decay monitored

Microhydraulic fracture: 2.8 bbl was pumped at 0.4 bpm
Microhydraulic fracture: 4.2 bbl was pumped at 0.4 bpm
Microhydraulic fracture: 10.0 bbl was pumped at 0.8 bpm

DFIT pumped initially at 5.8 bpm and increased to 8.7 bpm for
5 min (67.2 barrels pumped). Prolonged shut-in

Repeat microhydraulic fracture test. 0.4 bpm and 3.8 bbl pumped

76.9 bbl was pumped in a step rate test (SRT) where rate progres-
sively increased

0.4 bpm, 2.7 bbl pumped

0.8 bpm, 4.1 bbl pumped

1.6 bpm, 9.8 bbl pumped

3.2 bpm, 16.1 bbl pumped

6.3 bpm, 44.2 bbl pumped

Another DFIT. This injection sequence also contained an 8 bbl
slug of viscosified fluid carrying 200-mesh calcium carbonate
proppant. 28.8 bbl of water at 6.4 bpm, followed by 8 bbl of
viscosified xanthan with CaCOj; at 6.4 bpm, displaced with 3 bbl
of water at 6.4 bpm, and 8 bbl of water at 3 bpm to encourage
screenout and fracture packing for subsequent logging

Assessment of native permeability before hydraulic fracturing
testing

Stress measurement
Stress measurement
Stress and permeability measurements
Stress and permeability measurements

Stress measurement

SRT is alternative method for evaluating minimum in situ stress as
a function of injection rate. Furthermore, shut-in pressure decline
at the end of the SRT can be used to pick fracture closure with
classic techniques. Permeability was also measured

Stress and permeability measurements
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Fig.1 Surface pressure during the injection campaign. The upper
panel shows the injection program on September 22, and the lower
panel shows the injection program for September 23

Figure 2 shows a critical pressure analysis and shearing
reactivation in well 52-38. In the immediate vicinity of well
58-32, the NE-SW fracture set contains the most optimally
oriented discontinuities for shearing. The magnitude of the
critical pressure was computed using Eq. (2) and is shown
in Fig. 2 (solid line). The injection profile shifts toward right
as surface pressure is applied during injection. The example
shows a bottomhole pressure of approximately 900—1200 psi
(depends on the friction angle) above the static hydrostatic
pressure. The shearing may activate with an upward propa-
gation if the injection pressure profile first meets the critical
pressure profile at the top of the openhole section (casing
shoe). Upward propagation only occurs due to the injection
pressure exceeding the critical pressure. In this case, the
gradient of the critical pressure is higher than the injection
pressure gradient.

In the openhole section of the wellbore pressure (low-
est 147 ft), the shearing may lead to propagation when the
injection pressure profile first exceeds the critical pressure
for shearing. The confounding aspect is that there were
numerous drilling-induced tensile fractures in this well, even
though there were no significant pressure excursions dur-
ing drilling and the mud weight was only marginally above
hydrostatic (500 psi maximum). The implication is that ten-
sile fracturing could have occurred because of thermal stress
reduction due to wellbore cooling, for example. Regardless,
the tensile fractures are present.

Based on the study conducted by Brown and Hoek
(1978) on the relationship between the measured in situ
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Fig.2 Calculated critical pres-
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Fig.3 Stress polygon based on the general stress ranges (black tri-
angle). The red triangle shows the stress regime in the FORGE res-
ervoir. The stress limits are computed using a friction coefficient of
0.82

stresses and depth, 0.5-2.0 is a suggested range for the
horizontal-to-vertical stress ratio at depths below 1000 m
(3280 ft). Field stress states for seven EGS sites collected
by Xie et al. (2015) confirm this range. The polygonal
stress plot in Fig. 3 shows the stress conditions at the
Utah FORGE site. The entire stress range covered here is
represented as a triangle in the lower left, and two more
auxiliary dashed lines are added to distinguish normal
faulting (NF), strike-slip (SS) and reverse faulting (RF)
stress regimes. The polygon is prepared using method-
ologies developed by Zoback et al. (2003) and a friction
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Fig.4 Critical pressure, P, for shearing activation computed using
Eq. (2) at a depth of 7400 ft in well 58-32

coefficient of 0.82. The friction coefficient was determined
from FORGE reservoir laboratory core experiments that
sheared mechanically pre-induced fractures. The Milford
Utah FORGE field is located in the normal stress regime
(red triangle in Fig. 3). Figure 4 shows the computed criti-
cal pressure results using Eq. (2). In Fig. 4, near the upper-
left up corner, where o, is at its highest limit, the low-
est fluid pressure is required to reactivate slippage along
the NE-SW fracture set in well 58—32. In contrast, at the
bottom-right corner, the highest fluid pressure is needed
to initiate slippage. Therefore, greater energy consumption
is needed to pump in fluid and achieve breakdown. Gener-
ally, an anisotropic stress field (higher differential stress)
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tion Microlmager (FMI) log
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requires a lower injection pressure to initiate shearing on
a natural fracture (Zoback et al. 2003).

Logging surveys were carried out in well 58-32
before and after the diagnostic fracture injection testing
(DFIT™). The first logging runs were a standard triple
combo suite (gamma ray and caliper, neutron porosity and
bulk density and resistivity) followed by a dipole sonic
imager (DSI) and a Formation Microlmager (FMI). These
were conducted in the openhole section before production
casing was run, from the surface casing shoe to the bot-
tom of the hole, i.e., from 2175 to 7536 ft MD. Production
casing was set to 7386 ft in advance of injection testing.
After the injection test, a second set of sonic (DSI) and
FMI logs was run in the remaining openhole section, from
7386 to 7536 ft MD.

Comparisons between the first and second FMI logs
show that there are populations of induced/reactivated,
vertical, sub-vertical and gently dipped fractures/natural
fractures (see Fig. 5). The drilling-induced or stimulated
tensile fractures are concentrated in a north—northeast ori-
entation and steeply dip (to the east and west). Other reac-
tivated natural fractures exist which could be developed
due to either shearing or mixed mode mechanisms (ten-
sile and shear fracturing). These fractures are mostly wide
open and sub-vertical. They are mostly northeast—south-
west-oriented fractures.

FMI-HD Run 2
(logged on 24"-Sep-2017)
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Diagnostic Fracture Injection Testing (DFIT™)

A Diagnostic Fracture Injection Test (DFIT™), also collo-
quially and sometimes inaccurately called Pre-Frac, Injec-
tion Falloff, Data-Frac or minifrac, is a pressure transient
test used to obtain reservoir information such as closure
pressure, reservoir pressure, permeability and skin (Bar-
ree et al. 2015; Ramurthy et al. 2002). After filling the
wellbore, the target zone is pressurized at a low to mod-
erate rate; the pressure will increase until initiation and
breakdown occur. Breakdown can be recognized either by
a drop in pressure as a new fracture initiates; otherwise
reopening/extension is recognized by a plateau in pressure.
A constant rate is held for a couple of minutes, and then,
pumping is stopped. The pressure immediately drops at the
surface to the instantaneous shut-in pressure (ISIP). The
pressure after shut-in is monitored. Enough fluid should
be injected under fracturing conditions so that the desired
parameters can be measured (Barree et al. 2015).

Cornet and Bérard (2003) proposed that reliable estima-
tion of the minimum principal stress in the field is derived
by the maximum pressures during large-volume injec-
tion and relatively high-rate injections where reopening
pressure is reached. They believed that testing with low
fluid rates and volumes gives unrealistic estimations of
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the minimum principal stress. Valley and Evans (2007)
assume that the maximum pressure provides a direct meas-
urement of the minimum principal stress at the casing
shoe—this ignores stress concentration. Their proposed
methodology assumes the following conditions:

1. The maximum pressure is controlled by tension and not
shearing.

2. Near-wellbore pressure drops (i.e., entrance losses) due
to the focusing of flow are negligible.

3. The minimum stress prevailing at the time of maximum
pressure reflects the ambient stress and is not elevated
by poroelastic effects.

G-function, log—log (diagnostic) and Bourdet plots with
derivatives taken with respect to shut-in time, superposition
time and time-integrated pressure are methods that can be
used to interpret the pressure transient behavior and flow
type (Barree et al. 2009, 2013; Bourdet et al. 1989; Maron-
giu-Porcu et al. 2011). Plots of pressure versus the square
root of time and G-function are two major methods for diag-
nosing fracture-closure pressure (Nolte 1997; Nolte and
Smith 1981). The leakoff rate scales with the inverse of the
square root of time after solving the diffusivity equation for
one-dimensional leakoff from a constant pressure boundary
(Howard and Fast 1957; Liu and Ehlig-Economides 2016).
Leakoff leads to pressure decay scaling with the square root
of time when coupled with a wellbore/fracture system of
constant compliance. The G-function is a generalization of
this concept that includes the effect of fracture propagation,
which causes the duration of fluid loss to be different at each
point along the fracture (McClure et al. 2016).

Shear interpretation by DFIT analyses

This section summarizes eight DFIT tests performed in
well 58-32. In most of the tests, especially at higher injec-
tion rates, natural fracture-dependent leakoff (NFL) was
observed. These effects can result from the shearing/reac-
tivation of natural fractures intersecting the wellbore and
associated shear dilatancy. The natural fracture-dependent
leakoff (NFL) or pressure-dependent leakoff (PDL) and
multi-closure behavior in injection test analysis result from
leakoff that occurs due to a combination of mechanisms
associated with leakoff in dilated or opened natural fractures
and tensile fractures. The leakoff occurs due to both mecha-
nisms at different pressures. In this study, DFIT test analy-
sis and numerical simulations were undertaken to assess if
hydraulic shearing of critically stressed natural fractures
can cause multiple closures and complicate determining the
minimum principal stress.

Natural fractures and faults are planes of weakness where
fluid can penetrate in the absence of mud cake. Mud cake
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formed around a wellbore wall impairs the fluid entry. How-
ever, in well 58-32, because of the mud system, little or
no mud cake was present. Therefore, fluid will penetrate
in the natural fractures and shear/reactivate them if they
are not healed/infilled. Drilling-induced tensile fractures
were also present before the injection was undertaken. By
increasing the pore pressure inside any of these fractures, the
shear stress on the fracture can exceed the critical stress and
induces failure. Using the relationships presented earlier, the
critical stress for some of the natural fractures in the FORGE
reservoir is estimated to be about 900-1200 psi above the
static pore pressure (which is approximately hydrostatic).
Based on the injection fluid pressure and rate, mixed mode
fracturing (shear and tensile) can occur in the wellbore.

FORGE DFIT pressure analysis

Injection data obtained from eight tests in well 52-38 were
analyzed using KAPPA™—Saphir test interpreter. G-func-
tion, diagnostic (log—log) and square root of time plots were
built, interpreted, and analyzed for each test. Numerical
simulations were performed using XSite™ developed by
ITASCA Consulting Group. XSite™ is a three-dimensional
hydraulic fracturing numerical simulation software includ-
ing propagation in naturally fractured reservoirs with deter-
ministically or stochastically generated discrete fracture
networks (DFNs). The model incorporates fully coupled
hydromechanical simulations.

For analyzing the effect of shearing mechanisms happen-
ing alongside natural fractures on DFIT pressure behavior,
three generic simulations were performed. Two simulations
incorporated a single preexisting fracture in two different
directions and one simulation included no fractures. These
were performed to investigate the effect of natural fractures
intersecting the wellbore on the pressure behavior and clo-
sure pressure estimation. In the simulations, the fluid is sin-
gle component, single phase, with constant viscosity and
compressibility. The simulations were performed under the
primary estimated in situ stress conditions. Table 2 provides
the data used in the simulations. Because of high computa-
tion time, simulations were performed for injection times
of seconds only. The simulated pressure data were also ana-
lyzed with KAPPA™—Saphir test interpreter. The analyzed
results and interpretations of the field tests and numerical
simulations were also compared.

Figures 6 and 7 show the G-function and the log-log
plot analysis for Cycle #2 (refer to Fig. 1 and Table 1) per-
formed in well 52-38. In this cycle, 2.8 bbl of freshwater
was injected into the barefoot section of the wellbore at a
rate of 0.4 bpm. The G-function and diagnostic (log-log)
plots show that there is a natural fracture-dependent leakoff
(NFL) behavior in this test. The NFL behavior on the G
plot is presented by humps in the Gdp/dG versus G plot.
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Table 2 Base settings used in

. . - Parameter Unit Value Parameter Unit Value
the all numerical simulations
Poisson’s ratio (v) - 0.25 Young’s modulus (E)  psi 6.5%10°
Fluid viscosity (u) cp 1 Porosity (¢) % 1
Fluid density 1b/gal 8.34 Rock density b/ 165.4
Fluid bulk modules psi 319,083 ucCs psi 25,380
Fluid compressibility psi! 3.158x107°  Tensile strength psi 2000
Fracture toughness psiin®> 910 o, psi 8360 (1.13 psi/ft)
Flat joint friction angle ~ ° 26 OHimax psi 5700 (0.77 psi/ft)
Permeability uD 30 Cmin psi 4600 (0.62 psi/ft)
Biot’s coefficient - 1 Opmax direction ° 25
Fracture dip direction ° 25 and 60 Normal stiffness psi/fft  1.026x 10’
Fracture dip angle ° 80 Shear stiffness psifft  1.41x10°
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G-function

Since recoding time after shut-in is not long enough, nega-
tive slope in both of the graphs is not recorded. Because of
the impermeable rock matrix, the curves and the pressure
changes after shut-in are mostly controlled by the flow in
the natural fracture. In the G-function plot, determining
the closure point is difficult, because the straight line does
not last for a long time. Based on previous studies, in these
types of G-function shape, closure pressure can be equal
to shut-in pressure.

In some parts of the G-function curve, it is assumed
that tip extension also occurs. However, for tip extension
to occur the leadoff rate to the formation must be relatively
low (slope of % on a semilog derivative curve). During
alleged tip extension, the pressure difference curve falls
on the parallel % slope line separated by 4 times the mag-
nitude of the derivative in the log—log plot. In Figs. 6 and

7, the test does not exhibit a low leakoff rate and the tip
extension assumptions are not matched in this test.

The semilog drawdown derivative curve for the Cycle #2
test (Fig. 7) departs from an early unit slope (fracture stor-
age) and establishes a 2 slope. The V2 slope in the semilog
drawdown derivative curve (Fig. 7) implies linear fracture
flow. In the semilog drawdown derivative curve (Fig. 7),
fracture linear flow is suggested at the end of NFL, with a /2
slope of the parallel to pressure difference curve. However,
in this case, because of the low-permeability rock, leakoff
mostly occurs into the natural fractures.

Figures 8 and 9 show the G-function and the log—log plot
analysis for another low rate injection test—Cycle #3. In this
cycle, 4.2 bbl of freshwater was injected into the well at a
rate of 0.4 bpm. The G-function and diagnostic (log—log)
plots show that there is a natural fracture-dependent leakoff
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Fig.7 Log—log diagnostic plot
for Cycle #2. The %2 slope in the
semilog drawdown derivative
curve implies fracture linear
flow. The reduction in the semi-
log drawdown derivative from
a ¥ slope is representative of
closure. Drawdown derivative
is (At dAP/dAt), and semilog
derivative refers to the Bourdet
derivative

Fig.8 A G-function plot for
injection Cycle #3. Two pos-
sible closure points: point 1
(shut-in=closure) and point 2

(NFL) behavior in this test. There are a couple of “humps”
in the semilog derivative which are representative of NFL
behavior. Since there is no straight line passing through the
origin in the semilog derivative (Fig. 8), closure cannot be
determined using this plot. Similar to Cycle #2, closure pres-
sure can be equal to shut-in pressure. Because of the imper-
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! While there was bottomhole pressure measurement, approximately

147 ft of openhole was in the system.

after shut-in are mostly controlled by the flow in the natural

The semilog drawdown derivative curve for Cycle #3
(Fig. 8) departs from an early unit slope (fracture and well-
bore storage') and establishes a ¥4 slope. The %2 slope in the
semilog drawdown derivative curve (Fig. 9) implies linear
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fracture flow. Fracture linear flow starts at the end of NFL,
with a %2 slope of the parallel to pressure difference curve.
In this case, because of the low-permeability rock, leakoff
only occurs into the natural fractures. Then, the semilog
drawdown derivative curve (Fig. 9) departs from a %2 slope
and establishes a % slope which may suggest bilinear flow.
Zero slope at the end of the semilog drawdown derivative
curve can be representative of radial flow due to leakoff in
multiple natural fractures.

Figures 10 and 11 show the G-function and a diagnos-
tic plot analysis for Cycle #4 in well 58-32. In this cycle,
10 bbl of freshwater was injected at a rate of 0.8 bpm. The
G-function and diagnostic (log—log) plots show that there
is natural fracture-dependent leakoff (NFL) behavior after
the recorded closure signature. This test shows that prob-
ably after closure occurred in an induced tensile fracture,
fracture-dependent leakoff occurred.
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The semilog drawdown derivative curve for Cycle #4
minifrac test (Fig. 11) establishes a %2 slope, which implies
a linear fracture flow. Then, the semilog drawdown deriva-
tive curve departs from a 2 slope and establishes a Y4
slope which may exhibit a bilinear flow. The zero slope
line (orange) can be representative of radial flow after the
possible closure—one fracture system has been progres-
sively closing, also rationalizing why bilinear flow was
detected after dominant linear flow. Since the matrix rock is
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impermeable, this behavior could be attributed to flow from
diverse natural fractures crossing the wellbore—or in the
formation. This shows that a closure happened in the fracture
subjected to the higher pressure compared to shearing or
reactivation of natural fractures.

Figures 12 and 13 show the G-function and the log—log
plots for Cycle #5, a DFIT™ test in well 52-38. In this cycle,
about 67.2 bbl of freshwater was injected. The DFIT™ was
initially at carried out at 5.8 bpm, and this was increased
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Table 3 Estimated closure pressure and time for Injection Cycles #2 through #6

Parameter Cycle #2 Cycle #3 Cycle #4 Cycle #5 Cycle #6
Closure Possible  Closure Possible Closure  Closure 1 Closure 2 Closure 1 Closure 2
(1)=shut- closure (1)=shut- closure
in 2) in (@)
Closure pressure (psi) 5179 4998 5330 5210 5372 5462 4383 4462 4319
Closure pressure gradient (psi/ft) 0.70 0.67 0.72 0.70 0.72 0.73 0.59 0.60 0.58
Closure time (h) 0.0155 0.0162 0.189 0.1925 0.0095 0.0368 1.1566 0.0032 0.029

to 8.7 bpm for 5 min. In Fig. 12, after a couple of PDLs in
early time, 3 closure events are recorded. The humps in the
G-function plots, Fig. 12, correspond to two closing events,
probably induced fractures close first and the other is for
a sheared natural fracture. The third apparent closure was
operational because of changing annulus pressure (changing
in packer storage factor) when the pipe rams were closed.
The points marked 1, 2 and 3 show a Y2 slope on the semilog
drawdown curve and a 3/2 slope on the semilog derivative
(Bourdet derivative) plot (Fig. 13). This is representative of
fracture bilinear flow. A —3/4 slope after the first closure
exhibits a fracture bilinear flow.

The first fracture closure is identified by the departure
of the semilog derivative of pressure in the G-function plot
from the straight line. The negative slope after the first clo-
sure indicates that, at that pressure, as the fracture empties,
the rate of leakoff relative to the remaining stored fluid (only
in that fracture) accelerated and the pressure declined more
rapidly. Once the pressure decreases to the value that the
second fracture starts to close, there is large volume of fluid

stored in the second fracture which starts to leakoff. The
leakoff rate relative to the stored volume is small. There-
fore, the rate of pressure decline is likewise small, and
accordingly we see a second positive slope in the semilog
derivative versus G-function. Again, as the second fracture
empties, the rate of leakoff relative to the remaining stored
fluid accelerates and the pressure declines more rapidly. Esti-
mated closure pressures are summarized in Table 3.
Figures 14 and 15 show the G-function and the log—log
plot analysis for Cycle #6 in well 58-32. In this cycle, about
3.8 bbl of freshwater was injected at 0.4 bpm. In Fig. 13,
a couple of “humps” in the semilog derivative, as well as
upward concavity in the primary P versus G plot, suggests
what is referred to as NFL behavior. Figures 14 and 15 sug-
gest that two closures occurred: at 0.0032 h (GC =0.0477)
and at 0.029 h (GC=0.362). Estimated closure pressures
and their associated times are presented in Table 3. In this
cycle, the pumping rate and volume are relatively small, and
the leakoff and closure pressure is significantly affected by
previous DFIT test (Cycle #5). Lower pressure in this cycle
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may be because of sheared natural fractures and residual
aperture caused by previous tests.

Numerical simulation of DFIT

Figure 16 shows an XSite™ simulation of a DFIT™ test
with a single natural fracture with a strike of 60° and a dip
of 80°. The direction of the maximum horizontal stress is
N25E. The mechanical and reservoir properties used in this
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simulation are obtained from well logs and well tests, as
well as laboratory tests (Table 2). In this study, we used the
density log for estimating the overburden (vertical) stress.
Based on the density log, the average vertical stress magni-
tude is ~ 1.13 psi/ft.

Fracture propagation starts by inflation of the natural frac-
ture, and propagation bends toward a plane normal the mini-
mum principal stress. This is classical wing crack behavior
and is likely a dominant mechanism for finite fractures not
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Fig. 16 Top view of fracture propagation (green dots) in the numeri-
cal simulation with a single preexisting fracture (gray rectangular
crossing the wellbore) with dip direction of 60°. Fracture propagation
starts from the natural fracture, and propagation bends toward a plane
normal to the minimum principal stress

propagating in a principal plane. The injection pressure
caused shearing. The reported stimulated area in shearing
and tensile is 36.7 ft* and 59.5 ft*, respectively. The relative
shearing displacement of the fracture surfaces during the
pumping is 0.0433 in with an opening of 0.0255 in. The
pressure analysis for the simulation is shown in Figs. 17
and 18. There is a similar behavior to Cycles #2 and #3. In

the G-function and the log—log plots, two closure points are
seen. Point 1 is representative of closure happening in the
tensile fracture (bending toward maximum horizontal stress
with direction of 25°) with pressure of 4600 psi at a depth of
7400 ft (equal to minimum horizontal stress). Point marked
2 which is more obvious than point 1 is representative of a
preexisting fracture closure with pressure of 4495 psi. This
shows that the obvious closure point in this simulation is
representative of the natural fracture closure.

The semilog drawdown derivative curve (Fig. 18) departs
from an early unit slope (storage) and establishes a V2 slope
(fracture linear flow). Then, it establishes a Y4 slope which
exhibits bilinear flow. In this case, the semilog drawdown
derivative and the pressure difference curves establish an
early unit slope which indicates that transverse storage
occurred during DFIT testing. This could be because of the
bending of the propagation plane toward a plane normal the
minimum principal stress. Basically, this simulation suggests
natural fractures influence pressure behavior. In this case,
simulation time after the shut-in was not enough to catch the
negative slope in the log—log plot.

A second numerical simulation was performed using the
same input parameters but with no fracture. The shape of
the fracture is shown in Fig. 19. It propagates parallel to a
plane containing the maximum horizontal stress. The pres-
sure analysis for the simulation is shown in Figs. 20 and 21.
In this simulation, the closure pressure is 4600 psi which is
equal to the minimum principal stress in the simulation. The
log—log plot shows a fracture linear flow (2 slope) before the
closure. After closure, it establishes bilinear flow with slope
of V4 on a plot of semilog drawdown derivative. Finally, the

Fig. 17 A G-function plot for

) ) A ] XP E
the DFIT test s1m}11.at10n w1t£1 a 1400 ssod x : % dP/dG e *E 4600
single fracture striking at 60°. ] ) | X GdP/dG » GdP/AG x ., E
Two closure points are shown in 1300 ] x i © Closure i o * x ! E 4500
the figures. Closure 1 refers to 500 ] * : K x x x E
. . x E
induced tensile fracture (bended 1200 . . : I E
section of Fig. 16), and closure 1 . x * * 3
. . 1 450 1 E
2 is showing the effect of the e 20 g WX X X = E o0
- x E
sheared natural fracture o0 4 * Tk E
= = «ha x ix £ 4200 3
@ Q. x - 173
& 903> 4 o £
% % 7 x_x x ®
= % o0 N x* i ., 4100 T
S 8037 K| o, x kX 3 oy
A x x E
H x E
700 ] - ” £ 4000
B x H E
300_- 5 | E
600 3 e * x E 3900
= xx H —
. XX % E
- » E
500 ; s N A o X E 3800
- g H X k :_
1 —  Fracture/pressure | xx E
400 . : %
- 200 dependent effect x : 3700
300 ]
4 -——
05 1 15
G-function

Pigllase ¢l ay .
e e O) Springer



724

Journal of Petroleum Exploration and Production Technology (2020) 10:711-728

Fig. 18 Log-log diagnostic plot
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/

Fig. 19 Top view of tensile fracture propagation (green dots) in the
numerical simulation with no natural fracture. Tensile fracture occurs
in the direction of the maximum horizontal stress (25°)

—1/2 slope is representative of fracture linear flow. Ration-
ale for the bilinearity is uncertain and needs to be considered
in future interpretations.

A third DFIT numerical simulation was performed using
the same input parameters with a single natural fracture
with a strike of N25E and a dip of 80°. Since the fracture is
almost aligned with the maximum horizontal stress, lower
injection pressure compared to the first simulation is needed
to cause slip along the fracture. The shape of the fracture is
shown in Fig. 22. The direction of the maximum horizontal
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are shown in Figs. 18 and 19. Point 1 is representative of
tensile fracture closure with pressure of 4600 psi (equal to
minim horizontal stress). Point 2 shows closure pressure for
the preexisting fracture with pressure of 4390 psi which is
lower than the minimum principal stress (4600 psi at depth
of 7400 ft). This shows that the closure pressure in this simu-
lation is representative of the natural fracture closure. The
injection pressure caused the natural fracture shearing.

In this case, the semilog drawdown derivative and the
pressure difference curves lie together on a single unit slope
which indicates transverse storage occurred during the test
(Fig. 24). During transverse fracture storage, a secondary
fracture is opened. The — 1/2 slope on the semilog draw-
down derivative curve (in log—log plot) represents fracture
linear flow.

Step rate test (SRT)

A step rate test (SRT) with an extended shut-in was also
conducted. In this cycle, 76.9 bbl of freshwater was pumped
in an increasing injection step rate test (SRT) at. A SRT is an
alternative method used for evaluating the minimum in situ
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stress as a function of injection rate. Prior to tensile fracture
opening, there is a significant increase in the pressure as the
injection rate increases. After hydraulic fracture initiation,
increasing the flow rate causes a reduced increase in the bot-
tomhole pressure with rate. As shown in Fig. 25, there are
no data points before breakdown or reopening of the fracture
to precisely measure the closure pressure. However, the plot
shows that the closure pressure can be inferred between the
ranges of 5203-6156 psi (0.70-0.82 psi/ft). The message for
future testing is lower rate measurements to show curvature

of the pressure versus rate curve often seen when natural
fractures are present. Notice that near-wellbore losses should
also be quantified by a stepdown test.

Injectivity index
The injectivity index is a parameter that can be used to meas-

ure a well’s potential or ability to accept fluid during injec-
tion. The definition of the injectivity (I) is:
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Fig.22 Top view of fracture propagation (green dots) in the numeri-
cal simulation with a single preexisting fracture (gray rectangular
crossing the wellbore) with a strike of 25°. Shear and tensile fractures
occur in the direction of the maximum horizontal stress

q

= ——
Py —P; )

where ¢ is the injection rate, P is the well flowing bottom-
hole pressure and P, is the reservoir pore pressure. In this
section, injectivity analysis is used to address permeability
retention possibly attributed to induced shearing of natural
fractures.

The injectivity index for different flow rates obtained
from the well 58-32 DFIT tests are shown in Fig. 26. At the
same flow rate, specifically 0.4 and 0.8 bpm, the injectivity
index increased in Cycles #6 and #7 compared to cycles
#2 and #3. At a rate of 0.4 bpm, the injectivity index dur-
ing Cycle #7 is about two times more than for Cycle #2.
Absolute change is inconsequential however. This behavior
suggests that the tests performed in the well 58-32 caused
retained permeability in the well during testing—albeit very
modest. Also, as shown in Fig. 26, the injectivity index
increased during the entire time of the testing. It is important
to note that the magnitude of the injectivity index in later
times is sensitive to the residual permeability of the natural
fractures induced during the earlier tests.

Conclusions

This study reviewed the evidence that pumping fluid at high
pressure would be expected to cause hydraulic fracturing
(Mode I fracture), hydro-shearing (Mode II fracture) or a
combination of both in low-permeability, naturally frac-
tured reservoirs. A conventional critical stress analysis in
the immediate vicinity of well 58—32 shows that the NE-SW
fracture set is the most optimally oriented for shearing. The
magnitude of the critical pressure was computed using
Eq. (2) and is about 900—1200 psi (depending on the fracture
friction coefficient) above the initial reservoir pore pressure.
The shearing may activate with and upward propagation if
the injection pressure profile first meets the critical pressure
profile at the top of the openhole section (casing shoe).
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Fig.24 Log-log diagnostic plot for the DFIT test simulation with
a single fracture with dip direction of 25°. The semilog drawdown
derivative curve departs from early unit slope (storage) and estab-
lishes a — 1/4 slope. — 1/2 slope on the semilog drawdown derivative
curve (in log—log plot) represents fracture linear flow. Drawdown
derivative is (At dAP/dAt), and semilog derivative is referring to the
Bourdet derivative

Closure pressures obtained from injection testing can
reflect shear fractures or discontinuities rather as well as
tensile fractures. Inaccurate analysis of the type of failure
can lead to an overestimation or underestimation of the mini-
mum principal stress. A measured closure pressure does not
always represent the minimum principal stress. Well 58-32
DFIT testing analysis indicates that the estimated minimum
principal stress could have been underestimated. Natural
fracture-dependent leakoff was observed in most of the tests.
This behavior can be due to reactivation of natural fractures
intersecting the wellbore. The counterpoint is that drilling-
induced tensile fractures were present before the injection
program. Multiple closure events are seen in injection Cycle

Fig. 25 A step rate test (SRT) 7000
with an extended shut-in

was conducted to determine 6500
reservoir permeability and 6000
closure pressure (Cycle #7). In
this cycle, 76.9 bbl freshwater 5500
was pumped in a step rate test
(SRT) where rate progressively 5000
increased
= 4500
& A
& 4000
3500 |
3000
2500
2000

Injectivity Index (bpd/psi)

0 2 4 6 8 10
Injection rate (bpm)

Fig. 26 Injectivity index for DFIT tests performed in Utah FORGE
well 58-32. This plot shows the variation of the injectivity index ver-
sus the injection rate

#5 because contributions from natural fractures and preexist-
ing tensile induced fractures. Comparing FMI logs before
and after injection shows either tensile, shearing or mixed
mechanisms (tensile and shearing fracturing) occurred dur-
ing the tests.

As has been advocated previously, better estimation of
minimum principal stress in the field is derived by inject-
ing at relatively high rates and pressure that achieve the
conditions necessary for tensile breakdown. It is believed
that injection testing with low fluid rate and volume gives
unrealistic estimation of the minimum principal stress in
low-permeability, fractured reservoirs. Numerical simula-
tions and pressure analysis indicate that activation of natu-
ral (preexisting) fractures (dilation) could have occurred at
lower pumping rates and injection pressures.

~ 6100 psi= 0.82 psi/ft

Closure pressure range

~5300 psi= 0.70 psi/ft

16 2 24 28 32 36 4 44 48 52 56 6 64 68
Q (bpm)
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