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ABSTRACT

The oil industry has been investing heavily in studies focused on secondary recovery methods. In this
context, water injection represents one of the leading methods used to obtain an increase in recovery
factor. Studies to determine geomechanical parameters of rocks through the application of Zoback's
equations (Zoback, 2007) using only well logging data are sparse. This work studies the variations of the
in-situ stress state around the injector well in a reservoir through the application Zoback’s equations
aiming to identify the maximum injection pressure limit to prevent rock fracturing. For the study, the in-
situ stresses of the rock were determined using well log data acquired from drillings in a basing located in
the Brazilian northeast. The study also considers the Mohr-Coulomb rupture criterion in the
determination of the safe region. The results obtained by Mohr-Coulomb rupture criterion were validated
with the absorption pressure values obtained with direct data of Leak Off Test (LOT) done in the wells.
From the results obtained, it was possible to verify that the calculated values overestimated rupture
pressures presenting an average relative error of 7.87%. Furthermore, the stress regime obtained for the
Sergipe-Alagoas basin is agreement with other studies found in the literature.
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1. INTRODUCTION

Secondary recovery is a method used to
supplement the primary energy of the reservoir
that was lost during the oil production. This
method consists of fluid injection, which pushes
the oil and occupies the empty spaces left in the
porous media, serving both to accelerate
production and to re-pressurize the reservoir, thus,
increasing its recovery factor (Rosa et al.,, 2011).
Among the methods available, the water injection
represents the most used secondary recovery
method wused in oil industry for maintaining
reservoir pressure and achieving voidage
replacement due to its low cost of operation, its
facility to operate, and its availability from nearby
rivers, streams, oceans, or from wells drilled into
less deep waters (Amadi et al., 2017).

Injection and/or fluid production in a reservoir
modifies saturation and pressure within the porous
media and changes the effective stresses around
the wellbore (Hussein & Heiland, 2018). This
affects the stress states of rocks, which may result
in, among other factors, pore collapse, rock
fracture, sand production, surface subsidence,
reactivation of geological faults, exudation, and, in
more critical situations, blowouts. Therefore,
controlling the water injection pressure to prevent
water breakthrough and floods along natural
fractures is an effective measure for improving the
waterflooding development effect (Lyu et al.,
2018). It is also very important that the integrity of
the cap rock be preserved to avoid environmental
problems such as exudation or contamination of
aquifers. Thus, the precise estimation of reservoir
geomechanical parameters can lessen that risk and
provide benefits all the way through oil and gas
field’s lifespan (Hussain & Ahmed, 2018).

In projects such as hydraulic fracturing and
enhanced-oil-recovery injection, knowing the
fracture gradient of the injection zone is necessary
(Mollakhorshidi & Arabjamaloei, 2012). The
current practices of injecting water in many natural
fracture reservoirs show that currently operators
generally use the formation-parting pressure as a
guide for injection pressures, such as using the
formation parting pressure as the maximum
threshold value of the water injection pressure
(Cao et al., 2012). Therefore, a correct estimate of
the fracture gradient is extremely important for the
success of the secondary recovery method.

Typically, direct methods such as formation
pressure integrity test (FIT) and the formation leak-
off test (LOT) are performed in drilling operations
to evaluate cement placement, determine the
casing setting depth, test the resistance of tensile
failures of a casing shoe, and estimate formation
fracture gradient (Postler, 1997). According to
Mollakhorshidi and Arabjamaloei (2012), many
researchers have used well logging data to develop
empirical correlations. Matthews and Kelly (1967)
used the matrix-stress-ratio concept to predict
fracture pressure in normally pressured formations
along the U.S. Gulf Coast. To improve Matthews
and Kelly’s approach, Pennebaker (1968)
developed a similar correlation, by accounting for
variable Gulf coast overburden. One of the popular
prediction techniques is Eaton’s correlation (Eaton,
1969), based on offshore Louisiana data in
moderate water depths. McPherson and Berry
(1972) developed a correlation between elastic
modulus for a compressional wave and formation
fracture pressure using measurements of interval
transit time by means of a sonic log and bulk
density by means of a density log to calculate the
elastic modulus and fracture pressure gradient.
Anderson et al. (1973) presented a particular
method for the Gulf coast area that uses open hole
log-porosity measurements and calibrated leak off
test data to estimate the fracture gradient in
sandstone. Daines (1982) offered a procedure for
estimating fracture gradients in variable lithology
and in those regions in which little information is
available. Holbrook et al. (1993) used porosity to
develop an empirical model for fracture pressure
gradient, finding that results were in agreement
with lower-bound fracture pressures evidenced in
the North Sea and other areas.

The Mohr—Coulomb failure criterion is often
applied to the description of intact rock failure
(Manshad et al., 2014; Hackston & Rutter, 2016),
and can be used to determine the stress state that
leads to rock rupture (Zoback, 2007). The Mohr-
Coulomb criterion is relatively simple, therefore,
being one of the most used in the oil industry.
Moreover, this criterion of rupture can be applied
using well logging data, representing a low-cost
alternative methodology when compared to other
methods applied during drilling.

Approaches of theoretical studies to determine
geomechanical parameters of rocks, as well as
fracture stresses, through the application of
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Zoback's equations (Zoback, 2007), using only well
logging data is seldom found in the literature. The
main objective of this study is to determine
fracture stresses of the rock applying the equations
approached by Zoback (2007), using only well
logging data from a basin located in the Brazilian
northeast area, and the Mohr-Coulomb rupture
criterion for indicating the maximum limit of the
injection pressure so that the fracture of the
reservoir cap rock does not occur. To compare and
validate the results predicted by the Mohr-
Coulomb rupture criterion, we used LOT data from
the wells.

2. IN-SITU STRESSES

The estimation of geopressure is one of the
most important steps for the establishment of an
engineering design of drilling operations and well
design (Santos et al., 2018). In the process, existing
subsurface formations are subjected to a
compressive stress state. This state of stress is
called in-situ stress, being formed by three
mutually orthogonal stresses, as shown in Figure 1.
A vertical stress (Sv), given by the weight of the
overlying rock layers, assumed by the overload
strain (overburden), and two horizontal stresses
(minimum horizontal stress, Spmin, @and maximum
stress, Sumax), Which are responses to the lateral
deformations caused by the weight of the
overlapping layers and the tectonic stresses acting
in the area.

Figure 1. In-situ stresses on a rock element
(Zoback, 2007).

Where, UCS is the unconfined compressive
strength of the rock and it is obtained through the
uniaxial compression test or by mathematical
correlations applying the data of the geophysical
profiles, as given by Equation (18) (Lal, 1999; Jesus
et al., 2019).

The overload stress on a rock element in the
subsurface, at a given depth, is composed by the
cumulative weight of all formations and fluids
contained on the pores over a point in this depth
(Doyle et al., 2003).

According to Fjaer et al. (2008), the overburden
stress (0,,) can be obtained by Equation (1):

_ fozpbgdz (1)
%Y " 0.1704D

Where, G, is the overload gradient (lb/gal)
calculated by Fjaer relating the density of the
superposed layers (pb) (g/cm?), the gravitational
constant (g), the depth of the increments (dz), and
y is the depth of the layer (D).

The horizontal in-situ stresses are derived from
a phenomenon called bilateral restriction, coming
from a problem found in the theory of linear
elasticity. The method assumes that, because there
is no lateral deformation (Poisson effect), in
response to vertical efforts caused by the confined
space, the horizontal stresses increase with
increasing vertical stresses. There are several
models for determining minimum horizontal stress,
one of them being shown in the Equations (2) until
(4), respectively, respectively (Zoback, 2007).

oy = 0f = Gy + K(Gpy — Gp) (2)

According to Molaghab et al. (2017), hydraulic
fracturing test, leak-off test (LOT), and
measurement of pressure while drilling (PWD) are
three common methods for the least principal
stress measurement in deep wells. The minimum
horizontal stress is determined by considering that
the same equal to the rock fracture gradient (ch =
Gf) and, for determining the rock matrix coefficient
(K), measured values of the LOT should be
available, and Equations (3) and (4) can be used. In
the case of no minimum horizontal stress data to
be available, the industry uses, as proxy, the
absorption pressure obtained in the LOT. Equation
(3) represents the effective stresses and considers
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the effects of pore pressure on the rock (Rocha and
De Azevedo, 2009).

LOT — Gp
=0 (3)
Goy — Gp
K=aln(4Z) +b (4)

Where, o, is the minimum horizontal stress
(psi), G, is the pore gradient (Ib/gal), K is the rock
matrix coefficient, a and b are constants, and AZ is
sediment thickness (m).

According to Zoback (2007), the maximum
horizontal stress is obtained by Equation (5):

oy = 30;, — 2G, (5)
Where, o4 is the maximum horizontal stress.
2.1Stress around the well

At the moment a well starts the injection
process, displacing the fluids within the rock, there
is a change in the existing stress state. Initially in
the well wall and, then, in the radial direction. The
stresses around the well are integral parts of the
in-situ stresses. A large concentration of tensions
acting around the well can lead to rock rupture.
Therefore, the stresses generated around the well
are functions of the hydrostatic pressure of the
injected fluid. Basically, a stability analysis of the
rock consists of determining the stress to be used
during the injection to avoid rock rupture (Rocha &
De Azevedo, 2009).

According to Azevedo (2011), to obtain the
equations governing the stress state around the
well, shown in Figure 2, some hypotheses have to
be adopted:

aa

Stress tensor

Cylindrical coordinates

Figure 2. Representation of a state of tensions acting
around the well in cylindrical coordinates (adapted
from Rocha & De Azevedo, 2009).

e Rock material is considered as a continuous
medium, elastic, linear, and homogeneous;

e The cross section of the well is considered
circular;

e One of the principal stresses in the Earth's
crust acts in the vertical direction.

Manshad et al. (2014) presents the equations of
the effective principal stresses around a well
submitted to an anisotropic stress state as showed
in the Equations (6) by (9):

o, =P, — P, (6)
0y = oy + 0y, — 2(0y — 03,) cos(20) —

— P, — 3P, —c*t

'

04 = O, — 2V(0y — 03,) cos(260) —
—P,—a”t
Trg = Trq = Tga = 0 (9)

Where, o', d's and o', are the normal effective
principal stresses in the radial, tangential, axial
directions, and Tt,5, Tss, and T, are the shear
stresses relative, respectively, to the plane parallel
to the well, to the plane which contains the axis of
the well, and the plane normal to the axis of the
well; P, is the internal pressure of the well; ¢ is the
angle measured counterclockwise, in the x-y plane,
from the x-direction.

Since the angle 6, measured in relation to the
maximum horizontal stress, is equal to 0 or i for
the equations to represent the principal stress, we
have the following simplification:

'

0g = 30, — oy — By, — 3P, — o™ (10)

'

Oq = Oy — 2v(0y — 03) — B, — 02

tg, =
(11)

=0y, — 2V

Where, o, is the radial stress and it equals the
hydrostatic pressure of the fluid acting inside the
well walls, exerting the same tension in all
directions inside the well, radially; oy is the
tangential stress, it is the function of the horizontal
stresses and it acts tangentially to the axis of the
well; o, is the axial stress, it is a function of the
overload stress and acts parallel to the well.

. 82 |



BRAZILIAN JOURNAL OF PETROLEUM AND GAS | v. 14 n. 2 | p. 079-091 | 2020 | ISSN 1982-0593

2.2 Mohr-Coulomb rupture criterion

The rupture criteria are relations between the
stresses corresponding to the state of rupture of a
given material. In the case of rocks, it is common to
associate the stress state, which will occur to the
rupture of the rock, corresponding to the stress-
strain curve.

The shear-slip analytical models are developed
using principal effective stresses, stress plane
orientations, and fluid pressure acting within the
porous medium. These are the most frequent
choices for a first geomechanical analysis, since the
analytical models may underestimate or
overestimate the maximum injection pressure due
to the simplifications and approximations adopted
in geometry and initial stresses (Rutqvist et al.,
2006).

In rock mechanics, material breakdown analysis
usually is a comparison between the internal
stresses with the strength of the material. If the
stresses do not exceed the tensile, compression,
shear, or impact strength limit, then, the material
remains intact and the injection operation is
performed in a safe state (Aadngy, 2014). A more
general and frequently used criterion is the Mohr—
Coulomb criterion, which assumes that shear stress
is a linear function of the effective stress applied on
the rocks. This criterion, because it is relatively
simple, disregards the intermediate principal stress
02 and consists of a rupture envelope in the
cartesian plane, where the circle represents the
state of critical stress acting on the rock, that is, the
state of tension that will lead to fracture of the
rock by shearing, resulting from compression

o, =UCS

Figure 3. Schematic for defining the Mohr-Coulomb
criterion (adapted from Zoback, 2007).

efforts applied on the rock during a triaxial test.
Therefore, the Mohr-Coulomb criterion is one of
the most used rupture criteria in the oil industry
(Fjaer et al., 2008).

The Mohr-Coulomb envelope (or rupture
envelope) is composed of two regions, as one can
see in Figure 3. One region is considered stabilized,
below the envelope, and another, above the
tangent line, is considered a non-stabilized or
rupture region (Rocha & De Azevedo, 2009).

In the plane 1 x o the instability occurs when the
shear stress, T, reaches the limit value expressed in
terms of the effective normal stress, determined by
Equation (12) (Almisned et al., 2017).

T=S,+uo (12)

Where, S, corresponds to the cohesion of the
rock and p it is the coefficient of internal friction.

The cohesion of the rock is determined by
Equation (13), and it is the point where the
envelope intercepts the y-axis (shear stress). It can
be determined when the normal stress (o), x-axis,
is zero. The angle friction, angle ¢, is related to the
coefficient of internal friction by Equation (14) and
it can be approximated by Equations (15) and (16)
for clayey rocks and sandstones, respectively, (Lal,
1999; Jesus et al., 2019).

5 = ucs
2 (w/yz +1+ ,u) (13)
u = tan(¢) = 2p (14)
(% —1000
¢ = sin 1<—Vp+1000> (15)
¢ = 57.8—105¢ (16)

Where, At is transit time of the compressional
wave.

Thus, it is possible to define the Mohr circles as
a relation between shear and normal stresses at
the point of contact, in terms of the principal
stresses 0; and o3, 2B is the contact angle between
the Mohr circle and the rupture envelope, and @ is
the porosity of the rock (Rocha & De Azevedo,
2009), according to Equations (19 ) and (20).
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. 304800 17)
P At
304.8\%°
UCsS = 1.35 (—) (18)
At

Where, At is transit time of the compressional
wave.

Thus, it is possible to define the Mohr circles as
a relation between shear and normal stresses at
the point of contact, in terms of the principal
stresses 0, and o3, 2B is the contact angle between
the Mohr circle and the rupture envelope, and @ is
the porosity of the rock (Rocha & De Azevedo,
2009), according to Equations (19 ) and (20).

1

T= 5(01 — 03) sin(2p) (19)
1 1

0= 2 (o1 +03) + 5(01 — a3) cos(2) (20)

From Figure 3 it is possible to verify that the
increase in fluid pressure on the rock can induce
instability by compression for it increases the
radius of the Mohr circle, which can lead to even
exceed the limit of rupture (rupture envelope). In
this context, the injected fluid with the use of
recovery methods can promote an imbalance in
the stress state acting on the reservoir, especially
the tangential stress and, thus, increasing the
magnitude of the shear stress, and possibly leading
to rock rupture. Once the maximum and minimum
stresses are known, the Mohr circle can be simply
constructed, and the maximum shear stress can be
defined by Equation (21), which defines the
maximum pressure in which the fluid can be
injected without causing rock rupture:

_ . (9103
Tmax = Radius = ( > ) (21)
Figure 3 shows that the larger the stress
differential between ol and o3 is, the greater the
radius of the circle will be Eq. (21), being directly
proportional to the maximum shear stress.

3. METHODS AND DATA

The methodology applied in the present work
was based on the results of the work of Santos et
al. (2015), Santos Jr (2015), and Silva et al. (2018).

Table 1. Repeat Formation Test data
(Santos et al., 2015).

Depth Gp Depth Gp

(m) (Ib/gal) (m) (Ib/gal)
953.2 8.35 1,923.2 7.00
993.2 8.34 1,925.8 6.99
1,023.9 8.35 1,939.6 6.71
1,831.1 8.18 1,943.6 6.68
1,844.7 8.45 1,974.7 5.41
1,847.4 8.34 1,975.3 5.45
1,855.3 7.86 2,012.4 8.03
1,857.9 7.69 2,020.1 6.46
1,871.9 5.56 2,121.9 6.14
1,882.4 6.53

Table 2. Transit Time (At) and Leak off Test (LOT)
data (Santos Jr, 2015).

Depth (m) At (us/ft) _ LOT (Ib/gal)
347 111.08 15.40
487 99.78 17.20
977 93.81 19.80
997 79.84 16.55

1,097 88.36 15.17
1,485 79.66 15.30
1,495 76.89 15.97
2,235 64.99 18.10

It was obtained from two well logs from the
Sergipe/Alagoas Basin, known as well X and well Y
that were combined and considered as one well.

Data from the profiles were processed and
organized into a spreadsheet using Microsoft Office
Excel software, version 2010. The wells provide
depth, density, and sonic profiles measured
between depths 267 to 2,395 meters, in addition to
Repeat Formation Test (RFT), and Leak off test
(LOT) data presented in Tables 1, 2 and Figure 4,
which served as the basis for calculation and
calibration of the gradients of in-situ stresses.

The RFT pore pressure values below 8.3 ppg
should be disregarded because they are non-
original pressures obtained from depleted
reservoirs.

From these results, one can calculate the in-situ
stresses represented by equations (1), (2), and (5).
The overload stress was obtained through the data
of the density logs. The minimum horizontal stress
with the point values of the rock matrix coefficient
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Figure 4. a) Normal compaction trend curve for X and Y wells, and b) Pore pressure gradient of the X and Y wells
(adapted from Silva et al., 2018).

(K) estimated by Equation (3), which relates the
values of the absorption pressure obtained by the
LOT data, is shown in Table 2. To extrapolate the
values of the stress coefficient of the rock matrix
(K) for the entire area of study, a K curve versus a
sediment thickness was adjusted to the estimate
points calculated previously from Equation (3). The
logarithmic equation of the line, represented by
Equation (4), represents the value of K for the
entire study area. And, finally, the maximum
horizontal stress was determined from Equation

(5).

Then, the stresses around the wells were
determined by applying Equations (6), (10), and
(11) at the minimum compression point, where 6 =
0 or mt (i.e. parallel to oy).

With geopressures, in-situ stresses, and the
stress measured around the well, it is possible to
determine, analytically, the maximum pump
pressure based on the Mohr-Coulomb rupture
criterion. These calculations seek to avoid the
fracture of the reservoir by applying the equations
previously presented and obtaining graphs that
represent the stress conditions of the rock at initial
conditions and on the perturbation submitted by

the water injection, represented by the stress
equations around the well. The quality and
quantity of the measured data available will define
the degree of reliability associated with each
predicted parameter. In this case, the degree of
reliability of the LOT data will translate the
calibration quality of the data to be used and it will
be used as a weighting factor for the analysis of
errors of the proposed models and as a criterion
for choosing the values of the calculated
parameters. Thus, error analysis is an extremely
important step in the study of data obtained
through indirect methods.

The quantity and quality of the calibration data
will define the degree of reliability associated with
each property calculated. This degree of reliability
will translate the calibration quality of the data to
be used and it will be used as a weighting factor for
the analysis of errors of the proposed models and
as a criterion for choosing the values of the
calculated parameters. Thus, error analysis is an
extremely important step in the study of data
obtained through indirect methods.

Relative Error (RE) is the error module at each
point of the value measured by the direct methods
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compared to the value calculated by the indirect
methods, defined as (Silva et al. 2018):

VM, - VC;

100
VM,

RE(%) = (22)
Where, VM is the value measured by direct
methods at depth i and VC is the value calculated

by the indirect method at depth i.

The Average Relative Error (ARE) is the mean of
the error of all measured points compared to the
calculated values, defined as (Silva et al. 2018):

g VM = VC,
e
ARE (%) = 100 (23)

Where, N is the number of depth increments.

4. RESULTS AND DISCUSSIONS

By applying Equations (1), (2), and (3), the in-
situ stresses were initially determined as shown in
Table 3. These results show the stress gradients
(Figure 5) at the points that the LOT of X and Y
wells were performed. Later, these values served
as parameters for comparison and calibration of
the calculated data using the geomechanical
parameters obtained from Santos et al. (2015),
Santos Jr (2015), and Silva et al. (2018),
summarized in Table 4. Note that the minimum

Table 3. In-situ stress for X and Y wells.

Depth Ooy Oh Ox

M Ib/gal MPa Ib/gal MPa Ib/gal MPa
347 1553 633 1577 6.43  20.06 8.8
487 16.67 9.54 16.56 9.47  21.33 12.20
977 18.21 2090 17.26 19.81 22.26 25.55
997 18.25 21.38 17.11 20.04 21.79 2552
1,097 18.45 2378 17.32 2232 23.96 30.88
1,485 18.88 32.94 17.18 29.97 2451 42.76
1,495 18.89 33.18 17.12 30.07 24.42 42.89
2,235 19.44 5105 16.93 44.46 2597 68.19

horizontal stress approaches the overburden

pressure, and the maximum horizontal is greater
than overburden, suggesting a strike-lip to reverse
tectonic regime. According to Zang and Yin (2017)
this occurs when formations are in tectonic stress
regimes: two horizontal stresses can be equal to or
even greater than the overburden stress. From
Figure 4a, constant values a and b, obtained from
Equation 4, were equal to -0.135 and 1.825,
respectively.

As can be seen in Table 3, for the shallower
depths of up to 977 m, the values of horizontal
stress are greater than vertical stress ones (oH>
oh> oov), suggesting a regime of reverse fault
(RFR). For the deeper sections, the fault current
regime is the strike-slip or lateral (RFL) because the

Gradient (Ib/gal)

11 13 15 17 19
200.00

400.00
600.00
300.00

1,000.00

£ 1,200.00

=

£1,400.00

A

1,600.00
1,800.00
2,000.00

2,200.00

2,400.00

21 23 25 27 29 31

GH
——Gf
——Gov

< LOT

Figure 5. In-situ stress for X and Y wells.

[ 85 |



BRAZILIAN JOURNAL OF PETROLEUM AND GAS | v. 14 n. 2 | p. 079-091 | 2020 | ISSN 1982-0593

Table 4. Geomechanical parameters of the rock.

Depth (m)  Porosity (-) (v) @ (Rad) K (MPa) 2 B (Rad) UCS (MPa)  So(MPa)
347 0.23 0.37 0.49 0.53 2.06 18.63 5.60
487 0.20 0.34 0.49 0.54 2.07 21.58 6.42
977 0.14 0.33 0.53 0.59 2.10 22.22 6.36
997 0.16 0.29 0.53 0.59 2.10 22.76 6.50
1,097 0.13 0.31 0.54 0.60 2.11 25.71 7.29
1,485 0.09 0.29 0.56 0.63 2.14 27.58 7.58
1,495 0.18 0.28 0.57 0.63 2,14 27.76 7.63
2,235 0.10 0.24 0.61 0.70 2.18 31.01 8.04
Table 5. Mohr-Coulomb Envelope.
Depth (m) ¢' (MPa) t (MPa)
347 3.36 7.38 -
487 5.57 9.44 *
977 10.55 12.56 15 . Eaveloge
997 12.23 13.71 E :
1,097 12.53 14.78 w10 P a3=0 el =UCS
1,485 18.21 19.13
1,495 18.83 19.58
2,235 28.67 28.26 )
J 0 5 10 15 20 25
¢ (MPa)

values of the overburden stress are below the
maximum horizontal stress (oH> cov> ch). The
results corroborate with Lima Neto’s work (Lima
Neto, 1999) which explains that the tectonic
regime of the Sergipe/Alagoas basin presents a
predominance of compressive regime with reverse
failures in the shallowest sections, becoming strike-
slip in the deeper sections of the basin.

Finally, the use of the Mohr-Coulomb envelope
was calculated, based on the geomechanical
parameters of the rock presented in Table 4. Its
values are presented in Table 5 and plotted in the

Figure 6. Mohr-Coulomb rupture envelope.

plane t x 6 shown in Figure 6.

With the definition of the Mohr-Coulomb
envelope, one can determine maximum pump
pressures. Table 6 and Figures 7 and 8 present
these values.

Maximum pumping pressure values presented
in Table 6 were obtained by varying the pump
pressure value until the Mohr circles reached a

Table 6. Maximum limit of pump pressure and stresses around the well defined by the Mohr-Coulomb rupture

criterion.
Circles Depth (m) Pumping Pressure ¢'. (MPa) c', (MPa) c's (MPa)
Ib/gal MPa

1 347 16.74 6.82 3.36 1.57 8.9E-05
2 487 18.27 10.45 5.83 3.03 0.004
3 977 18.22 20.91 10.23 6.43 0.007
4 997 19.71 23.09 13.92 9.02 0.011
5 1,097 16.78 21.63 9.74 6.48 0.006
6 1,485 16.57 28.91 14.17 10.76 0.012
7 1,495 16.83 29.56 15.34 11.71 0.003
8 2,235 14.88 39.07 18.26 18.83 0.025
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Figure 7. Mohr-Coulomb's rupture criterion for the plane 1 x o, for the first four LOT tests.
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Figure 8. Mohr-Coulomb rupture criterion in the plane t x o, for the depths of the last four LOT tests.

state of traction (o3 < 0), thus, representing the
limit of the stabilized state so that the rock

N Table 7. Reliabilit lysis of |
fractures, as shown in Figures 7 and 8. able /. hellabllity ahalysis of pump pressure values

compared to the measured values of the absorption
pressure (LOT).

By performing the reliability analysis on the

. . . LOoT Mohr-Coulomb Relative Error
values of the maximum pumping pressure obtained 0
by the Mohr-Coulomb rupture criterion and (Ib/gal) (1b/gal) (%)

y . . P . . 15.40 16.74 8.70
comparing them with the values obtained in the 17.20 18.27 6.22
LOTs, one can verify that the calculated values 19.80 18.22 7.08
overestimated the burst pressures presenting an 15.17 16.78 10.61
average relative error of 7.87%, showed in Table 7, 15.30 16.57 8.30
being an acceptable value within the petroleum 15.97 16.83 5.39
industry, proving to be a usable tool for obtaining Average Relative Error (%) 7.87

the fracture pressure of the rock.
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Table 7 shows that the use of the fracture
pressure determined by the Mohr-Coulomb
criterion is a conservative but realistic view that
can be used by industry to predict the fracture
gradient in injection projects. Mohr-Coulomb
rupture criterion, with approach proposed by
Zoback for determining horizontal stresses and
using only well logging data, proved to be a reliable
and cost-effective method to determine the
rupture pressure of the rock. This method can be
applied to other projects in the field under study or
under similar conditions.

5. CONCLUSIONS

Through the diffused concepts of rock
mechanics applied in the methodology of the
present work, the values of the in-situ stresses, as
well as the stresses around the well, can be
measured using the data from two well logs
located in the Sergipe/Alagoas — Brazil. This
methodology makes it possible to measure the
maximum pump pressure of the water injection
method for the secondary oil recovery with the
approach proposed by Zoback and the Mohr-
Coulomb rupture criterion, using only well logging
data. By means of quality control, it is possible to
confirm the potential of the Mohr-Coulomb
criterion that presented values of reliability about
7.87% of average relative error, allowing the
determination of the maximum pump pressure of
the water injection for the field under study, in a
way that prevents the rupture of the cap rocks. The
values obtained were validated with direct data
obtained from measurements in local wells, as well
as the stress regime obtained for the Sergipe-
Alagoas basin, are agreement with other studies
found in the literature. This study shows that the
approach used is a practical, and it offers a low-
cost tool that allows estimating the stress state
around the well with a good estimate. Besides, it
guarantees production within the safe conditions
for the chosen recovery method, allowing the use
of the methodology for other fields, with the
purpose of refining and certifying the methodology
applicability to the work.
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