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Difficulties of hydrofracturing in sandstone — experimental study

Abstract

Hydrofracturing in sandstone is not an easy task. Sandstone is porous; fluid dissipation is common hence
unable to obtain breakdown pressures in certain flow rates (0.0000005-0.0001 m3/s). The higher flow
rate (0.00025 m3/s) is ascertained to determine the fracturing pressures. Due to this, fracture
propagation and delineation are observed [1]. To enhance, an experimental method is adopted by carrying
out 6 Hydrofracturing tests in a borehole comprising sandstone. A high flow rate of 0.00025 m3/s and
viscosity 0.001 Pascal second is applied. Later, the fracture simulation was run on 12 core samples
collected from the same depths in a lab. The fluid flow rates of 0.0000005-0.0000015 m3/s, viscosity
0.27 Pascal-second, pore pressure of 4 MPa, confining pressures in vertical-12 MPa and horizontal 6, 18,
24,30 MPa is applied. The fracture traces and the stress results exhibit a difference of 80 to 300
observed in both cases. The major principle stress orientation obtained in the borehole is 20 and 40. In
lab tests with confining horizontal pressures at 6 and 18 MPa, it is 120 and 130, and at 24 and 30 MPa is
20. This indicated that there is fracture delineation occurred. It is observed in the higher flow rate and
confining pressures.

Keywords
High flow rate; Hydraulic fracturing; Shut-in pressure; Anisotropy; Coal reserves; fractured and porous rock
mass
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Abstract

C

Hydrofracturing in sandstone is not an easy task. Sandstone is porous; fluid dissipation is common hence unable to
obtain breakdown pressures in certain flow rates (0.0000005—0.0001 m%/s). The higher flow rate (0.00025 m%/s) is ascer-
tained to determine the fracturing pressures. Due to this, fracture propagation and delineation are observed (Satya

Subrahmanyam, 2022) [1].

To enhance, an experimental method is adopted by carrying out 6 Hydrofracturing tests in a borehole comprising
sandstone. A high flow rate of 0.00025 m®/s and viscosity 0.001 Pa s is applied. Later, the fracture simulation was run on 12
core samples collected from the same depths in a lab. The fluid flow rates of 0.0000005—0.0000015 m>/s, viscosity 0.27 Pa-
second, pore pressure of 4 MPa, confining pressures in vertical-12 MPa and horizontal 6, 18, 24, 30 MPa is applied.

The fracture traces and the stress results exhibit a difference of 80°—300° observed in both cases. The major principle
stress orientation obtained in the borehole is 20° and 40°. In lab tests with confining horizontal pressures at 6 and
18 MPa, it is 120° and 130°, and at 24 and 30 MPa is 20°. This indicated that there is fracture delineation occurred. It is

observed in the higher flow rate and confining pressures.

Keywords: high flow rate, hydrofracturing, shut-in pressure, anisotropy, coal reserves, fractured and porous rock mass

1. Introduction

edimentary strata generally occur in marine or

lacustrine environments and form a series of
layers. The strata remain horizontal and not too
contorted or faulted. Hydrofracturing in sandstone
generates rubble, which makes it difficult to obtain
shut-in pressures [1]. The required shut-in pres-
sures could not be able to build up, and there was a
sudden drop in fracturing pressures [2]. Several
studies have been carried out to understand the
behaviour and provide alternate solutions, espe-
cially in the case of sandstone [3,4].

Determining stresses in sandstone varies signifi-
cantly. It is due to rock stiffness. Stress may increase
or decrease due to its unability to build up potential.
Hence, it is best to understand stress re-distribution
around. The grain structure, spacing between
granules, porosity index, joint thickness and extent
of discontinuities may alter the stress regime. These

parameters may differ and act as anomaly [5].
Calculation of stress in sandstone is useful. Without
proper information on the source of arriving frac-
ture breakdown, opening and closing, it is highly
difficult to understand the hydrofrac process [6].

Hydrofracturing in mudstones, shales and sand-
stones is performed through perforations for bene-
fict in the extraction of crude oil [7]. Here, the minor
principle stress viz normal stress across the fracture
is measured as breakdown pressure and instanta-
neous shut-in pressure. Instantaneous shut-in
pressure is measured using small flow ranges
0.0000005 m>/s to 0.000001 m>/s, which gives repro-
ductive results [8]. But the unusual behaviour in
instantaneous shut-in pressures has always raised
concern. Obtaining instantaneous shut-in pressures
here is still unclear, and the problem appears to be
complex in different lithologies [9].

Minor principle stress plays a vital role in oil and
natural gas exploration [10]. The principle of
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hydrofracturing says that the shut-in pressure
measured across the fracture is equivalent to minor
principle stress. There is a difference between the
instantaneous shut-in and the fracture closing pres-
sures. As discussed, the low flow rates are favour-
able for measuring minor in-situ stress [11]. The low
injection rate is used to measure the instantaneous
shut-in and closing pressures [12]. At some instants,
both pressures will be equal because the liquid vis-
cosity is low and the injection rate is less [13].
Open-hole stress measurements are preferable for
determining the major principle stress [14]. How-
ever, it is impractical in sandstone [15]. Whilst per-
forming fracturing in casing and perforation in the
borehole causes additional problems due to random
perforation and annulus [16]. But sometimes,
hydrofracturing through carefully designed perfo-
rations yields the same results as open. The purpose
of the perforations is to create a provision for
smooth and undisturbed passage of liquid in the
rock with less damage [17]. Lengthy propagation in
fractures is not necessary and can be detrimental if
the perforations are close enough and compact
[18,19]. Small perforations are suitable for soft or
high-porous rock. To perform through perforations,
several factors like fluid flow rate, volume and
interpretation procedure play a major role [20].
During hydrofracturing in sandstones, the mini-
mum downhole injection pressure required to hold
open and extend a fracture is slightly more than the
stress normal to the plane of the fracture. In this
case, there will be a tendency for a fracture to
delineate [21]. In general, during fracturing pro-
cess, the pressure leads to swelling and shrinking
with change in pore pressures. The increase in
fluid flow of more than 0.000001 m®/s than normal

Original
erack
Main

Hydraulic
ack
crac Sh

Drill hole

Wing cracks

Fig. 1. Induced fracture/reopening of existing cleats by high flow rate.

(0.0000005 m®/s) could change pore pressure but
couldn’t be able to measure the fracture closing
pressure [22] (Fig. 1). This occurs due to the dissi-
pation of the required pressure when the pore
pressure is high.

The main barrier for fluid loss and slippage is the
presence of pore pressures. The problem for leak-off
is loss of fluid. This anomaly is most common in
sandstone [23]. In sandstone, due to the core drilled
borehole, the fines may be generated, which can
cause the strata to be friable. These fines sometimes
block the perforations [24]. Higher pressures are
necessary in such case to obtain fracture closure
with normal pressure from 0.02 to 0.027 MPa/m in a
well bore. The pressure required to initiate the
fracture may be 0.68 MPa or greater [25]. However,
as discussed earlier, multiple pores may get opened,
and there may be fracture deviation [26].

The fluid with a low flow rate of 0.000001 m*/s or
less would scatter in the perforations [27]. Conse-
quently, pressurization leads to different orienta-
tions [28]. Thus, a new interpretation technique is
required. Normal flow rate (0.0000005m%/s to
0.000001 m>/s) is suitable for elastic medium and
gives better results [29], while in non-elastic media
like porous rocks, breakdown pressures get null and
void. No data will be available for determining in-
situ stress components [30]. Generally, in an elastic
medium, pore pressures form a hydrostatic head.
The intact rock having low permeability and a void
ratio less than 0.03 shows little effect on pore pres-
sures, which is negligible [31].

Repeated pressurization in elastic media ensures
that the major influence of wellbore and rock tensile
strength are overcome [32]. The effects of non-elas-
ticity on medium dissolute the breakdown, closing
and reopening pressures [33]. The injection rates must
be sufficiently high to cross the natural permeability of
the rock mass. An injection rate of too low may
become partially permeable, resulting in additional
pore pressures; in turn, pore pressures may alter [34].

Fracture closing pressure can only be a measure of
the stress in hydrofracturing that is required to
determine the results [35]. In flow rates of
0.000001—0.0000015 m®/s with a viscosity of more
than 0.39 Pa-second, the injection pressure will take
more time to arrive at nil position, and it's not
indicative of a stress level. In flow rates of
0.0000005 m*/s to 0.000001 m®/s with viscosity of
0.085—0.14 Pa-second, fracture closes rapidly, where
the point to determine fracture closing pressure is
not sufficient [36]. This pressure is small for suffi-
cient large fracture. However, in some cases, with a
small flow rate, fractures may be narrow, which
induces a large pressure drop [37].
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The dissipation of additional liquids in leftover
joints is in between the rock structures. This open-
ing is closer, and the span is wider enough such that
a lesser flow rate can be dissipated [38]. This varia-
tion in flow rate needs to be modelled to obtain
accurate fracture closing pressure [39]. If the fluid
leak-off coefficient is reduced, the fracture closing
pressure occurs very much low [40].

In low permeable rock formations, the fracture
closing pressure does not drop fast because of lesser
chances in fracture extension. The fracture exten-
sion requires large pressures [41]. Cornet has
developed an analysis for determining the fracture
closing pressures that consider a gradual increment
in stress with respect to rock cover as an assump-
tion. This cannot be validated in all aspects because
of the presence of discontinuities such as faults and
joints. This influences the stress regime [42].

Despite extensive studies, only limited in-
vestigations were performed in sandstone. Haimson,
in his study, observed that, due to an increase in pore
pressures, arbitrary stress conditions are developed,
which in turn generate false implications [43]. This
paper brings detailed discussions on the experi-
mental studies carried out and their outcomes. How
does it help carry out hydrofracturing in sandstones
and mitigate obtaining breakdown pressures?

2. Structural changes in the sandstone induced
by hydrofracturing

Under a Science & Technology project in the year
2000, the National Institute of Rock Mechanics car-
ried out hydrofracturing tests at Tandsi and Thesgora
mines of Western Coalfields Ltd. The objective of this
project was restricted to study the redistribution of
stresses due to multiple mine openings and local
tectonics like faults. Hydrofracturing stress mea-
surements were conducted in shale and sandstone.
These studies had given a fair idea about the validity
of the Hydrofracturing experiments in porous rocks
like sandstone. The pressure-time plots at Tandsi
mines show a sharp peak at the breakdown pressure,
whereas at Thesgora mines, the peak of the break-
down pressure was blunt, and the required shut-in
pressure value could not be obtained to calculate the
stress parameters. This was due to the occurrence of
coarse-grained sandstone at Thesgora mines as
compared to the carbonaceous shale and fine-
grained sandstone at the Tandsi mines [44]. This was
another example to show that the hydrofracture
method can be applied in slightly porous rock-like
shale but not in sandstone.

Liquid dissipation in hydrofracturing is not only
linked with liquid dissipating into pores. If the

liquid quantity is of higher amounts [45], the liquid
dissipation in pores will be at a greater extent. So,
the liquid flow must be more viscous and high flow
in nature [46] (Fig. 2). The higher liquid flow rate is
essential to initiate the moment in hydrofracturing
by yielding lesser liquid dissipation into pores. But
with extreme overpressure and pore-water pres-
sure, this technique cannot be applied. At this
instant, the fracturing process may not be success-
ful. It will intend to create additional stress condi-
tions by re-orientation of fractures [47] (Fig. 3). In
the other case of fracturing, pores will be left open
until there is a pressure drop. If there is any
reduction in pressure, the fracturing process ends
[48].

The quantity of liquid during hydrofracturing and
associated losses depend on the rock’s mechanical
parameters and characteristics of liquid [49]. Hence,
it is essential to study much more in detail about the
liquid injection rate during hydrofracturing, the
causes of liquid dissipation, and re-orientation. In
some cases, changing the flow rate may often put
some light on the reasons for re-orientation [50].
Due to the above reasons, various approaches need
to be explored to trace out the dissipation part in
different states and conditions. This may be effective
in substituting the situation, which may help in
finding possible solutions for the current problem.

Nevertheless, the experience in these mines has
indicated that the hydrofracturing method can be
used as a quick, reliable, and cost-effective means of
understanding the in-situ stress field in coal mines,
provided some drawbacks and limitations in the
procedure of the measurements are properly
addressed [51]. As more and more coal mines are
facing roof problems because of the influence of
stresses, the hydrofracturing method can be utilized

Fig. 2. Hydrofracturing test with liquid flow rate (1—8 L per minute) in
permeable rocks.
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Borehole

Probable Rotation of the induced fracture

Fig. 3. Hydrofracturing test with a higher flow rate in permeable rocks.

quite effectively and economically to understand
both in-situ stresses (deep inside the roof) and
induced stresses (at the immediate roof) [52].

3. Hydrofracturing using viscous fluid

During hydrofracturing in sandstone, the non-
viscous fluid like water is associated not only with
liquid dissipation into pores but also the fracture
opening, which tends to increase the volume of fluid
loss. This loss also depends on the ability of the fluid
to flow through the rock mass. Hence, the fluid must
be selected on the viscosity rate.

In the case of flow rate in viscous fluid, it should
be kept in such a way that from the moment of
initiation of fracturing, it must yield minimum fluid
loss into pores. But at this point, it should be taken
care that the extreme pore pressures, and increase
in flow rate, fracture should not take abnormal
rotation with respect to the trend of pre-existing
fractures/joints. This is studied and discussed in 7.0.
An experimental study is carried out by conducting
hydrofracturing tests in the field at certain depths
where sandstone occurs. A hydrofracturing simu-
lation is run on the cores obtained from the same
depths of measurement. This has been tested with
different flow rates in the laboratory with different
confining pressures (horizontal and vertical).

Pressure in MPa

1

0
46.76 46.78 46.8 46.82 46.84 46.86 4683 46.9

Time in hours

Fig. 4. Pressure vs time graph in case of SAE 10 motor oil.

35
30
25
20
15

Pressure in MPa

10

5

0
74.65 74.7 74.75 74.8 74.85 74.9
Time in hours

Fig. 5. Pressure vs time graph in case of ISO VG 320 oil.

ISO VG 320 oil of viscosity 0.27 Pa-second is used
in this study for conducting hydrofracturing tests by
running simulations in the lab on sandstone core
samples. The validity of less viscosity liquid fluids
like SAE 10 motor oil of viscosity 0.085 to 0.14 Pa-
second is answerable in rock formations with
porosity of much high porosity [53]. SAE 30 motor oil
of viscosity from 0.42 to 0.65 Pa-second and ISO VG
460 of viscosity 0.39 Pa-second could not be able to
open the pores, hence unable to obtain the break-
down pressures. Lesser flow rates of 0.0000005 m>/s
to 0.000001 m®/s are usually applied as nominal flow
rates depending on the extent, length of test zone
and porosity [54]. There is no set of injection rate that
can be fixed in prior [55]. Hence, pumping shall
continue until a breakdown or shut-in is attempted.
If not, the flow rates of 0.000001—0.0000015 m>/s are
kept as compliant in such case [56].

The fluid viscosity and flow rate depend on the
properties of the rock mass. In a Science and tech-
nology project, the National Institute of Rock Me-
chanics carried out a series of tests at Shanti Kani
mine, Singareni Collieries Company Limited,
Telangana. The fluid of different viscosities was
used on sandstone. In first trial viscous fluid of
0.085—0.140 Pa-second (SAE 10 motor oil) was
applied. However, the fluid dissipated into the

Fig. 6. Balloon phenomenon.
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Flow rate - 0.0001m3/sec
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Pressure in MPa
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Flow rate 0.0002 m3/sec
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Pressure in MPa

Flow rate - 0.00015m3/sec
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P
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Fig. 7. Pressure vs time record for 0.0001 m’/s to 0.00025 m’/s injection rate.

pores, and the required pressure could not be
reached. The instantaneous shut-in pressure corre-
sponding to the quasi-static equilibrium state could
not be reached. Hence, low viscous fluids of less
than 0.2 Pa-second are found to be not suitable [57].

Later, viscous fluid of more than 0.3 Pa-second
(SAE 30 motor oil) was used. In this case, the

India

required pressure could not be built due to high
viscosity in nature; hence pore pressure could not
be built during fracturing. Finally, ISO VG 320 oil of
viscosity 0.25—0.27 Pa-second was used. At that
stage, the injection pressure was increased gradu-
ally by step flow rate (0.0000005 m>/s, 0.000001 m*/s
and 0.0000015 m®/s). There, the pre-existing fracture

Borehole no. KK-2448 |8

.-

Borehole no. RKP-801

Fig. 8. Location of experimental sites.
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Fig. 10. Deephole hydrofrac system.
Fig. 12. Acoustic borehole televiewer logging system.

gets opened by subsequent two to three refract cy-

cles were conducted followed by pump shut-off. The — —
backflow was observed by short valve closures LHN(‘Q B —
during venting (Figs. 4 and 5). Fluid viscosity of | — e —

upl) $ - BH20p N2 Wotkpie ume 1 X

0.2—0.3 Pa-second develops the required pressure in Ml iz
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Fig. 11. Data acquisition system. Fig. 13. Fracture trace obtained in BH No. RKP-801 depth 527.5 m.
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Fig. 15. Rose diagram representing major joint sets in borehole RKP-801.
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Table 1. Results of the Mandamarri shaft block.

Table 3. Results of the RKNT Dipside block.

Parameters Results Parameters Results
S, 12.17 S, 12.80
Major horizontal principle stress (Sy) in MPa 12.44 Major horizontal principle stress (Sy) in MPa 17.79
Minor horizontal principle stress (S;) in MPa 6.22 Minor horizontal principle stress (S,) in MPa 8.89
Major horizontal principle stress direction 40° Major horizontal principle stress direction 20°

K = S4lS, 1.02 K = S4lS, 1.39

4. Hydrofracturing using high flow rate
technique

The bloating phenomenon is the best example for
explaining the high flow rate technique in hydro-
fracturing. A punctured balloon is blown up using
different air pressures. It gets bloated only if air
insertion is more than air release pressure through
the puncture pore. So, the rate of airflow needs to be
increased to keep up the balloon gets bloated
(Fig. 6). A similar principle is adopted here in
hydrofracturing in sandstone [58].

Byerlee (1975), in his study, showed that in the
sedimentary strata under confined pressures,
hydrofracturing may give better results. Shear or
tensile stresses generated due to pore pressures are
in controlled phenomenon [59]. A series of tests
were conducted at different depths in the deep
borehole of 600 m depth. The investigations were
taken part at virgin coal blocks of Mandamarri shaft
block and Ravindra Khani New Technology dipside
block of Bellampalli coal belt, Singareni Collieries
Company Limited, Telangana. Flow rates starting
from 0.0001 m3/s to 0.00025m>/s are applied. The
shut-in pressure was obtained at 0.00025m>/s
(Fig. 7). At lesser flow rates, pore pressure could not
be able to build during fracturing. Pressure gets
dissipated along porous sandstone [60]. Hence, fluid
flow was gradually raised in stages to observe the
pore pressures passing the shear strength and ten-
sion crack gets developed [61].

5. Hydrofracturing conducted in field using
high flow rate technique

Tests were conducted from 472.5 to 517.55 m depth
in BH. No. KK244B of Mandamarri shaft block and

Table 2. Field data obtained at Mandamarri shaft block.

520.5—544.5 m depth in BH. No. RKP-801 of Ravindra
Khani New Technology (RKNT) dipside block of
Bellampealli coal belt, Singareni Collieries Company
Limited, Telangana (Fig. 8). The hydrofracturing
system with steel wire reinforced packers of 70 mm
Outer Diameter (Fig. 9) was used. The length of each
packer is 635 mm. This is imported from Australia
and designed by IPI (Inflatable Packers Interna-
tional). The test interval length is 350 mm.

Two number high-pressure hoses (¢ 3/8”, work-
ing pressure 78 MPa/burst pressure 280 MPa and
¢ Y4, working pressure 72 MPa/burst pressure 288
MPa) used for water injection and packer inflation.
The pump working pressure is 50 MPa and nomi-
nal flow ranges from one to sixteen litres per
minute (Fig. 10) is used. The pump is driven by a 3-
phase 440-V AC electric induction motor. Pressure
is controlled by a sophisticated flow control system.
Digitally the information is collected in memory
gauge which is stored-fitted in the instrument and
thereby data can be retrieved for analysis in mean
time using laptop computer with the help of so-
phisticated system for decrypting data from board
— Pico logger (Fig. 11).

High-resolution Acoustic Borehole Televiewer
logging is used to map the geological formations in
the borehole (Fig. 12). The data is recorded and
processed in sophisticated Well CAD software. The
software Well CAD incorporates the opened/
induced fracture trace raw data obtained from the
Acoustic borehole televiewer tool (Fig. 13).

6. Results of hydrofracturing test

Results are determined under two conditions:

i) Topography of the study area.

BH. No. Depth in m Fracture inclination Fracture strike Shut-in pressure
(degrees, 0° horizontal (N-E, degrees) (P,; in MPa)
and 90° vertical)
KK-244B 472.5 80.20 330.19 11.85
489.5 82.89 239.88 7.25
496.5 88.79 185.41 12.19
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Table 4. Field data obtained at RKNT Dipside block.

BH. No. Depth in m Fracture inclination Fracture strike Shut-in pressure
(degrees, 0° horizontal (N-E, degrees) (P,; in MPa)
and 90° vertical)
RKP-801 527.5 40.59 252.00 15.92
533.5 56.61 121.78 21.03
544.5 70.94 111.88 11.29

ii) Anisotropy of the rock mass [62].

The data is analysed using the code program
GENSIM. 1t is a sophisticated software, based on
stress inversion technique, that solves by carrying
out iterations by the root of mean squares method to
determine the minor principle horizontal stress
magnitude and direction of the major principle
horizontal stress using the below formulae [63]:

Sy = (P — 1% - SYIm? + 12 - SylSy)

Where, I, m, n are the cosines of the directions of the
induced or pre-existing fractures, S, is vertical

Fig. 16. Fraclab hydraulic fracture test system.

stress, Sy is major horizontal principle stress, and Sy,
is minor principle horizontal stress.

From the sonic log, the major joint sets are ob-
tained. It is oriented from 454 m to 511 m in borehole
KK-244B in E—W direction, dipping 80—90° and in
borehole RKP-801 from 498 m to 544 m, the major
joint sets are aligned in E-W direction, dipping
2030 (Figs. 14 and 15).

The results were tabulated (Tables 1 and 3) from
data in Tables 2 and 4.

7. Hydrofracturing simulation study
in laboratory on cores

A simulation study is run on cores (54.7 mm
diameter) where hydrofracturing tests done in field
(i.e., cores obtained from KK-244B at 472.5—496.5 m
and RKP-801 at 527.5—544.5 m) to compare the ef-
fects of fracture propagation and delineation
characteristics. Fraclab hydraulic fracture test sys-
tem manufactured by Floxlab is used for running
simulations on core samples subjected to different
stress states (Fig. 16). Stress ratios of horizontal to
vertical stress have been maintained from 0.5 to
2.5.

The test system carries out hydraulic fracture ex-
periments with micro-seismic activity monitoring
under various triaxial stress states. The device con-
sists of a triaxial stress cell equipped with an
acoustic emission monitoring system. Four servo-
controlled syringe pumps are used to control
confining (70 MPa max.), axial (424 MPa max.), pore
(70MPa max.) and fracturing fluid pressures
(70MPa). The apparatus determines specimen
breakdown pressure at given confining and pore
pressures, after which the tensile strength and frac-
coefficient are computed. The acoustic emission
(AE) monitoring system allows the characterization
of fracture growth during geotechnical studies.

In this experiment, fluid flow is maintained in
three modes: 0.0000005m>/s, 0.000001 m®/s and
0.0000015 m>/s. The viscosity of fluid 0.25 to 0.27 Pa-
second is applied for hydrofracturing. The stress
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Fig. 18. Propagation of fracture in case of axial vs confining pressure
stress ratio of 1.5 and variable fluid flow range (i.e., (a) 0.0000005 m*/s,
(b) 0.000001 m’/s and (c) 0.0000015 m°/s).

Fig. 17. Propagation of fracture in case of axial vs confining pressure
stress ratio of 0.5 and variable fluid flow range (i.e., (a) 0.0000005 m*/s,
(b) 0.000001 m°/s and (c) 0.0000015 m*/s).
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Fig. 19. Propagation of fracture in case of axial vs confining pressure  Fig 20, Propagation of fracture in case of axial vs confining pressure

stress ratio of 2.0 and variable fluid flow range (i.e., (a) 0.0000005 m’/s, stress ratio of 2.5 and variable fluid flow range (i.e., (a) 0.0000005 m*/s,
(b) 0.000001 m°/5 and (c) 0.0000015 m’/s). (b) 0.000001 m*/s and (c) 0.0000015 m/s).
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Table 5. Results of the Mandamarri shaft block in case of axial vs
confining pressure stress ratio of 0.5 and variable fluid flow range (i.e.,
(@) 0.0000005 m’/s, (b) 0.000001 m’/s and (c) 0.0000015 m’/s).

Parameters Results
S, 12
Major horizontal principle stress (Sy) in MPa 22.07
Minor horizontal principle stress (S;,) in MPa 11.03
Major horizontal principle stress direction N 120°
K = Syl/S, 1.83

ratios are observed from 0.5 to 25, ie. axial
(12 MPa) vs confining pressures (6, 18, 24, 30 MPa).
A pore pressure of 4 MPa is maintained throughout
the experiment because the same is observed dur-
ing observation in the field from the downhole
piezo. Results show that at lower stress ratios of 0.5
and 1.5, fluid flow of 0.0000005 m®/s, 0.000001 m>/s
and 0.0000015 m®/s, there is not much change in
trend in fracture propagation (Figs. 17 and 18). It
tends along the pre-existing fractures. But when the
stress ratios increased from 2 to 2.5, with flow rates
of 0.000001m°®/s to 0.0000015m°/s, the trend of
fracture propagation is across the maximum loading

direction (Figs. 19 and 20). The propagation trend is
in yellow & fractures are in white streaks.

This change in trend is due to a change in stress
state, which plays a crucial role in fracture propa-
gation. Hence, now the concern is with fluid flow
and stress state that need to be addressed. From the
above study, a flow rate of 0.0000005m>/s to
0.0000015 m°/s is feasible in a stress state of 0.5—1.5.
The stress state of 2—2.5 is not found feasible, when
the flow rate is increased to 0.000001 m®/s and
0.0000015 m>/s. The fracture trend is along the
confining pressure. The core sample at depth
shows the pre-existing fractures are parallel to the
axial load. This suggests that the fluid flow at
0.0000005 m3/s did not affect the fracture trend, but
when the flow increased to 0.000001m®/s and
0.0000015 m®/s, the fracture trend gets delineated.
Hence, the suitable flow falls between
0.0000005 m*/s and 0.0000008 m*/s at all stress
states.

The stress results obtained from the laboratory
studies also pour much light on how the fracture
delineation occurs, and the major principle stress

Table 6. Lab data obtained in case of axial vs confining pressure stress ratio of 0.5 and variable fluid flow range (i.e, (a) 0.0000005 m>/s, (b)

0.000001 m*/s and (c) 0.0000015 m>/s) at Mandamarri shaft block.

BH No. Depth in m Fracture inclination Fracture strike Shut-in pressure
(degrees, 0° horizontal (N-E, degrees) (P,; in MPa)
and 90° vertical)
KK-244B 470.5 86.2 306.2 11.06
487.5 84.8 271.3 13.4
494.5 60.6 145 13.07

Table 7. Results of the RKNT dipside block in case of axial vs confining
pressure stress ratio of 0.5 and variable fluid flow range (ie., (a)
0.0000005 m’/s, (b) 0.000001 m*/s and (c) 0.0000015 m*/s).

Table 9. Results of the Mandamarri shaft block in case of axial vs
confining pressure stress ratio of 1.5 and variable fluid flow range (i.e.,
(a) 0.0000005 m’/s, (b) 0.000001 m’/s and (c) 0.0000015 m’/s).

Parameters Results Parameters Results
S, 12 S, 12
Major horizontal principle stress (Sy) in MPa 25.6 Major horizontal principle stress (Sy) in MPa 15.82
Minor horizontal principle stress (S;) in MPa 17.06 Minor horizontal principle stress (S,) in MPa 10.55
Major horizontal principle stress direction N 120° Major horizontal principle Stress direction N 130°
K = SulS, 2.13 K = SulS, 1.31

Table 8. Lab data obtained in case of axial vs confining pressure stress ratio of 0.5 and variable fluid flow range (i.e, (a) 0.0000005 m>/s, (b)

0.000001 m*/s and (c) 0.0000015 m>/s) at RKNT dipside block.

BH No. Depth in m Fracture inclination (degrees, Fracture strike Shut-in pressure
0° horizontal and 90° vertical) (N-E, degrees) (P,; in MPa)
RKP-801 525.5 89.4 275.1 18.0
531.5 84.9 116.5 17.8
542.5 87.3 337.3 20.0
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Table 10. Lab data obtained in case of axial vs confining pressure stress ratio of 1.5 and variable fluid flow range (i.e., (a) 0.0000005 m/s, (b)

0.000001 m*/s and (c) 0.0000015 m>/s) at Mandamarri shaft block.

BH No. Depth in m Fracture inclination Fracture strike Shut-in pressure
(degrees, 0° horizontal (N-E, degrees) (P,; in MPa)
and 90° vertical)
KK-244B 471.5 77.8 119.28 13.6
488.5 83.42 25.21 14.0
495.5 83.57 76.61 13.0

Table 11. Results of the RKNT dipside block in case of axial vs confining
pressure stress ratio of 1.5 and variable fluid flow range (ie., (a)
0.0000005 m’/s, (b) 0.000001 m*/s and (c) 0.0000015 m’/s).

Table 15. Results of the RKNT dipside block in case of axial vs confining
pressure stress ratio of 2.0 and variable fluid flow range (ie., (a)
0.0000005 m’/s, (b) 0.000001 m*/s and (c) 0.0000015 m’/s).

Parameters Results Parameters Results
Sy 12 S, 12
Major horizontal principle stress (Sg) in MPa 17.15 Major horizontal principle stress (Sg) in MPa 25.74
Minor horizontal principle stress (S;,) in MPa 11.43 Minor horizontal principle stress (S,) in MPa 17.16
Major horizontal principle stress direction N 120° Major horizontal principle stress direction N 20°
K = S4lS, 1.42 K = Su/S, 2.14

Table 12. Lab data obtained in case of axial vs confining pressure stress ratio of 1.5 and variable fluid flow range (i.e., (a) 0.0000005 m’/s, (b)

0.000001 m*/s and (c) 0.0000015 m*/s) at RKNT dipside block.

BH No. Depth in m Fracture inclination (degrees, Fracture strike Shut-in pressure
0° horizontal and 90° vertical) (N-E, degrees) (P,; in MPa)
RKP-801 526.5 89.4 265.3 13.8
532.5 72.8 153.4 13.5
543.5 75.1 181.9 14.6

Table 13. Results of the Mandamarri shaft block in case of axial vs
confining pressure stress ratio of 2.0 and variable fluid flow range (i.e.,
(@) 0.0000005 m’/s, (b) 0.000001 m’/s and (c) 0.0000015 m’/s).

Parameters Results
S, 12
Major horizontal principle stress (Sy) in MPa 32.23
Minor horizontal principle stress (S;) in MPa 21.49
Major horizontal principle stress direction N 20°
K = SylS, 2.68

orientation is altering when the stress ratios are
changed from 0.5, 1.5, 2 and 2.5 (Tables 5—20). The
fracture traces obtained in the field and the lab are
compared. There is a huge difference of 80°—300°
observed when the stress ratios changed from 1.5 to
2.0 and 2.5 (Table 21).

It is found to be evident that the re-orientation of
fracture is caused due to stress ratio 2 and 2.5, and
the flow rate is increased from 0.000001 m>®/s to

Table 14. Lab data obtained in the case of axial vs confining pressure stress ratio of 2.0 and variable fluid flow range (i.e., (a) 0.0000005 m*/s, (b)

0.000001 m*/s and (c) 0.0000015 m>/s) at Mandamarri shaft block.

BH No. Depth in m Fracture inclination Fracture strike Shut-in pressure
(degrees, 0° horizontal (N-E, degrees) (P,; in MPa)
and 90° vertical)
KK-244B 473.5 90 46 24.56
490.5 90 86 21.95
497.5 90 130 27.68
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Table 16. Lab data obtained in case of axial vs confining pressure stress ratio of 2.0 and variable fluid flow range (i.e., (a) 0.0000005 m/s, (b)

0.000001 m*/s and (c) 0.0000015 m*/s) at RKNT dipside block.

BH No. Depth in m Fracture inclination Fracture strike Shut-in pressure
(degrees, 0° horizontal (N-E, degrees) (P,; in MPa)
and 90° vertical)
RKP-801 528.5 2411 172.85 21
534.5 90 108.50 20.24
545.5 31.19 144.94 21.42

Table 17. Results of the Mandamarri shaft block in case of axial vs
confining pressure stress ratio of 2.5 and variable fluid flow range (i.e.,
(@) 0.0000005 m’/s, (b) 0.000001 m’/s and (c) 0.0000015 m’/s).

Parameters Results
S, 12
Major horizontal principle stress (Sg) in MPa 325
Minor horizontal principle stress (S;,) in MPa 21.67
Major horizontal principle stress direction N 20°
K = Syl/S, 2.70

0.0000015m>/s. Also the major principle stress
orientation is re-orienting when the stress ratio is
changed from 1.5 to 2 and 2.5 and the flow rate is
being increased from 0.000001 m>/s to 0.0000015 m>/
s. In Tables 5, 7, 9 and 11. The principle stress
orientation is ranging from 120° to 130°. The stress
orientation obtained in Tables 13, 15, 17 and 19 is
20°. This is similar to field results.

Table 18. Lab data obtained in case of axial vs confining pressure stress ratio of 2.5 and variable fluid flow range (i.e., (a) 0.0000005 m’/s, (b)

0.000001 m*/s and (c) 0.0000015 m>/s) at Mandamarri shaft block.

BH No. Depth in m Fracture inclination (degrees, 0° Fracture strike Shut-in pressure
horizontal and 90° vertical) (N-E, degrees) (P;; in MPa)
KK-244B 474.5 33.35 4.59 20
491.5 65.92 173.81 225
498.5 40.98 26.47 215

Table 19. Results of the RKNT dipside block in case of axial vs confining
pressure stress ratio of 2.5 and variable fluid flow range (ie., (a)
0.0000005 m’/s, (b) 0.000001 m>/s and (c) 0.0000015 m’/s).

Parameters Results
S, 12
Major horizontal principle stress (Sy) in MPa 28.23
Minor horizontal principle stress (S;,) in MPa 18.82
Major horizontal principle stress direction N 20°
K = SylS, 2.35

8. Conclusions

In recent days, Hydrofracturing test had become
widely used method for measuring in situ stress at
deeper extents. This method has fewer assump-
tions [64]. However, in some cases, it is not fully
understood where the problem arises during
application [65]. In sandstone, due to high porosity,
it is difficult to arrive at results and has shown

Table 20. Lab data obtained in case of axial vs confining pressure stress ratio of 2.5 and variable fluid flow range (i.e., (a) 0.0000005 m’/s, (b)

0.000001 m®/s and (c) 0.0000015 m>/s) at RKNT dipside block.

BH No. Depth in m Fracture inclination (degrees, Fracture strike Shut-in pressure
0° horizontal and 90° vertical) (N-E, degrees) (P,; in MPa)
RKP-801 529.5 90 58.73 23
535.5 70.95 52.94 20.5
546.5 67.78 150.47 23.5
Table 21. Fracture traces obtained from field and laboratory studies.
BH No. Depth in m Field Lab
Fracture strike (N-E, Deg) Stress ratios
0.5 1.5 2 25
Fracture strike (N-E, Deg)
KK-244B 472.5 330.19 306.2 119.28 46 4.59
489.5 239.88 271.3 25.21 86 173.81
496.5 185.41 145 76.61 130 26.47
RKP-801 527.5 252.00 275.1 265.3 172.85 58.73
533.5 121.78 116.5 153.4 108.50 52.94
544.5 111.88 337.3 181.9 144.94 150.47
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legible [66]. Other methods do make it out, but due
to the complexity and nature of rock formation, one
must modify and identify the solutions for the
current problems.

From the study, it is found that the fracture
delineation and major principle stress re-orientation
phenomenon is causing in sandstone. This is due to
the stress ratio present (2 and 2.5) and the high flow
rates (0.000001 m3/s to 0.0000015 m>/s). The stress
results obtained in the field are re-oriented (Tables 1
and 3). It is found matching the results obtained in
simulation studies (Tables 13, 15, 17 and 19).

The ISO VG 320 oil is applied to obtain shut-in
pressures using a normal flow rate (0.0000005 m>/s
to 0.0000008 m>/s) in a laboratory simulation. The
stress re-orientation is stopped in a stress ratio of 0.5
and 1.5. The fracture traces obtained are along the
pre-existing joints (Tables 6, 8, 10 and 12). The major
joint sets obtained from the sonic log represents that
in both boreholes, they are oriented in E—W direc-
tion (Figs. 14 and 15), which is similar to the major
principle stress direction 120°—130° obtained from
laboratory simulation (Tables 5, 7, 9 and 11). The
major joints are the indications for the paleo stress
conditions, which are act along major principle
stress direction and are caused by it.
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