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“

The integration of our geomechanics
technologies and expertise with standard
E&P workflows enables our customers
to reduce risks associated with field
development, production, and drilling
by improving their understanding of
subsurface challenges for both
conventional and unconventional plays.
Nick Koutsabeloulis
Vice President Geomechanics,
Schlumberger
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Welcome to the third edition of Insights.
As the name suggests, this journal’s purpose is to share the latest
insights into our industry—what is working and what is not, the
latest technological developments transforming how organizations
improve operations, and the approaches used to address daily
challenges.
In our industry, the efficient recovery of hydrocarbons is the ultimate
goal of every oilfield operation. This publication takes a closer look
at many of today’s most complex technical challenges, through
a geomechanics perspective, and discusses how many of these
challenges can be solved through the proper knowledge of reservoir
behavior and the deployment of technologies.
Geomechanics is the science that allows you to study and
understand rock behavior under various operations affecting the
subsurface environment during the life of an asset. The ability to
deploy geomechanics combined with rapid advances in hardware
technology allows us to make fast, well-informed decisions that
minimize risk while drilling to improve oil recovery and develop fields
in a manner that would have been unthinkable 5 to 10 years ago.
When drilling, rock is removed and is replaced with fluids as
a means of manmade stability. The type of fluid, its density, or
the completion of the wellbore can be carefully selected using
geomechanics principles to help avoid kicks, blowouts, stuck pipe,
and wellbore instability. For complex deepwater wells, extendedreach wells, and drilling in unconventional plays this is even more
critical. These all require a good understanding of geomechanics.
Injection and production from oil fields contribute to changes
in pore pressure and this, in turn, changes stress. Such changes,
unless studied carefully, could contribute to compaction and
subsidence problems, fault and fracture reactivation phenomena,
loss of fluids through fractures, loss of reservoir seal, and well
integrity problems.
The integration of our geomechanics technologies and expertise
with standard E&P workflows enables our customers to reduce
risks associated with field development, production, and drilling
by improving their understanding of subsurface challenges for both
conventional and unconventional plays. A powerful combination
of multidisciplinary expertise, integrated software platforms, and
high-performance computing infrastructure delivers the advanced
information needed to overcome geomechanics challenges. This
edition of Insights presents examples from field development,
production, and drilling geomechanics proof studies to provide you
with the information necessary to make better-informed decisions
in your field operations and development plans.
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Inside Insights
In three categories, we highlight a selection of recent publications that detail how geomechanics-related challenges
were met by using advanced workflows, state-of-the-art technologies, and in-depth petrotechnical expertise.

Field Development:
Modeling for Informed Decision Making

Production:
Understanding the Reservoir for Optimal Output

Drilling:
Managing Risk with Geomechanics
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26 Innovative Sand Failure Analysis and
Prediction Modeling Restores Lost Production
in North Sea Field

42 New Approach to Geomechanics Solves
Serious Horizontal Drilling Problems in
Troublesome Unconventional Plays

Using Stochastic Seismic Inversion as
Input for 3D Geomechanical Models
Our first article focuses on a case study addressing
geostatistical, or stochastic, inversion where it
can be of use in the creation of geological models
when issues with band-limited vertical resolution
and nonuniqueness of deterministic inversion
results exist. Using methodologies discussed in
the case study, this paper outlines how, beyond
a unique geomechanical forecast for a field,
operators can now solve for the range of variability
in geomechanically safe operational parameters
within a field development plan.

12 Coupled Reservoir Geomechanical Modeling
of a Thermal Gas-Oil-Gravity Drainage Project
The second article in this edition presents a case
study which addresses reservoir geomechanics
in a gas-oil-gravity drainage project. In this case,
a 3D mechanical earth model of a thermal gas/oil
gravity recovery process illustrates the potential
for compaction that might be offset by the upward
movement of the surface. Understanding these
processes is important to ensuring the safety of
facilities over extended production times in such
environments.
18 Prediction of Reservoir Formation Collapse in a
Carbonate Gas Field in Abu Dhabi, UAE, Using
Coupled Reservoir Geomechanical Modeling
Our third paper highlights a case study in which
a carbonate gas field was investigated. For this
developed field a further production plan was
scheduled to deplete the reservoir up to the
year 2063 without any pressure maintenance.
The study investigates the possibility of formation
collapse of the productive zone, well failure,
and completion integrity damage, particularly
within severely depleted areas. Coupled reservoir
geomechanical modeling was conducted,
and different scenarios were investigated
to understand the impact of uncertainty in
mechanical properties and the presence of faults
and fractures.
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The fourth article demonstrates how, by using a
custom-designed, comprehensive geomechanics
workflow, an operator in the Netherlands sector
of the North Sea was able to assess the risk of
sand production over the life of the reservoir,
compute sand-free production bottomhole flowing
pressures for several completions options, and
recommend production strategies to maximize the
value of the field.
30 Integrated 3D Geomechanics and Reservoir
Simulation Optimize Performance While
Avoiding Fault Reactivation in Brazil
The fifth article details how Schlumberger
collaborated with Petrobras to develop a dynamic
3D mechanical earth model during the evaluation
of a complex, faulted turbidity reservoir in the
Campos basin, offshore Brazil. By accounting
for reservoir permeability changes and fault
displacements caused by depletion, the dynamic
reservoir simulation with 3D geomechanics
increased the ability of Petrobras to history match
the production behavior. Expert evaluation of the
3D earth model enabled better-informed decision
making for both reservoir development and field
management, maximized ultimate recovery, and
minimized fault reactivation risk.
34 Dependence of Stress-Induced Microseismicity
on Natural Fracture Properties and In Situ Stress
Our sixth article presents a case study whose
results demonstrate the importance of local stress
heterogeneities in the potential generation of
microseismicity, while highlighting how local
stress heterogeneity directly depends on the
mechanical properties of the natural fractures.
A numerical model based on the finite element
method was used in this study to account for
various formation behaviors.

The seventh article presents a case study from
a particularly troublesome shale formation in
the Permian basin, in which an operator tried
to drill a horizontal well twice, with no success.
By leveraging both geomechanics and drilling
engineering disciplines, the operator was able to
understand recent failures, plan for and manage
future risks, and alter the drillstring. This, in turn,
allowed for successful drilling and completion in
the region.
48 Prediction of Wellbore Stability Using 3D Finite
Element Model in a Shallow Unconsolidated
Heavy-Oil Sand in a Kuwait Field
Our final article highlights a case study of a field
development campaign to produce heavy oil from
a shallow sandstone reservoir in Kuwait. A 3D
finite element-based wellbore model was built to
closely simulate the actual stress state and rock
deformation around the wellbore during drilling.
This information optimized the drilling orientation
strategy in unstable rock.

Field Development:
Modeling for Informed
Decision Making
A fieldwide geomechanics
analysis is critical to fully
understanding and predicting
surface movement risk during
enhanced recovery operations,
damaged zone progression, or
fault reactivation as a result of
geomechanical implications.
By incorporating geomechanics
considerations into the
field model, a range of field
behaviors can be accurately
predicted. Better choices can
be made for well placement
as well as the ranking of
production forecast scenarios
and of net present values over
a specified time period.

Find out more
about Field Geomechanics
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Using Stochastic Seismic Inversion as
Input for 3D Geomechanical Models
Tone Trudeng, Xavier Garcia-Teijeiro, Adrian Rodriguez-Herrera, and Jalal Khazanehdari, Schlumberger

The dual issues of band-limited vertical
resolution and nonuniqueness of deterministic
inversion results has led to the development
of methodologies known as geostatistical, or
stochastic, inversion. In these approaches,
seismic data are typically inverted directly into
a high-resolution geological model. Compared
to deterministic inversion, stochastic methods
deliver multiple realizations that are consistent
with the available well and seismic data.
The seismic inversion process is inherently
nonunique, meaning that there is an unbounded
number of elastic property models that fit the
seismic data equally well above some threshold
misfit. We explore the notion of the equally large
number of possible stress states that could be
interpreted from same seismic observations.
We make use of stochastic inversion results to
incorporate the impact of subseismic uncertainty
in seismic-driven geomechanical models. By
taking multiple realizations from a prestack
stochastic inversion—acoustic impedance,
Vp /Vs, and density—we generate and feed a
series of distributions of elastic constants into a
finite element stress simulator. The multiple stress
solutions allow us to account for uncertainties
in the inversion results that can be ultimately
captured in a suite of numerical models to predict
a set of possible geomechanical states of a field.
Therefore, beyond a unique geomechanical
forecast for a field, we can now solve for the range
of variability in geomechanically safe operational
parameters within the field’s development plan.

Introduction
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Deterministic seismic inversion has become a
standard practice in the industry. Conventional
deterministic seismic inversion results provide
important information about the spatial
distribution of reservoir properties between wells
(see Bosch et al. 2010; Bailey et al. 2010). Together
with well data, deterministic seismic inversion
can be used to construct 3D geomechanical
models (see Herwanger and Koutsabeloulis, 2011;
Rodriguez-Herrera et al, 2013; Adachi et al. 2012;
Sengupta et al. 2011). For instance, it provides a
means to populate the geomechanical models
with mechanical properties, which ultimately
affects the response of the subsurface to the
presence of loading/unloading mechanisms and
guides the distribution of stress in the model.

Typically, however, deterministic seismic inversion
results have limited vertical resolution compared
to the scale of the well logs. In addition, the
seismic inversion process is inherently nonunique,
meaning that there are an infinite number of
elastic property models that fit the seismic data.
The output of a deterministic inversion is limited
to the input seismic resolution, capturing only a
bulk elastic response and with all layering details
smeared over the seismic wavelength. At such a
level of detail, there can be multiple combinations
of layer stacks that generate the same seismic
response above some threshold misfit.
As an alternative, stochastic seismic inversion
generates a set of realizations that agree with
the bulk seismic response and well data and that
can account for uncertainties or non-uniqueness
associated with the seismic inversion process. The
multiple realizations can be ultimately captured
in a suite of geomechanical models fed by the
AVO inversion outputs, which in turn can provide
insight to the range of possible responses of
the reservoir under the prescribed geological
conditions. The following sections will explore
this idea.

Data Set

The data presented in this paper are from the
Keystone field, a gas field located about 200 km
offshore northwest Australia. The Jupiter-1 gas
discovery in the Keystone field is within a large,
north/northeast trending, wrench fault block of
Triassic to Jurassic age on, or peripheral to, the
Exmouth Plateau. The Jupiter-1 well intersected a
number of thin gas sands in the Triassic Mungaroo
formation (see Herwanger and Koutsabeloulis,
2011). The 3D seismic data presented here were
acquired in 2008, and the seismic quality is
considered to be good. Three angle stacks (near,
mid, and far) were available together with well log
data from the Jupiter-1 well. Figure 1a shows an
inline through the reservoir.
First we describe the stochastic seismic inversion
workflow, the results, and the limitations using the
Keystone dataset. Then we describe the workflow
to construct a seismic-driven geomechanical
model based on the information provided from
stochastic AVO inversion in terms of acoustic
impedance (AI), Vp / Vs, and density. The models
constructed from a deterministic and stochastic
inversion will be compared next.
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Figure 1. Left, a: Seismic cross section of the interest interval. Right, b: 3D geological grid with the deterministic AI (prior model).
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Figure 2. Three realizations of AI, Vp/Vs, and density. Leftmost column: deterministic AVO inversion results (prior model).
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Stochastic Seismic Inversion (SSI)

In geostatistical seismic inversion, prestack
seismic cubes are inverted into a high-resolution
3D geological model framework. The algorithm
is a stochastic simulation approach producing
multiple high-resolution realizations of AI, Vp / Vs,
and density that tie at the well control and are
consistent with the seismic data. A geological
modeling grid is used as the framework for
the inversion. One benefit of this approach is
that the seismic data are inverted directly into
the geological modeling grid where the results
are immediately at the appropriate scale for
geomechanical modeling.
The stochastic seismic inversion workflow consists
of the following main steps:
■■

Geological model building

■■

Well data upscaling

■■

Prior model building

■■

Variogram modeling

■■

Inversion to AI, Vp / Vs, and density

A geological modeling grid was built, covering the
area of interest and incorporating well markers,
interpreted horizons, and fault information. The
grid was constructed in the time domain to
honor the reservoir horizons and well markers
and the stratigraphic conformance rules in the
reservoir zone. It is important to design the 3D
geological modeling grid at a scale that captures
the geological heterogeneities of the well logs—
independent of seismic sample rate. Figure 1b
also shows the constructed grid applied in the
stochastic seismic inversion.
The available well logs were upscaled into the
geological modeling grid. Crossploting techniques
were used to classify and estimate the different
correlation modes existing between the inversion
properties and such understanding was later fed
into the seismic inversion engine.
A derived deterministic AVO inversion result was
used as the prior model. The approach to build the
prior models could range from a constant mean
and standard deviation in each layer of the model
to a fully spatially variant model incorporating
lateral and vertical trends. Because there was
only one well available for this study, the selected
approach was to use the deterministic inversion
results as prior models. In areas with more well
control, a different approach may be preferable.

8

The variogram model plays a key role in controlling
the “texture” of the high-resolution details
present in the inverted realizations. Experimental
variograms were calculated from the upscaled
well data and seismic data to characterize the
vertical and horizontal variations in AI, Vp / Vs, and

density. Spatial correlation models fitted to the
experimental variograms were used as constraints
in the inversion. Since we only have one well
in this study, there are limitations related to the
variogram analysis, and there will be uncertainties
in the inversion results outside the range of the
variogram. Better well control would be ideal.
The stochastic inversion was performed over
the geological 3D grid shown in Fig. 1 using the
described input data and data analysis. The output
was multiple realizations of AI, Vp / Vs, and density.
Figure 2 shows an example of three different
realizations of acoustic impedance, Vp / Vs and
density.

Seismic-Driven
Geomechanical Models

A geomechanical model or mechanical
earth model (MEM) comprises a numerical
representation of the geomechanical state of a
reservoir (Plumb et al. 2000; Ali et al. 2003). This
includes a model for the mechanical properties
of the system and the stress state (including pore
pressure). It also accounts for the contribution of
overburden weight and structural parameters such
as preexisting faults and fractures, their stiffness,
density, and orientation. Mechanical properties
vary in the 3D space and account for the local
variability introduced by, for instance, different
geological units. Understanding the behavior of a
geomechanical model under prescribed conditions
ultimately allows informed decisions on planning
perforations, assessing stability of boreholes, or
deciding among different completion strategies.
For the construction of such a model,
comprehensive field data must be collected,
audited, and processed. Certain data sets can
be directly recorded in the field. Some variables
can be derived from known quantities, and
some other pieces of the information required
need to be obtained from available correlations.
Measurements along wells of the relevant
quantities can help to calibrate such correlations
throughout the formations. In this context, good
quality inversion is of great value as input, since
some of the required parameters have a direct
relationship with inverted parameters. In this
section, we describe the process of building a
seismic-driven geomechanical model based on
the information provided from stochastic AVO
inversion in terms of AI, Vp / Vs, and density.
The models constructed from deterministic and
stochastic inversions will be compared next.
Stochastic mechanical property distributions.
For this study, we consider solely the elastic
component of the subsurface geomechanical
behavior. Thus, mechanical properties are given
by the elastic constants, expressed in terms of
Young’s modulus E and Poisson’s ratio. From the
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AVO inversion data, the dynamic Young’s modulus and Poisson’s ratio can be
readily derived:

[Gpa]
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Edyn= ρVs 2(3Vp2/Vs2 – 4)/(Vp2/Vs2 – 1)
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0

νdyn= 0.5(Vp2/Vs2 – 2)/(Vp2/Vs2 – 1)
Edyn and νdyn are the dynamic Young’s modulus and Poisson’s ratio,
respectively. The shear wave velocity Vs is computed as Vs = AI/(ρVr), with AI
being the acoustic impedance, Vr the Vp / Vs ratio, and ρ the volumetric mass
density, all derived from the seismic inversion.
For linear elastic materials, both the Young’s modulus and Poisson’s ratio
are independent of stress, deformation rate, or amount of strain. For
rocks, the typical case is that the dynamic moduli of rocks are greater
than the static one as obtained in a quasi-static laboratory tests. Hence,
for the sake of modeling the reservoir response to quasi-static changes in
stresses, deformations, and pressures, an estimate of the static properties
is needed. Since these cannot be directly derived from AVO inversion data
alone, laboratory tests could be used to derive and apply formation-specific
correlations linking the static and dynamic properties. A pragmatic approach
in the absence of laboratory data would be using available correlations
for the specific lithology in question. Here, it was assumed νdyn = νstat
in concordance with available published data, and for the static Young’s
modulus, Estat was computed according to the empirical fit with the form:
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Estat= αEdynb
The coefficients a and b were assigned from an internal propriety correlation.
As an example, Figs. 3a and 3b depict a slice of the Young’s modulus in
the deterministic model and from one realization of the stochastic model,
respectively. In the same manner, Figs. 4a and 4b depict a comparison
between the Poisson’s ratio from the deterministic and from the same
realization of the stochastic inversion results. As in previous figures, it is
clear the differences are introduced by the higher frequency band of the
stochastic model in comparison with the smoother property distribution
of the deterministic realization.
In situ stress state modeling with SSI data. The first stage of the 3D
stress analysis involves calculating stresses that represent the present-day
conditions throughout the reservoir and its surroundings, with properties
derived from the deterministic inversion results. The following steps involve
recomputing the local high frequency stress variations with the input of new
property distributions from stochastic realizations (Fig. 5). For such purposes,
a finite-element geomechanical modeling engine was used to produce a
3D map of stress magnitudes and orientations that vary both laterally and
vertically. The model uses the pore pressure, structure, rock mechanical
properties, and far-field horizontal stresses imposed as boundary conditions
in order to simulate the initial stress state of the field.

Figure 3. Top, a: The Young’s modulus distribution derived from the deterministic seismic
inversion. Bottom, b: The Young’s modulus distribution derived from one realization of
the stochastic seismic inversion. Note the higher frequency of events in the stochastic
result, which is seismically equivalent to the smoother deterministic inversion.
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Horizontal far-field stress conditions were set as lateral boundary conditions,
and, on top, the sea fluid surcharge was applied. Complying with a normal
faulting regime, the gradient below the seabed of the minimum horizontal
stress was 0.75 times the vertical stress gradient, and the maximum
horizontal stress was set as SH = 1.1 Sh. The pore pressure was assumed to
be hydrostatic. In this example, the direction of the minimum horizontal stress
was set to 90° NE (i.e., it coarsely points along the normal to the main fault
system in which the area of interest is embedded. In a more realistic scenario,
the direction of the main stresses could be obtained from, for instance, sonic/
image interpretations in the vicinity of the field.

0.25

Figure 4. Top, a: The Poisson’s ratio distribution derived from the deterministic seismic
inversion. Bottom, b: The Poisson’s ratio distribution derived from one realization of the
stochastic seismic inversion. Similarly to Fig. 5, the stochastic results expand the range
of variability when compared to the deterministic solution.
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Assessing the impact on simulated stress results.
As an application, the resulting fracture gradient
was computed for the deterministic model and
a set of stochastic runs. We define the fracture
gradient as the minimum total principal stress.
The calculation followed a two-step procedure:
First, an equilibrium state of stress and strain was
obtained for the deterministic geomechanical
model.In a second step, the local mechanical
properties (Estat, νstat,) were recomputed using
the stochastic realizations as input, and for the
same deformation imposed on the deterministic
model, new stress states were obtained. Figure 6
shows a focused view of four simulations of the
effective stress state in the east/west direction.
Having left all additional controls equal, the
stochastic realizations introduce variability in the
mechanical property model that translates into a
change in the stress state required to resolve an
equilibration of all the forces (body plus external
loads) within the subsurface. It is also possible to
appreciate an increase in the stress variability with
increase of distance to the input well (Jupiter-1,
dashed circle). This increased variability of the
stress state arises from the provided variogram
model, affecting the underlying drivers of rock
stiffness and stress “flow paths,” (e.g., stress will
be supported by the stiffer bodies).
For the deterministic model and an example
stochastic realization, Fig. 6 elaborates on the
differences in stress and elastic properties of
the two models at the local scale: whenever
the deterministic inversion was used, fracture
gradient cubes were smoother (Fig. 6c), whereas
the fine-scale details of the stochastic inversion
led to a more heterogeneous stress field along
the model (Fig. 6d). This illustrates graphically
the differences between the two approaches. A
practical implication of this result can be seen in
the estimation of a safe mud-weight window for
drilled wells.
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In Fig. 6, it is also apparent that the peaks/valleys
in the stress field (rectangles A and B) were
exacerbated when the stochastic property model
was used. This is a direct consequence of the
observed high heterogeneity over a small spatial
interval, where sharp contrasts in load bearing
capacity gives rise to stress transfer mechanisms
across rock layers and therefore pushes the stress
state into a more uneven distribution. Although
the amount of stress change per change in the
seismic property is not a simple relationship,
it becomes evident that unaccounted seismic
variability will lead to an underestimation of the
range of possible stress scenarios that can be
inferred. This, for example, can obfuscate low
fracture gradient areas (rectangle A) and lead to
apparently more optimistic drilling conditions.
The same is the case of planning of hydraulic
fracturing campaigns where geomechanical
insight can support the optimization of completion

effectiveness, in terms of being able to initiate
and contain a hydraulic fracture. Some areas
(rectangle B) depict higher horizontal stresses
in the stochastic run (when compared to the
deterministic stress state) and that could be
interpreted as lower required stimulation
pressures in that specific region.

Summary

Geomechanical models can benefit from 3D
seismic data in different ways. Firstly, seismic
data is needed to interpret the structural
framework used in building the geomechanical
model. Seismic AVO inversion also provides a
means to populate the geomechanical model in
the interwell space with mechanical properties,
which ultimately affect the response of the model.
Stochastic inversion techniques, in principle, allow
taking into account the mechanical properties of
the model at a finer scale while providing some
estimation of uncertainty. For this project only a
single calibration well was available. In a more
favorable situation, additional wells should be
used to constrain the inversion process.
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Coupled Reservoir Geomechanical
Modeling of a Thermal Gas-Oil-GravityDrainage Project
Assef Mohamad Hussein, James Minton, Li Qiuguo, Xing Zhang, Nick Koutsabeloulis, Schlumberger;
Keith Rawnsley, Petroleum Development Oman

Steam injection into a shallow fractured and
faulted reservoir has the potential to change
the stress profile of the subsurface in such
a way as to induce microseismic events that
could eventually reactivate faults and fractures,
especially if steam injection temperature is
significantly high and fracture spacing is
small. A 3D mechanical earth model (MEM)
of a thermal gas/oil gravity recovery process
illustrates the potential for steam to facilitate
drainage by reducing viscosity of the heated
matrix oil, leading to compaction that might
be offset by upward movement of the surface
in response to high steam temperatures. In
our extreme case, the upward movement at
ground level could be as high as ~26 cm over
35 years. High levels of vertical deformation
are increasingly likely where faults extend to
the surface. Understanding these processes
is important to ensuring the safety of the
facilities over extended production times in
environments of this kind.

Introduction

12

The implementation of coupled models to
assess thermal gas/oil drainage in a gas/oil field
exhibiting mechanical/hydraulic, mechanical/
thermal, and hydraulic/thermal effects is essential
for understanding an increasing number of
natural phenomena and the impact of depletion/
injection scheduling on reservoir performance
(Koutsabeloulis and Hope, 1998; Zhang and
Sanderson, 2002). A coupled geomechanical
reservoir simulator can model reservoir uplift
due to steam injection and pressure-induced
reservoir compaction due to depletion. However,
understanding the complex interactions between
mechanical-, hydraulic-, and thermal-induced
deformations requires knowledge of the evolution
of reservoir properties and the time-dependent
variation of stress/strain together with the
potential for fracturing and the reactivation of
existing faults. This is achieved by using a reservoir
simulator to predict changes in pressure and
temperature that are then passed to a geomechanical simulator. Stress and strain distributions
are then computed to assess the potential for
fracturing and/or fault reactivation, and levels
of reservoir compaction and surface uplift/
subsidence are determined.

In this study, we used a 3D coupled (mechanical/
thermal/hydraulic) geomechanical model to
simulate a thermal gas/oil gravity-drainage project
for a heavy oil reservoir. A primary recovery phase
(1976-1996) was followed by a pilot phase up to
2005, where steam injection was implemented
to produce heavy oil with a gravity of 16 API and
viscosity of 220 cP. The injection of steam creates
a high-temperature zone that reduces the viscosity
of the heavy oil during production. During the
pilot phase, surface movement was monitored
and microseismic events measured. The reservoir
is currently planned for full steam injection until
2039 to maximize oil production.
Steam injection at high temperature could,
however, result in significant surface deformation
and might raise concerns for the safety of
ground-level facilities. In the context of the
coupled modeling of steam injection and reservoir
depletion, we subjected the intact rock, faults,
and fractures to various coupled perturbations.
Changes to mechanical loading, thermal impact,
and pressure changes were made to determine
the effect on surface uplift and reservoir
compaction, which we found could affect the
surface level as well as subsurface movement.
Understanding these perturbation effects is
considered necessary to ensure the long-term
safety of the facilities existing at the ground level.

3D Geomechanical Model
Construction

The thermal gas/oil gravity drainage project
described here incorporated the reservoir
model shown in Fig. 1, where reservoir depths
are depicted.
To investigate the geomechanical responses of
the reservoir during production, we embedded
the original reservoir model into a larger domain
with 20 seismic horizons to define the geometry
of the formations above and under the reservoir
(Fig. 2). Refinements to horizon data were made
where horizon separation was deemed too
large. In the embedded model, extra layers were
therefore added up to the top surface to serve
as the overburden. Extra layers were added
below the reservoir to serve as the underburden.
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Sideburdens were added. The underburden was deep enough to ensure the
stress state within it would not be affected by the boundary condition at the
model base. All the added layers were defined by the 20 seismic horizons
(Fig. 2). The sideburdens extended 6 km in the northwest-southeast direction
and 8 km in the southwest-northeast direction. The selection of the number
and size for the additional layers was based on the following considerations:
■■

■■

■■

■■

The thickness of the overburden layers reflected the variation of
mechanical properties in the overburden.
The lateral extent in the sideburden was relatively large so that the impact
of the edge effects on the embedded model was small.
The overburden included relatively thin layers immediately above the
reservoir to capture the details of stress/strain changes within the cap
rock.
The underburden included relatively thin layers immediately below the
reservoir to capture the stress/strain changes from possible rebound
depletion. Below that, relatively thick layers were used.

Position (y)
-1247.0

-986.7

-726.8

-466.8

-206.9

Figure 1. Depicted original geometry of reservoir model (y = depth in meters).

The embedded model consisted of 885,354 cells (Fig. 3).
Rock mechanical properties of the 3D mechanical earth model (MEM) were
populated according to the 1D MEM that was constructed from well log data.
A MEM is a numerical representation of the state of in-situ stresses, pore
pressure, and rock mechanical properties for a specific stratigraphic section
in a field or basin (Plumb et al., 2000). Various data sets including wireline
logs, core measurements, drilling experience, and downhole information are
coherently integrated to construct a MEM.
In a 1D MEM, the overburden stress is one of the principal stresses and
in the vertical direction. At a given depth point below ground surface, the
overburden stress is the weight of overlying earth material and is calculated
by integrating a density log for the formations above.
A simple gravitational compaction model is used to provide an initial estimate
of the minimum horizontal stress based on a poroelastic approach. In addition
to simple gravitational loading, the reservoir may also experience tectonic
loading, faulting, or thermal changes that can alter the in-situ stresses.
Therefore, the minimum horizontal stress inferred from extended leakoff tests
usually is used to calibrate the stress profile.
After constraining all other geomechanical parameters, the maximum
horizontal stress is inferred. Alternatively, it can be inferred with reasonable
accuracy through modeling, similar to that for the minimum horizontal stress
but using additional constraints from wellbore failure as indicated by caliper
logs or images (Frydman and Ramirez, 2006).

Figure 2. Seismic horizons included in the 3D geomechanical model included relatively
thin layers above the reservoir to capture stress/strain changes and below the reservoir
to capture effects of depletion.

Overburden
Sideburden
Reservoir

Underburden

The reservoir contains complex fracture networks that have potential impact
on reservoir deformation during production. Two main sets of fractures were
simulated in the 3D MEM according to reservoir field data. One set ran in the
northwest-southeast direction and the other ran southwest-northeast. The
fracture sets have various spacing (Fig. 4).
In addition to a complex fracture network, the field is heavily faulted. Some of
the faults extend to the surface. To understand the impact of steam injection
and pressure depletion on potential fault movement and the deformation of
the ground surface, these faults were incorporated into the 3D MEM (Fig. 5).

Figure 3. Model geometry (nearly 1 million cells, shown here with ¾ cut away) included
large sideburden area to reduce edge effects.

Rock elastic and strength properties for the matrix were distributed into the
3D model using porosity correlations based on the 1D MEMs. The mechanical
properties for discontinuities such as faults and fracture sets were defined
from available fault data and related to intact rock mechanical properties.
13
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In this field, as the reservoir is relatively close to
the top surface, pore collapse is unlikely to lead
to failure because relatively low levels of effective
mean stress will be induced during the pilot steam
injection phase. Shear failure, which causes a
reduction of effective stress, is therefore more
likely to occur. The Mohr–Coulomb constitutive
model was therefore implemented to model the
mechanical behavior of the reservoir and the
overburden. In addition, the Mohr–Coulomb
model is capable of modeling the damage to
reservoir rock and the overburden caused by micro
crack growth and propagation (Bieniawski, 1967;
Paterson, 1978; Horri and Nemat-Nasser, 1985).

Preproduction Stress Modeling

Establishing in-situ stress conditions for the
coupled geomechanical modeling requires
determination of a representative preproduction
stress state. This is achieved by applying
gravity and pore pressure loads to the 3D MEM
and simulating tectonic loading at the model
boundaries. The vertical effective stress is
determined by gravity loads that take account of
the overburden weight and that of the surrounding
formations. Pore pressure loading was simulated
using the initial reservoir pressures that were
extracted from the reservoir model. A hydrostatic
gradient was assumed for the pore pressure in the
surrounding formations. Representative tectonic
loads were applied at far-field boundaries.
The preproduction stress field was validated by
performing a series of simulations modifying
tectonic loading components, fracture, and
fault parameters until reasonable agreement
was obtained between predicted and in-situ
stress data from the 1D MEM. In this way we
obtained a representative stress state capturing
the mechanical property variation in different
formations (Fig. 6).

History Matched Coupled Runs

From the determined preproduction stress state,
we performed full 3D geomechanical coupled
modeling of the reservoir and surrounding
formations over the production period from 1976
to 2005. This incorporated the pilot phase with
steam injection starting in 1996. We compared
predicted surface deformations and microseismic
moment magnitudes with the observed surface
movement and recorded microseismic events. The
reservoir had experienced a significant increase in
temperature during the period from 1996 to 2005.
Fig. 7 and 8 show the distribution of temperature
and pressure change along a vertical section at
the end of the pilot phase.
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Although, as shown in these figures, the region
of depletion was larger than the region of
significant temperature increase, the impact of
thermal expansion on changes in effective stress
was noticeably more significant (Fig. 9). The

temperature increased significantly at the crest of
the reservoir, resulting in thermal expansion of the
overburden rock. The expansion of rock resulted
in a vertical upward movement (Fig. 10), where
vertical deformation is shown at the end of the
pilot period. Maximum upward movement clearly
occurred within the upper part of the reservoir
due to changes in temperature gradient at this
location. The downward movement or compaction
occurred within the lower part of the reservoir,
where depletion was more dominant and there
were no significant temperature changes.
Figure 11 shows the vertical movement and the
deformation at the surface, which is greater in
the regions where faults exist. The peak vertical
upward movement is located above the crest
of the reservoir where steam was injected at
high temperature. The surface also experienced
compaction that was related to the depletion of
the reservoir.
Figure 12 compares the observed movement
at ground level with that predicted by coupled
modeling. The comparison shows a good
agreement between simulated and observed
movement. However, the simulated movement
shows a kinked profile. This is likely to be related
to fault reactivation with temperature increases
inducing changes in vertical effective stresses
and the associated development of plastic shear
strains within the faults. Faults that extended to
the surface show a potential for reactivation and
therefore play a role in the deformation of the
surface, generating kinks as shown in Fig. 12.
Predicted microseismic moment magnitudes
computed from irreversible plastic strains and
measured microseismic during the period 2002
to 2005 are presented in the Fig. 13, Fig. 14, and
Fig. 15. Reasonable agreement is obtained at the
different times shown. The predicted microseismic
events occurred around the faults near the zone
of temperature increase where plastic strains
developed and fractures propagated (Hanks and
Kanamori, 1979).

Forecast for Future Production

Three planned scenarios for production and
steam injection were studied using 3D coupled
geomechanical modeling to assess the reservoir
performance over the production period 2005
to 2039. Two scenarios had similar temperature
change and fracture spacing. In the third scenario,
fracture spacing was reduced significantly and
steam injection temperature was increased
significantly, resulting (Fig. 16) in a large high
temperature region within the reservoir that
increased the upward movement at ground
level to ~26 cm (Fig. 17). High levels of vertical
deformation now developed at locations where
faults extend to the surface as shown in Fig. 17.
The predicted top surface upward movement for
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Figure 7. Distribution of temperature change (degC) along a vertical section at January
1, 2005, due to steam injection.

Figure 4. Left: spacing for northwest-southeast fractures, m; Right: spacing for
southwest-northeast fractures, m.
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Figure 8. Distribution of pressure change (kPa) along a vertical section at January 1,
2005, due to depletion (negative indicates pressure reduction).

Figure 5. Fault planes.
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Figure 9. Distribution of vertical effective stress change (kPa) along a vertical section at
January 1, 2005.
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Figure 10. Distribution of the simulated vertical movement, m, along a vertical section
at January 1, 2005 (negative indicates downward movement and positive shows
upward movement).
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Figure 6. Simulated and measured pore pressure and principal stresses in the well
validate preproduction stress estimates.
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Figure 11. Vertical movement, m, at ground level. Map view (left) and 3D view (right).
Negative indicates downward movement and positive shows upward movement.
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the other two scenarios was similar (approximately
0.2 m) as the temperature histories of the two
scenarios were similar.
Fig. 18 shows the evolution of the vertical
movement profile at the ground level at different
times. Vertical movement shown in the figure is
affected by faults that extend to the surface. The
profile indicates discontinuities in the vertical
movement, especially in regions around the faults
where plastic shear strains develop, as shown in
the figure. Here the temperature gradients induce
more expansion within the faults and thus cause
rock dilation and fault reactivation with associated
discontinuities developing in movement profiles at
ground level.

Conclusion

A 3D embedded mechanical earth model (MEM)
developed to simulate gas/oil gravity drainage
over the life of a gas/oil reservoir incorporates
representative reservoir properties, fracture
systems and faults. A series of simulations were
performed to predict stress distributions and fine
tune tectonic loading data and fracture and fault
parameters until reasonable agreement between
predicted and 1D MEM stress data was obtained
to validate the 3D MEM preproduction stress state.
The preproduction stress state was therefore
representative and used for history matching
and forecast predictions in the 3D coupled
geomechanical simulations. We used calculated
reservoir compaction and vertical movement at
ground level with coupled modeling to capture
pressure and temperature changes induced by
reservoir depletion and steam injection at the top
of the reservoir.
During steam injection, regions of high temperature
develop, causing thermal expansion of the
reservoir rock and an associated upward
movement at ground level. Conversely, reservoir
depletion results in compaction with induced
downward movement of the overburden. The
overburden movement in a steam injection
project is therefore a combination of the effects
of reservoir depletion and reservoir thermal
expansion. The simulated maximum vertical
upward movement was in good agreement with
that observed.
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area of the surface faults. Forecast predictions
from 2005 to 2039 showed a significant evolution
of the upward vertical movement at ground level
around the faults and will be used to facilitate well
planning and reservoir management decisions.
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Figure 12. Observed movement,
m, compares well with simulated
results at a section at ground level at
January 1, 2005 (negative indicates
downward movement and positive
indicates upward movement).
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Figure 16. Distribution of temperature change (degC) along a vertical section at
December 31, 2039, due to steam injection.
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Figure 13. Measured microseismic events (balls)
and synthetic moment magnitude (simulation)
at August 1, 2002.

Figure 17. Vertical movement, m, of the top surface at the ground level at December 31, 2039, (left) and fault locations
at the surface (right).
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Figure 15. Measured microseismic events (balls)
and synthetic moment magnitude (simulation)
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Prediction of Reservoir Formation
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Reservoir Geomechanical Modeling
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ADCO Xing Zhang, Ying Ru Chen, and Magdalena Povstyanova: Schlumberger

Formation collapse in reservoirs where the
pressure has not been maintained during
depletion can cause permeability reduction,
completion damage and well failure,
interrupting production and affecting the
ultimate recovery from the reservoir. The
problem is particularly acute within severely
depleted areas of the field.
In this paper a carbonate gas field was
investigated. For this developed field, a further
production plan has been scheduled to deplete the
reservoir up to the year 2063 without any reservoir
pressure maintenance. The objective of this
study is to investigate the possibility of formation
collapse of the productive zone, well failure and
completion integrity damage particularly within
the severely depleted areas. Coupled reservoir
geomechanical modelling was conducted,
and different scenarios were investigated
to understand the impact of uncertainty in
mechanical properties and the presence of faults
and fractures.
The results indicate that pore collapse is likely to
be the main failure mechanism of high porosity
formations with high levels of depletion. Onset
of formation failure is likely to happen around
2018 to 2020, and it is recommended to monitor
the production rate of those wells located in
high porosity and high depletion areas. Pressure
maintenance should be implemented if the
reservoir pressure falls below 1,000 psi in the later
stages of production.

Introduction
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A giant onshore Abu Dhabi carbonate gas field in
the United Arab Emirates was investigated. The
total area of the field is approximately 1,200 km2,
but the area of investigation covers approximately
644 km2. It is located approximately 85 km
southwest of the city of Abu Dhabi. The reservoir
thickness of this investigated field is around
90 ft, and the depth of the reservoir top is at
about 8,500 ft. The reservoir was discovered in
1958 and came on stream in 1963. As shown in
Fig. 1, a production plan has been scheduled to

further deplete the reservoir from about 2,000 psi
today, to 600 psi by 2063. In this plan, no pressure
maintenance is scheduled. Lack of pressure
maintenance could result in formation collapse,
which would adversely affect the production and
ultimate recovery of this reservoir.
In this study, the construction of 1D mechanical
earth models (MEMs) at ten existing wells was
carried out for the gas field. On the basis of
seismic interpreted horizons and faults, a 3D
MEM was constructed. Then, a coupled reservoir
geomechanical modelling approach was used
to analyze the risk of the reservoir formation
collapse, identifying where, when and at what
pressure the collapse would occur. To capture a
representative in situ condition, a preproduction
initial stress state was simulated and calibrated
with measurements and observations in the 1D
MEMs. To model the geomechanical behaviour in
the reservoir from pre-production to present day,
and then to the year 2063, a coupling between
reservoir simulation and geomechanical modeling
was performed, where the impact of the gas
field depletion on reservoir deformation can be
assessed with production time. To understand the
impact of the mechanical property uncertainty
and fault/fracture presence, four scenarios were
performed, including a base case (Case 1), a case
with weak faults (Case 2), a case with weak faults
and formation (Case 3), and a case with weak
faults and formation with fractures (Case 4).

Approach

A 1D MEM is an explicit description and
quantification of rock elastic and strength
properties, in situ stresses and pore pressure
within a defined subsurface interval (Plumb et al,
2000). In order to determine formation mechanical
properties, pore pressures, and in-situ stress
orientation and magnitudes, ten 1D MEMs were
constructed for the existing wells in the field
(detailed workflow refers to Sirat et al., 2014).
Wireline logs including compressional slowness,
shear slowness, bulk density, and gamma ray
were used to compute log-derived rock elastic
and strength properties and in situ stresses.
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■■

■■

■■

■■
■■

Average Field Pressure

Field pressure (psi)

Rock mechanical testing was conducted using
cores taken from seven existing wells. These
tests include triaxial compression and unconfined
compression tests, and porosity, density and
permeability measurements. The tested core
samples were taken from different formations,
including different reservoir rocks and dense
zones between these reservoir rocks. Correlations
for calculating static Young’s modulus, static
Poisson’s ratio, unconfined compressive strength
(UCS) and friction angle were established based
on the rock mechanical testing data and wireline
logs. Calibration of log-derived Young’s modulus
at seven wells with those measured on core
samples has been carried out. 1D MEMs consisted
of continuous profiles of the following rock
mechanical data and parameters along the well
trajectories:

Rock strength parameters, including
unconfined compressive strength (UCS), friction
angle and tensile strength.
Pore pressures.
In situ stress state, including the azimuth of
the minimum horizontal stress, magnitudes
of vertical stress, minimum and maximum
horizontal stresses.

Correlations are estabilished between formation
mechanical properties and wireline logs (including
petrophysical and acoustic logs). The correlations
are calibrated using rock mechanical tests
conducted on core samples recovered from
these wells. Pore pressures and in-situ stresses
(orientation and magnitude) are then calculated
and calibrated using drilling reports, FMI results,
pore pressure records and stress measurements.
Core samples were taken from different
formations and the tests included measurement
of unconfined compressive strengths (UCS)
plus multi-stage triaxial tests to obtain other
mechanical and failure properties. Figure 2
shows an example of the calibrated mechanical
properties for one out of the 10 wells selected for
1D MEMs. The red circles are the core calibration
points measured in the laboratory. The coloured
curves are the properties derived from logs,
which have a good consistency with the
calibration points.
Results of modular formation dynamics tester
(MDT) stress tests were used to calibrate the
magnitude of the minimum horizontal stress (by
matching the calculated closure pressure against
the measured one) and to estimate the magnitude
of the maximum horizontal stress (by matching

2017

2025

2034

2042

2050

2058

Figure 1. Average field pressure evolution with production plan (average field pressure is depleted from 2,000 psi at
present-day to 600 psi by 2063).

Mechanical stratigraphy, mainly the
differentiation of clay-content in a rock from
grain-supported rock.
Formation elastic properties, including dynamic
and static Young’s modulus and Poisson’s ratio.
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Figure 2. Rock elastic and strength properties—calibrated against laboratory test results (red circles).

calculated and measured breakdown pressure).
The resulting magnitude of the minimum
horizontal stress along the wellbores varies
between 0.7 and 0.88 psi/ft and the magnitude of
the maximum horizontal stress changes between
0.7 and 1 psi/ft (see example in Fig. 3).
Using the numerical grid from a preexisting
reservoir model as a basis, a 3D MEM for the
reservoir and surrounding formations and
boundary conditions was constructed, with 13
overburden horizons and 105 faults interpreted
from seismic. The embedded model consisted of
3,757,320 cells, which was arranged in a structural
distribution of 210 × 126 × 142 (Fig. 4).
There were three main steps in the 3D
geomechanics analysis. Firstly, the 3D model was
constructed with the 3D grid which included
the overburden, reservoir, and underburden and
sideburden. The reservoir grid was based on the
available dynamic model, whereas the overburden
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was based on the seismic horizons, and the
underburden was constructed by extending cells
from the bottom of reservoir to a specific depth,
and the sideburdens were constructed on each
side of the reservoir. The lateral extent in the side
burden was relatively large so that the impact of
the edge effects on the embedded model was
negligible. Once the 3D grid was constructed, the
interpreted seismic faults were implemented.
Once the 3D mechanical model was contructed,
the mechanical properties of the 1D MEMs, were
integrated and populated within the model. In this
study core tests were carried out, and correlations
between the porosity and mechanical properties
subsequently developed and used to generate the
3D mechanical properties in the reservoir. Figure 5
shows the example of the correlations of porosity
with UCS and friction angle of the reservoir rocks.
The 3D mechanical properties of the overburden
were populated using a geostatistic apporoach.
The resultant 3D mechanical properties were
calibrated and validated with the properties of
the 1D MEMs.
Finally, a preproduction stress state was simulated
within the 3D MEM, followed by coupled
simulations which modelled the changes in stress
due to changes in reservoir pressure between
1963 and 2014. To validate the simulated presentday stress state, a comparison between the 3D
stress distribution and the 1D MEM stresses
was carried out for the ten wells. The top part
of Figure 3 shows an example of a well drilled
before significant depletion, and the bottom
part of Figure 3 shows an example of a well
drilled more recently. For all ten wells, a good
agreement between the 3D and 1D stresses along
the ten well trajectories was achieved for the
appropriate date of drilling. This indicates that an
accurate present-day stress is being simulated,
not only along the ten well trajectories, but also
in the areas between the wells. Further coupled
simulations were then performed from present-day
to 2063 to forecast how stresses will change due
to future depletion.

Case Scenario

Based on the core sample test results, typical
pore collapse occurred at ~10 millistrains
(1 millistrain = 0.001 (0.1%)). In this study two
criteria were used to identify formation failure
during the scheduled production up to the year
2063, the computed total vertical strain of the
formation being larger than the core sample failure
strain of 10 millistrains and the development of
plastic compressive strain.

Results

To better understand the impact of mechanical
property uncertainty and fracture presence on
reservoir deformation and failure, several case
studies were carried out for parameter sensitivity
analysis. In total four cases were analyzed. The
case descriptions are summarized in Table 1.
In Case 1, local compressive strains can be larger
than 9 millistrains at present-day conditions.
In Case 3, local strain as high as 19 millistrains
in 2020 and 21 millistrains in 2063 have been
predicted, and in Case 4 local compressive strain
can reach as high as 19 millistrains in 2018 and
23 millistrains in 2063 (Fig. 6). As the strains
in Case 3 and 4 are significantly larger than
10 millistrains they can be regarded as having
failed formation rock, which can in turn damage
completions locally with cement debonding and
cracking. However, no large area of formation

Description

1

Base case
(Mohr–Coulomb + pore
collapse)

Both Mohr–Coulomb and pore collapse failure are considered.
Core plugs test results are applied for formation rocks. Faults
are applied with upper bound of mechanical properties.

2

Base case with weaker faults

As in Case 1, but faults are applied with lower bound of
mechanical properties.

3

Base case with weaker faults
formation

As in Case 2, but core test plugs are reduced for formation
rocks.

4

Base case with weaker faults
formation + fractures

As in Case 3, but natural fractures are included.

Table 1. Description of the four different case-scenarios.
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The analysis of thirty multi-stage triaxial
compression tests indicates that two different
types of formation failure can be identified. For
low-porosity samples, failure occurs and can be
described by the Mohr–Coulomb failure criterion,
whereas in high porosity-samples, pore collapse
failure can occur under conditions that might arise
for the projected depletion. Hence modelling of
the reservoir behaviour during depletion requires
a more complex failure criterion than a simple
shear failure criterion (such as Mohr–Coulomb).
For this study, a failure criterion with a cap to
represent pore collapse was used. This cap model
was originally developed by NGI for application to
sandstone reservoirs by Schutjens et al. (2004) and
later applied to carbonate reservoirs.
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Figure 3. Comparison between the stress profiles (psi) taken along wells from the 3D model and 1D MEMs. Top figure
shows the stress profiles for a well drilled before field depletion, and bottom figure shows the stress profiles for a well
drilled after depletion. Red colored curves are taken from 1D MEM, and blue colored curves are extracted from 3D
MEM along the well trajectory. TXSP: minimum horizontal stress; TYSP: maximum horizontal stress; TZSP: overburden
stress. Last track is zoomed in the reservoir for the detailed comparison.
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Figure 4. Building the 3D mechanical earth model was based on static model/reservoir grid, 13 seismic detected overburden horizons,
105 faults, and 10 1D MEMs.
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failure occurred in Case 1 because the average
reservoir compressive strain is less than 10
millistrains (Fig. 7).

(Case 3), respectively. Therefore, detailed analysis
of the core tests and characterisation of the
natural fractures is critical for risk evaluation.

Large compressive volumetric strain can result in
significant reservoir permeability decrease in the
failed areas based on the results of core sample
permeability tests subjected to different confining
pressures. Up to 20% permeability reduction
was observed for the high porosity samples at
the scheduled final depletion level. Compressive
plastic strain, which was determined with both
Mohr–Coulomb and pore-collapse failure models,
implies a loss of cohesive strength. As a result,
loosened solids may exist within the failed rocks,
which can block the pores of the surrounding
formation. Subsequently, permeability reduction is
expected in such regions.

Due to the formation failure potential, it is
recommended to monitor and analyze the
production rate of those wells located in high
porosity and high depletion areas. Pressure
maintenance is needed to prevent the reservoir
pressure dropping below by 1000 psi, and would
help avoid the conditions currently predicted to
occur in 2018 and beyond. To refine the model
predictions, a discrete fracture network (DFN)
study is recommended to characterize natural
fractures for a better understanding of their
impact. To further calibrate the model, GPS
(global positioning system) and InSAR (synthetic
aperture radar interferometry) on ground surface
and strain gauges through reservoir formation
are recommended to monitor ground surface
movements and reservoir deformation.

The development of compressive plastic strains
is another indication of formation failure. Fig. 8
shows the predicted vertical compressive plastic
strains of the reservoir in Cases 1, 3, and 4 in 2018
and 2063, respectively. Generally, no significant
plastic compressive strain developed in Case 1.
This indicates that the risk for formation failure is
low, which is consistent with the results in Fig. 7.
However, the reduction in formation strength in
Case 3 significantly increased the plastic strain.
When natural fractures were simulated in Case
4, the computed plastic strains were even higher.
Therefore, the presence of natural fractures
has a significant impact not only on reservoir
deformation, but also on reservoir performance
because fracture reactivation/ slipping is likely
increase formation permeability due to fracture
dilation (Zhang & Sanderson, 2001). The shearinduced dilation increases the magnitude of
fracture permeability along the fracture slip
direction, and significantly increases permeability
anisotropy (Zhang & Koutsabeloulis, 2007).

Conclusions

Core tests and simulation results indicate that pore
collapse is likely to occur in high porosity areas
under the planned level of depletion. Formation
failure was identified according to two criteria:
the computed formation total vertical strain
being larger than the core sample failure strain
(10 millistrains) and the development of plastic
compressive strains. Both criteria lead to similar
conclusions regarding the timing and extent of
failure in the four cases examined.
For Case 1, formation failure over a large area
is unlikely to occur, but locally can take place.
In the weaker formation case (Case 3) and natural
fracture case (Case 4), formation failure may
already have begun locally, and can likely be
spread over a large area once depletion reaches
the levels planned for 2018 (Case 4) and 2020
22
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Figure 6. Left: Evolution of the maximum reservoir compressive strains from present-day to 2063 for three scenarios:
Case 1 (base case), Case 3 (weak formation) and Case 4 (fracture included). Based on laboratory core sample tests,
when the local compressive strains are larger than ~10 millistrains, local reservoir rocks are likely to fail indicating
possible local formation collapse in all cases. Right: Total vertical strains, which are larger than 10 millistrains in 2063
(Cases 3 and 4).
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Figure 7. Left: Evolution of the average reservoir compressive strains from present-day to 2063 for three scenarios: Case
1 (base case), Case 3 (weak formation) and Case 4 (fracture included). Based on laboratory core sample tests, when
the compressive strains are larger than ~10 millistrains, reservoir rocks are likely to fail indicating possible formation
collapse in 2018 for Case 4 and in 2020 for Case 3. Right: Total vertical strains, which are larger than 10 millistrains in
2018 (Case 4) and in 2020 (Case 3).
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formation failure. The timing and location of plastic compressive strain development are consistent with the formation
collapse indicated by the total compressive strain prediction shown previously in Fig. 6.

23

// Field Development: Modeling for Informed Decision Making

Nomenclature

ADCO = Abu Dhabi Company for Onshore Oil
Operations
MEM = Mechanical Earth Model
UCS = Unconfined Compressive Strength
GR
= Gamma Ray
MDT = Modular Formation Dynamics Tester
TXSP = Minimum horizontal stress
TYSP = Maximum horizontal stress
TZSP = Overburden stress
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Production:
Understanding the Reservoir
for Optimal Output
Aggregating and interpreting
as much data as possible
aids in avoiding a number
of production problems,
including the production of
sand and solids, suboptimal
and uncontained hydraulic
fracturing, and permeability
loss in naturally fractured
reservoirs. Well logging, 3D
surface seismic data, core data,
pore pressure analysis, and
well test data can be calibrated
and integrated with time-lapse
seismic, microseismic, and
subsidence measurements.
This, in turn, helps to boost
ultimate production.
This section comprises three
papers in which geomechanics
interpretation and modeling
support production decisions
for operators.

Find out more about
Production Geomechanics
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Innovative Sand Failure Analysis and
Prediction Modeling Restores Lost
Production in North Sea Field
Lex de Groot and Hilbrand Graven, GDF SUEZ; Surej Kumar Subbiah, Schlumberger

Sand production is a major problem in many
clastic reservoirs worldwide, costing producers
billions of dollars every year in lost or restricted
production and expensive well interventions.
When stresses acting on a consolidated
sandstone formation become sufficiently high,
they can cause the rock matrix to break through
compressive failure, releasing fragments and
individual particles. As hydrocarbons flow
through perforations out of the formation into
the wellbore, if fluid velocity is high enough,
sand grains may be carried all the way to
the surface. If, however, fluid velocity is low,
sand will begin to deposit inside the wellbore,
impeding the free flow of oil or gas. Typically,
only reservoir quality and completion quality
are considered when determining where to land
a horizontal well in an unconventional reservoir.
However, for some shale plays, this approach
can result in severe and unmanageable
wellbore instability problems when drilling
the well. A new rapid mechanical earth model
(rapid MEM) workflow has been developed
that allows operators to make key decisions
for their horizontal well, after having obtained
necessary geological information in a pilot hole.
The process is completed before the rig is ready
to drill a lateral or sidetrack, so no rig time is
lost. This new drilling geomechanics workflow
combines several new innovations.
In addition to lowering or halting hydrocarbon
production altogether, sand abrasion and clogging
can damage or destroy completion components,
submersible pumps and other downhole
equipment. Sanding can also interfere with
wellbore access for remedial work, and generate
costly sand disposal problems at the surface.
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Excessive stresses on a sandstone reservoir
may be caused by the weight of overburden,
superimposed tectonic stresses, and production
or injection activities. In many cases, the effective
stress increases as the reservoir depletes over
time. Fluids within a reservoir actually provide
support to the rock matrix, at least until fluid
pressure declines along with production.
Gradually, accumulated stress is transferred to
the matrix, which may shatter and initiate sand
production. This can occur unexpectedly years
after production begins. The relationship between

stress and rock strength is one of the primary
factors that influences sand failure. High porosity
rocks tend to be weaker than low porosity rocks,
due to less load-bearing material. However,
rock strength also depends on the type and
composition of cementation present, as well as
oil and water saturation. Understanding all the
factors involved in sand production can be difficult.
Clearly, having the ability to predict which
intervals may suffer rock failure and trigger
sand production, under what conditions, and
at what point in time is becoming increasingly
critical to economic success. Only with accurate
sand prediction capabilities will operators be
empowered to make proactive, timely, and costeffective sand management decisions. After years
of research, laboratory testing, and validation in
fields worldwide, Schlumberger has developed
an innovative approach to sand failure analysis
and prediction based on in-depth geomechanical
modeling. In one North Sea gas field, this approach
enabled GDF SUEZ to successfully re-establish
economic sand-free production (Figure 1).

The K9 Rotliegend Gas Field

In 1996, GDF SUEZ drilled the B1 exploration
well in the K9ab-B Rotliegend (or K9) field in the
Netherlands sector of the North Sea (Figure 2),
discovering natural gas. A year later, the B2
appraisal well was drilled in another fault block.
After the production platform was installed, both
wells were re-entered and completed. Production
began in 1999. Several years later, two additional
wells, the B3 and B4, were drilled and completed,
although the B3 produced at a capacity below
expectations.
After five years, the B1 well began producing
sand. A screen was installed in 2004 but
apparently collapsed in 2006, at which point the
well suffered severe sand production again and
was shut in. In 2007, the B2 also began producing
sand, which was controlled initially by producing
at a lower drawdown pressure. Eventually,
however, the B2 was also abandoned. Shutting in
two of the four producing wells resulted in the loss
of 75% of the field’s total gas production. At that
point, the company began investigating remedial
sand control alternatives.
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Normally, operators have three basic options:
find ways of managing and disposing produced
sand at the surface, reduce flow rates so there is
insufficient energy to mobilize sand grains along
with fluids, or install a barrier or filter to prevent
sand from passing through perforation tunnels into
the wellbore. Types of mechanical sand control
techniques include cased-hole gravel packs, highrate water packs, frac packs, open-hole gravel
packs, and stand-alone screens.
In unconsolidated formations, of course,
screens are necessary from the very beginning
of hydrocarbon production. Otherwise, most
companies prefer screenless completions, which
include oriented perforations and chemical
consolidation, since productivity tends to be higher
and initial costs lower. If sand production appears
inevitable at some point down the road, cautious
operators may decide to install more expensive
completions right up front. Although these may
ensure sand-free operations, perhaps for the life
of the field, they may increase the well’s authority
of expenditure AFE and sacrifice a certain amount
of production. In addition, operators may apply
pressure maintenance, injecting produced water
back into a deeper section of the reservoir to
forestall internal fluid pressure decline, and
effectively minimizing stress on the rock matrix.
Determining if, or when, to implement some type
of sand management can be challenging, and
mistakes can be expensive.
In any case, the only way to predict how the
formation will behave over time—and select
the most technically and financially appropriate
completion strategy at different stages in the
life of the field—is by gaining an accurate
understanding of the reservoir’s mechanical
rock properties, as well as the magnitude and
orientation of stresses surrounding the borehole.
To that end, GDF SUEZ engaged Schlumberger
to conduct a thorough geomechanics study of
K9 field’s reservoir section.

Sand Failure Analysis
and Prediction

Sand failure analysis and prediction modeling
was undertaken using Schlumberger’s proprietary
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Sand Management Advisor* (SMA) technology.
Developing, testing and refining the software
has been underway for nearly two decades
to ensure that sand predictions match both
laboratory experiments and field observations
in clastic reservoirs of varying strengths under
many different stress scenarios. Operators have
successfully applied this proven geomechanical
sand failure model to avoid completing weak
reservoir intervals; to select the right mechanical
sand control mechanism for the reservoir, when
necessary; to optimize the location, size and
orientation of perforations; to predict the timing
of sand production for specific completion
and depletion scenarios; and to determine the
drawdown pressure required to produce sand-free.
Although more oil companies realize the need for
sand prediction studies, and outside consultants
may offer fairly complex models, conventional
approaches suffer from certain limitations and
assumptions. Some employ overly simplified
rules of thumb, for example, if the overburden
load appears to exceed rock strength, they may
routinely recommend a screened completion even
though it may not be strictly necessary until later
in the reservoir life cycle. To build a geomechanical
model, many sand failure studies focus almost
exclusively on rock strength, spending insufficient
time and effort calculating the full range of
stresses present, although both are equally
critical to accurate sand prediction. Even when
all key factors are taken into consideration, sand
failure analysis is often carried out at a single
depth, on the assumption that the entire reservoir
exhibits the same stress state and rock strength.
Conclusions and recommendations based on
limited models may prove erroneous, and more
costly in the long term.
The SMA sand prediction model is unique in
several ways. First, although the software is
technically sophisticated, based on rigorous
research and validation, it is simple and easy to
apply to any consolidated sand reservoir. Second,
in building a truly comprehensive geomechanical
model, equal amounts of time are invested in
computing and calibrating rock strength and
the state and direction of stresses acting on
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Figure 1. Due to severe sanding, two of the K9 field’s
four wells were shut in, reducing total gas production
by 75%. Following sand prediction and remediation,
production rates returned to the field’s previous highest
levels, sand-free.

North Prospect
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K9ab-B1
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K9ab-B3st2
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B2 K9ab-B4

B3 West
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Figure 2. The K9ab-B Rotliegend gas field in the
Netherlands sector of the North Sea was discovered in
1996, and began producing in 1999. In 2006 and 2007,
the B1 (center) and B2 (lower left) wells were abandoned
due to sand production.
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the reservoir. Third, sand failure analysis and
prediction is routinely conducted and presented
layer by layer within the reservoir, rather than at
just one representative location. Finally, based on
Schlumberger’s experience in the lab and the field,
the model incorporates two extremely important
components of sand failure, perforation diameter
and grain size. Both have a quantifiable effect on
perforation stability.

K9 Sand Predictions
and Recommendations

Sand failure analysis of the K9 reservoir depended
on careful construction of a mechanical earth
model (MEM), which quantified the key
properties that govern deformation and failure—
Young Modulus, Poisson’s Ratio, Unconfined
Compressive Strength (UCS), internal friction
angle, grain size and tensile strength. The MEM
also incorporated pore pressure, overburden
stress, and the magnitude and direction of the
horizontal stresses. At each step of the workflow
(Figure 3), laboratory tests, core data from the
B2 well—the only well with core samples—and
correlations with log data were used to constrain
and calibrate mechanical properties. Then sanding
evaluations were conducted in the producing
sections of all four wells in the field using the
calibrated MEM.
A typical sand prediction for a problematic point
within the K9 reservoir (Figure 4) plots bottomhole
flowing pressure—controlled by choke size
at the surface—against reservoir pressure,
which declines with production. The difference
between these two represents the drawdown
pressure. When bottomhole pressure is greater
than reservoir pressure at the selected depth,
the well cannot produce at all. When bottomhole
pressure is less than reservoir pressure, the well
will produce sand-free only when the drawdown
pressure remains within a specified safe zone,
which can be maintained by choking. If the
drawdown pressure exceeds a critical limit then
sand failure will occur. Predicted sand failure
intervals can be predicted at multiple depths along
a continuous well profile, and these predictions
can be made at different reservoir pressures.
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Geomechanical and sand prediction modeling
in the K9 field accurately matched key events
at various times in the sanding history of both
wells that had been abandoned. One of the most
important findings was that a single thin layer
with low rock strength appeared to be the major
contributor to overall sand production in both
wellbores. The majority of other intervals within
the reservoir remained relatively stable. However,
modeling also predicted that failure would become
likely in additional layers having even higher rock
strength as the field continues to deplete. The
study identified the zones of greatest risk.

To assess the validity of the sand prediction model,
a downhole sand detection tool was run in wells
B1, B2 and B3. The tool identified zones that
were actually producing sand, and these zones
exhibited a good match with the predicted zones
(Figure 5). As predicted, one thin interval was the
primary source of sand failure. As a result, the
study proceeded to investigate and recommend
specific ways of isolating that zone and improving
completion designs to achieve economic,
sand-free production for the life of the field. An
economic feasibility study enabled GDF SUEZ to
select among potential alternatives. Ultimately, a
screenless completion was designed for one well,
and cased-hole gravel packs for the other three.

Results Achieved
and Lessons Learned

In the B1 well, the safest way to ensure sand-free
production was to design a screenless completion
with selective, oriented perforations, avoiding any
weak zone with a UCS below a specified value.
However, since the well was vertical, oriented
perforations would not be effective since many
orienting techniques rely on gravity and the well’s
deviation to achieve the desired orientation.
What’s more, the existing completion made the
reservoir interval inaccessible. Therefore, the
well was sidetracked at the optimal azimuth and
deviation indicated by the study. Although the best
solution for an oriented perforation would have
been horizontal, due to operational limitations the
well was sidetracked at 50 degrees inclination.
After casing, new data was acquired, a
petrophysical analysis carried out, and the
geomechanical model updated. Sanding
analysis on the revised model identified the safe
interval, the perforation diameter was optimized
for sand-free production, and the zone was
perforated with oriented guns at an angle of 10
to 15 degree phasing. This “rabbit ear” type of
oriented perforation allows a greater shot density
by reducing the risk of interference and collapse
between perforations and damage to casing. Well
test performance was significantly better than the
original B1 well, without producing any sand.
Since the reservoir section remained accessible
in the other three wells, cased-hole gravel pack
completions with screens were designed for B2,
B3 and B4. In each well, the following remedial
work was performed: sand was cleaned out, the
intervals were re-perforated for optimum gravel
placement, screens were installed, gravel pumped,
and the excess cleaned out. Then the wells were
started up slowly, and production tested.
Since June 2008, all four wells have been
producing sand-free at economic rates again.
Indeed, production rates quickly returned to
wthe field’s previous highest levels (see
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Given the nominal cost of the study relative
to its ultimate economic value, this type of
geomechanical analysis has become standard
practice for GDF SUEZ, not only in the North Sea
but in many fields elsewhere. In addition, for new
fields the company often conducts this type of
analysis much earlier in the development process.
After drilling the first well in a field, if core analysis
indicates a potential sanding problem, a proper
geomechanical study will be conducted before
drilling additional wells. This information facilitates
the optimal placement of wells and selection
of completions under various production and
injection scenarios. In one oil field, for example,
where produced water injection was planned,
laboratory testing and the sand prediction study
indicated the reservoir interval could produce
sand-free with oriented perforations. However,
a different type of completion was necessary to
prevent sand failure in the deeper interval chosen
for injection.
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Figure 3. Sand failure analysis of the K9 reservoir depended on construction of a mechanical earth model, calibrated
at each step with lab tests, core and log data. The Schlumberger Sand Management Advisor used this model for sand
prediction.
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When it comes to sand management, some
operators do too little, too late or too much, too
soon. Geomechanical sand failure and prediction
studies can empower them to make more
informed, cost-effective decisions at every stage
of field development and production. Instead of
taking a shot gun approach, completing every
well in the same way at the same time, it may
be possible to produce without sand control for
a period of time, and then to install different
mechanisms as needed in different intervals at
different stages of production. In many cases,
more than one completion alternative may
be viable. Selecting the optimum completion
strategy, intentionally designing the wellbore for
remediation at a later time, perforating only part
of the reservoir while avoiding weak zones—all
require a thorough and accurate approach to sand
prediction. Incorporating a widely proven sand
prediction model based in detailed geomechanics
characterization and considering the grain size
and perforation diameter effects on sand failure
that are normally overlooked by other models,
innovative sand management technology promises
to save oil and gas companies millions of dollars in
unnecessary sand disposal, equipment damage,
and lost production.

Data
Correction

Data Audit

Safe

Figure 1), effectively recovering the 75% total gas
production lost due to severe sanding. Had the
K9 field’s mechanical rock properties and stresses
been better understood at an earlier stage of
development, it might have been possible to avoid
the sand production problem altogether.

0

0

400

800

1,200

1,600

2,000

Reservoir pressure, psi

Figure 4. A typical sand prediction at a single depth within the reservoir indicates the
critical drawdown pressure required to ensure sand-free production (green).
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Integrated 3D Geomechanics and
Reservoir Simulation Optimize
Performance While Avoiding Fault
Reactivation in Brazil
Antonio Luiz Serra de Souza, Jorge André Braz de Souza, Gustavo Bechara Meurer, Vanessa Palma
Naveira, and Ricardo Alexandre Passos Chaves, Petrobras; Marcelo Frydman and Jorge Pastor,
Schlumberger

Fault reactivation is a significant potential
hazard in many deepwater basins, including
fields offshore Brazil. The main reservoirs in the
area consist of soft, high-porosity sandstones,
many of which are highly faulted and fractured.
Under lithostatic pressure from overlying rocks,
most of these faults have achieved relative
tectonic stability for millions of years. However,
even a slight alteration of the stress field within
a hydrocarbon reservoir or its overburden can
trigger dormant faults to slip. Rapid pressure
depletion through production and pressure
changes due to water injection may be
sufficient to disturb the in-situ stress regime
and reactivate faults.
Fault reactivation has a range of potential
consequences including the shearing of casing,
which can cut off production; the creation of
additional fault compartments, which may isolate
reserves; and the opening of unintended leakage
pathways between adjacent formations or, worse
yet, between the reservoir and ocean floor. These
can lead to significant environmental impact
and economic loss. Several such incidents
have occurred in recent years, both in Brazil
and elsewhere.
As a result, it has become increasingly critical
for operators in complex geological settings
to understand how to manage injection
pressures and maximize reservoir performance
while mitigating the risks of fault reactivation,
compaction, subsidence, sand production, and
other geomechanical complications. Recent
advancements in the emerging discipline of
reservoir geomechanics, including the two-way
coupling of 3D geomechanical modeling with
traditional reservoir simulation, provide new and
technically superior ways of achieving these
strategic objectives.

Field Study
30

Portions of a highly faulted Oligocene turbidite
reservoir in a deepwater field offshore Brazil had
been subjected to water injection at several points

in time. The large number of faults and fractures,
as well as the high porosity and compressibility
of the reservoir, made this field more complex to
manage than certain others in the basin. When oil
production began in 2008, early geomechanical
analysis set the maximum injection pressure
at 70 bars above the initial reservoir pressure.
However, when Petrobras discovered that a small
reservoir nearby had undergone fault reactivation
due to aggressive water injection several years
before, a special geomechanical work group was
formed to study the problem in greater detail. To
avoid potential fault reactivation and reservoir
deformation, the group decided to reduce the
maximum injection pressure to approximately five
bars above initial reservoir pressure. Of course, this
lower injection rate had an impact on incremental
oil production and recovery. Therefore, Petrobras
set a high priority on better understanding the
geomechanics and determining the highest
injection pressure that could be applied safely
in the field.
To that end, Petrobras entered into a technology
collaboration agreement with the Schlumberger
Brazil Research Center in Rio de Janeiro in
2009, with assistance from the Schlumberger
Geomechanics Center of Excellence in the UK. The
goal was to co-develop a systematic methodology
for geomechanical reservoir characterization that
could ensure injection and production optimization
in the field, as well as other complex, challenging
reservoirs in offshore Brazil, both soft sandstones
and carbonates—and, ultimately, pre-salt
reservoirs. By better predicting changes
in reservoir stress and strain induced by production
and water injection, the joint company team
aimed to improve the assessment of wellbore
stability, overburden integrity, rock fracturing,
and fault reactivation potential.
The team drew upon specialists in multiple
domains, including geophysics, geology,
petrophysics, rock mechanics and reservoir
engineering to develop a new integrated workflow
coupling advanced 3D geomechanical modeling
with conventional reservoir simulation.
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Integrated Reservoir
Geomechanics Workflow

and strength properties, simultaneous seismic
inversion was used instead. Constrained by sonic
logs, seismic inversion was applied to both the
reservoir and overburden to distribute critical
properties, such as Young’s modulus, a measure
of resistance to elastic deformation under
stress (Figure 2).

The project, which kicked off in January 2010,
began with a comprehensive geomechanics data
audit. This involved the collection and analysis
of existing 3D seismic data, offset well logs and
cores, and historical drilling information, using the
Petrel* E&P software platform.
Mechanical earth model construction and
calibration. Based on data from wells across the
field under study, the team proceeded to construct
an initial mechanical earth model (MEM), a
quantitative representation of the stress state
and rock mechanical properties of the interval of
interest (Figure 1).
Guided by well log information and a complete
lithostratigraphic model, faults and geological
horizons were interpreted from seismic data and
incorporated into the model to ensure consistency.
Sonic logs and petrophysical analysis were
used to estimate initial elastic and rock strength
properties. Laboratory rock mechanics testing
was performed on cores from both the reservoir
and overburden to calibrate log-derived dynamic
properties, and facilitate correlations between
those properties and their static or mechanical
equivalents. For example, rock properties were
defined by applying correlations based on sonic
slowness, density, porosity and clay volume.
Then vertical and horizontal stresses and stress
directions were estimated, especially around
faults, using various techniques.
Since traditional layer cake modeling based
on well log data alone had previously failed to
capture strong lateral variations in rock elastic

To calibrate the resulting three-dimensional MEM
and verify the reliability of its predictions, the
team reproduced a number of actual drilling and
wellbore stability events in offset wells. Rock
properties, stress field, and deformation strains
were modified accordingly.
Structural restoration and 2D forward
geomechanical modeling. Structural restoration
methods, originally developed to validate
geological interpretations and maps, can also
assist geomechanical specialists in characterizing
the geometry and distribution of strains, stresses,
and other mechanical properties of deformed
areas. The method was applied to a regional
framework model covering a 600-km² area,
4,500–5,000 m deep, including 12 horizons and
78 faults. The region is characterized by a
large-scale, dominantly extensional fault-rollover
structure, with listric normal faults extending
down to a flat décollement surface within the
underlying salt layer. Total finite extension
(elongation or stretch) varies from 15% to 26%
in different areas. By sequentially reconstructing
the evolution of fault and fold systems over the
past 125 million years, the team achieved a better
understanding of the main deformation events;
estimated finite strains, paleo-stresses, and
plasticity; further refined the numerical MEM; and
used the results to guide subsequent modeling.

Figure 1. The 3D Mechanical Earth Model incorporated
geological horizons (horizontal), faults (vertical), wells,
and rock properties from logs and cores.
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Figure 2. Simultaneous seismic inversion constrained by
sonic logs was used to determine the 3D distribution of
strong lateral variations in critical rock properties, such
as Young’s modulus.
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Figure 3. Structural reconstruction (top) and 2D geomechanical forward modeling characterized fault stresses and strains, helping estimate
elastic properties on faults and fracture zones.
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Next, 2D geomechanical forward modeling was
performed using the VISAGE* finite-element
geomechanics simulator to investigate the
mechanical behavior of MEM layers through
geological time. To determine the amount of rock
compaction caused by overlying formations, for
example, a series of sensitivity analyses helped
define the pre-consolidation pressure of each
layer. Comparisons between the present-day
thickness of layers from seismic interpretation
and geomechanical forward modeling showed
excellent agreement. As a result, the team was
able to have a first estimate of pre-production pore
pressure and fault elastic properties based upon
effective stress and shear strains on fault and
fracture zones for use in the 3D geomechanical
model (Figure 3).
Coupled 3D geomechanical modeling
and reservoir simulation. Case histories of
geomechanics activity associated with production
date back many years. The earliest reported
example is ground subsidence at the Goose Creek
oil field in Texas, in 1926. More recently, high
porosity North Sea chalk fields that underwent
very rapid pressure drawdown due to production
have been geomechanically modelled extensively.
Huge changes in vertical and horizontal stresses
led to compaction of the reservoir, fault reactivation,
casing deformation and shearing in the overburden,
and subsidence of the seafloor. Conventional
reservoir simulators, designed to model changes
in permeability, porosity, reservoir pore pressure
and temperature under flow conditions, have no
way of accurately modeling geomechanical stress
and strain. While a typical reservoir simulator
can apply a simple vertical stress to the model,
it cannot handle the full stress tensor, which
includes horizontal components as well. As such,
it cannot reliably predict the failure behavior of
faults and identify potential leakage pathways or
compartments as pressures change over time. To
achieve a full characterization of stress and strain
throughout a complex geological structure,
3D geomechanical modeling is performed
separately. However, to obtain meaningful
production forecasts and properly value fields,
the geomechanical simulator must be coupled
with a traditional reservoir simulator.
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The most effective approach is two-way coupling,
which establishes a full iterative loop between
simulators. With this approach, the team first
modeled complex pressure changes across the
field due to water injection, natural variations in
porosity and permeability, and depletion due to
production using ECLIPSE* industry-reference
reservoir simulator. Feeding these pressure
changes into the geomechanical simulator drove
predicted changes in stress and strain. These
changes, in turn, were fed back into the reservoir
simulator to update the porosity and permeability
of each part of the reservoir through time.

To fully investigate geomechanical responses
during production and injection, the 2.5 million cell
reservoir model was extended an additional 3.9
million cells. Thirty-five layers of overburden were
added above the reservoir, extending upward to
the seabed, and 36 layers of underburden. About a
dozen grid cells of sideburden were added. Faults
were modeled as sealing and nonconductive
elements prior to production, with material
properties weaker in strength and lower in elastic
stiffness than the surrounding rocks. Close
agreement between stresses from the 3D MEM
and 1D MEMs along individual well trajectories
indicated that the in-situ 3D stress state was being
properly simulated.
Observations and outcomes. Expert evaluation
of the 3D geomechanical model showed that the
presence of faults had a significant impact on
stress magnitudes and direction, as expected.
Two-way coupled geomechanics and reservoir
simulation allowed for the analysis of the evolution
of higher plastic shear strains in locations along
various faults occurring in some cases even before
the production had begun. The risk of creating
leakage pathways was far greater along these
faults. The 3D geomechanical modeling enabled
the team to identify areas of higher and lower risk
of fault reactivation, allowing them to guide the
placement of future injectors.
Two-way coupled geomechanical modeling and
reservoir simulation also explained a number of
reservoir behaviors much better than traditional
methods. Prior to coupling, for example, reservoir
engineers had been unable to accurately
represent production history without adding an
artificial high permeability channel to the reservoir
model. However, the coupled model clearly
showed that shear plastic strains along a certain
fault had increased horizontal permeability in that
area (Figure 4). Indeed, significant deformation
had occurred around a number of wells and
faults, especially in the later stages of production.
Successful modeling of stress changes due to
depletion allowed engineers to better predict
potential areas of wellbore collapse and mud
losses during drilling, sand production, and
compaction-induced casing failure. Adjusting mud
weights and adding extra casing enabled them to
safely drill through depleted reservoirs.
Two-way coupling also enhanced the project
team’s ability to predict bottomhole pressures as
a function of time. Compared with traditional
reservoir simulation, the coupled method
substantially improved the match between actual
and simulated pressure measurements (Figure 5).
This was critical, of course, because without the
ability to represent pressure behavior, it would
have been difficult to forecast production. By the
conclusion of the joint company project in late 2012,
the team was able to gain better understanding of
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Implications and Applications

As part of the joint technology agreement,
Petrobras and Schlumberger patented a new
technique for rapid assessment and screening
of potential geomechanical risks. Building the
3D geomechanical model of the field also led to
a series of correlations that enable asset teams
to estimate mechanical properties elsewhere
in the area. Finally, Petrobras has developed
a comprehensive workflow for reservoir
geomechanics characterization that represents a
new standard for future studies in soft sandstones,
certain carbonates, and various pre-salt reservoirs.
Integrated 3D geomechanical modeling and
reservoir simulation offers significant benefits
not only to deepwater fields offshore Brazil, but
also in many other fields worldwide, wherever
geomechanical deformation is having a serious
impact on production. Several years ago, for
example, the operator of a major high pressure,
high temperature field in the North Sea was forced
to shut in development for a period of time due
to the difficulty of accurately modeling pressure
depletion effects. Some chalk fields in the North
Sea, notably Ekofisk, have experienced more
than 30 ft of compaction and subsidence. Even
strong carbonate reservoirs in the Middle East
and North Africa are suffering geomechanical
effects. In one old field with fractured Cambrian
reservoirs, changing stresses and strains have
been disturbing the permeability of the fractures.
Geomechanical modeling is helping the operator
identify where to place additional injectors and
producers to improve reservoir drainage.
Advanced 3D geomechanical modeling and
simulation, especially coupled with conventional
reservoir simulation, is still a relatively new
technique in the upstream industry. Nevertheless,
this type of workflow is likely to become more
common in the coming years, as operators expand
from solving the geomechanical challenges of
structurally complex conventional environments
to unconventional plays as well.
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Figure 4. Originally, to improve production simulation, engineers added an artificial high permeability channel
(left, top). Two-way coupling (right) showed that shear plastic strains along a fault had actually increased
permeability in that area.
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Figure 5. Reservoir simulation alone (red) was unable to represent historic bottom hole
pressures (black). Two-way coupling with the geomechanical model (blue) improved the
match, enabling more confident production forecasting.
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Dependence of Stress-Induced
Microseismicity on Natural Fracture
Properties and In Situ Stress
Xavier Garcia-Teijeiro and Adrian Rodriguez-Herrera, Schlumberger
The opening and propagation of a hydraulic
fracture introduces stress and pressure
changes around it that could potentially lead
to slippages of natural fractures. If detected,
the associated microseismicity is commonly
used to indirectly measure the geometry of
the hydraulic fracture and the stimulated rock
volume. One source of microseismicity is the
fluid leakoff and pressure increase into the
natural fractures. As pressure increases, the
effective stress is reduced and shear failure
of the natural fractures can be triggered. The
natural fractures can also be reactivated in
absence of leakoff due to the stress changes
induced in the rock due to the opening of the
hydraulic fracture itself and due to the inflation
of the natural fractures intersected by the main
hydraulic fracture. The volume in which stress
changes alone can reactivate natural fractures
is commonly thought to be small and localized
near the hydraulic fracture tips. Yet, this paper
shows that when the presence of natural
fractures is explicitly taken into account,
together with the potential propagation of
further stress changes as the natural fractures
slip, then such reactivated volume can be
substantially larger. The results presented here
demonstrate the importance of local stress
heterogeneities in the potential generation of
microseismicity and highlight how the local
stress heterogeneity directly depends on the
mechanical properties of the natural fractures.
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Micro-seismic data has been used in the
monitoring of hydraulic fracturing for at least
forty years; see for instance (Batcherlor, Baria &
Hearn 1983). Nowadays, it is still one of the main
methods, besides the use of downhole tiltmeters
(Wright et al. 1998) to indirectly assess the size
and shape of the created hydraulic fracture
(Cipolla et al. 2011). As several authors have
pointed out before (Argarwal, Mayerhofer &
Warpinski 2012), (Nagel et al. 2012) there are at
least two sources of detectable microseismicity.
One is driven by the leak-off of the fracturing fluid
into the natural fractures. As the pressure in the
fracturing fluid increases during injection, the
effective stress is reduced and shear failure of the
natural fractures can be triggered. The fraction of
the energy released during failure of the natural
fractures that is converted into acoustic energy

(elastic waves) can potentially be detected and
interpreted as microseismic activity.
Although it is commonly assumed that fluid
leak-off and pressure increase into the natural
fractures are the main driving mechanism for
microseismicity, the opening of the hydraulic
fracture itself, and the inflation of neighbouring
fluid-invaded fractures, creates perturbation of the
initial stress field (Sneddon 1946) that can extend
hundreds of meters from the main hydraulic
fracture. It is now known that such stress changes
could potentially trigger the failure of natural
fractures in a reservoir otherwise in mechanical
equilibrium. These large-scale changes in the
stress field, and the presence of critically stressed
discontinuities has been linked to microseismicity
activity detected hundreds of feet away from the
hydraulic fracture, sometimes in the overburden
(Warpinski, Wolhart & Wright 2004), (Gaisoni et
al. 2012), (Assef et al. 2010).
In a recent review of the mechanisms that could
trigger microseismicity, (Argarwal, Mayerhofer
& Warpinski 2012) studied the stress changes
around the opening of an isolated hydraulic
fracture in a homogeneous medium. Based
on the numerical results of a 2D elastic model
(with no discontinuities), the authors pointed
out that in front of the hydraulic fracture plane,
both the minimum and maximum principal
stress components increase. Yet, the increase in
the minimum principal stress is greater (stress
shadow), which effectively reduces stress
anisotropy. Near the tips, the ratio of the maximum
to minimum principal stress components
increases. Altogether, one would expect these
stress changes to contribute to the stabilization of
the natural fractures in front of the main hydraulic
fracture plane and benefit fracture reactivation
in a relatively small area near the fracture tip.
The authors also pointed out, however, that
for critically stressed reservoirs stress-induced
microseismicity could occur far from the tips,
although the mechanical behavior of a fractured
rock was not modelled. These observations are
consistent among different authors. For instance,
(Agharazi et al. 2013) also studied continuum and
homogeneous numerical models and pointed out
that, the change in the shear stress that could
potentially reactivate natural fractures and lead to
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Acting together with the induced stress changes, other parameters might
enhance or inhibit the microseismic activity. To name a few, (Nagel et al.
2012) concluded that operational parameters such as fluid injection rate and
fluid viscosity affect the appearance of “dry” microseismicity far from the
main hydraulic fracture. One might argue that the mechanical properties of
the natural fractures would also play a role in both, the propagation of the
hydraulic fracture and in the generation of microseismicity. As an example,
for increased friction angle and cohesion, the natural fractures become
more stable regardless of the stress state and consequently, stress-driven
microseismicity might be inhibited. This is in line with results presented
previously in the literature; see for instance (Weng et al. 2011).
In most of this aforementioned work, the prediction of dry microseismicity has
been sought in the stress changes introduced by hydraulic fracturing under
special conditions. For instance, in most models the stress field prefracturing
is homogeneous in orientation and magnitude, which neglects the stress
heterogeneities created by the presence of the fractures itself. In this paper
we show that the generation of microseismic activity strongly depends on
those local-scale characteristics of the stress field and the potential critical
state of the natural fractures, both of which are in turn determined by the
stiffness of the natural fractures.
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Figure 1. Top view of Δfs around a pressurized hydraulic fracture. Left: Δfs after
the opening of an isolated hydraulic fracture in a homogeneous medium. Negative
changes represent areas that become more stable (less anisotropy). Positive values
denote regions that become less stable. Right: changes in the minimum and maximum
effective stress components.
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Within this approach, each set of discontinuities is attributed with frictional
properties, normal and shear stiffness, together with strength parameters
incorporated within a failure criterion. Altogether, each finite element cell
represents a relatively small subvolume of the rock with generally anisotropic
elastic properties and preferential planes of failure. The failure criterion
adopted in this work to describe the shear failure of natural fractures was the
simple Mohr–Coulomb (Jaeger, Cook & Zimmerman 2007). Within this model,
perfectly plastic deformation occurs whenever the effective shear stress
acting on a discontinuity plane exceeds the shear strength τ given by:
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The numerical model used in this work is based on the Finite Element
Method, and it is capable of accounting for the deformation and failure
behaviour of both intact and jointed (fractures and faults) rock. The
methodology adopted is that of an equivalent material, which is based on
developing a constitutive law for a material that will behave in the same
way as the rock mass, with its discrete sets of discontinuities. The nonlinear
behaviour of the jointed rock mass is modelled by the multilaminate theory.
The theory is formulated in terms of local coordinates and can describe the
amount of sliding and opening along a discontinuity plane. The theory is
implemented within the framework of viscoplasticity. Details of the numerical
techniques have been presented previously in the literature; see for instance
(Pande, Beer & Williams 1990) and (Koutsabeloulis & Rylance 1992). Examples
of application of these numerical techniques can be found, for instance,
in (Koutsabeloulis & Hope 1988), (Zhang, Koutsabeloulis & Heffer 2007),
(Rodriguez-Herrera et al. 2013).
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Figure 3. Model of fractured rock. Natural fractures were modeled as planar and evenly
distributed within the simulation volume. Orientation was subparallel to the main
hydraulic fracture.
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Synthetic microseismicity is computed by
monitoring the plastic shear deformations of
the natural fractures as obtained from the finite
element nonlinear analysis. A microseismic event
is predicted at each cell that is crossed by a
natural fracture, provided that the change in the
shear plastic strain along the plane of the fracture
exceeds a fixed threshold value. The events are
located on top of the fracture plane for each cell.

Stress-Induced Microseismicity

Homogeneous model. For the sake of comparison
with previous work, a simple 2D model with one
planar hydraulic fracture and no natural fractures
was studied first. Far field stress σxx = 1.2Kpsi
and σyy 1.26Kpsi (σyy/σxx = 1.05) were imposed
as boundary conditions of the model. Due to the
absence of heterogeneities and discontinuities
(fractures, faults, inclusions), the stress field
resulted homogeneous in intensity and orientation
throughout the model before the opening the
hydraulic fracture. These conditions are similar to
those used in the numerical simulations presented
by (Argarwal, Mayerhofer & Warpinski 2012).
Following previous literature, the perturbation
of the stress field introduced by the opening of
the hydraulic fracture was quantified via stability
function ƒs defined as:

1+sin(φ)
fs = σ1– σ3 ———
1–sin(φ)
where σ1 and σ3 are respectively the maximum
and minimum effective principal stress components.
The friction angle of the material is denoted by
φ, and φ=30 in all the simulations performed
here. The stability function measures the like hood
of failure of discontinuities optimally oriented to
slide under the given stress conditions. Negative
changes of the stability function Δfs < 0 result from
changes in stress magnitude into a state for which
discontinuities are more stable. Positive changes,
Δfs > 0, denote the evolution into a stress state
for which critically oriented discontinuities are
closer to failure.
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Consistent with previous literature, the results for
the 2D model in Figure 1 show that the opening
of the hydraulic fracture led to an increase
in both, the maximum σ1, and minimum σ3
principal effective stress components in front
of the fracture. As expected, the increase in σ3
was greater and extended further away from the
hydraulic fracture plane. This led to a decrease
in the stress anisotropy ahead of the hydraulic
fracture. Near the tips, the resulting stress field
was more complicated. The minimum effective
stress, σ3, decreased and became negative within
a relatively small neighborhood around the tip
of the main hydraulic fracture. The maximum
effective stress σ1 increased near the tip, except
in a region very close to the hydraulic fracture
(see Figure 1). In the overall, the stress anisotropy

was increased. These results are consistent with
the negative values of Δfs observed basically
everywhere except near the tips by (Argarwal,
Mayerhofer & Warpinski 2012) and previous
claims about the unlikeness of dry microseismicity
in front of the fracture plane and the more likely
occurrence of it near the fracture tips.
The induced stress changes are, however,
3D and Δfs actually becomes negative inside a
volume in front of the fracture plane and positive
inside a volume that extends above and below
the hydraulic fracture from its edges (See Figure
2). The volume for which Δfs >0, represents a
region for which hydraulic fracturing induces a
favorable change in the stress state of the rock
for the reactivation of critically oriented fractures
and therefore for the potential generation of
stress-driven microseismicity. Yet, the reactivation
of natural fractures will not only depend on these
stress changes, but on the orientation of the
fractures and the initial stress state.
Model of fractured rock. In order to investigate
the effect of natural fracture stiffness on the
micro-seismicity induced by hydro-fracturing,
three numerical simulations were carried on. Each
simulation included a numerical representation
of a model natural fracture network. The set of
natural fractures was identical and the friction
angle was kept to φ =30° in all the three
simulations, although fracture stiffness was
assigned in each of the three models as 105 psi/ft,
106 psi/ft and 107 psi/ft, respectively. As pointed
before, the presence of discontinuities is explicitly
taken into account in the model through their
stiffness and orientation so at the local scale, the
resulting material stiffness is generally anisotropic.
For a single-fracture material, the maximum
stiffness is along a direction normal to the fracture
plane. For such direction, the lowest value of the
fracture’s stiffness used in our simulation leads
to a stiffness of the equivalent material that is of
the order of ~1/40 times the stiffness of the intact
material. The case of the stiffest fractures can be
considered as a limit case in which the fractures
are stiffer than the intact material. In this case,
the Young’s modulus is isotropic and equal to the
modulus of the intact rock. For the intermediate
value of 106 psi/ft, the stiffness perpendicular to
the fracture plane of a model material containing
one single through-going fracture is of the order of
~1/5 times the stiffness of the intact material.
The fractures were evenly distributed within a
rectangular volume around the main hydraulic
fracture. Such volume extended several hundreds
of meters to the sides of the hydraulic fracture
and to the over and under-burdens. The number
of fractures was adjusted such that the average
count of fractures per meter was of the order
of ~0.2 along the length of a well normal to the
hydraulic fracture plane (see Figure 3).
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Figure 4. Results obtained for “stiff” fractures. A) Change in the stability function,
B) σ-τ plot, C) synthetic microseismicity.
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Figure 5. Results obtained for “intermediate” fractures. A) Change in the stability
function, B) σ-τ plot, C) synthetic microseismicity.
A

Fs (psi)

B

C

600

80.00
70.00

, Shear stress (psi)

Once the geometry of the model was set and the DFN model generated,
stress boundary conditions were applied. In the direction along the hydraulic
fracture plane (north) the boundary stress gradient applied was σxx=0.8psi/ft.
In the direction along the strike of the fracture plane, the stress gradient was
σyy =1.05 times σxx. The vertical stress resulted from integrating the weight
of the overburden for which the average mass density was = 2.4 gr/cm3. The
numerical simulation first obtained an equilibrium configuration, in which the
model was allowed to deform in response to its own weight and the applied
stresses at the boundaries. A second step simulated the opening of the
hydraulic fracture and obtained a new solution for the stress and strain.
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Each natural fracture was modeled as a planar rectangle of aspect ratio equal
to 2 and its length was sampled from a power-law distribution trimmed in
the range 10 m – 60 m. The dip and azimuth of each fracture was assigned
according to a Fisher distribution centered at 90° for the dip angle and 0°
for the dip direction. Namely, the natural fractures were predominantly
sub-parallel to the main hydraulic fracture, although some variability in the
orientation was allowed during the DFN generation process. The stereonet
plot in Figure 3 depicts a series of points representing individual fracture
orientations. The distance from the point to the center of the circle indicates
the dip angle of the represented fracture, from zero at the center of the plot
to 90° at the edge. The figure indicates a distribution of dip angles in the
range of about 70° to 90°. The dip direction is indicated by the scale along the
perimeter of the circle from 0° to 360°.
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As pointed out before, the hydraulic fracture itself was modeled by increasing
the net pressure, Pnet, inside a thin slab in the model while reducing the
Young’s modulus there to a negligible value. Here Pnet was adjusted to 650
psi, which led to a maximum fracture width of 1.8 cm. The depth of the
hydraulic fracture was set to 4000 ft, and its aspect ratio was set to five.
This relatively high aspect ratio modeled a situation in which the fracture
propagated deeply into the pay zone while its vertical growth was constrained
by a contrast in, for instance, fracture toughness or stress (Garcia et al. 2013).
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Figure 6. Results obtained for “compliant” fractures. A) Change in the stability function,
B) σ-τ plot, C) synthetic microseismicity.
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Results

The change in the stability function Δfs after the opening of the hydraulic
fracture is shown in Figure 4a, Figure 5a, and Figure 6a. For the same tectonic
(boundary stress) used in the previous homogeneous case, the addition of
natural fractures did not alter the general characteristics of Δfs, although
there were obvious differences. The smooth spatial variation of Δfs was not
preserved. In particular, the figures show the appearance of patches in front
of the hydraulic fracture for which Δfs resulted positive. From the previous
sections, this occurs when the ratio of the maximum to minimum principal
stresses increases and that was not observed in front of the fracture plane
in absence of natural fractures.
Figure 4b, Figure 5b, and Figure 6b compare the stress state in a σ-τ plot
previous to hydraulic fracturing. Here, each discontinuity inside a sub-volume
around the hydraulic fracture is represented as a dot and σ, τ are the shear
and normal components of the effective stress acting on the plane of the
fracture. The solid line in the figure represents the failure envelope for each
fracture. The slope of this line is given by tan(φ), with φ=30, the friction angle.
The closer a point is to the failure envelope, the closer the fracture is to be
critically stressed and consequently, the more likely to be reactivated due to
stress perturbations. The dashed line was added as a guide and represents
the failure envelope had the friction angle had been 5° smaller.

x

Figure 7. Local stress in a model having one single fracture. Boundary stresses σxx ,σyy
(with σyy /σxx =1.05) were imposed far from the fracture and system was allowed to
deform and equilibrate in response to the applied stress field. A) Resulting directions
of the maximum and minimum principal stress components in the case of a stiff
fracture, B) maximum, and C) minimum principal stress components for the case
of a compliant fracture.
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As shown in the figures, for the “stiff” fractures, the resulting stress was
more homogeneous throughout the model and the fractures were not
critically stressed. This is seen in the relatively narrow range of values of
σ and τ and the fact that all the points were below the failure envelope. As
fracture stiffness decreased, the stress field became more heterogeneous.
This is shown by the broader distribution of σ-τ values in the plots. For the

Figure 8. Stress perturbations around a set of interfering hydraulic fractures. The
figure shows the change in the minimum principal stress, in psi, due to the opening
of hydraulic fractures and its associated microseismicity prediction (spheres) for a
realization with natural fractures of intermediate stiffness.
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“intermediate” (stiffness) case shown in the
figures, most the fractures were still not critically
stressed but they were closer to the failure
envelope than in the case of stiffer fractures. In
the case of the most compliant fractures used
here, about 30% of them resulted either on top
of the failure envelope or close to it. One would
expect that as more fractures are closer to failure,
the stress perturbations induced by hydraulic
fracturing would trigger the failure of a greater
number of fractures and this could potentially
generate more detectable micro-seismic activity.
Results in Figure 4c, Figure 5c, and Figure 6c
are consistent with these expectations. A point
to note in these figures is that even in the case
of stiff fractures, some micro-seismicity was
generated around the main hydraulic fracture as a
consequence of the relatively large change in the
local stress. Interestingly, there is not a direct way
of telling apart in practice stress-driven (or dry)
events and fluid leak-off driven (or wet) events.
Yet the general assumption is that micro-seismicity
detected near the hydraulic fracture is due to the
leak-off of the fracturing fluid.
All these observations are consistent with local
stress heterogeneities introduced by the presence
of discontinuities throughout the model. As the
fractures are more compliant, the rock in the
overall deforms more under the same in situ level
of confinement. The deformation is not uniform;
it could potentially be larger near the fractures
and show a preferential orientation parallel to the
fracture plane. Consequently, the resulting stress
field is also heterogeneous and rotates near the
fracture planes. In a limiting case, for subvertical
fractures such as those used here (see stereonet in
Figure 3) and normal stress regimes, the maximum
horizontal stress can end up oriented sub-parallel
to the fracture plane (see Figure 7). Under this
stress state, shear stress on the fracture plane
increases while the normal stress decreases. This
stress rotation is well known to occur near largescale discontinuities (such as faults). In its own
scale, and within the approximations made in the
model for their representation, the relatively small
natural fractures considered here are not that
different from large scale faults and therefore one
would expect that they could also lead to similar
stress rotations at the local scale.
An interesting feature observed in Figure 7 is
the non-trivial stress orientation near the tips of
the natural fractures. This is a consequence of
the sharp edges of the fractures and the sharp
contrast in the mechanical properties. Such tipheterogeneities correlated with the appearance of
patches of Δfs>0 in front of the hydraulic fracture
in Figure 5a and Figure 6a.
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Expansion to Multiple
Hydraulic Fractures

The methodology presented, was extended to
model a series of hydraulic fractures located
along two parallel horizontal wells in a 3D
geomechanical model. Each hydraulic fracture was
activated individually following a “toe-to-heel”
sequence, one well at a time. This framework
allows understanding the generation of microseismicity beyond the sum of individual hydraulic
fracture behaviors. Figure 8 shows a 2D slice of
the 3D model after modeling the stress changes
due to hydraulic fracturing. Although this is an
example model, and it does not represent a
specific field, its construction was inspired by real
data; A model of faults was included, and the
orientation of the natural fractures varied along
the pad. The net pressure imposed in this case
was 1,000 psi. Under these realistic conditions,
the full heterogeneity of the stress field can be
captured at the scale of the stimulation pad. Also,
the distribution of stress changes during
the opening of a hydraulic fracture incorporates
stress perturbations arising from previously
stimulated intervals.
Figure 9 shows the results of three simulations
where multiple hydraulic fractures were modeled
and the stiffness of the natural fractures was
changed in accordance to the single hydraulic
fracture excersises (see Figures 4, 5 and 6).
As seen in the figure, a different number of
microseismic events resulted in each realization.
Namely, in the case “compliant” fractures (Figure
9c), there were more events than, for instance, in
the case “stiff” natural fractures (Figure 9c). As
seen in Figure 9, along with the different number
of events generated, there was also a significant
difference in the level of stress buildup and in the
distribution of stress changes introduced by the
hydraulic fractures. Such differences occurred as
a consequence of different amounts of plasticity
generated. For “stiff” fractures, because a lower
number of fracture slippages occurred, the
magnitude of the residual stress perturbation was
greater. Conversely, the large number of events
generated with the “compliant” natural fractures
led to less pronounced residual stress perturbation
which was relaxed by means of plasticity.
It must be recalled from previous sections that in
the model, such microseismic events are computed
from the elasto-plastic solutions obtained by
means of simulation, and.each event represents
a natural fracture that has undergone a plastic
deformation. In the field, slippages are detected
only within the limits of the detection systems
in place. Such limits are absent in the presented
numerical approach. We argue that the situation
depicted in Figure 9 might well represent a real
scenario that, might not always be captured by
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the indirect measurement of slippages through
microseismicity detection.

800.00

700.00

Sh (psi)

600.00

500.00

400.00

300.00

Based on these assumptions and on the results
presented in this work, stress-induced changes
due to hydraulic fracturing is likely to reactivate a
large number of fractures regardless of whether
that reactivation is detected as microseismicity
or not. In low permeability shales, hydrocarbon
production is expected to be through the natural
fractures. If connected to the stimulation well,
reactivated fractures could eventually enhance
production and such reactivation can be predicted
by means of simulation. Clearly, the incorporation
of data from different sources would be pivotal
to constrain the uncertainty within numerical
models. Borehole imaging, for instance, can help
in constraining the uncertainty in the density of
fractures and their local orientations. Analysis of
tensile-induced fractures and borehole breakouts
can aid in the quantification of local stress
orientations. Seismic data, DIFTs, well logs, and
core analysis (among other measurements) can
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As seen in the Figure 10, for an example case
of compliant fractures, the stimulation of well I,
created a region around it where natural fractures
were reactivated and a nonnegligible change in
their aperture was computed. In this hypothetical
situation, the stimulation well J, located at about
700 ft from well I, intersects the RFV around well
I. One might argue that if well J were producing
before the stimulation of well I, it could potentially
register an increase in its production as a side

Considering a fractured rock, with the potential
presence of faults and heterogeneous
mechanical properties, we would expect that
tip-heterogeneities, stress rotations and local
changes in stress anisotropy to be enhanced
and distributed throughout the system. This
can lead to a nontrivial stress state that, as
shown in our simulations, directly relates to the
potential reactivation of fractures and potential
microseismicity. Unfortunately, there is always
uncertainty in the mechanical properties of the
fractures, and this is particularly true in relation
to their stiffness. Yet, all rocks have fractures. The
fractures can reactivate due to stress changes and
it is commonly accepted that, excluding particular
cases, the fractures are considerably more
compliant
than the host rock.
Reactivated Fracture Volume

B

100.00

Figure 10 shows contours of aperture changes
of the reactivated fractures after the stimulation
of well I, as computed by simulation. Here, the
change in aperture of each of the reactivated
fractures was obtained from the plastic shear
deformation and the dilation angle, assumed
here to be 10°. From the total of all reactivated
fractures, those for which the change in aperture
resulted smaller than a threshold of 0.005 mm
(initial apertues of 0.1 mm), were filtered out and
the contours were generated as iso-surfaces. The
total new volume created due to the opening of
the reactivated fractures will be defined here as
the total Reactivated Fracture Volume (RFV). The
subvolume of the RFV that results from reactivated
fractures, that are connected to the stages in the
well either directly or through other reactivated
fractures, will be referred here as the ReactivatedConnected Fracture Volume (RCFV). Filtering out
aperture changes smaller than a given threshold,
is qualitatively similar to filtering of microseismic
events in the field according to their magnitude.
Yet, further insights can be obtained from
estimations of the RFV and RCFV, which cannot be
directly obtained in the field from microseismicity.

Conclusions
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The results presented so far, can be interpreted
in terms of production and well interference.
One may argue that compliant fractures would
deform more than stiff fractures under the same
stress changes and therefore, compliant fractures
would also open more than stiff ones due to
dilatancy. If connected to the stimulated well, the
reactivated fractures can potentially contribute to
production from such well. If not connected to the
stimulated well, they might still be benefitial for
the production from neighbouring wells. Also, the
network of reactivated fractures could potentially
connect close wells and lead to interwell
interference. One may argue that the interplay
between plasticity and stress build-up after the
stimulation of a given well, could potentially
affect the direction of growth and the opening
in itself of hydraulic fractures in neighbouring
wells. There are many potential scenarios. For the
sake of illustration, The inset in Figure 8 shows a
hypothetical situation in which three wells, I, J,
and K, are scheduled for stimulation.

effect. If well J was to be stimulated after well I,
it could still benefit of intersecting a volume where
the natural fractures were already opened and
could be re-worked. From Figure 10a, it is apparent
that well K, located 1000 ft apart from well I,
would not “see” the stimulation of well I.
Figure 10b shows an example case of stiff
fractures. Being stiff, the fractures would deform
and open less than compliant fractures under the
same stress changes, stress heterogeneities are
expected to be smaller and there would be less
critically stressed fractures. Understandably, the
RFV resulted smaller. Finally, taking advantage of
the possibilities offered by numerical simulations,
the reactivated natural fractures connected to well
I where identified and both, the RCV and RCFV
were computed. In the shown scenario, the RFV
ratio between “stiff” and “compliant” fractures
was of the order of ½ and in both cases, the RFV
was of the order of 1.3 times the RCFV. One would
expect however, that both quantities, would
depend on a large extend on the DFN connectivity.

Figure 9. Synthetic microseismicity from a set of
interfering hydraulic fractures. A) “Stiff” natural fractures,
B) fractures of “intermediate stiffness,” C) “compliant”
natural fractures. The figure shows the change in the
minimum principal stress, in psi, due to the opening
of hydraulic fractures and its associated (predicted)
microseismicity (black dots).

Reactivated Fracture Volume

React

Reactivated Fracture Volume

Figure 10. Isosurfaces of the aperture changes in the
reactivated natural fractures for the case of: compliant
(left) and stiff (right) natural fractures. For the same
injection pressures, natural fracture reactivations are
predicted to extend at least twice the distance from the
pressure source.
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provide the basis of the information that ultimately
would reduce the uncertainty and allow choosing
a suitable parameter set for the numerical models.
Finally, along this paper stress changes and
fracture reactivation has been modeled in a
number of scenarios ranging form a simple
2D case with one single fracture, to a full 3D
model including several wells, a large number
of fractures and heterogeneities in mechanical
properties and local stress. At every stage,
numerical simulations provided new insights and
details about the behavior of the model far beyond
the reach of field observations. This highlights the
benefits in terms of understanding that can be
gained from numerical simulations.
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Drilling:
Managing Risk with Geomechanics
Geomechanics-related issues
cause 40% of drilling-related
NPT in HPHT, deepwater,
and other challenging
environments. Rapid changes
in pore pressure and fracture
gradients in these conditions
can lead to lost circulation,
washouts, stuck pipe, and
loss of tools and equipment;
the need for additional casing
strings; and costly unplanned
sidetracks. An updated model—
constrained by actual well
data and by predrill pore
pressure, stability, and
fracture gradient profiles—
is critical in anticipating
and countering these
geomechanics-related issues.
The two papers in this section
detail how comprehensive
interpretation anticipates,
identifies, and solves
geomechanics issues earlier
to optimize drilling decisions.

Find out more about
Drilling Geomechanics
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New Approach to Geomechanics Solves
Serious Horizontal Drilling Problems in
Challenging Unconventional Plays
Shannon Higgins-Borchardt, Tony Krepp, Marcelo Frydman, and Jason Sitchler, Schlumberger

A new risk-based approach to geomechanics
analysis, called ‘depth of failure,’ is having
game-changing results and solving serious
problems when constructing horizontal wells
in troublesome unconventional shale plays.
This approach combines technically sound
engineering with drilling and geomechanics
integration and provides a solution that is
more valuable to the drilling community.
This workflow is being implemented to allow
complex wells to be drilled successfully, where
failure had previously been a high risk.
Typically, only reservoir quality and completion
quality are considered when determining where
to land a horizontal well in an unconventional
reservoir. However, for some shale plays, this
approach can result in severe and unmanageable
wellbore instability problems when drilling
the well. A new rapid mechanical earth model
(rapid MEM) workflow has been developed that
allows operators to make key decisions for their
horizontal well, after having obtained necessary
geological information in a pilot hole. The process
is completed before the rig is ready to drill a lateral
or sidetrack, so no rig time is lost. This new drilling
geomechanics workflow combines several new
innovations:
1. A risk-based approach is used that considers
the mud weight needed versus wellbore collapse,
which allows for better decision making.
2. A new method is used to calculate the level
of failure within the wellbore if the bottomhole
pressure is too low, either due to inadequate mud
weight or swab. This calculation method, known
as depth of failure, is tied to the above-mentioned
risk of collapse.
3. All geomechanics analyses, whether hindcasting previous experience or projecting future
plans, allows for dynamic loads such as equivalent
circulating densities (ECDs), surge, and tripping
swab.

42

4. An innovative method of presenting the rock
mechanics for projected horizontal wells, accounts
for the risk of geological and survey uncertainty.
Previously, rock mechanics projected for horizontal
intervals could be very misleading.

5. The workflow closely combines drilling
engineering as well as geomechanics to ensure
that the drilling customer gets a more focused
and useful product. In particular, customers are
presented with solutions to problems, rather than
simply geomechanics curves.
By incorporating this new approach to
geomechanics analysis, customers have been able
to understand recent drilling failures, recognize
the potential risks moving forward, and determine
how to manage these risks. The outcome of
this geomechanics analysis has been used to
determine where and how to land a horizontal
well, the safest mud weight to use, and what
changes are necessary to manage swab and
ECD loads for drilling, casing and cementing
operations. Changes have included casing design,
drillpipe selection, and mud type.
This paper will outline and explain each of these
innovations. A case study is presented in a
particularly troublesome shale formation in the
Permian Basin wherein a customer has had two
failed attempts to drill a horizontal well. The case
study highlights the issues and how the described
approach was used to successfully drill and
complete the well.

Risk-Based Geomechanics

A newly developed risk-based approach to
wellbore stability, called depth of failure, is
technically sound and is significantly more useful
to drillers. The technique involves solving for
and providing multiple risk-of-collapse curves,
including low risk, medium risk, and high risk.
These are provided in combination with drilling
and engineering analysis that makes clear
recommendations on how to be successful.
Most of the previous geomechanical analysis in
the industry calculates wellbore failure in terms
of ‘breakout’ and provides only one output, the
mud weight in which breakout will initiate. This
single-curve presentation is of limited use to the
driller because it does not provide any guidance of
the consequences of compromising mud weight
below this curve.
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The depth of failure concept can best be illustrated
with Figs. 1 and 2. In Fig. 1, if the bottomhole
pressure is kept within the white-shaded area,
then the wellbore will be perfect. In an ideal
world, drillers would take a conservative approach,
keeping the bottomhole pressure above this level
to avoid any wellbore failure. However, there are
many reasons drillers may choose to use a lower
mud weight, including losses or potentially faster
drilling. In the same figure, if the bottomhole
pressure is within the yellow-shaded area, then
some failure will occur, but it is considered
manageable with low risk of serious consequences.
If the bottomhole pressure is within the orangeshaded area, then more failure will occur with
a medium risk of collapse. In effect, the driller
is now relying on luck to avoid serious problems.
The risk of serious problems is dependent upon
how much time is spent with the bottomhole
pressure in this zone. If the bottomhole pressure is
within the red-shaded area, then this is considered
a high risk of collapse. Failure should be expected
if the bottomhole pressures remains in this zone
for long. In some cases, such as vertical or low
angle hole, significant wellbore damage can
be accommodated because the consequences
are merely an inconvenience or an increased
hole-cleaning challenge. However, in a high
angle well, a lower level of failure is tolerable
since the consequences are catastrophic and can
include either stuck pipe or loss of the wellbore.
In essence, the depth of failure approach provides
the drilling engineer with failure-risk levels that
take into account the circumstances of the well.

Depth of Failure Methodology

One purpose of a MEM is to provide drillers with
an understanding of the minimum downhole
pressure that needs to be applied to keep the
wellbore stable, as well as show the maximum
downhole pressure that the wellbore can
accommodate without losses. If the downhole
pressures are outside this envelope, then problems
should be expected. The MEM results can be used
to help design the well, select equipment, and
select the appropriate mud weight and properties.
One motivation for determining the depth of
failure is that rocks exhibits plastic deformation
before failing. This plastic deformation is more
representative for high confining pressures, like
downhole conditions. The depth of damage will
limit post failure behavior to a predefined depth
called depth of failure. The elastic solution for this
problem is described by Fjaer et al, 1991.
Traditionally, there are four basic parts to any
mechanical wellbore stability analysis:
1) transformation of far-field earth stresses into
near-field wellbore stresses; 2) comparing the
wellbore stresses at the borehole wall to a rock
shear failure criterion; 3) identifying regions of
potential instability; 4) recommending ways to
minimize instability.

5

Loss_Mw
lbm/gal

20

Losses
Wellbore damage
Medium risk

Losses.
Mud losses possible if
bottomhole pressure is
above this line.
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Tunnel failure.
If bottomhole pressure is
kept above this curve
hole is gun-barrel.
This curve is limit of
‘manageable failure’
(”medium risk curve”).
This curve is
‘high risk’ level.
Collapse likely.

Figure 1. The depth of failure wellbore stability approach provides a risk assessment for drillers. The yellow wellbore
damage line shows the bottomhole pressure required to avoid formation damage initiation. The orange-shaded line
provides the driller with a ‘medium risk’ threshold where failure is manageable, and the red line shows a high risk,
where wellbore collapse is likely.
Potential failure initiation

Medium risk (5% depth)

High risk (10% depth)

10%

5%

4 in
4.2 in

4 in
4.4 in

Figure 2. Depth of failure explanation. The left diagram shows when there is potential failure initiation. The middle
diagram shows the wellbore with a potential consequence of a 5% larger borehole. The right figure shows a wellbore
with a radius increase of 10%.
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Shear failure occurs if the stress-state around
the wellbore falls outside of the failure envelope.
Mohr–Coulomb failure criterion is often used, but
other failure criterion exists, like Drucker–Prager,
Mogi–Coulomb or modified Lade. The collapse
gradient corresponds to the minimum mud weight
needed to keep the rock in the elastic range. If
the mud weight drops below the collapse limit,
a point on the borehole wall will fail in shear.
However, it does not mean a complete hole
collapse. In fact, small breakouts often do not
bother the driller, while large volumes of breakout
might be threatening. Wellbore degradation can
be observed in image and caliper logs. Damage in
the wellbore wall can go undetected during the
drilling process if the damaged material remains in
place. This suggests that there is an upper limit to
the amount of damage identified before wellbore
instability becomes a drilling problem. Many
factors will affect when excess cavings at surface
are noticed, such as well path inclination,
mud properties, drilling rates, hole-cleaning
procedures, etc.
The depth of failure concept is associated with
failure around the wellbore generated during
drilling. The traditional wellbore stability approach
is more conservative and does not consider the
post yield behavior; i.e., the material is kept in the
elastic range and in gauge. To obtain the collapse
gradient considering depth of failure, stresses
are calculated at a certain depth into formation.
Linear-elasticity was used to calculate the
stresses, but the same approach can be completed
using more-advanced formulations like thermoporoelasticity, as defined by Frydman (2000). The
collapse gradient considering different depths of
failure is calculated for the most representative
wells in the area based on a calibrated
geomechanical model and compared with the
mud density used to drill the wellbore. Analysis
of this data will indicate the amount of damage
that becomes problematic. The caliper, image logs,
logging-while-drilling, and drilling events must
be analyzed to reveal wellbore-stability problems,
including highly overgauged hole sections, tight
hole, cavings, packoff, and mud losses.

Integrating Drilling Engineering
and Geomechanics

Integral to this new methodology has been the
deliberate combination of the different disciplines
of drilling engineering and geomechanics
engineering. The geomechanical engineer
is responsible for using the high-tier logging
measurements with calibration data to calculate
elastic properties, rock strength, pore pressure,
and earth stresses. The geomechanics engineer
then calculates the safe mud weight by
incorporating the depth of failure approach.
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The drilling engineer adds value to the
geomechanical workflow; first, the drilling
engineer is able to review drilling reports from any
offset wells to ensure that any problems were not
self-inflicted because of inappropriate practices.
This is particularly important for directional
wells, especially high-angle wells, where
conventional practices are often inappropriate.
If this interpretation is not correctly performed,
the geomechanics model will likely be skewed
in its calibration. Second, the drilling engineer
is able to calculate the drilling, circulating, and
cementing ECDs as well as tripping swab loads,
if measured data is not available. This is necessary
for both hind-casting previous wells, calibrating
the geomechanics model, and providing solutions
for the proposed or future well(s). This is especially
important if different ECD solutions are necessary
for the recommended mud weight. Third,
combining drilling engineering and geomechanics
is important when presenting results. The most
effective solution is to have both the drilling
engineer and the geomechanics engineer
available for the presentation to the operator.
Though the geomechanics engineer is capable
of explaining the earth model results, the drilling
engineer is best suited to explain the implications
of the geomechanics results for future drilling and
how to implement the recommended solutions.

Safe Mud-Weight Window
Presentation for Horizontal Wells

Normally, the primary output plot from any
geomechanics analysis is the safe mud weight
window where the collapse, pore pressure,
losses and breakdown thresholds are shown.
This is usually plotted along the well path of the
proposed well. Unfortunately, this traditional
plot does not work well for planning horizontal
wells because it is only valid if the geology is
exactly as predicted, and the well path is drilled
perfectly as planned. This is unrealistic, because
the geology may change from the heel to the
toe of a horizontal well, there may be changes
in dip, faulting, or both, or the well path may be
imperfect. For horizontal wells, particularly in
unconventional reservoirs, TVD variations along a
horizontal well may move the wellbore into entirely
different rock, thereby changing the bottomhole
pressure limits completely.
An innovative yet simple solution has been
developed that allows the geomechanics output
to be presented in a meaningful way that enables
the drillers to account for geological and well
path TVD uncertainty. This involves plotting the
results along a given wellbore azimuth versus TVD
with each layer of rock horizontally intersected.
See Fig. 6 for an example. This plot clearly shows
how variable the losses and collapse gradients,
including low, medium, and high risk, are
depending on which layer is intersected.
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Using this type of plot, a sensible level of
geological TVD uncertainty is established, such as
±15-ft TVD around a given target depth. The mud
weight and ECD solution must then work for the
worst-case collapse and losses gradient within this
30-ft TVD window.

1st attempt drilled 6⅛-in hole with
10.0 ppg WBM when paked off
and stuck at a drilling connection.
Freed BHA, then POH for wiper
trip BHA.
Wiper trip BHA stood up. Decided
to sidetrack after packing off
and cavings.

■

■

Depth

Case Study

As part of this workflow, the drilling engineer
performed an offset well review of the first two
wellbores to determine which, if any, problems
were self-inflicted because of inappropriate
practices. This is to ensure that any geomechanics
analysis is relevant to the customer’s needs and
to ensure that the geomechanics is not skewed
by poor drilling practices. In this case, the review
did not suggest that the problems in the first
wellbore were due to poor drilling practices. The
MEM was completed next, incorporating the
high-tier logs and available calibration data. The
geomechanical model, with the new depth of
failure approach, was then used to review the
troublesome horizontal wellbores in hindcast. To
do this, a synthetic 1D MEM was developed for
each horizontal well in the review based on the
vertical MEM. This was necessary because, in
unconventional reservoirs, there are rarely any
LWD logs other than gamma ray, available from
the horizontal wells. The drilling engineer also

■

■

Figure 3. Well path of the two wellbores with unsuccessful drilling attempts.
Original wellbore
Dynamic ECD and swab load versus rock mechanics

Depth, ft

In this case, the operator had two failed attempts
to drill a horizontal well, prior to utilizing the
above-described approach. The operator originally
drilled a vertical pilot well and collected a high-tier
logging suite including advanced acoustic and
petrophysical logs. They then attempted to drill a
horizontal well with a 6 ⅛-in hole using 10-ppg
water-base mud. See Fig. 3 for a schematic
that shows what happened. The drilling BHA
packed off and became stuck after a connection.
Eventually, the BHA was freed and a wiper trip
performed. However, the operator eventually
decided to sidetrack due to continued packing off
and cavings. In the sidetrack the operator raised
their mud weight to 12.1 ppg after more packing
off and cavings problems, but losses occurred,
and they decided to abandon the hole. A decision
was made to drill a third attempt. Prior to this
third attempt, a rapid MEM analysis with drilling
engineering was performed to better understand
the wellbore stability requirements.

2nd attempt drilled 10.0 ppg mud.
Increased MW to 12.1 ppg after
significant problems, but losses
occurred.
Decided to abandon hole.

Distance
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in bottomhole pressure (”Swab”).
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Interpretation, loss of well
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Figure 4. Rock mechanics look-back analysis for the first unsuccessful well path. This was projected from the MEM
created for the vertical pilot well. The well path is shown from the heel (top) to toe (bottom) of the well. The losses
threshold is shaded in blue, the safe mud-weight window is shown in white, the wellbore damage initiation line is
shaded in yellow, the medium collapse risk line (in this case, 5% depth of failure) is shaded in orange, and the high
collapse risk line (in this case, 10% damage), is shaded in red. The mud weight used to drill the well is shown as the
black line and is about 10 ppg. The modeled ECDs are shaded in red and range from about 11 to 12.7 ppg, depending
on rheology. The modeled swab pressures are shaded in red and range from about 8.1 to 9.2 ppg, depending on
tripping speed.

1st Sidetrack wellbore
Rock mechanics versus ECD/swab loads

Depth, ft

Operators drilling in parts of the Permian Basin
face drilling difficulties including stuck pipe and
lost wellbores, resulting in marginal economics.
The Permian Basin contains low-permeability
organic-rich shales, where horizontal drilling and
hydraulic fracturing improve economic success.
Operators have found that drilling horizontal wells
in this area can be erratic in performance. The
wells are either very easy or very troublesome to
drill. If it is a challenging well, the consequences
are often severe with no obvious solutions.
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Rock mechanics for 2nd
attempt.
Losses with 12.1 ppg mud
were explainable.
ECD exceeded
losses gradient.

Upper hole had been
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already from the 1st wellbore.
Swab loads (on numerous
trips) kept reducing bottom
hole pressure into
medium-risk level.
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Figure 5. Rock mechanics look-back analysis for the second unsuccessful well path. This was projected from the
MEM created for the vertical pilot well. The well path is shown from the heel (top) to toe (bottom) of the well. The
losses threshold is shaded in blue, the safe mud-weight window is shown in white, the wellbore damage initiation
line is shaded in yellow, the medium collapse risk line (in this case 5% depth of failure) is shaded in orange, and the
high collapse risk line (in this case 10% damage), is shaded in red. The mud weight used to drill the well is shown as
the black line and is about 10 ppg. The modeled ECDs are shaded in red and range from about 11.1 to 12.4 ppg. The
modeled swab pressures are shaded in red and range from about 8.3 to 9.3 ppg. After repeated packing off, the mud
weight was raised to 12.1 and the modeled ECDs, shown in the upper right hand corner in pink, ranged from 14.6 to
16.3 ppg, which are above the loss threshold.
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calculated the dynamic bottomhole environment
with drilling ECDs, tripping swab, and casing
circulating and cementing ECDs that the first two
wellbores experienced. The static and dynamic
loads that the wellbore felt were then overlaid,
and interpretation was jointly performed by the
drilling and geomechanics engineers. The newly
created geomechanics model was able to successfully explain the experiences on the first two
unsuccessful attempts, shown in Figs. 4 and 5.
On the first unsuccessful attempt, the well
path crossed two weak zones, which required
significantly more mud weight for stability, one
in the middle of the lateral and one deeper
where the BHA became stuck. When drilling and
circulating, the ECDs were sufficiently high to
prevent serious wellbore failure. However, with
static conditions, such as connections, these
two weak zones were likely failing quickly. The
BHA packed off and was stuck after a drilling
connection shortly after drilling into the second
weak zone. This initial packoff could have been
at either unstable depth. The BHA was eventually
freed, but, in the process of getting the BHA out
of the hole, the hole packed off many times. As
such, before abandoning this wellbore, it had likely
been exposed to violent hydraulic hammering
many times. On the second unsuccessful attempt,
the model shows that no significant problems
should have been experienced. Unfortunately, the
second wellbore was sidetracked from the original
wellbore, which had likely been hydraulically
hammered, a very violent process that makes any
static modeling irrelevant. When the mud weight
was raised to 12.1 ppg, the model confirms that
losses were as expected, in hindsight. Therefore,
the results of the hindcast analysis showed that
the geomechanical model was able to explain the
wellbore troubles. This provided confidence that
the geomechanical model could be used for well
planning of a third wellbore.
To make decisions about drilling the third
wellbore, the pilot-hole MEM with the depth
of failure analysis was used. Fig. 6 shows the
collapse-ECD window for a horizontal wellbore vs.
TVD in all possible reservoir intervals. The MEM
shows significant variation in the mud weight
necessary for stability, depending on what layer
the well path traverses. A target with a ±15-ft
TVD window was recommended, deeper than
the original attempts based on the widest mudweight ECD window. This target was identified for
drilling quality, without compromising reservoir
or completion quality. Further, a mud weight of
11.2 ppg was recommended, as opposed to the
original wells that used 10.0 ppg. This mud weight
recommendation was based on keeping the
bottomhole pressure above the medium collapse
risk level. Note this mud weight allowed no
margin for swab.
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ECD modeling was then performed for the basecase situation, in this case with the rig’s existing
4-in drillpipe and the same mud rheologies as
used on the previous attempts. Fig. 7 shows the
resultant ECD and swab fluctuations, for realistic
mud rheology and trip-speed ranges vs. the rock
mechanics window. With the recommended
11.2 ppg mud weight, the ECDs at the heel are
acceptable, but ECDs could be unacceptable by
TD. With this base-case solution, the lateral may
be forced to stop quite early, depending upon
what layer of rock the well is in.
An alternative option was therefore required. The
most effective ECD solutions are normally design
solutions, such as either upsizing the casing,
setting the casing as a liner, or using smaller
drillpipe. However, with 7-in casing already set at
the heel, and the rig essentially waiting on results,
there were limited options. Of the things that could
be done to reduce ECDs in this situation, Fig. 8
shows that mud rheology is the most significant
factor. In effect, a small change in rheology has
far more impact than a large change in flowrate
or ROP. Fig. 9 shows the ECD situation with
thinner mud. This confirms that TD can be reached
without losses, if the mud is kept suitably thin.
The results of this were first presented to the
customer’s decision-making team in the office.
With a plan in place, it was then presented to the
onsite team, which included drilling supervisors,
mud engineers, directional drillers, and geologists.
The importance of staying within a particular
zone was highlighted, as were the mud weight
and mud properties. The tripping practices were
to be changed, since normal tripping would likely
self-induce wellbore collapse. Any trip out would
be pumped out to a particular depth inside casing.
With good teamwork and collaboration, the third
attempt was then drilled and completed according
to the new geomechanics-driven plan, without any
significant problems.

Conclusions

An innovative new approach to geomechanics
analysis is having significant benefits for operators
attempting to drill and complete horizontal wells in
troublesome unconventional shale plays. Gamechanging results have been achieved for customers,
with consistent success being expected where
drilling problems were previously common.
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Figure 6. The horizontal rock mechanics vs. TVD in the reservoir section. The collapselosses threshold is shown for a projected horizontal well drilled at every depth relative
to the vertical pilot well. The losses threshold is shaded in blue, the safe mud-weight
window is shown in white, the wellbore damage initiation line is shaded in yellow, the
medium collapse risk line is shaded in orange, and the high collapse risk is shaded in
red. The original wellbores were drilled with 10 ppg and crossed the layers shown by
the black line. Using rock mechanics analysis, a deeper depth, shown by the green
lines, was recommended as the best place to drill the third horizontal wellbore attempt.
11.2 ppg mud weight was recommended.
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Figure 7. The same analysis as shown in Fig. 6 with the modeled dynamic loads,
including expected swab and ECD pressures at TD. The ECD range is driven by subtle
changes in rheology.
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Figure 8. Tornado chart showing the effect of various drilling parameters on ECD, given
the mud type and drill string parameters. In this case, mud rheology has the largest
effect on ECD.
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Prediction of Wellbore Stability Using
3D Finite Element Model in a Shallow
Unconsolidated Heavy-Oil Sand in a
Kuwait Field
Khalid Ahmed, SPE, Kuwait Oil Company; Khaqan Khan, SPE, and
Assef Mohamad-Hussein, SPE, Schlumberger

As a part of field development campaign to
produce heavy-oil from a shallow sandstone
reservoir, among vertical wells, drilling of
horizontal wells was considered as an option.
However, due to the weak and unconsolidated
nature of sand, stability of horizontal wellbore
during drilling was considered a major
unknown. The stability of rock around the
wellbore during drilling is function of several
factors including rock strength, in situ stresses,
pore pressure and drilling parameters which
require integration of various data sets into a
geomechanical analysis of wellbore stability.
A comprehensive geomechanical study was
conducted by utilizing and incorporating data from
five existing offset vertical wells to constrain the
state of stress and rock strength profiles along
depth. The aim was to optimize field development
by evaluating the risk of hole stability during
drilling, recommending mud weight for upcoming
horizontal wells and suggesting well azimuths
along which horizontal wellbores will be more
stable during drilling and production.
To closely simulate the actual stress state and rock
deformation around the wellbore during drilling, a
3D finite element-based wellbore model was built.
The analysis was performed for a range of mud
weights to analyze the sensitivity of hole stability
to mud weight variations. Based on the study, mud
weight was recommended to drill the planned
horizontal wells. In addition, the analysis suggests
that for the given stress state in the study field,
horizontal wells oriented sub-parallel to the
minimum horizontal in situ stress would be more
stable during drilling and production compared
to those oriented sub-parallel to the maximum
horizontal in situ stress.
As part of field development campaign and
production strategy in a heavy oil sand in Kuwait,
both cold production and steam injection are
being considered. While majority of wells are
planned to be vertical, a good number (~30%) of
future wells are planned to be horizontal. Due to
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the nature of envisaged production operations,
field development strategy and the characteristics
of unconsolidated sand, a geomechanics study
was conducted to investigate the risk of wellbore
stability during drilling and suggest mud weight
for successful drilling of horizontal wells to
optimize field development campaign.
The geomechanical analysis was focused
on characterization of in situ stresses, rock
mechanical properties and rock strength
parameters by integrating all available information
from laboratory tests, drilling events, logs data
and downhole measurements. The main objective
of the study was to get a better understanding of
the formation strength and in situ stresses, and
use this information coherently in an integrated
geomechanical analysis to recommend safe mud
weight during drilling of upcoming horizontal
wells. While the short term objective of study
was to suggest drilling directions along which
horizontal wellbores would be stable during
drilling and production the geomechanics
understanding and knowledge of the field
would be used in subsequent stages of the field
development and production optimization.
The shallow heavy oil reservoir in the current
study consists of sand deposits of unconsolidated
to poorly-consolidated sand covering an area of
1,200 km². The lithology sequence from surface
to reservoir sand includes the surface Kuwait
series sand, which has the fresh water aquifer
in Dibdiba (some 150 ft to 250 ft in depth) and a
brackish water channel just above the Cap Shale.
The formation depth is 260 ft in south and 550 ft
in north to top of unconformity and the formation
thickness is 750 ft in south and 900 ft in north
from top of unconformity (Fig.1). Throughout the
field, the Cap Shale and Mid Shale are developed,
where as the intervening shales between reservoir
sand (F1 and F2) bodies are more or less localized.
The reservoir sand has porosity between 25% and
35% and permeability above 1000 md. Between
1979 and 1986, 104 vertical were drilled in the
study field and oil production was continued
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till the Gulf war in 1990 through two pilots. Details of these along typical
reservoir parameters can be found in (Milhem and Ahmed, 1987; Ahmed and
Milhem, 1989; and Al-Qabandi etal., 1995).
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F1 Pay Sand
Mid Shale
F2 Pay sand
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900’

Reservoir Bottom

Offset Wells Drilling Experience and Hole Condition

The drilling experience from offset wells provides crucial information to
understand the nature and type of problems as well as their relationship with
other controllable drilling parameters. Moreover, such analysis serves as a
tool to validate and calibrate the geomechanical model before attempting to
use it for mud weight predictions for future drilling. In the analysis of drilling
experience, information regarding actual mud weight used during drilling
and associated drilling problems is collected from daily drilling reports. This
information is then correlated with observed hole condition to make logical
inferences of hole stability on drilling parameters.

260’

Reservoir Top

To assess the wellbore stability during drilling, mechanical earth model (MEM)
was developed focusing on rock strength and in stress characterization from
available data. The MEM was then incorporated into a 3D finite element
wellbore model to predict the stability of hole during drilling to suggest
mud weight for upcoming horizontal wells. Prior to that a review of drilling
information and hole stability in offset vertical wells was conducted to
understand the formation stability and its dependency on mud weight
variations (if any).
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Figure 1. Typical north-south cross section of the study area showing reservoir sands
(F1 and F2) below the Cap Shale.
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Figure 2. Oriented caliper data in study wells. Cored wells (wells 1–5, drilled mud
weight typically between 9 ppg and 9.1 ppg) are intermittently enlarged noticeable
more than well-13 (drilled with mud weight of 9.4 ppg). Notice also symmetrically
enlargedhole indicating likely small horizontal stress anisotropy. The dashed vertical
black line represents the bit size (8.5-in).
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The drilling parameters, experience and the associated hole condition serves
as broader basis of understanding the formation response during drilling
so as to optimize the mud weight design and predictions for future drilling
operations. For that, a mechanical earth model was then developed using
all available data discussed in sections below.
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The analysis of daily drilling reports from six wells included in the study
suggests that no major problems were encountered during drilling. The
initial five wells were cored and to avoid/minimize core damage, the mud
used was relatively solids free and its weight was maintained between 9 ppg
and 9.1 ppg. The well-13 (most recent) was not cored and it was drilled
with relatively higher mud weight (~9.4 ppg). To illustrate and explain the
effect of mud weight on hole condition, available oriented caliper logs from
all wells are plotted using well Fig. 2. It is clear from Fig. 2 that cored wells
show significantly more hole enlargements than well-13. Reduced effective
mud support at the wellbore wall due to lower mud weight and tendency of
pore pressure increase in the near wellbore region due to low solids content
could be the reason for excessive enlargements in the cored wells. These
enlargements are generally more common in the bottom of the hole and less
severe in the cored interval (probably also due to lower ECD during coring).
When solid contents are less, mud can penetrate in the near-wellbore region
and increase the pore pressure (decrease effective stresses in rock). Since
rock is weakly-cemented, any swab/surge during tripping can destabilize the
hole resulting in enlargements. In case of higher mud weight (more solids),
solids tend to develop cake against the porous and permeable wellbore wall
which reduces mud penetration and increases effective mud support thereby
enhancing stability of well during drilling. The observed hole enlargements
from oriented caliper logs indicate that hole is symmetrically enlarged in all
directions suggesting that horizontal stress anisotropy is likely to be small.
The field data indicates that mud weight has significant effect on hole stability
and higher mud weight tends to stabilize the hole.
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Figure 3. Summary of experimental (solid) and modeled (dashed) stress strain curves
under different confining pressures for F1A (a) and F2 (b) sands. The modeled curves
are based on combination of modified Drucker-Prager and strain hardening parameters
from hyperbolic model and show close match with the corresponding experimental
data. The effective confining pressure values are also displayed on each curve.

Geomechanical Model Construction

Good understanding of formation competency and in situ stresses is
fundamental to all geomechanical analyses and predictions including
wellbore stability during drilling and production, sanding risk analysis, and
perforations stability. To accurately constrain these properties and parameters,
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a mechanical earth model (MEM) for a given well/
field is developed focusing on specific formations
and/or casing sections. A MEM is a numerical
representation of the state of in-situ stresses,
pore pressure and rock mechanical properties
for a specific stratigraphic section in a field or
basin (Plumb et al., 2000). Various data sets
including wireline logs, core measurements, drilling
experience and downhole information are utilized
and coherently integrated to construct a MEM.

can vary on field scale, core-based properties from
laboratory measurements are used to calibrate
the log-based properties. Data from several
representative wells can be incorporated and
integrated to assess and address the field-scale
natural variability of rock strength and reduce
its uncertainty. These data can then be upscaled
to perform appropriate geomechanical analysis
for reservoir scale production and stimulation
operations.

The basic approach for any geomechanical
analysis is to integrate all available data or
indications of rock strength, deformability, in
situ stress, pore pressure etc., into a mechanical
earth model (MEM), then to calibrate this
MEM as rigorously as possible using available
measurements and observations in order to
arrive at an internally consistent representation
of the key geomechanical properties and
parameters needed for subsequent analyses
and engineering designs (Plumb et al., 2000;
Ali, et al., 2003). The MEM can be revised and
updated as more data becomes available (i.e.,
in real-time during drilling, or after new logs or
field measurements are acquired), and it may
include some time-dependent components that
reflect geomechanical changes occurring over
the life of a field such as pore pressure changes
with production and injection operations and
associated stress changes.

Rock strength data was available from core
measurements in F1A and F1B sands. The samples
were tested in drained triaxial test under effective
confining pressures ranging from 25 psi to 600 psi.
Pore pressure was held at constant value of
500 psi in all tests while axial and volumetric
strain measurements were recorded during both
hydrostatic and axial phases of triaxial tests.
Radial strain gage data was also recorded in some
samples. All samples were flushed with mineral oil
prior to actual testing in order to remove heavy oil
which may hamper the pressure and volumetric
deformation measurements due to its viscous nature.

Starting with data QC, review and integration,
the MEM construction involves a number of steps
in a hierarchal order where each step serves
as basis for the next one. In addition, drilling
parameters, drilling-related events and experience
are also used as an input for the model calibration
and refinement. Details of MEM construction
along with data integration are discussed in the
following subsections
Rock strength characterization. The stability
of rock under different loading conditions in
the subsurface environment during drilling and
production is controlled by the strength of the
formation. These properties are therefore basic
and essential parameters for any geomechanical
analysis and prediction. The rock mechanical
properties include elastic constants (Young’s
modulus and Poisson’s ratio), and rock strength
data such as unconfined compressive strength
(UCS) and internal friction angle (φ). Logs data,
notably compressional and shear slowness and
rock bulk density, are utilized to compute these
properties along depth in a given formation
interval. The continuous profiles of these
properties along depth give important indication
of natural variations of formation competence and
strength in different layers along depth within
the interval of interest. However, as log-based
properties are dynamic in nature and rock strength
50

The summary of stress-strain curves (solid
lines) are shown in Fig. 3. The axial loading of
samples was not possible behind certain axial
strain value due to limitations in the testing
apparatus. However, available stress-strain
response is sufficient to define the material law
and differentiate elastic and plastic trend and
behavior for numerical simulation using FEM. To
accurately model the material plasticity and strain
hardening behavior for finite element simulations,
Drucker-Prager model (Settari and Wlaters 1999)
with hardening parameters from hyperbolic model
(Duncan and Chang 1970; Al-Shayea etal., 2003)
were used. The resulting stress strain curves
(dotted lines) from model are also plotted in Fig. 3
for each test which exhibit excellent match
between experimental results particularly at low
confining pressures which is more relevant for
near-wellbore applications (i.e., drilling). This
material law was later used in FE simulations of
wellbore stability during drilling and mud weight
predictions for upcoming horizontal wells in the
current study.
To address possible field-scale spatial variations
and vertical heterogeneities in rock strength and
its impact on drilling and production optimization,
it is required that available laboratory tests data
is integrated and calibrated with logs and then
extrapolated to other wells. This was achieved
using Mohr–Coulomb shear failure criterion
applied to available triaxial tests data. The sample
at 25 psi (Fig. 3) effective confining pressure in
F1B sand exhibiting shear failure at 10% axial
strain was used as a basis for this approach.
Based on this shear failure at lowest confining
pressure and recognizing that the triaxial data
under low confining pressures is more relevant
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The effective confining pressures and
corresponding peak axial stresses were used
to construct Mohr circles as shown in Fig. 4(a)
for F1A and F1B sands. The failure envelopes in
each case are constructed by drawing tangent
to circles. The tangent on Mohr circles at low
confining pressures (green dashed line) is more
appropriate to define failure envelope for loading
conditions in the near-wellbore area. The
resulting cohesion (intercept of tangent line)
for F1A and F1B sands are 72 psi and 113 psi,
respectively. The corresponding frictional angle
(slope of tangent line) for F1A and F1B sand
is 25° and 27°, respectively. The friction angle
of sand depends on several factors including
degree of compaction, grain size distribution
and clay content etc. Similar results have been
reported for heavy oil sands elsewhere in the
literature (Vasquez etal., 1999; Burton etal., 2005).
With the known cohesion and frictional angle,
the unconfined compressive strength (UCS) is
calculated by the following relationship:
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F1A F1A

Shear stress (psi)

for near-wellbore applications during drilling and
production, peak axial stresses were chosen at
10% axial strain on the stress-strain curve for each
confining pressure.
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Figure 4. (a) Mohr–Coulomb failure criterion using envelope in F1A and F1B sands. The failure envelope at low
confining pressures (green dashed line) is more relevant for near-wellbore application giving cohesion and frictional
angle of 113 psi and 27°, respectively. (b) Rock strength profiles calibrated with laboratory strength data. The
measured UCS and frictional angle show excellent match with the predicted profiles suggesting high confidence in
rock strength characterization in Lower Fars.

UCS = 2×C×Cos(φ)(1-Sin(φ))
Where, C is cohesion, and φ is frictional angle,
respectively.
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Figure 5. Summary of current (undepleted) pore pressure
data in study wells from Lower Fars acquired through
MDT and other downhole measurements. Pore pressure
in F1A and F1B sands varies between 230 psi and 250
psi following a gradient of 0.33 psi/ft.

Shale

Sand
Figure 6. Symmetrical (180° apart) breakouts (blue rectangles) in shale (left). The average breakout azimuth is N130°E
indicating maximum horizontal stress direction of N45°E (consistent with regional tectonics and stress trend). Example
of unsymmetrical hole failure in well SR-0001 in F2 B sand. Notice the existence of only single breakout near the top
section and the merging of failure zones in the middle section. In low horizontal stress anisotropy regime, wellbore wall
failure (if develops) can initiate at any point at the wellbore wall.
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These results suggest that UCS for F1A and F1B
is 261 psi and 389 psi, respectively. The UCS and
frictional angle together define the shear strength
of the rock.
The above rock strength parameters from core
measurements were further utilized to calibrate
the log-based strength profiles. Mechpro algorithm
was to compute the log-based rock strength
profiles. The Mechpro correlation incorporates
most of standard log parameters (GR, RHOB,
DTCO, DTSM, and Porosity) which can include
both the lithological variations as well associated
possible changes in mechanical response in
different layers along depth and is considered
appropriate for the formations in the study. The
governing equation of Mechpro correlation is
shown below:
UCS = 0.0866×Edyn×(0.008Vsh+0.00451(1-Vsh))/Cdyn

Where Cdyn is the Dynamic Bulk Compressibility,
and can be expressed as:

Cdyn= 1/Kdyn
Where:
UCS = Unconfined Compressive Strength (Mpsi);
Edyn = Dynamic Young’s Modulus (Mpsi);
Kdyn = Dynamic Bulk Modulus (1/Mpsi);
Vsh = shale or clay volume in fraction;
The calibrated UCS profile (red curve) along with
the laboratory strength data are shown in Fig. 4
(b). The UCS value from laboratory measurements
in both F1A and F1B sands show excellent match
with the predicted strength values suggesting
high confidence in rock strength characterization.
As it is possible to have low cohesion or
UCS in unconsolidated sand from laboratory
measurements due to potential core damage at
various scales during several stages from coring to
testing, the actual rock strength downhole could
be bit higher and the calibrated UCS profiles with
laboratory strength data may be considered as
lower bound.
Pore pressure. Pore pressure within the earth
crust plays a vital role in geomechanical analysis
for drilling and production applications, defining
stress magnitudes and fracture gradient. As pore
pressure changes with time during the life cycle of
a field due to production and injection processes,
the stress magnitudes and fracture gradient are
expected to change accordingly.
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Pore pressure data from downhole measurements
is plotted in Fig. 5. In F1A and F1B sands pore
pressure varies between 230 psi and 250 psi
following a pressure gradient of 0.33 psi/ft. In the
underlying F2 sand, pore pressure is bit higher
with gradient of 0.37 psi/ft.

Maximum horizontal stress direction. The
horizontal stress direction plays an important
role in stability of horizontal and highly deviated
wells as well as stability of perforation tunnels,
particularly when horizontal stress anisotropy is
large. Knowing the stress direction and combined
with the relative stress magnitudes, there could be
some favorable drilling directions and perforation
orientations along which these openings would
experience less stress and hence remain stable.
The drilling process in subsurface rock formations
results in the removal of an already stressed
in situ rock material. As a result, the stress
originally carried by the removed rock mass is
redistributed in the surrounding rock around
the wellbore. This stress redistribution causes a
stress concentration, which is higher than the
original in situ earth stresses. If induced stresses
in the vicinity of the wellbore exceed strength of
the surrounding rock, the wellbore wall failure
occurs. This stress induced wellbore failure can
be compressive (breakouts) or tensile (drilling
induced tensile cracks) in nature. The existence
or absence of stress induced wellbore failure and
its severity along logged interval is used as a key
input for MEM calibration and constraining the
magnitude of maximum horizontal stress. Apart
from the stress concentration at the wellbore wall
due to geometrical effects, formation anisotropy,
presence of beddings, fractures, discontinuities,
preferred grain alignment and orientation can
also result in localized failure which needs to
be differentiated from the stress induced
wellbore failure.
Analysis of image data shows typical stress
induced breakouts in some shale intervals
Fig. 6(a) indicating breakouts azimuth of N135°E.
The resulting maximum horizontal stress generally
varies between N20°E and N45°E which is
consistent with the regional stress direction and
tectonic trends.
On the other hand, in sand, apparently unsymmetrical
breakouts were observed in image Fig. 6(b). In
ideal conditions of homogenous and isotropic
(same material properties in all direction) rock, if
failure occurs at the wellbore wall due to stress
concentration, the wellbore failure should be
symmetrical (similar to washed out hole as seen
in caliper data intermittently along depth in study
wells). However, preferred orientation of grains,
packing and distribution due to deposi-tional
factors, stress may concentrate along certain
directions which can result in localized initiation of
failure at these points. With time and due to other
disturbances during drilling operation, the failure
zones can interact and merge as also observed in
some intervals in the image data Fig. 6(b).
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Where σν is overburden stress, ρ is formation bulk
density and g is gravitational constant.
For offshore case, the weight of water is to be
added in the above equation. The overburden
stress in the current study in the reservoir is
about 17.25 ppg (0.9 psi/ft). Due to relatively
flat topography of the area, it was assumed that
overburden stress is one of the principle stresses.
Minimum horizontal stress magnitude. One
of the basic components of in situ stress state is
the minimum horizontal stress (σh). It is derived
primarily from gravitational loading in the rock (i.e.,
the overburden stress), with further perturbation
due to tectonic and thermal effects etc. Therefore,
a simple gravitational compaction model can be
used to provide an initial estimate of σh (Fjaer
et al., 1992). Considering the situation of a
horizontally layered formation being deposited
without any tectonic effects, then the formation
rock has to carry the weight of overlying formation
(vertical stress). Deformation in the horizontal
plane is restrained (as all the surrounded rock has
been subjected to the same vertical stress), and
the total lateral restraint is effectively achieved
by the generation of horizontal stresses to the
formations. The governing equation of the
horizontal stress using poroelastic approach is
given by:

Where,
σh= minimum horizontal stress,
ν = Poisson’s ratio of rock
α = Biot’s coefficient
Pp = Pore pressure
E is Young’s modulus of rock
εx and εy are strains along the minimum and
maximum horizontal stress direction, respectively.
In long-term sedimentation and deposition, the
reservoir is buried, and some creep or spreading
occurs. The reservoir may also experience a
number of geological events such as tectonic
loading, faulting or thermal changes which
can alter the stresses. The measured data such
as ELOT can be used to calibrate the stress to
reduce its uncertainty. The equation 5 was used

Maximum horizontal stress magnitude. Having
constrained all other geomechanical parameters,
the last parameter to be obtained is the maximum
horizontal stress. Contrary to minimum horizontal
stress (σh), direct measurement of maximum
horizontal stress (σH) is not possible. However,
it can be inferred with reasonable accuracy
through modeling, similar to that for σH but using
additional constraints from wellbore failure as
indicated by caliper logs or images (Frydman
and Ramirez, 2006). In addition, in vertical wells
with relatively flat (<20°) dip, shear anisotropy
from dipole Sonic and Sonic Scanner data can be
reasonably attributed to anisotropy between two
horizontal stresses and the shear anisotropy can
be used as an input to calculate the maximum
horizontal stress with known minimum horizontal
stress profile (Sinha and Kostek, 1996; Liu and
Sinha 2003). The stress profiles can be further
refined using drilling data and hole condition in
each individual well.
The shear anisotropy data from well-4 is shown in
Fig. 8 suggesting that anisotropy typically varies
between 2% and 8% in the reservoir interval while
majority of data (60%) indicates anisotropy below
5%. The oriented caliper data from all study wells
also suggest that horizontal stress is likely to be
small in the reservoir formations. The maximum
horizontal stress profile was first constrained from
the known minimum horizontal stress and using
horizontal stress anisotropy. The constrained
stress profile was further refined by comparing the
predicted and observed hole condition (breakouts
etc) and incorporating the drilling data in each
study well as illustrated in Fig. 9. The predicted
breakouts match very well with the observed
breakouts indicating that maximum horizontal
stress and the geomechanical model is well
constrained and representative of the in situ stress
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Figure 7. Minimum horizontal stress profile in well-13.
The green curve is calibrated with ELOT data (red dot
symbol) in F1A sand while blue curve represents the
uncalibrated stress profile based on poroelastic horizontal
strain model. Notice the variation in stress in different
layers along depth.
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to calculate the minimum horizontal stress profile
assuming the lateral restraint (i.e., εx and εy set
to 0). In well-13, an extended leak-off test (ELOT)
was conducted in F1A sand giving minimum
horizontal stress gradient of 0.6 psi/ft. The original
stress profile (based on equation 5) and the one
calibrated with the ELOT are shown in Fig. 7. While
calibrated stress profile indicates slightly lower
stress than the trend predicted by the poroelastic
approach, the difference between the two is
not significant. This suggests that poroelastic
approach gives reasonably reliable results for
the formations in study and maybe generally
applicable for shallow unconsolidated sands.
It is also evident from the Fig. 6 that stresses in
different layers can vary and can have different
gradients depending on their elastic properties.
Using ELOT data to generate continuous constant
gradient stress profile could induce significant
errors in geomechanical model and in subsequent
predictions.
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Overburden stress magnitude. The overburden
stress is one of the in situ stresses required as an
input for geomechanical analysis. At a given depth
point (z) below ground surface, the overburden
stress is the weight of overlying earth material
and can be calculated by integrating a density log
for the above formations given by the following
equation:
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Figure 8. Shear anisotropy in the 8.5-in hole section in
wells-4 generally varies between 2% and 8% suggesting
relatively small anisotropy between two horizontal
stresses. The shear anisotropy data was used as an
input to first calculate the maximum horizontal stress
(from know minimum horizontal stress). The calculated
stress profile was further refined using drilling data and
observed hole condition.
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state in the study field. Same approach was used
in all study wells and results are quite consistent
and within acceptable trends of natural variations.
The results from study wells indicate that normal
faulting stress regime is predominantly present in
study field. The overburden stress is the maximum
principal stress and two horizontal stresses are
intermediate and minor principal in situ stress.
Due to the natural variations in material stiffness
along depth, the minimum horizontal stress
gradient lies between ~0.6 psi/ft and ~0.65 psi/
ft while maximum horizontal stress gradient varies
between 0.65 psi/ft and 0.70 psi/ft.

Wellbore Stability Predictions

As per the field development and completion
strategy, the 7-in casing is to be set at the top of
the reservoir and the horizontal drain hole with an
approximate length of 400 ft is to be subsequently
drilled in the reservoir and completed with 5-in
slotted liner. The analysis presented here focuses
on the stability of the horizontal drain to be
drilled in the reservoir sand. Due to weak and
unconsolidated nature of the sand and higher
stress from the overburden it was required to
evaluate the risk of hole stability and suggest
appropriate mud weight to successfully drill and
complete the hole.
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Table 1. Summary of
parameters used in finite
element simulations for
wellbore stability analysis.

Overburden stress, psi

Stability of horizontal wellbores was analyzed
using 3D finite element which can incorporate
the stress in the third dimension more precisely
by closely simulating the material behavior as
a wellbore would experience during drilling.
VISAGE Finite Element software is used in the
3D analysis. Fig. 10a represents the 3D finite
element grid of wellbore model along with farfield stresses and global coordinates Fig. 10b. The
angle θ (Fig. 10b) represents the azimuth of the
horizontal wellbore from the maximum principal
horizontal stress σH. The rock properties and
material models explained earlier were used in
the wellbore stability simulations. In the 3D finite
element analyses, equilibrium and compatibility of
the entire system are modeled in order to provide
more accurate results of rock deformations, strains
and stresses around the wellbore. The horizontal
stress magnitudes used in the analysis are the

lower bound values (10% on the cumulative
distribution in the studied wells) which represent
the critical (i.e., predicted mud weight would be
higher) case of hole stability as the horizontal well
may intersect layers of varying horizontal stresses
due to possible natural variations in the field.
The input parameters used in the simulations are
summarized in Table 1.
The analysis was performed for mud weights of
9.5 ppg, 9.8 ppg, 10 ppg, and 10.5 ppg in order
to assess the sensitivity of hole stability on mud
weight so as to recommend the optimum mud
weight during drilling of upcoming horizontal
wells. Fig 11 shows some of results displaying
contours of plastic strain developed around the
wellbore in response to drilling. These results are
further plotted in Fig 12 for horizontal wellbores
oriented along East-West (at 50° from maximum
horizontal stress direction). These charts show the
total radial and tangential strains at the top and
sides of the hole plotted as a function of distance
from the face of the wellbore (0 represents the
face of the wellbore) along X-axis. The maximum
strain is about 2.5% at the sides of the hole due
to higher stress concentration. These strain values
are, however, lower than the cut-off value of
8%-10% used to define the failure in triaxial tests.
Hence, the wellbore appears to be stable for the
mud weight range considered above and the
results of higher mud weight are not significantly
different from the results of lower mud weight.
However, as higher mud weights would have
higher risk of formation damage, excessively high
mud weight should be avoided, wherever possible.
The mud weight used in offset vertical wells in
generally varies between 9.2 ppg and 9.4 ppg
which gave stable hole condition. Due to normal
faulting stress regime in the field, the horizontal
wells could be less stable than a vertical well
depending on the relative magnitudes of three
principal in situ stresses and wellbore azimuths.
Therefore, it is recommended to drill the planned
horizontal wells along east-west with a mud
weight of 9.8 ppg.
To assess sensitivity of wellbore stability with
varying hole azimuth in the study field, finite
element simulations were performed for a
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horizontal well considering well azimuths of N45°E
(sub-parallel to maximum horizontal stress) and
N130°E (sub-parallel to minimum horizontals
stress). These well azimuths represent the two
extreme cases of wellbore stability, considering
the stress state in the field. The results for all
remaining azimuths (for horizontal well) would fall
within these limits. In both cases, a mud weight
of 10 ppg was used in the analyses while stresses
and pore pressure values were the same as shown
in Table 1. The strain values from the two cases
were compared to assess the relative difference in
stability as. These results indicate that while both
wells appear to be stable for the given mud weight
(predicted strain at the wellbore wall is below
the cut-off value of 8% to 10%), the well oriented
along minimum horizontal stress is more stable
than the well perpendicular to it. This indicates
that the same mud weight can be used to drill
horizontal wells in Lower Fars which is 9.8 ppg
from the current geomechanical analysis.

Conclusions
■■

■■

■■

■■

The drilling information and hole condition from
six offset vertical wells indicate that higher mud
weight have a stabilizing effect on hole when
mud weight is increased from 9 ppg to 9.4 ppg.
The poroelastic model with lateral restraint
shows close match with the minimum
horizontal stress from the ELOT indicating
minimum horizontal stress around 0.6 psi/ft in
the upper reservoir sand. The stress, however,
varies across different layers due to varying
rock stiffness and mechanical response.
The image data analysis indicated that
symmetrical breakouts occasionally exist in
shale suggesting maximum horizontal stress
direction consistent with the regional trend.
The unsymmetrical breakouts (triple breakouts)
were more commonly observed in several
sand intervals in the study wells likely due to
material anisotropy due to low horizontal stress
anisotropy and preferred orientation of grains,
packing and distribution due to depositional
factors, stress may concentrate along certain
directions which can result in localized initiation
of failure at these points. The dipole sonic data
indicates that horizontal stress anisotropy over
most of the logged interval is less than 6%.
Likewise, oriented caliper data also indicate
that the horizontal stress anisotropy is not
significant in the reservoir.
The stress-strain data from triaxial tests
indicates strain hardening response which
was simulated by the combination of DruckerPrager and hyperbolic models to honor the
failure stress as well as deformation and plastic
behavior of the sands.
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Figure 9. Comparison of predicted and observed hole conditions in well SR-0001 to constrain the maximum horizontal
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Figure 11. Wellbore deformation during drilling process (a), simulated displacement/
strain around the wellbore wall (b) (see Fig. 12 for details of results).
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The measured frictional angle was found
to be 25° and 27° for F1A and F1B sands,
respectively. Similar strength values have
been reported for heavy-oil sand reported in
the literature. The log-based rock strength
calibrated with core data indicates that F1A
sand is relatively stronger than F1B sand. The
rock strength in F1B is more uniform while
in F1A sand, the rock strength shows slightly
more variation. The UCS in all the study wells
typically varies between 200 psi and 600 psi.
As there could be some degree of core damage
in different stages from coring to testing, these
values may represent a lower bound. The
actual downhole in-situ rock strength may
be slightly higher.
The stress state in the study field appears
to be predominantly Normal Faulting.
The 3-D wellbore stability analysis was
performed using VISAGE Finite Element
software by incorporating MEM parameters
and material models of horizontal wellbores
can be drilled with mud weight of 9.8 ppg.
Due to insignificant anisotropy between the
two horizontal stresses, there is no strong
dependency of stability of horizontal wells
in the study field. However, wells oriented
sub-parallel to the minimum horizontal stress
would be generally more stable.

Nomenclature

σh – Minimum horizontal stress
ELOT – Extended leakoff test
σν – Overburden stress
σH – Maximum horizontal stress
UCS – Unconfined compressive stress
FANG – Friction angle
C – Cohesions
Edyn – Dynamic Young’s modulus (Mpsi);
Kdyn – Dynamic bulk compressibility (1/Mpsi);
Vsh – shale or clay volume in fraction
Pp – Pore pressure
ν – Poisson’s ratio
εx – Horizontal strain along minim horizontal stress
εy – strain along maximum horizontal stress
α – Biot’s coefficient
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