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Abstract. Accurate estimation of in situ
stresses of a subsurface formation is important
to get a basic knowledge of formation structure
and position of anomalies, groundwater flows,
performing fracturing operations, drilling
operations, oil and/or gas production
stimulation, wellbore stability analysis, and
coupled geomechanics-reservoir simulation in
petroleum engineering. In this paper, at first a
new method for estimation of minimum and
maximum horizontal stresses in tectonically
active area based on the modification of linear
poroelastic model and minifrac test results is
presented. The rock mechanical properties used
in poroelastic model are determinded using the
artificial neural networks. Then, this method is
applied to field data in order to verify the
applicability of the modified linear poroelastic
model. The results indicated that the
agreement between the results of minifrac test
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and modified linear poroelastic model is satisfac-
tory. Furthermore, application of artificial neural
networks in this methodology increases the accu-
racy of linear poroelastic model for estimation of
horizontal stresses.

1. Introduction

It is important to have a full knowledge of in-situ stresses
before carrying out any rock stress analysis. The main
reasons for the determination of horizontal in-situ stres-
ses are:

1. To get a basic knowledge of formation structure
and position of anomalies, groundwater flows etc.

2. To find basic data on the formation stress state.

3. To get the orientation and magnitude of the major
principal stresses.

4. To find the stress effects which may affect drilling
and production processes [Aadnoy and Looyeh,
2011).

Warpinski and Smith [1989] reported that in-situ
stresses are clearly the most important factor control-



ling hydraulic fracturing. Hubbert and Willis [1957]
confirmed this with simple sand-box laboratory tests
and pointed out that the orientation of a hydraulic
fracture is controlled by the orientation of the least
principal stress and the pressure needed to propagate
a hydraulic fracture is controlled by the magnitude of
the least principal stress.

There are several proposed methods for estimation
of continuous horizontal stress profile including uni-
axial strain model, tectonic stress boundary, tectonic
strain boundary, and plain strain model. Hareland and
Harikrishnan [1996] proposed a new method of mini-
mum horizontal stress profiling based on drilling data.
This method utilizes a normalized form of the Mohr
failure envelope equation fit different lithologies.

Using the elasticity theory for isotropic rock and
above principal stress assumption, it was possible to
predict the magnitude of the horizontal stress. Blan-
ton and Olson [1999] developed new constants which
involved the properties of the rock, Young’s modu-
lus and Poisson’s ratio for each incremental measure-
ment. This method incorporates the tectonic, thermal
effect and rock mechanical properties at each incre-
mental depth. Both conventional and the Blanton Ol-
son method assume horizontal strain in one direction



equal to zero.
Minimum horizontal stress in unconventional forma-

tion is often calculated by the transverse isotropic ver-
tical method. A calibrated anisotropic stress model
provides a stress profile which better defines zone con-
tainment and often changes the perforating and stag-
ing strategy from that suggested by an isotropic model
[Higgins, et al., 2008; Song, 2012]. This method as-
sumes different rock properties and tectonic strain in
different directions.

The minimum horizontal stress can be determined
by direct measurement such as minihydraulic fracturing
[e.g. Haimson and Cornet, 2003], leak-off test (LOT)
and extended leak-off test (XLOT) [e.g. Raaen et al.,
2006, Zhang and Roegiers, 2010].

The leak-off pressure is often taken as an upper
bound of minimum horizontal stress. The most reliable
estimate of minimum horizontal stress is obtained by
injection tests including minifrac (pump in/flow back,
pump in/shut in) tests [Teichrob et al., 2010].

The Minifrac test is performed before the main hy-
draulic fracturing treatment to obtain critical job design
and execution data, and to confirm the predicted re-
sponse of the treatment interval [Aadnoy and Looyeh,
2011].



The maximum horizontal stress is the most difficult
component of the stress tensor. It can be estimated
where breakouts or drilling induced fractures are ob-
served on image logs and where compressive strength
or tensile strength is known [Teichrob et al., 2010].

Zoback et al. [1987] proposed a methodology for
determination of maximum horizontal stress when the
rock strength is known utilizing observations of break-
out width. Zoback [2007] concluded that drilling-induced
tensile fractures occur in vertical wells whenever there
is a significant difference between the two horizontal
stresses. So, it can easily be shown that the condi-
tion for tensile fracture formation in the wellbore wall
in a vertical well leads to estimation of maximum hor-
izontal stress. Brudy et al. [1997] pointed out that
the value of maximum horizontal stress required to in-
duce drilling-induced tensile fractures (after correcting
for excess mud weight and cooling) must be consid-
ered as a lower-bound estimate. This is because the
drilling-induced tensile fractures might have occurred
even if there had been no excess mud weight or cooling
of the wellbore wall. This represents an upper bound
value of maximum horizontal stress.

The maximum horizontal stress can be estimated
from a XLOT via the fracture reopening test [Zhang



and Roegiers, 2010]. Following the work of Hubbert
and Willis [1957], Haimson and Fairhurst [1970] pro-
posed openhole hydraulic fracturing in vertical well-
bores as a technique for determination of the orien-
tation and magnitude of maximum horizontal stress.
Hickman and Zoback [1983] reported that the hydraulic
fracturing is not a viable method for determination of
maximum horizontal stress in relatively deep and/or hot
wells. The most important reason that hydraulic frac-
turing cannot be used to determine maximum horizon-
tal stress in oil and gas (or geothermal) wells is that it
is essentially impossible to detect fracture initiation at
the wellbore wall during pressurization. In point of fact,
depending on the stress state, the breakdown pressure
may not be the fracture initiation pressure.

This paper will firstly present a method for estima-
tion of in-situ horizontal stresses using the minifrac test
data and linear poroelastic model. This is followed by
application of this method in field case study. Finally,
the impacts of geomechnical parameters on horizontal
stresses are investigated.



2. Methodology

The Methodology for determination of maximum and
minimum horizontal stresses includes following steps.

2.1. Acquirement of Minifrac Test Data

The minimum horizontal stress magnitude in petroleum
basins is commonly determined using hydraulic
fracture-type test. This test, referred to as minifrac
in the petroleum industry, is pumping test usually
conducted in the design and execution of large scale
fracture stimulation jobs [Reynolds at al., 2006]. A
minifrac test creates a fracture perpendicular to the
minimum principal stress (the minimum horizontal
stress in either a strike-slip or normal stress regime)
by increasing the pressure in an isolated section of the
wellbore. After the fracture is created the pumps are
stopped and the test interval is shut-in. The pressure in
the wellbore initially declines rapidly, eventually slow-
ing down and coming to an equilibrium pressure above
hydrostatic (Figure 1). During this pressure decline the
newly created fracture closes. The closure pressure cor-
responds to the instant when the walls of the fracture
initially touch and hence equals the magnitude of the



Figure 1. Example of a minifrac test results
[Reynolds et al., 2006].

minimum principal stress [Gronseth and Kry, 1983].

2.2. Calculation of Vertical Stress

Vertical stress magnitudes and plays a very important
role in geomechanical analysis, and it is the most ba-
sic parameter input in analysis of hydraulic fracturing,
sand production and wellbore stability analysis. Ver-
tical stress is induced by the weight of the overlying
formations. The vertical stress can be calculated by
integration of rock densities from the surface to the



depth of interest based on (1). In fact, density log can
be used to calculate overburden stress [Perchikolae et
al., 2010].

σv = g

Z∫
0

ρ(z)dh ≈ ρ̄gz (1)

where σv is vertical stress (MPa), z is depth of interest
(m), ρ(z) is the density as a function of depth (gr/cm3),
g is gravitational acceleration (m/s2) and ρ̄ is the mean
overburden density of rocks (gr/cm3).

2.3. Calculation of Pore Pressure

Pore pressure is an important parameter in any rock
mechanics study of porous rock systems. The pore
fluid will carry part of the total stresses applied to the
system, while the solid framework will carry another
part of total stress, i.e. effective stress [Perchikolae et
al., 2010].

Availability of the 3-D velocity data from 3-D seismic
surveys, reservoir pressure, drilling events, mud logs,
electric logs and mud weights used in the offset wells
can provide information for the pore pressure evalua-
tions. One of the methods used for pore pressure esti-



mation after drilling the well is based on using well-log
data. In this method, the porosity dependent param-
eters, which can be interval transit time, bulk density,
or conductivity, is plotted versus depth. The porosity
dependent parameter should have an easily detectable
trend since the porosity decreases with formation com-
paction. A deviation from normal pressure trend causes
a transition into abnormal or subnormal pressure zone
[Bourgoyne et al., 1991].

2.4. Calculation of Rock Mechanical
Properties

To obtain rock mechanical properties precisely, there
is one way is to perform laboratory tests on the speci-
mens obtained from core samples. However, extensive
coring is not carried out in every depth routinely and it
is expensive and time-consuming as well. In addition,
measurements made on core material can be biased
due to relaxation and alteration of cores after recovery
[Keshavarzi and Jalili, 2014].

Thus, for calculating rock mechanical properties, the
common approach is to use geophysical logs data as
inputs to the elastic constants equations. Elastic con-
stants vary with the porosity, fluid type in the poros-



ity and the mineral composition of the rock; hence,
both porous and non-porous rocks are considered in
the equations below [Crain, 2010]. This means that
these equations somehow average the rock mechanical
properties over an interval of a rock mass. This ap-
proach allows for calculating a continuous presentation
of rock mechanical properties with depth. The elastic
moduli relationships, in terms of shear and compres-
sional wave velocities and bulk density can be calcu-
lated from following equations [Alipour Tabrizy et al.,
2012; Nauroy, 2011].

vd =
V 2
p − 2V 2

s

2(V 2
p − V 2

s )

Ed =
ρbVs [3V 2

p − 4V 2
s ]

V 2
p − V 2

s

α = 1 − KB

KR

KB = ρb

(
V 2
p − 4

3
V 2
s

)
KR = ρgr

(
V 2
p − 4

3
V 2
s

)



where vd is the dynamic Poisson’s ratio, Ed is the dy-
namic Young modulus (GPa), α is Biot’s coefficient, Vs

is shear wave velocity (km/s), Vp is compressional wave
velocity (km/s), KB is dynamic bulk modulus (GPa),
KR is the rock modulus (GPa), ρb is the bulk density
(gr/cm3) and ρgr is the grain density (gr/cm3).

But one should keep in mind that, using from shear
and compressional wave velocities derived from geo-
physical logs and above equations directly, introduce
lots of errors in determination of horizontal stresses. In
order to diminish the effects of these errors and over-
come to these overpredictions, in this study artificial
neural networks (ANN) will be introduced for better
result. A ANN is a synthetic computational system
that tries to mimic neurons in the human brain to dis-
cover sophisticated relationships between parameters.
The capability of ANNs in prediction of the compli-
cated behavior of complex functions led us to utilize
this system for prediction of the elastic moduli profiles
[Nabaei et al., 2009].

A neural network is a parallel distributed processing
system composed of two components: the node (also
called processing element, artificial neuron or unit) and
the connection [Khazaei and Shahbazi, 2005]. A pa-
rameter Wij (weight) is associated with each connec-



tion between two cells. Thus each cell in the upper
layer receives weighted inputs from each node in the
layer below and then processes these collective inputs
before the unit sends a signal to other layers [Li and
Bridgwater, 2000]. The application processes of an
ANN model design include the following steps [Trippi
and Turban, 1996]:

1. Collecting the entire data set in one place.

2. Determining the training and test sets.

3. Converting the data into ANN inputs.

4. Determining, training and testing the network topol-
ogy.

5. Repeat steps 1 to 4 as long as it is required to
determine the optimal model.

6. Application of the optimal ANN model [Dehghan
et al., 2010].

In this study, a generalized regression neural network
and a multilayer feed forward network were used to
predict rock mechanical properties.

Dynamic data can not directly be utilized to develop
mechanical models. So, they should be first converted
into static data through some calculation changes made



and then used in geomechanical model [Abdideh and
Fathabadi, 2013].

2.5. Calculation of Maximum and
Minimum Horizontal Stresses

The minimum horizontal stress is obtained by solving
the linear poroelasticity equation for horizontal stress
with vertical stress set equal to overburden [Song, 2012].

σh =
vs

1 − vs
(σv − αPp) + αPp

Due to the discrepancy from measured values of hor-
izontal stress magnitude in tectonically active area, it
was considered necessary to add the tectonic stress by
shifting the log-derived stress profile. By considering
horizontal strain and deformation effect, Hooke’s law
can be applied to derive the horizontal stresses and
strains relationships [Perchikolaee et al., 2010]. The
following equations are obtained, and are used to cal-
culate the minimum and maximum horizontal stresses
with tectonic strain effects [Al-Qahtani et al., 2001].



σh =
vs

1 − vs
(σv −αPp) +αPp +

vsEs

1 − v 2
s
εx +

Es

1 − v 2
s
εy

(2)

σH =
vs

1 − vs
(σv − αPp) + αPp +

vsEs

1 − v 2
s
εy +

Es

1 − v 2
s
εx

where σh and σH are the minimum and maximum hori-
zontal stresses, respectively, εx and εy are are tectonic
strains in maximum and minimum horizontal stresses
directions, respectively. By rearranging (2), yield

εyi + vsiεxi =

1 − v 2
si

Esi

[
σhi −

vsi
1 − vsi

(σvi − αiPpi) − αiPpi

]
(3)

The added subscript i in the (3) indicates that this
term is associated with the particular depth at which
the minimum horizontal stress has been measured with
minifrac testing. By solving (3) for first two depths
related to minifrac testing (depths i and i + 1) simul-
taneously, the magnitudes of εx and εy are determined
and termed εxi and εyi . Consequently, after calculation
of tectonic strains in any two consecutive depths, the



maximum and minimum horizontal strains calculated
as follows:

ε̄x =
Σn
i=1εxi

n

ε̄y =
Σn
i=1εyi

n

Consequently, the minimum and maximum horizon-
tal stresses calculated by the following equations

σh =
vs

1 − vs
(σv −αPp) +αPp +

vsEs

1 − v 2
s
ε̄x +

Es

1 − v 2
s
ε̄y

(4)

σH =
vs

1 − vs
(σv −αPp) +αPp +

vsEs

1 − v 2
s
ε̄y +

Es

1 − v 2
s
ε̄x

(5)

3. Field Case Study

The presented methodology will be applied to the Ban-
gestan reservoir in one of oilfields located in the south
west of Iran. This oil field is one of the most im-
portant Iranian super Giant oil fields, was discovered



in 1956 and now has more than 450 producing wells.
This oil field has an anticline structure 72 km long and
6 km wide with NW-SE trending symmetrical anticli-
nal, located in central part of north Dezful region. Its
main reservoir is the Asmari formation and Bangestan
group [Motiei, 1995]. Bangestan Group includes the
thick Sarvak limestone (300 m to 1000 m thick) of
Cenomanian-Turonian age and the thinner Illam for-
mation (50 m to 200 m thick) of Santonian age (Fig-
ure 2). These two reservoirs form a single reservoir in
most of the Dezful Embayment and capped by the thick
Gurpi/Pabdeh marls [Rabbani and Bagheri Tirtashi,
2010].

In absence of convincing stress-induced borehole fail-
ure (deriver from image log or four-arm caliper data),
the azimuth of maximum horizontal stress can be de-
rived from World Stress Map (WSM) data. Accord-
ing to worls stress map in Figure 3, this area has tec-
tonically actived in millions of years ago which causes
generation of numerous faulted zones. World stress
map database showed the average azimuth of N20E
[Moazzeni et al., 2011].

As mentioned before, in this study artificial neural
networks is used for better results. The neural network,
which was used in first step, is a feed forward back
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Figure 3. Stress orientation in the Ahwaz oilfield
from World Stress Map [Moazzeni et al., 2011; World
Stress Map..., 2009].



propagation with three layers and it is made of four
neurons in input layer, twelve neurons in hidden layer
and one neuron in output layer. Appropriate correlation
coefficient was derived in validation process (R = 0.91)
as shown in Figure 4. Compressional wave velocity,
gamma ray, porosity and density for input and shear
wave velocity were used as output, till our network is
trained. Then, it can be used every well data as input
for estimating shear wave velocity [Sabzehparvar and
Nabi-Bidhendi, 2008].

In the second step, geomechanical parameters in-
cluding Poisson’s ratio, bulk modulus and Young’s mod-
ulus were estimated from petrophysical logs comprising
of GR, NPHI, RHOZ, DTCO, PEFZ ANN system. For
this purpose, from two wells from the studied field full
set logs along side with DSI data were used to calculat-
ing shear wave velocity. Figure 5 shows the results using
this procedure. Accordingly, having input petrophysi-
cal data and target geomechanical parameters, a ANN
model was trained and non-linear relationships between
them were extracted [Mohammadi et al., 2012].

This procedure estimates any arbitrary function be-
tween input and output vectors, drawing the function
estimate directly from the training data. Furthermore,
it is consistent, in that as the size of the training set



Figure 4. Relationship between actual and predicted
shear wave velocity from ANN.

becomes large, the estimation error approaches zero,
with only mild restrictions on the function. The mag-
nitude of the range of data sets is significantly different
for each input as well as across the inputs. This net-
work training can be made more efficient by certain
pre-processing steps [Dehghan et al., 2010].

Static values of Poisson’s ratio and Young’s modulus



Figure 5. Relationship between actual and predicted
(a) bulk modulus, (b) Young’s modulus and (c) Pois-
son’s ratio from ANN.



are both calculated via the following relations in south
west of Iran. The results show good conformity with
laboratorial data [Wang, 2000].

vs = vd

Es = 0.4145Ed − 1.0593

Rocks of Bangestan group have an average density
of 2.6 gr/cm3. Figure 6a shows the vertical stress and
pore pressure profiles in the study area.

Table 1 shows the magnitudes of εxi , εyi , and av-
erage tectonic strains in the Bangestan group. It can
be seen that the average tectonic strains in maximum
and minimum horizontal stresses directions calculated
as 0.509 and 0.147, respectively .

In this study, results of minifrac test were used in-
stead of leak-off test data. This fact is due to the
leak-off pressures do not yield as reliable an estimate
of the minimum horizontal stress magnitude as those
determined from minifrac tests. This is largely because
the disturbed stress field at the wellbore wall controls
the leak-off pressure, and because the leak-off pressure
must overcome any tensile strength of the formation
[Reynolds et al., 2006]). For this study, closure pres-



Figure 6. (a) Vertical stress and pore pressure pro-
files and (b) maximum and minimum horizontal stresses
profiles in the study area.



Table 1. Determination of Tectonic Strains in Any
Two Consecutive Depths and Average Tectonic Strains

Depth εxj εyj

4041 0.465 0.144
4083
4125 0.537 0.152
4210
4290 0.491 0.146
4360

ε̄x ε̄y

0.509 0.147

sures from minifrac tests were provided as shown in Fig-
ure 6b. Also, the maximum and minimum horizontal
stresses profiles (using the equations (4) and (5)) are
shown in Figure 6b. It can be concluded that the agree-
ment between the results of minifrac test and modified
linear poroelastic model is satisfactory.



4. Conclusions

This study presented a methodology for estimation of
in-situ horizontal stresses using the minifrac test data
and linear poroelastic model. Furthermore, the required
geomechnical parameters are investigated using the ar-
tificial neural networks. The results indicated that the
results of modified linear poroelastic model agreed well
with the minifrac test data. Furthermore, neural net-
work is a reliable approach for prediction of geomechan-
ical parameters (applied to horizontal stress prediction
model) from petrophysical logs and lead to accurate
results from linear poroelastic model.
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