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Hydraulic fracturing (HF) and hydraulic testing of pre-existing fractures (HTPF)
are efficient hydraulic methods in order to determine the in-situ stress of rock mass.
Generally, the minimum (Sh) and maximum (SH) horizontal principal stresses are
measured by hydraulic methods; the vertical stress (SV) is calculated by the weight
of the overburden layers. In this work, 37 HF and HTPF tests are conducted in a
meta-sandstone, which has about 10% inter-layer phyllite. The artesian circumstance,
considerable gap between the drilling and hydraulic tests in the long borehole, no
underground access tunnel to rock cavern at the early stages of projects, and a
simplified hypothesis theory of HF are the main challenges and limitations of the
HF/HTPF measurements. Due to the instability in the long borehole, the drill rig type
and borehole length are revised; also TV logger is added to the process of selection of
the test’s deep. The HF/HTPF data is sequentially analyzed by the classic and
inversion methods in order to achieve an optimum number of hydraulic tests.
Besides, The SH magnitude in the inversion method is lower than the classic method;
the relevant geological data and the faulting plan analysis lead to validate the SH and
Sh magnitudes and the azimuths obtained by the classic method. The measured SH
and Sh magnitudes are 7-17 MPa and 4-11 MPa, respectively; the calculated vertical
stress magnitude is 6-14 MPa at the test locations. Indeed, the stress state is (SH >
SV > Sh), and SH azimuth range is 56-93 degrees.

1. Introduction

The in-situ stress state in the earth's crust is a
considerable important concept in many problems
dealing with rocks in the civil, mining, well bore
mechanics and the reservoir engineering
operations as well as geology and geophysics
(Amadei and Stephansson, 1997) [2]. The in-situ
stress information may be required for the
following rock engineering aspects, either directly
or as an input factor to the analytical analyses or
numerical models:

e temporary or permanent stability of
underground spaces, e.g. tunnels, caverns,
shafts, and other openings (Ji and Guo, 2020; Li
et al., 2017) [24; 30];

e assessment of the efficient excavation methods
(drill-and-blast or TBM);

E Corresponding author: mr.shahverdiloo@shahroodut.ac.ir (M.R. Shahverdiloo).

design of the supporting systems of rocks
(Shahverdiloo et al., 2014; Alemdag et al.,
2019) [43; 3];

design of lining of waterway system in
hydropower project (Shahverdiloo, 2010) [42];

prediction of rock bursts (Miao et al., 2016)
[35];

thermo-hydro-mechanical behavior of the rock
(Huan et al., 2021) [19];

design of grout methodology (Liu et al., 2019)
[31];

fluid flow and contaminant transport (Mortimer
et al,, 2011) [36];

Fracturing and fracture propagations (Bakhshi et
al., 2019; Abdollahipour et al., 2016) [5; 1].
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Obtaining reliable estimates of the stress tensor,
which can be estimated by measuring or
calculation of the pressure in different directions
inside a rock mass, is a challenging task due to the
very nature of the concept "stress" and due to the
practical reasons. The quantitative evaluation of
the principal horizontal in-situ stresses, i.e.
maximum (SH) and minimum (Sh), at a specific
site cannot be made since the gravitational/vertical
stress (SV) is practically the only one clearly
understood. Hence, these horizontal stresses
require direct measurements in the field. The in-
situ stress measurement methods, e.g. hydraulic
fracturing (HF), hydraulic testing of the pre-
existing fractures (HTPF), dilatometer, and over-
coring approaches, have been developed based on
the elastic materials in order to determine the
original stress state. Under specific geological
conditions and the project’s limitations, some
methods have a significant advantage over the
others. However, Due to the variability inherent to
the in-situ stress measurement and the role of
scale effect, i.e. effects of discontinuity and
heterogeneity, a main query is how many
measurements are required to obtain the mean in-
situ stress estimates of an acceptable reliability
(Feng et al., 2019) [11].

Hydraulic fracturing was initially used for the
reservoir productivity stimulation, and was
applied to stress measurement in the early 1960s.
Hung et al. (2009) [23] have successfully
conducted this measurement below a 1 km depth.
Currently, there are two major categories
including the conventional hydraulic fracturing
(HF) and hydraulic tests on the pre-existing
fractures (HTPF). HF is now a well-established
technique for determining the in-situ stresses at
depth (Hubbert and Willis, 1957; Scheidegger,
1960; Kehle, 1964; Haimson and Fairhurst, 1969,
1970; Zoback and Haimson, 1982; Haimson,
1989; Serata et al. 1992; Haimson and Cornet,
2003; Sano et al., 2005) [20; 41; 25; 14; 15; 47,
16; 40; 17; 39]. The main advantages of the HF
test are performing in an existing hole, low
scattering in the results, involving a fairly large
rock volume, and being quick; in contrast, the
only 2D, the theoretical weakness in the
evaluation of major horizontal stress (SH), and
disturbance of water chemistry are its limitations.
The significant advantage of the HTPF test is its
applicability in the high stress rocks in which
over-coring and HF fails; on the other hand, time-
consumption, requiring the existing fractures in
the hole with varying strikes, and dips are the
main limitations of the HTPF test. Rutqvist et al.,
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(2000) [38] have mentioned that the general
theory for SH calculation from hydraulic
fracturing suffers from the uncertainties in the
assumptions of continuous, linearly elastic,
homogenous, and isotropic rocks together with
fracture re-opening. However, due to some
uncertainties such as plastic behaviors of the
surrounding rock (Rutqvist et al., 2000) [38] and
the remaining apertures at the start of each cycle
(Cornet, 1993) [9] measurement of the re-opening
pressure may not be accurate. Lakirouhani et al.
(2016) [28] believed that near-wellbore stress
state should be taken into account; the
compressibility of the injection system and the
viscous flow of water can diminish the accuracy
of the stress estimates; these issues have not been
well-quantified. Krietsch et al. (2017) [27] have
reported that the survey combines over-coring
with  hydro-fracture =~ measurements with
concomitant monitoring of the induced micro-
seismicity, in which the use of a transversely
isotropic model for inverting the strains measured
during over-coring is essential to obtain stress
solutions that are consistent with the hydro-
fracture and micro-seismicity results. The
utilization of the micro-seismic monitoring system
(Xiao et al., 2016) [45] and the acoustic emission
technique (Lan et al., 2011; Bai, 2018) [29; 6]
have been developed for the HF mapping and
Kiser effects, respectively.

Unanimously, the reliability of rock stress
measurements is partly dependent on the
measuring technique and equipment, and partly
dependent on the nature of rock masses. This
work focuses on the hydraulic methods with an
emphasis on the equipment and rock mass
challenges involved in the deepest hydropower
complex caverns in Iran.

2. Hydraulic methods

There exist two stress measurement approaches,
i.e. HF and HTPF, in which the water pressure is
used to stimulate the rock surrounding a borehole,
and hence, to determine the in-situ stress state.
Both approaches use quite similar equipment,
including straddle packers, impression packer, and
special pumps to generate high-pressure water to
make a new fracture or re-opening of the pre-
existing fractures (Ljunggren et al., 2003) [32].
Pressure is applied into the test chamber, which is
isolated by straddle packers, until a new fracture
is created (Figure 1) or the existing fracture is
opened (Figure 2) (Amadei and Stephansson,
1997) [2].
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The classical HF theory requires isotropic,
elastic, homogeneous, and impermeable rock
materials at a depth subjected to three principal
stresses (Hubbert and Willis, 1957) [20]. HF
provides a simple way to measure stress
magnitudes; advance knowledge of rock
properties, e.g. Young’s modulus and Poisson’s
ratio, is not fundamental. The HF test procedure
comprises of (a) pressurization of the selected test
chamber until fracturing occurs, and (b)
delineation of the induced fracture. Typically, a
complete test consists of two trips down-hole to
the test interval, each with different equipment
assemblies. The straddle packer system is the
most common tool for fracturing; the oldest and
still the most reliable fracture tracing on the
borehole wall is the impression-orienting tool
(Figure 1). Generally, one principal stress is
assumed to be parallel to the axis of a vertical
borehole, SV, and equals the gravitational stress
of the material above the specified depth, i.e. SV
= pgz, where p is the rock mass density in kg/m3;
g is the ground acceleration, 9.81 m/s2; and z is
the overburden in m (Zang and Stephansson,
2009) [46]. Figure 1 shows the HF test's essential
factors including the breakdown or -cracking
pressure (Pc) and the shut-in pressure (Psi). The
Sh value is equal to Psi, and SH is calculated by

Eq. (1).
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where Py is the pore pressure, and Pr is the re-
opening pressure.

The HTPF test was initially proposed by Cornet
and Valette (1984) [7], and was designed to
overcome the shortcomings of the HF method.
Compared with the HF method, HTPF focuses on
the re-opening of the pre-existing fracture in the
sealed section (Figure 2). This technique aims to
determine  the  normal  stresses  acting
perpendicular to the pre-existing fractures, which
equal to the shut-in pressure generated by fluid
injection. Accordingly, it is vital to gather the
precise locations and the orientations of fractures
before the commencement of the fluid injection.
This is usually achieved by the borehole imaging
techniques, like the Mosnier tool (Cornet et al.,
2003) [10]. Theoretically, the 2D solution requires
at least six different fractures to solve the
problem. In practice, however, some redundancy
is required. For successful measurements, it is
suggested that at least 10—12 isolated, pre-existing
fractures with different dips and dip-directions are
found and tested in the borehole wall within the
depth interval of interest. The 3D alternative of
the HTPF method includes fewer assumptions on
the stress state but requires a more significant
number of fractures to be tested. In the 3D option,
SV does not have to be a principal stress.
Hypothetically, 12 unknowns exist in the system
of equations. Practically, it is recommended that
at least 18-20 successful tests are obtained to
resolve the 3D in-situ stress state (Ljunggren,
2003) [32].

Breckdown

Pressure —Pe pressure

Shut-in  pg
pressure

Time
1
Y 1 1SH
4
g Ps=Sh
e Pe=3Sh-SH+T
a Sh T=Tensile
- strength of rock

Figure 1. (A) Hydraulic fracturing system (B) Associated calculations (Kim and Franklin, 1987) [26].
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The HTPF main limitations are caused by (a)
the hypothesis that the fractures observed at the
wellbore remain planar in the domain investigated
by the hydraulic methods; (b) the assumptions
concerning the regional stress field variation
within the domain of interest; and (c) the
considerable number of tests required if the
solution is to be well-constrained.

3. Rock cavern hydraulic tests
3.1. Site description

The Azad pumped-storage power plant (PSPP)
is located in the western region of Iran consisting
of a complex relatively deep overburden of about
466 m caverns, and a long vertical pressure shaft
(Figure 3). The mentioned underground spaces are
located in a zone of meta-sandstone with about
10% inter-layer phyllite; the mean rock mass unite
weight is 27100 N/m3 (RMRA and EGRA, 2013)
[33; 34].

Due to lack of access tunnel to caverns, the
execution progress dictated the long boreholes
(AP2 and AP3) for the HF/HTPF tests that were
drilled from an access tunnel (IAT) about 250 m
above the complex cavern elevation (Figures. 3
and 4). The first phase of the HF/HTPF tests
failed after 2+7 tests due to a borehole collapse,

ml Ower Intake
EL. 1412,00
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i.e. the straddle packer was trapped at the AP3
borehole, and the possibility of trapping the
second straddle packer in the AP2 borehole. Then
the second phase of the HF/HTPF tests was
conducted in an intermediate borehole length
(HF1, HF2, and HF3) at the T1 access tunnel
(Figures 3 and 4). In brief, the in-situ stress
measurements consisted of two phases in which
37 HF/HTPF tests were conducted in four
different periods in vertical boreholes.

Borehole

s -,

Straddle
Packers

LE_/\T\
‘ ‘ v Sub-horizontal pre-

existing (or induced)
fracture

Stress acting normal to the
fracture plane

Figure 2. Schematic view of HTPF (Gaines et al.,
2012) [13].
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Figure 3. 3D layout of Azad PSPP.
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The groundwater table (GWT) is about 1640
and 1390 m.a.s.] (meters above the sea level) in
the first and second phases, respectively (Figure

~ . \
i} V‘@,/;, \:
.I‘ . . ~ .’ ) . - 7 ~
1 {‘ j;,ﬁ’ y ~ ‘f.".\‘\ .
Z : % //J N\ \,
“ \ N
b & \\\ <
o.M Y A PA
p 839 . A @ .
Y, . .\. ‘~‘
NH 7
7

Gar2

Journal of Mining & Environment, Vol. 12, No. 2, 2021

4). The rock is generally impermeable (lugeon <
5) but the limited fracture zones have a high
permeability (lugeon > 60) (EGRA, 2013) [34].

Figure 4. HF/HTPF borehole profile, AP 2 and 3 and HF 1 and 2 and 3, Left plan Righ—tTongitudinal (EGRA,
2013) [34].

3.2. HF/HTPF first phase

The first phase of the HF/HTPF test was
performed in the AP 2 and 3 boreholes, which
were vertically drilled from the intermediate
access tunnel (IAT) toward the complex caverns

(Figure 4). These boreholes belonging to the
exploratory borehole series were dictated for the
complementing of the site investigation plan
(Table 1).

Table 1. Specification of the AP 2 and 3 borehole (EGRA, 2013) [34].

S . . Top elevation  Over-
=
2 @  Drilling rig Type Dl(z:::ﬁ;er Coring date (m) burden Lc(&::lg)th
= Start Finish z (m)
. March December
Ap2 DB850 Wireline 96 2013 2013 1642 233 285
Conventi Decembe
Ap3 Longyear onal 101-76 2012 June 2013 1645 215 300

Initially, the depth of the hydraulic test was
selected by the rock core assessment. The
HF/HTPF tests began at the deepest test location
in Ap3, the borehole length (BL) 294.5 m, but
after the second test, BL 287.5 m, the straddle
packer was trapped at a depth of 260 m. All the
efforts were unsuccessful in releasing the straddle
packer set, i.e. the straddle packer was buried.
Therefore, the impression packer could not
determine the fracture/joint orientation in the
mentioned tests. It seems that the drilling rig
system, which can apply a huge upward or
downward force, is the better choice against the
sturdy tripod system, which is a rapid transferring
system with only an upward force, for releasing
the trapped straddle packer.

533

The borehole TV inspection revealed an
unexpected condition, collapse zone, in the
borehole circumference. Although the core
samples visually had a good situation, the TV
logger was recorded inconsistently with them; the
more irregular borehole circumference is shown in
Figure 5. The preliminary investigation for the
mentioned situation led to the following options:
improving the drilling rig type, minimizing the
gap between borehole drilling and hydraulic
testing, and involving the TV inspection for
selecting the HF/HTPF test depth. The relatively
soft rock, i.e. phyllite inter-layer or -calcite
infilling, in the hard rock, i.e. meta-sandstone,
may be the leading cause of irregularity of the
borehole wall and consequently instability.
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The sequences of the HF/HTPF process in AP2
was revised; first of all, the TV borehole
inspection was a prerequisite to finalizing the
HF/HTPF test location; secondly, the drilling rig
type was changed from the conventional to the
wireline method. The wireline core barrel allows
drilling or coring without pulling the drill string;
thirdly, the gap between the borehole drilling and
the HF/HTPF test was minimized by the
sequential drilling section up to 100 m. The
mentioned revisions made the situation better but
there was another straddle packer loss challenge
beyond 70 m BL; because a fractured zone
appeared in the borehole, and there was a
possibility of another straddle packer losing.
Consequently, only seven HF/HTPF tests were
performed in 70 out of 285 m of AP2 BL. In brief,
the first phase has had only 9 HF/HTPF tests. Due
to the limited tests, as mentioned in Sec. 2, the

Figure 5. Left: The core box of AP3 283.9-287.95 m; Right: The borehole picture at about 287 m BL.
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inversion method could not determine the in-situ
stress tensor (Hudson, 1995) [22]. Based on the
limited HF test, the stress regime was determined
as SH > SV > Sh, but the acceptable mean in-situ
stress state faced the challenge of insufficient
data, and therefore, the continuation of the
HF/HTPF test was postponed to the second phase.

3.3. HF/HTPF second phase

Due to the excavation progress, the access
tunnels (Figures. 3 and 4) reached the Kss zone,
i.e. the meta-sandstone around the complex
caverns, then the groundwater level gradually
decreased from 1640 to 1390 m.a.s.l over several
months (Figure 4). Therefore, the second phase of
the HF/HTPF test was performed in the HF series
boreholes (Table 2) as close as possible to the
complex caverns.

Table 2. Specification of the HF borehole series for HF/HTPF tests (EGRA, 2013) [34].

2 Top <
5 ; Coring date elevation =
= . Diameter 2 2 _ = Length
g Rig Type (mm) (m) @ g (m)
M Start Finish z 5
HF1 o g — September 2014 456 70
e ¥y 2 g 101 Sep., 14 Oct., 14 1393 438 72
Q o=
HF3 = S Dec., 14  Jan., 15 456 453

The step-by-step process was the strategy in the
second phase, which meant drilling a borehole,
conducting the HF/HTPF test, data processing,
and analysis until reaching a sufficient number of
data test to achieve a reliable in-situ stress.
Consequently, the second phase of the in-situ
stress measurement was conducted in two stages
(Table 3).
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4. HF/HTPF test procedure

The HF/HTPF tests were performed in close
agreement with the ISRM (International Society
of Rock Mechanics) and ASTM (Amadei and
Stephansson, 1997; Haimson and Cornet, 2003)
[2; 17]. The main apparatus of the HF/HTPF tests
are mentioned in Sec.2; the remaining equipment
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consists of high-pressure tubing, drill pipe or
hose, pressure gauges, pressure transducers, flow-
meter, pressure generators, recording equipment,
and fracture orientation detection devices
(Haimson and Cornet, 2003) [17]. The supply
pressure of the hydraulic part of the HF/HTPF
equipment was 500 bars, and its flow rate (clean
water) was 16 L per min. The control panel
system was located near the borehole head in the
test station; the measuring sensors were just above
the straddle packer (Figure 6). The data
acquisition system was set to 8 readings per
second; the pressure and flow rate data was
recorded during the test execution.

Figure 6. HF/HTPF test stati

The procedures of the HF and HTPF tests have
some similarities and differences. The HF test
consists of an evaluation of permeability (P-test),
rock mass pressurize to induced fracture (Frac.
stage), re-opening this fracture (1. Refrac),
repeated one or two re-opening stage fracture (2.
Refrac. and 3. Refrac.), and finally, one or two
step-rate pressurizing (SP/SR). Figure 7 shows the
pressure and flow rate of the test chamber versus
time according to the mentioned sequences.

Furthermore, the HTPF procedure consists
of the evaluation permeability (P-test), the
rock mass pressurize to open the existing
fracture (Refrac-1), and two step-rate

w2 D

on at
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The depth finder, water injection volume, and
pressure sensors must be checked and calibrated
before each test series. Then, the system operation
was simulated by testing the straddle packer in a
test pipe (116 mm diameter) for verification of the
system operation. Then the straddle packer was
sent to the deepest test location of the borehole;
the packers were pressurized, and the mentioned
pressure usually remains 20 bars more than the
pressure in the packed off zone, i.e. pressurized
chamber, of the borehole. If the HF/HTPF test
process was successful, the straddle packer would
be release to remove to the next (upper) test
location.

) b LY
the tp of the HF1 borehole.
pressurizing stages (1°° SP/SR and 25
SP/SR); Figure 8 shows the pressure and flow
rate of the test chamber versus time according
to the mentioned sequences (GK, 2015) [12].
After all HF/HTPF tests in each borehole, the
straddle packer is replaced with an impression
packer. The impression packer impressed the
discontinuity, i.e. the pre-existing joints or
induced fracture, of the HF/HTPF test chamber
with a rubber shell covering the packer. The
digital compass was applied to precisely record
the azimuth and inclination (tilt) of the fracture or
pre-existing joint (Figure 9).
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Figure 7. Internal pressure and flow rate vs. time curves of the HF test in HF2 borehole- 8.4 m BL (GK, 2015)
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Figure 8. Internal pressure and flow rate vs. time curves of the HTPF test in AP2 borehole-49.7 m BL (GK, 2015)

[12].

GAMANEN KAV Comuting Erginesrs

S —

Figure 9. Left: Impression packer; Right: readout unit of the digital compass (GK, 2015) [12].

The impression packer was pressurized higher
than the relevant re-opening pressure and held for
30 min under pressure at each test location. After
tracing discontinuity on the rubber shell covering
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the packer (Figure 10), it was replaced with
another rubber and repeated for the HF/HTPF test
chamber.
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Figure 10. Left: Transparent sheet image display induced fracture trace; Right: Transparent sheet image display
pre-existing joint trace (GK, 2015) [12].

5. HF/HTPF test results and discussion

As mentioned in Sec. 2, Pc, Pr, and Psi are the
key factors of the HF test. If the pore pressure is
negligible, the in-situ hydraulic tensile strength
(Pco) will be equal to (Pc-Pr); where Pc is the
highest pressure, i.e. the failure pressure; Pr is the
pressure of the joint/fracture opening in the first
cycle; Psi-max is the pressure at the moment of
the closing flow valve (Q = 0) in the pressure-
flow curve; Pco is the difference in the failure-
reopening pressures, and Psi-min is the pressure at
the moment of the deviation of the pressure-time
curve from the linear trend was determined by the
Muskat method. The shut-in pressure in the HF
test was determined by the tangential method (in
the third re-opening cycle) as well as in the step
rate cycle; however, in the HTPF test, it was
determined from the first cycle of opening, and
also the first and second step rate cycles. The
minimum and maximum shut-in pressures were
determined by the Muskat method and tangent
method, respectively, which were applied to the
pressure-time curve in the position of maximum
pressure point, as shown in Figure 11.

The key factors of all the HF/HTPF tests are
presented in Table 3. 34 test locations were traced
by the impression packer; except AP3-278.5,
AP3-294.5, and AP2-65.15 tests. According to the
AP series water injection test report, the rock
permeability value was about 3 to 5 lugeon.
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Consequently, the water pore pressure was set to
zero in the data analysis (EGRA, 2013) [34]. The
calculated Sh value, which is equal to the ‘3rd
refract’ column in the mentioned table, is in the
range of 4-11 MPa; the SH magnitude, which is
calculated by (3xSh-Pco), is in the range of 7-17
MPa. Besides, the SV magnitude is between 6 and
14 MPa at different test locations.

hole curve
100

Pe = 26 bar

Interval Pressure (bar)

10

13:20:66 13:21:08 13:21:13 13:21:22 13:21:30 13:21:39 13:21:48 13:21:66

Time (hh:mm:ss)

Figure 11. Measurement of Psi in AP2 borehole-55.8
m BL by the Muskat method (GK, 2015) [12].

Generally, Pco is expected to be almost
constant. However, there is a noticeable difference
in some HF tests (see Table 3), which emphasizes
on the hypothesis of cracking welded
discontinuity by calcite fillers instead of the virgin
rock mass.
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Table 3. HF/HTPF test data (GK, 2015) [12].
g =] - - ] g z Psi(bar) - -;:',U
= s = 3 ol Il g g EX 28 9 g ] z
e & 3 £ T § T :f & § 8 &z B gE i < 2 &
° 2 N E s z g & = g e 5 5 BE g 7 3
) = ~ H & g ] Zz z g
— = = o s = = s
287.5 1105 57 53.5 51 42 49 55 06/21/2013
Ap3 HF
2945 250 140 110 145 77 110 94 06/21/2013
22 38 47 35 43 43 43 49 139 75 07/20/2013
- P 49 61 45 52 48 48 42 312 70 07/20/2013
5 49.7 34 50 43 48 50 52 20 290 84  07/20/2013
- Ap2 54 45 62 53 60 60 62 122 32 69  07/192013 2
HF 558 70.8 37 33.8 41 26 37 34 29 90  07/19/2013
HTPF 62 62 64 62 63 58 112 22 80  07/19/2013
65.15 07/19/2013
272 70 25 45 518  44.54 5127 56.18 144 90  08/10/2014
HF 308 6639 268 3959 5735 55.18 56.88  65.56 62 332 74 08/10/2014
335 1185 728 4565 835 7276 7876  78.34 357 267 75 08/9/2014
352 9636 4671 4965 765  69.83 751 69.8 104 14 68 0892014
HF1 532 207 117 39 08/92014 3
595 64.65 56.81 3645 544 51.8 50 262 352 79 08/9/2014
HTPF  63.5 67.76 78.18 3435 65 50 5105 19 90  08/8/2014
65.5 73.57 9328 5631 7637 81.46 61 331 79  08/82014
675 66.15 7428 5462 T34 74 8979 302 212 81  08/7/2014
HF 8.4 1039 4252 6135 677 5217 65 7492 55 325 785  02/11/2015
HTPF 104 325 534 3867 498 4907 50 147 237 725 02/10/2015
HF 119 7158 3128 403 6175 5653 61.05 64.02 133 90  02/10/2015
HF2 1685 103.05 6235 407 855  79.9 847 825 77 347 55 02/10/2015
2 arep | 2818 425 81.93 7201 80 75 75 82 352 75 02/10/2015
S 322 36.52 56 518 558 75 7878 233 323 79 02/10/2015
= HF 332 1201 7328 4686 6934 649 69 81.3 143 233 84  02/10/2015
145 9881  53.52 4529 7385 5321 7212 67.41 42 90  01/29/2015
HF 155 9069 525 3819 6429 5281 61.66 63.98 89 339 72 01/29/2015
17.85  80.02 42 3802 61 5089 598 625 85 355 75 012972015
19.8 91.4 47 444 695 5321 64.12  59.05 74 354 30 01/29/2015
arep 2125 64.99 745 4496 668 585 5507 237 327 45  01/29/2015
222 57.76 695 6195 68.1 6427 45 183 93 65  01/29/2015
HF3 HF 235 9824 5347 4477 684 62 672 6874 112 202 86  01/28/2015
HTPF 255 49.01 746 4947 65 45 40 152 242 83 01/28/2015
HF 27 81 34 47 67.9 59 66.1 68 35 305 75 01/28/2015
arpp 300 67.75 64.88 51.68 592 7241 7012 129 219 58  01/28/2015
31.75 332 7123 6227 658 7142 713 133 223 82 01/27/2015
HF 33.1 1029 59 4386 725 65 69 72 144 90  01/27/2015

Furthermore, the length of each hydraulic test
zone is 3 m, i.e. 2 m for the straddle packer and 1
m for the test chamber, in which 10 tests chamber
of HF tests including HF1-33.5, HF2-32.2, HF2-
10.4, HF3-31.75, HF3-30.6, HF3-22.2, HF3-
21.25, HF3-19.8, HF3-14.5, and AP2-54 have
partially overlapped with the adjacent test zone. It
means that the rock mass of the test chamber was
previously affected by the straddle packer of the
previous test. Further studies disclosed that,
except for HF3-14.5, it is not a clear contradiction
between the key pressure values of each test with
the adjacent test. The mentioned procedures have
changed four HF tests, i.e. HF3-22, HF 3-31.75,
HF 2-21.4, and HF 2-32, to the HTPF tests. It is
noticeable that the dip and dip direction of the
crack in the mention tests are different from the
dip and dip direction of fracture in the previous
test.
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The artesian circumstance that occurred at a
depth from 27 m to 45 m of HF borehole series
has three effects: (a) the shut-in pressure in the
step rate stage was increased; thus this data was
omitted in the stress data analysis, (b) it seems
that the rock mass saturation and artesian water
pressure made resistance to pressure descending
in the borehole test chamber after closing the
water injection pipe valve, even up to 3 h; and (c)
increasing the water pressure after the test period,
which was confined under the straddle packer,
would have rapidly pushed out the borehole test
apparatuses if the packer pressure had been
released similar to the normal situation. Besides,
the AP2 tests were conducted at different
elevation levels and a limited number of tests
compared to the HF series (Tables 1 and 3).
Therefore, the data analysis of stress tensor at the
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complex caverns elevation utilizes only the HF
series information, presented in Sec. 6.

6. Data analysis

The test data was analyzed by the classic
(Hubbert and Willis, 1957) [20] and the inversion
methods (Hubbert and Willis, 1957; Cornet, 1986)

Journal of Mining & Environment, Vol. 12, No. 2, 2021

[20; 8]. In the classic method, the fracture dip
must be equal to or greater than 75 degrees, and in
the inversion method, the joints or cracks must be
in diverse ranges. The 20 and 18 test results were
selected for the data analysis in the classic (Table
4) and the inversion (Table 5) methods,
respectively.

Table 4. HF/HTPF test data utilized in the classic method (GK, 2015) [12].

]
~ g z § o= @ S(bar)
= = a - =2 5B = £
g 2 g = Eg 22 £ %
® S S ® 3 SV Sh SH
272 144 90 131 51.3 129
HF 308 62 74 132 56.9 144
335 357 175 133 78.8 163
HF1 595 262 79 3 140 (54.4)  (98.6)
utpr 035 19 90 141 (65.0)  (127.0)
655 61 79 141 (76.4)  (156.0)
675 302 81 142 (73.4)  (154.0)
HF 8.4 55 785 121 65.0 152
- HTPF 104 147 725 122 49.8)  (115)
e HF 119 133 90 122 61.1 152
< HF2
3 28.15 82 75 126 (80.0)  (198)
a HTPF
322 233 79 127 (55.8)  (131)
HF 332 143 84 128 69.0 134
14.5 42 90 4 128 72.1 163
HF 15.5 89 72 128 61.7 132
1785 85 75 128 59.8 137
HF3 235 112 86 130 67.2 148
HTPF 255 152 83 130 (65.0)  (146)
HF 27 35 75 131 68.0 170
HTPF  31.75 133 82 132 (65.8)  (164)

Table 5. HF/HTPF test data used in the inversion method (GK, 2015) [12].

o .
S - e - - Psi(bar)
g ® ® Q  un N e
= s a Te g 8 9 - = w
g & 2 E2 58 S B8 3 3
® - S g ®3 o 5 5
B 2 L .
27.2 144 90 51.3
HF 30.8 62 74 56.9
335 357 75 78.8
HF1 35.2 3 75.1
59.5 262 79 54.4
HTPF  65.5 61 79 76.4
67.5 302 81 734
“ HF 8.4 55 79 65.0
e HTPF 104 147 73 49.8
e HF2
g_ HF 11.9 133 90 61.1
28.2 82 75 80
15.5 89 72 61.7
HTPF 179 85 75 4 59.8
19.8 74 30 64.1
HF3 23.5 112 86 67.2
HF 27 35 75 66.1
HTPF 318 133 82 65.8
HF 33.1 144 90 69
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6.1. The Sh trend

The correlation between Sh and the depth of the
HF/HTPF tests was conducted by the inversion
method (Table 6). It should be noted that in the
mentioned correlation, the total amount of
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overburden (z) was the sum of the test depth
(Table 5) and borehole overburden (see Table 2).
The trend of Sh versus the test’s depth in the
classic and inversion methods is shown in Figure
12.

Table 6. Sh by the inversion method (GK, 2015) [12].

Boreholes Test depth (m) SH (bar)
HF1, HF2, and HF3 8.4t067.5 Sh=49.29+0.27(z-468)
The main points achieved from Figure 12 are as
Shbar) follow:
0 00 25{.0 5?'0 75]’0 10|0.0 » The Sh values obtained by each method have a
I | I I relatively good compatibility.
I I I I
10 = ——-- i L __A__ o . e The Sh wvalues obtained from each method
| L xi | virtually increase compared to the depth.
1 I x 1 1
M) e e e = — I e e [ _|
20 ! ! x | | @HFI 6.2. SH trend and azimuth
X
~30 F--m- i_ -1- _:b_ - _X_ _i ______ i The correlation of SH and the depth of the
s | | * o | HE2 HF/HTPF tests was conducted by the inversion
B0 Lo [ I o K method (Table 7). Figure 13 shows the trend of
= | | 1 | XHE3 SH versus test depth by the classic and inversion
% | | : | methods, in which:
50 +----- === - === === | = - - -
| : | : * In the inversion method, the SH value obtained is
60 oo o Ve B less than the relevant magnitude in the classic
Sh=492910.2 I e L ! method.
7(z-#68
P — (z_?_ _) e 1 : « The SH values obtained by the classic and
inversion methods slightly increased versus the test

Figure 12. The Sh vs. borehole depth in the classic
data points and inversion trend line (GK, 2015)
[12].

depth. However, the inversion method shows a
higher increasing rate.

Table 7. SH correlation vs. test depth by the inversion method (GK, 2015) [12].

Boreholes

Test depth (m)

SH (bar)

HF1, HF2, and HF3

8.4t067.5

SH=54.07+0.75(z-468)

According to the second phase of the HF tests,
the hydraulic fracture dip/dip direction is
indicated in an ENEW-SW direction by the
classic method (Figure 14), which is generally
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adapted with the inversion method azimuths
(Table 8).

The SH azimuth has compatibility with the
World Stress Map, as shown in Figure 15.
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SH(bar)
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Figure 14. Distribution of hydraulic fractures. Right: pole plot; Left: Rosette plot (RMRA, 2013) [33].

Table 8. SH azimuth in the classic and inversion methods (GK, 2015) [12].
Boreholes Inversion method (degree) Classic method (degree)
HF1, HF2, and HF3 79 to 89 or ENE-WSW 56 to 93 or ENE-WSW

39°

- I 36°

33°

30°

r

Figure 15. Schematic representation of the mean SH azimuth in comparison with the global focal mechanism
directions regime, Iran (WSM 2016-CASMO) [44].
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7. Fault slip analysis

The stress elements in the classic method
represent strike-slip faulting with the strike of

Journal of Mining & Environment, Vol. 12, No. 2, 2021

(ENE-WSW), whereas the inversion method
represents normal faulting, as shown in Figure 16.

- S,

~

Normal Faulting (NF)
Sv>SH > S

51

==
il

Strike-Slip (SS)
SH>Sv>Sh

Thrust Faulting (TF)
SH >Sp > Sy

Figure 16. Effects of three main tectonic stress regimes on the faulting type (Oliver Heidbach, 2016) [37].

The main faults analysis (Haimson et al. 2003)
[17] was performed in the project area in order to
identify the correct type of the local stress regime.
There were two clockwise strike-slip faults, i.e.
Sarvabad and Gorgine, at a distance of 14 km and
6 km, respectively. The project area's geological
data and faulting plan were relatively confirmed
with the SH azimuth in the classic method.
Moreover, the ground surface investigation and
major/minor fault analysis at the project area
distinguished that the main horizontal stress was
azimuth is between NI2W; and N38E, the
bedding dip/dip directions were (75~80 degrees)
and (15~40), respectively. It is noticeable that
from the ground surface to the cavern complex
level, the variation in the dip direction was about
25 degrees, which may leads to a complicated
horizontal stress regime that affect rock mass for a
long time.

8. Conclusions

In the previous sections, the relevant HF/HTPF
test data in the meta-sandstone with about 10%
inter-layer phyllite in the complex rock caverns
was reviewed. Despite all the simplified
hypotheses in the HF/HTPF theory, i.e. isotropic,
elastic, homogeneous, and impermeable rock
material, and so on, the HF/HTPF tests are the
conventional and practical techniques for the in-
situ stress measurement in the hydropower rock
caverns. The acceptability and consistency of the
HF/HTPF tests depend on several factors such as
the rock mass characteristics, borehole drilling
type, optimum number of tests, geological
information, and relevant geotechnical analysis.
The mentioned hydraulic tests measured the
magnitudes and azimuths of the principal
horizontal stresses. The main achievements of the
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37 HF/HTPF tests in the Azad PSPP are as
follow:

1. The measured SH and Sh were 7-17 MPa and 4-
11 MPa, respectively; the calculated SV was 6-
14 MPa at different test locations.

2. The SH azimuth based on the HF and HTPF
tests was SW-NE (56-93 degrees) and ENE-
WSW (79-89 degrees), respectively, and the
mentioned azimuth according to the geological
data and fault slip analysis was N12W-N38E.

3. The TV imaginary system has a complementary
role in checking the borehole situations,
especially in long boreholes.

4. The estimated values for Sh and SH in the
classical method are higher than the inversion
method. Besides, the classic method is a
consistent in-stress regime with the fault slip
analysis (SH > Sv > Sh).

5. The inter-layer of the soft rock and the joined
discontinuity as a rock mass heterogeneity and
the artesian groundwater situation considerably
influenced the HEF/HTPF  tests.  The
heterogeneity not only in data scattering but also
in borehole instability in the long borehole has
an undeniable role.
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