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Abstract

In case of a decrease in reservoir pressure, injection projects are inevitable that the desired production rate is maintained.
Moreover, one of the key issues in injection operations is optimum injection pressure determination to prevent fault
reactivation . The aim of this study is to evaluate fault reactivation tenacity in one of SW Iranian oil fields at different
injection stages. Two main steps in this study are geomechanical modeling and fault extraction. In addition, fullset data,
image log, dipole sonic log, and MDT pressure points were used to construct the geomechanical model. Also, 3-D
seismic data were used for fault extraction and characterization. Ultimately, according to the geomechanical model,
the stress state is strike-slip normal, and the maximum horizontal stress direction is toward NE-SW. Furthermore, 18
faults have been extracted using seismic data, which their strikes are often NW-SE. In addition, the faults are inactive

in the present-day stress state, but the first fault will be reactivated with a 33 MPa increase in pore pressure.
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Introduction

Reactivation tendency analysis of pre-existing faults
was firstly introduced by Morris et al in 1996 [1]. In
this analysis, it is assumed that in a given stress field,
the tendency of a fault surface to slip depends on the
coefficient of internal friction and the ratio of shear
to normal stress. The earth’s crust contains broadly
distributed faults in many different sizes and orientations,
and magnitudes of the principal stresses at depth are
constrained by the frictional strength of these faults [2].
The pore pressure changes during injection or production
cause a change into the stress state, which is known
as pore pressure—stress coupling (PSC) . Therefore, it is
important to understand PSC throughout an oil or gas
field development to assess the fault reactivation risks
and cap-rock integrity potential damage during reservoir
depletion and injection processes [3].

Over the past decade, the possible consequences
related to the fault reactivation have been studied by
researchers. Loss of the cap-rock integrity by developing
leakage conduits [4-6] and induced seismicity [7,8,9],
are two cases of this issue. Analytical and numerical
methods are used to evaluate reactivation tenacity of
faults. Numerical simulation of reservoir pore pressure

enhancement has been investigated in the literature [10,
11, 12, 13, 14, 15]. One of the important steps for an
injection project is site characterization and selection
[16,17]. Site selection has been studied in the literature
[18-21]. The primary stage for the site characterization
is the geomechanical assessment of the reservoir and
cap-rock system. It is implemented to detect geological
[22] and mechanical characteristics of the site to ensure
effective operation.

The first step in evaluating the reactivation potential of
faults is to construct 1-D geomechanical models [23-
26]. In a complete 1-D geomechanical model, the rock
mechanical properties, pore pressure, and principal
in situ stress (their orientation and magnitude) will
be defined for a distinct stratigraphic or lithology
interval [27-30]. In addition to evaluating the faults
reactivation tenacity, 1-D geomechanical model can be
used to mitigate the geomechanical issues in association
with (1) Improved Oil Recovery (IOR), (2) hydraulic
fracturing, overpressures, (3) wellbore stability, and (4)
sand production [31-33].

Before the injection, accurate faults extraction is
important for PSC analysis. The orientation and dip
of the faults are important parameters that should
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be identified. In this study, 3-D seismic data were used to
identify the faults.

Sarvak Formation is the second oil reservoir of Iran (after the
Asmari Formation). This formation contains more than 20%
of the oil-in-place of Iran [34].

In the studied field, oil has been continuously produced
from the Sarvak reservoir over the past 20 years, so its pore
pressure is decreased and is close to the hydrostatic state. To
prevent a major decline in production, injection projects must
be considered in the future.

The aim of this study was to estimate the present-day
stress magnitudes and orientations in the studied oilfield
and investigate the fault stability in both current and after
injection conditions. In this paper, a comprehensive data set
was used to construct a 1D Mechanical Earth Model (MEM)
of the Sarvak reservoir for the pore pressure enhancement
at one of the oil fields of Abadan plain. It was carried out
using geological properties, Fullset log data, dynamic and
static rock mechanical properties, pore pressure data, drilling
reports, and faults’ studies. The present time pore pressure
of the Sarvak reservoir was estimated based on the modified
Eaton method. The magnitudes of in-situ horizontal stresses
are estimated based on the poroelastic method and calibrated
using Formation integrity test (FIT), stress polygon, mud-loss
data, wellbore failures observations, and modular formation
dynamics tester (MDT) data. The orientations of horizontal
in-situ stress were determined according to borehole
breakouts. The effect of increasing pressure on stresses
was analyzed using PSC theory. Ultimately, the maximum
tolerable injection pressure was estimated. According to this
study, the obtained results can be used as a basis for the future
field management and development plans.

Geological Setting

The studied oil field is an N-S trending anticline, which is
situated in Abadan Plain, southwest Iran. Moreover, this oil
field is located 80 km west of Ahvaz city (Figure 1). Also,
Abadan Plain has three major structural trends: N—-S, NW—
SE, and NE-SW, which are associated with the deep-seated
faults activations [35]. In addition, the structures with these
trends are related to reactivation of the basement-rooted
normal faults which caused forced-folding in overlaying
sediments [35].

Fig. 1 The location of the studied oil field in Abadan Plain, SW Iran
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Abadan Plain is part of the Mesopotamia sedimentary basin,
which is the northern margin of the Arabian platform. The
Sarvak Formation was deposited during the late Albian to
early Turonian in upper Cretaceous [36]. In Abadan Plain,
the Sarvak Formation is overlain by Laffan Formation, and
its lower contact is with Kazhdumi Formation (Figure 2).
The Sarvak Formation in south Iran is equivalent to the
Mauddud, Ahmadi, Rumaila and Mishrif Formations in
southeast Iraq [37]. In the studied field, the Sarvak Formation
comprises thick limestone with minor clayey and argillaceous
intervals, reaching totally 600 to 700 m in thickness [38].
Moreover, there are a few fracture intervals in the Sarvak
reservoir of the studied oil field [39].
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Fig. 2 The Cretaceous stratigraphic column of Abadan Plain (modified
from [40])

Materials and Methods
Available data
Materials

In this study, fullset logs such as CAL (Caliper), BS (Bit
Size), GR (Gamma-ray), RHOB (Bulk Density), NPHI
(Neutron Porosity), DTP (Slowness of compressional
wave), PEF (Photoelectric Factor), and resistivity logs
were used for the petrophysical evaluation, overburden
stress measurement, and elastic modulus calculation. FMI
(Fullbore Formation Microimager) was utilized to detect
the wellbore failures and, subsequently, horizontal stresses’
directions. DSI (Dipole Shear Sonic Imager) data were used
to extract DTS (Slowness of shear wave) for the elastic
modulus calculation. Moreover, MDT (Modular Formation
Dynamics Tester) pressure points were used to calibrate the
pore pressure curves. Also, wellbore failures, drilling reports,
and FIT (Formation Integrity Test) data were used for the
1-D geomechanical model validation. Moreover, 3-D seismic
data were used for the faults extraction.
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Methods
Geomechanical Modeling

A geomechanical model is a numerical presentation of
the geomechanical properties of a formation. In addition
to petrophysical characteristics (e.g., lithology, density,
and porosity), a 1-D geomechanical model includes pore
pressures, stress state, and rock mechanical properties. The
flowchart, which is used for 1-D geomechanical modeling, is
shown in Figure 3.

Density log

Hydrostatic Dts & Dtp
pore pressure from DSI log

— 1
Rock elastic

parameters
(dynamic)

Geomechanical tests

‘ Image log

Dynamic modula Logs calibration

pore pressure
Overburden stress (Zhang method)
static the tests

conversion to with
Horizontal stresses estimation
using poroelastic method

1D Geomechanical Model:
rock elastic & strength parameters, pore pressure,
vertical and horizontal stresses magnitude,
horizontal stresses orientation

Model validation

Fig.3 The flowchart used for the 1-D geomechanical modeling

Borehole failures

Rock Elastic Properties

The dynamic Poisson’s ratio (v,) and dynamic Young’s
modulus (E,) were calculated using compressional wave
velocity (V,), shear wave velocity (V), and density of rock
(p), as they are calculated using the following equations
(Equations 1 and 2) [41]:

V2 RAVARAVS

E,=pVs Vi (1
v,= Ve -2V 2
2(Vy-vg)

Pore Pressure

Pore pressure can be measured directly (in separate points)
using MDT, RFT (Repeat Formation Tester), and DST (Drill
Stem Test) data. Also, pore pressure is estimated by empirical
relationships and petrophysical logs [42]. The Eaton equation
[43] is one of the methods which is used to estimate formation
pore pressure and defined as:
3

PPg =S,-(Sy _PHyd)(%J 3)
where PPg is pore pressure gradient, S is vertical stress,
PHy | is hydrostatic pore pressure gradient, NCT is a normal
compaction trend, and D, is the slowness of compressional
wave. Also, the Eaton equation has been modified by Zhang
in 2011, as seen in the following equation (i.e. Equation 4)
[42]:

“

DT, +(DT,,~DT, )¢ |
DT

PPg :Sv '(Sv 'PHyd )[
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where DT _is compressional wave slowness in shale lithology
(with zero porosity), DT, is compressional wave slowness
in drilling mud, c is an experimental constant, and Z is the
depth.

In this study, a good correlation between MDT points and
the estimated pore pressure curve is achieved by considering
¢=0.0005 and the coefficient power equal to 0.44 respectively.
In future studies, these coefficients can be used to estimate
the pore pressure of Sarvak Formation.

Principal Stresses

In general, the dominant stresses in one region are expressed
in three principal stresses that consist of one vertical stress
and two horizontal stresses. The vertical stress (S) was
calculated using the overburden weight, as seen in Equation
5 [44]:

S, = jo p(2)gdz (5

where z is the depth, p(z) is rock density (as a function of
depth), and g is Earth’s gravity acceleration. The poroelastic
equations (i.e. Equations 6 and 7) were used to estimate the
minimum (S, .) and maximum (S, ) horizontal stresses
[41]:

% E vxE

. =——(S, —aPP)+aPP +—= s
himin (l—v)( y —aPP)+o +(1_v2)8x+(1_vz)8}' (6)

% E vxE

=—Y (S, —aPP)+0PP +—5 s
S (l—v)(SV aPP)+o. +(1_V2)8},+(1_V2)8X (7)

where v is Poisson’s ratio, S, is vertical (overburden) stress, o
is Biot’s coefficient (which considered equal to 1), PP is pore
pressure, and E is static Young’s modulus. Furthermore, the
tectonic strain on x (¢ ) and y (ey) axes were calculated using
the following equations (i.e. Equations 8 and 9) [9]:

g, :M(L_lj (8)
E¢ \1-v

S, xv v?
2 XV
& E [ l—vj ©)

N

Also, the FMI image log was used to determine the principal
horizontal stresses’ directions from the wellbore breakouts.

Principal Stresses’ Changes Due to Injection

To assess the faults reactivation potential, shear and normal
stresses on fault planes are necessary to be calculated [2]. 3-D
Mohr’s diagram is used for this analysis (Figure 4). The values
of the three principal stresses are needed to represent 3-D
Mohr’s circles. Each of the faults can be shown by a point,
situated in the space between the two smaller Mohr’s circles,
and the big Mohr’s circle (Figure 4). The position of fault plane
in the 3-D Mohr’s circle is determined using 3, and 3, angles.
These angles are between the normal to the fault and the S, and
S, axes respectively. Moreover, to find the location of the fault
plain point, the angles 2, and 23, are used to find points on the
two small circles, and by creating arcs drawn from the center
of the other Mohr’s circle, the fault plane point is determined
as the intersection of the two arcs (Figure 4).
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Fig. 4 The displacement mechanism of the Mohr’s circle due to the
injection and reactivation of pre-existing faults (modified from [1])

Induced vertical stress change caused by pore pressure
changes can be negligible for laterally infinitely extended
thin reservoirs [45]. But in the horizontal direction, due
to confinement by surrounding rock bodies, change of
horizontal stresses might be significant [9,46]. By using the
assumption of uniaxial strain (oedometric) conditions, under
constant vertical stress, the change of in situ horizontal stress
can be calculated by Equation 10 [21]:

(1-2v)
A})P

(i)

where AS, is horizontal stress change, o is Biot’s coefficient,

v is Poisson’s ratio, and AP, is the pore pressure changes (due
to injection or depletion).

AS,,, =a (10)
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Results and Discussion
1-D geomechanical model

In Figure 5, the 1-D geomechanical model of well-A is
shown. In this model, the elastic/strength parameters of
rock, stresses, and pore pressure are presented. In well-A,
the magnitude of S, is mostly equal to S, and these two
stresses are larger than S, ., indicating that the stress state is
strike-slip normal (S, =S >S, ). In Table 1, the averages
of stress/pore pressure parameters of the present-day are
shown. Accordingly, the average of S, is slightly higher
than that of S . Also, based on the 1-D geomechanical model,
the Poisson’s ratio average is equal to 0.31.

Table 1 The averages of stress/pore pressure parameters in well-A

SHmax SV Shmin PP
(MPa) (MPa) (MPa) (MPa)
70.47 69.32 61.78 34.30

Moreover, it seems that the constants suggested by this
research (c=0.0005 and the coefficient power=0.44) to
estimate pore pressure are suitable for the Sarvak Formation
in the studied field. The pore pressure of the Sarvak reservoir
is low and close to the hydrostatic pressure (PHy »)- Therefore,
if the production continues from the reservoir, its pore
pressure falls below the hydrostatic level, and subsequently,
the reservoir will not be able to produce, naturally. In
addition, a further decrease in pore pressure may cause mud
loss during drilling in the Sarvak reservoir. Therefore, pore
pressure enhancement projects should be included in field
development plans to avoid these problems.
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Fig. 5 1-D geomechanical model of well-A. The stress state in this well is a strike-slip normal, and the pore pressure is close to the hydrostatic pressure.
The tracks from left to right are depth, caliper-bit size, lithology, oil/water saturation, Young’s modulus, Poisson’s ratio, UCS, and stresses/pressures.
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The Borehole breakouts that picked from FMI were used to
determine the direction of horizontal stresses. In Figure 6, a
pair of breakouts, which has been picked on the FMI image
log, is shown.

When the calipers of FMI faced with a pair of breakouts, one
of'its clippers (C1) became larger than the other one (C2) and
bit size, as seen in Figure 6. This method was used for cross-
checking of the image-derived breakouts.

A total of 94 borehole breakouts were identified in the well-A.
According to the breakouts orientation, the S, . and S,
directions are N40°W and N60°E respectively (Figure 7).
The total length of the breakouts and the standard deviation
of their orientation are 109 m and 6.5°, respectively. Hence,
based on the quality ranking system of the stress direction
indicators [1], the quality of determined horizontal stress

directions is “A”.
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Fig. 6 A pair of breakouts in well-A that is marked with purple boxes on the FMI dynamic image. The tracks from left to right are depth,
gamma-ray, the two calipers of FMI and bit size, static image, dynamic image, and event signs

The 1-D geomechanical model was validated using FIT data,
stress polygon, mud-loss data, breakouts, and MDT data.
The values of the FIT points were less than the minimum
horizontal stress (Figures 8-A and B).

Borehole breakouts were observed at a depth 3765.2 meters,
so the allowable states are above the green line in the stress
polygon (Figure 8-C). Hence, strike-slip and reverse states
are allowable at a depth of 3765.2 meters. Accordingly, the
strike-slip stress state was determined at this depth using

poroelastic equations. On the other hand, at a depth of

3908.24 meters, borehole breakouts are not observed (Figure
8-D); hence, the permitted stress state is below the green line,
where only normal stress state is allowable (Figure 8-D).

Correspondingly, the normal stress state was obtained at this

depth using poroelastic equations (Figure 8-D).

During drilling into Ilam Formation , at first, mud weight
(PW_Loss) was 87 pcf, which was accompanied by a
complete mud-loss. As shown in Figure 8-E, the 87 pcf
drilling mud pressure touched S, ., which was predicted
by the 1D model. Once the total loss occurred in the Ilam
Formation, the mud weight was reduced to 85 pcf (PW), and
drilling was continued.

Breakout pressure was calculated using the calculated
stresses and Mohr-Coulomb and Mogi-Coulomb failure
criteria (Figure 8-F). Moreover, according to Figure 8-F,
the drilling mud pressure falls in the breakout area of both
criteria, and the FMI image log also shows the widespread
presence of borehole breakouts in the well.
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Faults Properties

Ant-tracking attribute and manual editing methods have
been run to interpret the faults. After that, wavelet extraction
and well to seismic tie were carried out to calculate the fault
characteristics, 18 faults were interpreted in the Cretaceous
horizon of the studied oil field using 3-D seismic data (Figure
9). These faults are located in the northwest of the field, and
their major displacement mechanism is strike-slip with a

26 Journal of Petroleum Science and Technology 10 (2020) 20-39

minor dip-slip (normal) component. Moreover, the average
strike-slip and dip-slip displacements are 1 km and 100 m
respectively. Also, some of these faults continue upward to
the Tarbur Formation, and some of them reach downward to
the Garu Formation.

Each fault was identified by a number (Table 2). In this table,
dip and strike of the faults are presented. According to this
table, the strike of all faults, except the fault-12, is NW-SE; in
addition, the strike of fault-12 is NE-SW (Table 2).

Fig. 9 The Cretaceous horizon faults on seismic time slices and the position of well-A relative to them. The strike-slip movement of two

faults is shown on the left time slice

Table 2 Dip and dip direction of the identified faults.

Fault ID Dip (deg) Dip Direction Azimuth (deg)
1 55.03 55
2 73.79 235
3 45.84 229
4 46.32 63
5 44.85 227
6 39.24 237
7 52.21 74
8 59.38 48
9 68.58 232
10 53.47 225
11 52.02 54
12 56.13 278
13 56.83 230
14 43.29 32
15 37.38 66
16 35.10 265
17 48.16 267
18 52.58 53

The Cretaceous faults’ poles were plotted using Scheidt net
(Figure 10-A). This stereonet indicates that the dip of the
faults is mainly toward NE and SW. Hence, generally, the
dip directions of these faults are perpendicular to each other.
According to the rose diagram of the faults, their strikes are
mainly uniform and are toward NW-SE. But the strike of
fault-12 is NE-SW, and the strikes of fault-16 and fault-17
are close to that.

S

Fig. 10 The dip directions of the faults are mainly toward NE and
SW. A: Stereonet of the faults (lower hemisphere of Scheidt net), B:
Rose-diagram of the faults
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Faults Reactivation Analysis

PSC analysis was used to calculate the maximum sustainable
injection pressure. Moreover, this analysis was performed
using MohrPlotter software.

For the PSC analysis, firstly, normal and shear stresses
on the fault planes were calculated. S,  directional is
approximately perpendicular to the faults strike (Figure 11).
S, directional is NE-SW, and the strike of all faults, except
fault-12 (Table 2), is NW-SE.

Fig.11 The dip and strike of faults and the orientations of principal
stresses

To evaluate the fault activity in the present time, fault planes
were plotted on 3-D Mohr’s circle (Figure 12). Moreover,
each of the fault points on 3D Mohr’s circle has a long
distance from Mohr’s envelope. Hence, in the present-day
stress state, these faults are inactive.

Regarding the present-day stress state and the faults’
orientations, maximum tolerable injection pressure, before
the first fault reactivation, is equal to 33 MPa (Figure 12-B).
Fault-12 has the most suitable orientation for reactivation
than the other faults. Furthermore, fault-16 and fault-17,
which their orientations are more close to fault-12, will be
reactivated, secondly.

According to PSC theory, during injection, in addition to
Mohr’s circle displacement, its size changes. Also, during
the injection, the stress state can be changed. The current
stress state is strike-slip normal, but with a 20 MPa increase
in pore pressure, the stress state changes into reverse (Table
3). Also, with the 33 MPa increase in pore pressure, the first
fault touches the mohr’s envelope (Figure 12).

Table 3 Changes in principal effective stresses during pore pressure
increase at different stages.

Pore Pressure Increase S’ i N S’
(MPa) (MPa) (MPa) (MPa)

10 31.67 25.02 22.98

20 27.18 15.02 18.48

33 21.34 2.02 12.65
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Fig. 12 3D Mohr’s circles and the position of the faults on the
circles. The faults are inactive at the current stress state, but they
will be reactivated with a 33 MPa increase in pore pressure. A: The
initial (present-day) stress state, B: The stress state after injection
and an increase in pore pressure by 33 MPa

Conclusions

In this study, the fault reactivation tenacity due to the
injection was assessed in one of the SW Iranian oil fields. For
this purpose, a 1-D geomechanical model was constructed,
and then the faults were extracted. Afterward, the tendency
to the activity of faults in the present stress state and during
injection was evaluated. Finally, the following results were
obtained:

* The present-day stress state is strike-slip normal stress state,
and S, direction is toward NE-SW.

* The pore pressure of the Sarvak reservoir of the studied
field is low and close to hydrostatic pore pressure.

* 18 faults were identified in the Cretaceous horizon of the
studied oil field. These faults are located in the northwest of
the field, and their main mechanism is a strike-slip. Moreover,
the strike directions of these faults are often toward NW-SE.
* All of the faults are currently inactive in the present-day
stress state.

¢ The first fault (i.e. fault-12) will be reactivated with a 33
MPa increase in pore pressure.

Nomenclatures

BS: Bit Size

CAL: Caliper

DSI: Dipole shear sonic imager

DST: Drill stem test

DT,: Slowness of compressional wave
DT,: Slowness of shear wave
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E,: Dynamic Young’s modulus

E: Static Young’s modulus

FIT: Formation integrity test

FMI: Fullbore formation microimager
g: Earth’s gravity acceleration

GR: Gamma-ray

IOR: Improved oil recovery

MDT: Modular formation dynamics tester
NCT: Normal compaction trend
NPHI: Neutron porosity

DFP: Drilling fluid pressure

PEF: Photoelectric factor

pp: Pore pressure

PSC: Pore pressure—stress coupling
RFT: Repeat formation tester

RHOB: Bulk density

S,: Maximum principal stress

S,: Minimum principal stress

S, Maximum horizontal stress

S’ ey Effective maximum horizontal stress
S,.i,; Minimum horizontal stress
S, ;- Effective minimum horizontal stress
S, Vertical stress

S°,: Effective vertical stress

V,: Compressional wave velocity

V: Shear wave velocity

a: Biot’s coefficient

AP = Pore pressure changes

AS,, = Horizontal stress change

p: Coefficient of internal friction

v: Poisson’s ratio

p: Rock density
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