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Abstract Structural geological texts, research papers and books, are progressively
incorporating well logging-related studies and geomechanical issues, including bore-
hole imaging techniques. Geomechanical studies usually involve magnitudes and
orientations of the three principal stress axes: Sy—uvertical stress, and Spp;, and
SHmax—the minimum and the maximum horizontal stresses, respectively. Electrical,
acoustic or video devices that capture high-resolution images are lowered into the
well and give crucial information about bed boundaries, structural elements such as
faults, folds, discontinuities, fractures and even secondary porosities such as frac-
tures and vugs. Image log data gives important information about the Sy, and Symax
directions. Hoop stresses acting along the circumference of the borehole wall causes
breakouts, and the radial stresses result in tensile fractures known as drilling-induced
fractures. Borehole breakouts and drilling-induced fractures can be easily distin-
guished with the help of borehole images. By integrating the information obtained
from image logs and other kinds of well logs, one can get orientations of the minimum
and maximum horizontal stresses. We present two problems, relevant to classroom
teaching for geoscience students, and solutions related to geomechanical issues and
image log interpretation.
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1 Introduction

Tectonic stresses act along the Earth’s surface as well as within the crust. The mag-
nitudes of stresses depend upon factors such as geological processes, depth, pore
pressure, frictional coefficient and rock strength (Zoback 2007). Thus, geomechan-
ical 1ssues have become subjects of active interest in structural geology and tecton-
ics (Zoback et al. 1985; Barton and Zoback 2002; Nelson et al. 2005; Fowler and
Weir 2008; Mukherjee 2013; Richardson et al. 2015; Fossen 2016; Mulchrone and
Mukherjee 2016).

To address geomechanical problems in oil and gas industries as well as geothermal
reservoirs, knowledge about the local and the regional stresses is required (Zoback
2007; Fellgett et al. 2018). Anderson’s (1905) scheme is helpful in understanding
the relative magnitudes of highest, intermediate and minimum stresses (o |, o0, and
03, respectively) in terms of different stress regimes where normal, strike-slip and
reverse faulting are preferred. The stress magnitudes in the three end-member regimes
can also be explained in terms of vertical overburden stress (Sy) and the maximum
and minimum horizontal stresses (Sgmax and Shmin; Fig. 1). In this model, Sy =0
is for normal faults, Sy =0, for strike-slip faults and S, =03 for reverse faults.
Under most geological conditions, the principal stresses are compressional rather
than tensile (e.g. Fossen 2016). The convention amongst structural geologists is to
define stress as positive in compression.

There are several techniques for measuring in situ stresses. The parameters for
stress estimation can be deduced from the following procedures to get an overview
of stress orientations (Zoback 2007).

I. The vertical stress (Sy), due to the overburden pressure, can be estimated from
a density log.

II. Shmin can be obtained during well drilling operations from procedures such as
leak-off tests (LOT) and hydro-fracturing techniques such as the mini-frac test.

A mini-frac is a type of small fracturing test usually performed before the key
hydraulic fracturing test. It provides important information regarding the response of
the tested interval, geometry and propagation of hydro-fractures and the magnitude
of Shmin (De Bree and Walters 1989; Zoback 2007).

III. Pore pressure (Pp) can be estimated directly from conventional logs in real
time while drilling a well or can be inferred from seismic velocities while defining
a pre-drill pore-pressure model. The estimated pore pressure can be calibrated with
actual pore fluid pressure data obtained from reservoir sand bodies.

IV. Estimates of Sygmax and Spymin Orientations can be obtained from borehole
breakouts as well as drilling-induced fracture studies from image logs.

V. To obtain stress magnitudes, information about rock properties is required.
Rock strength can be measured from laboratory-based rock compressibility tests. It
can also be estimated from density and sonic P-wave and S-wave logs.

The rock failure can be explained with the Mohr—Coulomb failure criteria
(Zoback 2007; Labuz and Zang 2012) where the knowledge of two parameters,
viz. u;—coefficient of internal friction, and Co or UCS—unconfined compressive
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strength, is required. As the Mohr circle touches the failure envelope, depending on
the magnitude of maximum and minimum principal stresses, shear failure, tensile
failure or hybrid failure of the rock may take place. The rock is in the stability field
below the failure envelope, which is defined by:

(Stimax = Pp) / (Stmin — Pp) = [/ (n* +1) + “]2 ()

The above equation can be rewritten in the following forms for different stress
regimes

Reverse fault regime : (Sumax—Pp) / (So — Pp) = [V/ (,u2 +1) + ]2 (2)

Normal fault regime: (S, — P,)/ (Shmln P =[J/(wW*+1) + ] (3)

Strike slip fault regime : (Spmax— Pp) / (Somin — Pp) = [/(* +1) +1]° &)

The magnitude of u generally ranges from 0.6 to 1 (Byerlee 1978; Zoback 2007).

Image logs can be integrated with other data such as wireline logs, core data
and production data to give detailed information about the geology (Hurley 2004).
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Modern-day logging tools can retrieve image logs created by high-intensity sensors
(sensors having higher strength) that pick up samples both horizontally and vertically.
Resistivity-based image tools consist of four or six arm calipers. Each arm is equipped
with pads in which micro-resistivity electrodes are placed that acts as sensors. These
pads get pressed against the borehole wall for recording image data around the
borehole (OBMI brochure: Schlumberger 2006). Thus, samples consist of image
data defined by resistivity contrast representing lithological and structural variations.
This high-resolution sampling of data creates images that give a continuous record
of the formation and the borehole circumference (Rider 2011).

Generally, 40—80% of the borehole information is covered by image logs and the
best images are obtained in case of resistivity-derived electrical images when the
resistivity ratio between the mud and the formation is <1000 (Hurley 2004). At first,
optical photography was performed using a 16 mm lens by Birdwell in 1964. Shell
first used downhole black and white television camera. Later, there was an evolution
of logs from optical to acoustic to finally electrical image logs (Prensky 1999).

Nowadays, conventional coring of wells is costly affairs. In some lithologies, e.g.
in unconsolidated sands and brecciated rocks in deformation/fault zones, the core
recovery is poor and the chances of losing critical information of the well are high.
In these circumstances, subsurface sedimentological and structural data are obtained
by imaging techniques by these advanced logging tools. Therefore, such tools have
become popular in the recent years (Hurley 2004).

This chapter will discuss deciphering structural features such as breakouts and
drilling-induced fractures from image logs, and the usefulness of these features in
deducing the maximum and minimum horizontal stress directions.

2 Image Logging Tools

Imaging tools are broadly of two categories that perform either electrical or acoustic
imaging. The electrical borehole tools are the most sophisticated and commercially
available tools (Hurley 2004). Image log tools are generally equipped with pads
and are pressed against the borehole wall when lowered. Button electrodes (current
and voltage electrodes) are embedded in the pads of the tools where the potential
difference is measured between the voltage electrodes at the centre of the pad face
(OBMI brochure—Schlumberger 2006). The effective button size and effective res-
olution are 0.2 in. and 1.2 in., respectively, and the depth of investigation is 3.5 in.
These tools have 32% coverage of the borehole—this is the general working princi-
ple of an image tool working in the non-conductive borehole environment (OBMI
brochure—Schlumberger 2006).

In case of boreholes drilled with water-based mud, the image log tool has a spec-
ification to cover 80% of the 8 in. hole and the button size is of 0.2 in. with a
vertical as well as horizontal resolution of 0.2 in. Because of the micro-resistivity
changes resulted by the passage of the current in the rock, we get images and
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Fig. 2 Comparison between static (left) and dynamic image (right) of a massive sandstone. The
truncated surface, as highlighted by ‘Truncation’, and finer laminations are also visible. Dynamic
processing is done in a moving window of 5 ft and the geological features are prominent in this
image. N-S-N refers to the true north reference. Modified after Hurley (2004)

these are interpreted as textural features, stratigraphic and structural features (FMI
brochure—Schlumberger 2002).

After the data acquisition, the array data is processed with necessary corrections.
Two images in the unwrapped borehole formats are generated: static and dynamic
(Fig. 2). In the static image, a colour contrast is applied to the entire well. On the
other hand, in the dynamic image, the colour contrast is applied to a specific moving
window length. Dynamic images help to identify subtle features, e.g. vugs, bed
boundaries, low resistivity shales, fractures and other geological features (Hurley
2004).

Apart from the wireline imaging, logging while drilling (LWD) imaging tools are
also available. The two common varieties are: resistivity at bit (RAB, Schlumberger)
and StarTrak (Baker Hughes). In acoustic imaging tools, rotating transducers exist,
which emit and record sound waves and these tools are often referred to as the
“borehole televiewers” (Rider 2011; Hurley 2004). These tools were first developed
in the 1960s by Mobil, and later several oil companies improved them. The amplitude
and travel time are recorded and processed as images through these tools. The acoustic
borehole imaging tools are summarized in Appendix-2 (Rider 2011; Hurley 2004;
Tingay et al. 2008)
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3 Image Log Interpretation

Nowadays, image logs are interpreted in workstations, where both static and dynamic
images are studied by the log analysts. Features such as bed boundaries and natural
fractures are picked by the interpreter by fitting sine curves. Automated dip picking
is done by certain algorithms. The dip picking can be edited and interpreted man-
ually when required. Image logs can also identify stress-induced fractures such as
breakouts and drilling-induced fractures, which is the main focus of this chapter.

To optimize the wellbore design, the knowledge of in situ stresses and the com-
pressive strength of the (anisotropic) rocks is required (Chatterjee and Singha 2018).
Understanding local and regional stresses is important as these can produce and
propagate hydraulic fractures. Knowing stress regimes is important in petroleum
exploration projects such as in the deep-water gas hydrate exploration and in inte-
grated ocean drilling programmes (IODP).

In tight reservoirs, flow of hydrocarbon is enabled by creating hydraulic fractures
through stimulations (Bailey et al. 2017). Local and regional stresses control the
generation of these fractures (Bell 1996; Hillis and Reynolds 2000; Bailey et al.
2017).

The main components of stresses as discussed above are S, (principal vertical
stress), Symax (Maximum horizontal stress) and Sy, (minimum horizontal stress).
The orientation of Symax plays an important role in petroleum industry and can be
obtained from borehole breakouts and drilling-induced fractures (Zoback 1992; Bell
1996; Rajabi et al. 2017). Borehole breakouts happen perpendicular to the Symax-
On the other hand, drilling-induced fractures are parallel to the Symax direction,
1.e. orthogonal to Spmin (Zoback 2007; Fowler and Weir 2008; Tingay et al. 2008;
Rajabi et al. 2017). In the subsequent sections, the formation of breakout and drilling-
induced fracture process will be explained.

Borehole breakouts: Borehole breakout was classically described by Bell and
Gough (1979) and Gough and Bell (1981). Later, Zoback et al. (1985) expanded the
study theoretically along with several experiments. Stress-induced deformation can
result in borehole breakouts that occur in a preferential direction when the stress con-
centration around the borehole exceeds the rock strength (Zoback et al. 1985; Fowler
and Weir 2008). Breakouts are the wellbore enlargements, which propagates in con-
ical geometry, seen as spalled regions, and form where the circumferential stress
(0ee) around the borehole exceeds the rock strength (Lai et al. 2018). Spalling
occurs in the direction of minimum horizontal stresses (Spmin) in breakouts (Fig. 3;
Thorsen 2011). Studies on breakouts provide information about the stress field ori-
entations. Elastic models indicate that the breakouts are the result of compressive
failure as per the Mohr—Coulomb failure criteria (Zoback et al. 1985; Zoback 2007).
The stress around the wellbore is explained by circumferential stress (o g@).

Bell (2003) discusses a few points about the reliability of the Symiy direction from
breakout study: (i) several breakouts encountered in a well can constrain the stress
orientation; (ii) the drilled well must be vertical or have up to 3° inclination. Borehole
breakout interpretations need to be performed very carefully, since in many cases
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Fig. 3 Schematic cross-section of well bore showing formation of breakouts and hydraulic frac-
tures. The figure shows the variation of circumferential stress (0 @) to azimuth. Modified after
Hillis and Reynolds (2000)

the long axis of the breakout could be due to the result of key seating by abrasion on
one side of the wall in consequence to lowering of the drilling equipment (Fig. 2a,
b; Bell 2003).

In order to understand stress concentration around a vertical borehole wall, prin-
cipal stresses are transformed from an orthogonal system to a cylindrical system in
which case they act parallel and perpendicular to borehole wall.

At any point around the wellbore, the stresses (Zoback 2007) can be described as:

I. Radial stress (o) acts along the radius of the wellbore. It is the difference
between wellbore pressure and pore pressure acting radially along the wellbore.

II. Hoop stress or circumferential stress (0 ge) acts around the wellbore circum-
ference. It depends on several factors such as the wellbore pressure, magnitude and
orientation of stress, hole inclination and azimuth and the pore pressure of the for-
mation.

III. Axial stress (o ,,) acts parallel to the well path and is not affected by the mud
weight. o,, depends on the in situ stress and its orientation and magnitude, hole
inclination and azimuth, pore pressure, etc. When a well is vertically drilled with
Sumax = Shmin, the axial stress equals the vertical stress. For an inclined well, this
relation will not hold true.

The degree of breakout varies in rocks: in crystalline rocks, it appears as small
chips and usually initiates from the borehole wall. On the other hand, in sedimentary
rocks, it initiates as fractures within the formation (Fowler and Weir 2008). The
breakout lengths range from<1 m up to tens of m.
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Fig. 4 Borehole breakouts interpreted on a FMI (formation micro imager log). The caliper 2 direc-
tions (C2 marked in red) show borehole enlargement feature and the FMI log directly shows broad
poorly resolved conductive zones. These borehole breakout features are oriented towards 100°N
and 290°N and display ~N-S oriented Spmax (from Tingay et al. 2008)

Borehole breakouts can be directly identified from electrical images depending on
the contrast in resistivity. In resistivity images, breakouts appear as broad, conductive
zones with poor resolution and these are usually parallel and 180° apart in either static
or dynamic images, and are accompanied by enlarged caliper features (Tingay et al.
2008; Rajabi et al. 2017). Breakout appears as resistive features in images generated
by the Oil-based Micro Imager (OBMI; Fig. 4).

Borehole breakout can easily be interpreted using the acoustic images. Breakouts
are prominent features in both amplitudes and borehole radius (travel time) data of
the acoustic images. As the borehole breakouts have typically rough surfaces, they
appear as broad low amplitude zones with increased travel time on opposite sides of
borehole (Tingay et al. 2008; Fig. 5). As per Zoback (2007), the most reliable way
to analyse breakouts is through ultrasonic image logs where the breakouts appear as
dark bands with low reflectance images on opposite sides of the wellbore. Breakout
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Fig. 5 Borehole breakout and drilling-induced fracture observed on acoustic image log. Borehole
breakouts are identified as broader zones with high radius and low reflection amplitude and oriented
around 095-275 N. The breakouts indicate that the present day maximum horizontal stress (6 gmax)
trends N-S (from Tingay et al. 2008)

may appear as en echelon features in oil-based mud (OBM) with respect to the
breakouts in water-based mud (WBM) (Fig. 4c, d; Nian et al. 2016).
Drilling-induced fractures: In gas, oil and geothermal wells, drilling-induced frac-
tures are commonly present as there is concentration of far-field stresses close to the
borehole and these stresses commonly exceed the strength of the rock (Barton and
Zoback 2002). In four or six arm caliper image logs, natural fractures can be seen
as a feature that cut across the wellbore (as in Dasgupta et al. 2018), whereas the
drilling-induced fractures (DIFs) appear as subparallel to wellbore axis (i.e. vertical)
or slightly dipping features in vertical wells (Fig. 6; Tingay et al. 2008). DIFs usually
appear as narrow resistive features in the OBMI as well as conductive features in
image logs and are 180° apart (Tingay et al. 2008; Lai et al. 2018). Drilling-induced
fractures form when the circumferential stress exceeds the tensile strength of the rock

soumyajitm@gmail.com



246 T. Dasgupta et al.

»
-

TR AN T 1TV R

Drilling '
induced fracture

-,

FigsF

t
' 4

[==]
N
o
3

Fig. 6 DIFs interpreted from image Formation Micro Imager logs (FMI). These are seen as 180°
apart conductive narrow features. a DIFs trending 010-190°N indicates NS oriented maximum
horizontal stress (6Hmax ). b DIFs orient towards 040 and 220°N. NE-SW is the approximately the
maximum horizontal stress direction (0 qmax) (Reproduced from Tingay et al. 2008)

and are oriented along the Symax (Tingay et al. 2008). The most valuable information
obtained by studying drilling-induced fractures is the determination of stress fields,
which is worked out routinely in oil and gas fields (Barton and Zoback 2002).

Peska and Zoback (1995) demonstrate that apart from occurrence of drilling-
induced fractures occurring in significant wellbore—fluid overpressure condition-
s—there are various other reasons of fracturing. Generally in vertical boreholes, the
drilling-induced fractures parallel Symax. In deviated wells, these fractures appear as
en echelon features (Fig. 1b; Barton and Zoback 2002).
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Image logs are to be interpreted carefully as the drilling-induced fractures and
drilling-enhanced natural fractures (Fig. 3a, Barton and Zoback 2002) can resemble
each other morphologically. The only way to distinguish is that drilling-induced
fractures are discontinuous whereas the drilling-enhanced natural fractures can be
picked as sinusoidal curves.

3.1 Problems

Question 1:

Fig.7is animage log of a formation where the four pads of the tool show some distinct
features. The darker colour represents conductive layers and the lighter colour the
resistive ones. Parallel laminations are distinct. Feature 2 is a prominent characteristic
observed in pads 1 and 3, whereas feature 1 can be seen in pad 3 and pad 4. Identify
these two features.

Answer:

Feature 1 is a signature that is broad and presumably blurred. Feature 1 is a breakout.
Feature 2 is linear and runs parallel in two pads. Feature 2 is drilling-induced fracture.
The geoscientist should be able to distinguish non-tectonic or atectonic structures
from tectonic ones. From this example, it is observed that the Symax 1S oriented along
the pads 1 and 3, whereas Sy 1s oriented along the pads 2 and 4. Since no en
echelon fractures are seen, whether the image log is from a vertical well cannot be
commented. Note the answer is independent to location of borehole and the stress
state. The identified features do not specify any tectonic/stress regime: extensional,
compressional and strike-slip.

Question 2:

a. Consider two different stress regimes: compressive—reverse fault regime and
extensional—normal fault regime, where the overburden pressure, pore pressure and
coefficient of internal friction are the same. The overburden pressure (Sy) at 3210 m
depth is 88.5 MPa with an in situ pore pressure ~31 MPa. Taking the coefficient of
internal friction (u)=0.6, find out the magnitude of the o ymax, in case of reverse
fault regime, and the o'y, in case of normal fault regime.

b. At 2500 m depth, the overburden stress (Sy) is 70 MPa. The minimum com-
pressive stress (Spmin) deduced from leak-off test is 61.5 MPa. At a certain pore
pressure, estimate the possible range of Symax Without performing any calculations.
Also, deduce the possible stress regime. Knowing stress regime helps in wellbore
stability and predicting induced fracturing. The hydraulic fracture orientation is con-
trolled by the local stress regime. For example, hydraulic fracture forms on a vertical
plane for a normal and a strike-slip fault regime. On the other hand, hydraulic fracture
forms in a horizontal plane when a reverse fault regime prevails (Lin et al. 2008).
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Fig. 7 Four pads of an image log display two prominent features in alternate pads. The darker
layers represent conductive bodies and lighter colour the resistive features. ‘Feature 1’ appears to
be broad and blur and can be seen in pads 2 and 4. ‘Feature 2’ is a linear, narrow feature running
parallel along pads 1 and 3 (Reproduced from Tingay et al. 2008)

Answers:

a. Using Egs. (2) and (3), Sumax =210.4 MPa and Syyin =49.4 MPa.

b. Since Shmin 1S the least principal stress, Spmax cannot be less than Sppin.
So, the lower bound of Symax 1s=61.5 MPa. The upper bound is unconstrained:
either<or>S,. A normal fault regime is characterized Spmin <SHmax <Sv. Here, Sy
is the maximum principal stress. If Symax 1S>Sy, 1.€. Shmin <Sv <SHmax, then it is in
strike-slip regime. Thus, two stress regimes are possible.
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4 Conclusions

Modern-day logging tools aid in identifying the features related to geomechanical
issues. Kingdon et al. (2016) while studying the in situ stress for the shales state that
before determining the stresses from any laboratory tests, high-resolution image logs
should reliably determine the stress orientations. DIFs and breakouts are the features
obtained from image log analysis. Such fracturing and breakouts happen due to
compressive failures in the borehole and the orientation of the stress directions can
be obtained by studying these features. DIFs oriented parallel to the Spmax direction,
and the breakout formation gives the Shyy direction.
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Appendix

Table 1 List of electrical logs (Rider 2011; Tingay et al. 2008)
Trade name Company name Number of pads
Electrical Micro Imaging Tool | Halliburton 6
(EMI)

Formation Micro Scanner Schlumberger 4
(FMS)

Formation Micro Imager Schlumberger 8
(FMI)

Oil-based Micro Imager Schlumberger 4/8
(OBMI)

Simultaneous Acoustic and Baker Hughes 6
Resistivity Imager (STAR)

Table 2 List of acoustic logs (Rider 2011; Tingay et al. 2008)

Trade name Company name
Circumferential Acoustic Scanning Tool Halliburton
(CAST)

Ultrasonic Borehole Imager (UBI) Schlumberger

Simultaneous Acoustic and Resistivity Imager | Baker Hughes
(STAR)

Circumferential Borehole Imaging Log (CBIL) | Baker Hughes
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