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TreOMeXaHHuKa, pacuer
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Oypenue, meinb¢ GanTuiickoro
MOpsi.

Geomechanical modeling aims at solving problems associated with ensuring accident-free well drilling. The paper deals with
building a numerical 3D geomechanical model for a studied field with a further production well stability computation. The region of
operations is located in the Baltic Sea shelf. Apart from the field summary, the study contains results of acquisition and audit of
initial data for modeling. The method is discussed for unidimensional geomechanical modeling on key wells, including
determination of dynamic and static elasticity and strength of the rock varieties, computations of pore pressure, vertical and
horizontal stresses. Well stability computations have been obtained and analyzed on the basis of the findings of 1D geomechanical
modeling. A further analysis deals with the results of 3D geomechanical modeling, i.e. determination of boundaries and building a
structural framework of the model, geometry testing, filling the grid with mechanical properties, and computation of complete stress
tensor using the finite element method (FEM). Results of the 1D- and 3D-modeling have been compared. Thus, a numerical
3D geomechanical model has been built for the field under study. The following stage of works was focused on the wellbore
stability computation for the planned wells. Additionally, computation was performed for drilling mud absorption pressure
gradient cubes, caving pressure, and rock hydraulic fracturing pressure at different inclination angles and drilling azimuths.
Recommendations were developed for accident-free construction of wells in the field under study, including upkeep and update
of the geomechanical model in real time during drilling of wells. The obtained results and techniques can be used in design and
construction of wells in other fields though taking into account regional specifics.

PaccMaTpHBaroTCs pe3ysbTaThl TEOMEXaHMYECKOTO MOJIEIMPOBAHMS ISl PEILeHns 3a/1au B o0nacTy odecneueHus 6e3aBapuitHoi
NPOBOJIKK CKBaXMH. Heo6xommMo mocTponts 4ucieHHyto 3D-reoMexaHH4ecKyto MOJIENb JUIs HCCIIElyeMOro MECTOPOXK/ICHHUS C
TIOCJIE/LYIOLIMM PACUYeTOM YCTOHYMBOCTHU IKCILTYaTalMOHHBIX CKBaXKHH. Pation paboT pacrionoxeH Ha wesbge banruiickoro mops.
IToMuMO  KpaTKOHM XapaKTEpPUCTHKM MECTOPOXK/IEHHs TIPUBEJIEHBI pe3y/bTaThl cOOpa M ay[uTa HCXOJAHBIX JAHHBIX JUIS
MoJIeNMpoBaHus. PaccMOTpeHa MeToiMKa OJIHOMEPHOTO I€OMEXAHWYECKOTO MOJIENMPOBAHUs HA ONOPHBIX CKBaKMHAX, B TOM
4ycyle ONpEJIENIeHHE IMHAMMYECKUX M CTATMYECKHX YNPYrOMPOYHOCTHBIX XapaKTEPUCTHK MOPOJ, PacyeT NOPOBOTO JaBIICHMS,
BEPTUKATBHOTO M TOPH3OHTAIBHOTO HAmNpspkeHWH. ITomydeHbl M NpOaHAIM3MPOBAHBI PACUEThl YCTOHYMBOCTH CKBAXKHH IO
pesynbTatam  1D-reomexaHHM4eckoro MozenMpoBaHus. Jlanee aHaTM3HPYIOTCS PE3yNbTaThl TPEXMEPHOIO I€OMEXaHMYECKOro
MOJIEIMPOBAHHS: ONPEJIENIEHAE IPAHMIL M TIOCTPOEHUE CTPYKTYPHOTO KapKaca MOJIEIH, TECTUPOBAHME T€OMETPHUH, HAMOJIHEHHE
CEeTKM MEXAHMYECKMMH CBOMCTBAMH, a TAKXKE pacueT IMOJHOTO TEH30pa HANPSKCHHII METONOM KOHEYHBIX 3/IEMECHTOB
(MKD). IlpoeneHo comoctapnenue pesynsraroB 1D- u 3D-monenupoBanus. Takum 00pa3oM, HOCTPOEHA HHCIICHHAS
3D-reoMexaHn4eckast MOZENb Ul HCCIEAYEMOro MecTOpoxaeHus. CIeyromyM 3TanoM pa0oT ObUT pacdeT yCTOIYMBOCTH
CTBOJIOB CKB&)XMH JUTS IVIAHUPYEMBIX CKBaKHH. J{OTOTHUTENBHO PACCUUTAHbI KyObI TPAICHTOB JABJICHHS TOITIOIECHHS OYpPOBOTO
pacTBoOpa, NaBIeHUs OOPYLIEHUs ¥ THAPOPasphbiBa TMOPOJ IPH PasIMYHBIX 3€HUTHBIX YIVaX U asuMyTax Oypenus. PazpaGoTaHbi
PpeKOMEHIalMK 1t Oe3aBapUIHOTO CTPOUTENBCTBA CKBAKUH HA UCCIIETYEMOM MECTOPOXKIEHHH, B TOM YHCIIE IO COMPOBOXKICHUIO
U OOHOBJIGHMIO TEOMEXAHMYECKOH MOJENM B PEXUME PEalbHOTO BPEMEHM B Ipoliecce OypeHMs CKBaKHH. IlomyueHHble
PE3yNIbTaThl U METOIMKA BBINOJIHEHHs paboT MOIYT ObITh HCIIONB30BAHbI IPH NMPOEKTHPOBAHUM M CTPOMTENLCTBE CKBAKMH Ha
JIPYTHX MECTOPOXK/IEHUAX C Y4ETOM PETMOHAJIBLHBIX OCOOEHHOCTEH.
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Introduction

Compared to onshore drilling, offshore drilling is
characterized with high capital costs of well
constructions. Besides, the learnings from drilling
operations in the Baltic Sea shelf suggest such
complications as wellbore wall caving-in or collapse,
drilling mud absorption etc. Time and materials spent
for rectification of complications make costs even
higher. Globally, one of the indispensable conditions
for successful and accident-free constructions of
horizontal wells in difficult geological conditions lies in
the presence of a 3D geomechanical model as a basis
for design solutions in production drilling [1-14]. The
paper proposes a method and results obtained from
building a 3D geomechanical model of one of the Baltic
Sea offshore fields. The study is based on the oil-and-
gas geomechanics principles [15-19].

Input Data

The region of operations is situated in the Baltic
Sea shelf. In terms of tectonic regions, it is a
structurally complex anticlinal uplift in the central part
of the West Curonian swell of the Curonian deep. It is a
dome-like fold of the sub-meridional extension,
complicated from the East by a rupture fault with
amplitude of 20-50 m. The productive part of the
section is represented by terrigenous deposits of the
Cambrian system (€). Three prospecting wells have
been drilled in the field. The input data for building the
3D geomechanical model is as follows:

e Geoinformation system (GIS)
intermediate ~ records, = summary
interpretation results

e Well drilling data: drilling reports, daily reports,
final reports, sampling and testing data

e Secismic material: reports, structural horizon
maps in depth and time domain, seismic cube of
amplitudes, velocities, and inversion results

e Project well profiles, project spot coordinates

e Field geological model: faults, structure surfaces,
cubes of properties (porosity, permeability etc.).

It is notable that the model is made within the
boundaries of the productive part. The overlying
rock/intervals were not modeled. In scope of the
geomechanical modeling, these intervals will be added
using special software.

The aforementioned parameters were subjected to a
qualitative and quantitative analysis. In the intervals
with absent GIS data, synthetic curves have been
computed. The initial data was prepared for building a
geomechanical model.

Extensive core sampling has been performed in key
wells drilled in the productive part of the section.

data: GIS
plotter  and

No sampling of overburden intervals has been made.
The program suggested acoustic tests of rock samples
in atmospheric and reservoir conditions. Rock
elasticity and strength destructive tests have not been
performed. The absence of a complete core analysis

creates certainty in computation of the static
elasticity and strength.
Building a 1D Geomechanical Model
The model of rock elasticity and strength

propagation across the section is the main input
information for computation of wellbore walls stability.
The model of mechanical properties constitutes a
numerical representation of rock and reservoir
pressures, tectonic stresses, mechanical and strength
properties of rock, including their strain parameters.
The computation is based on the geophysical research
data, core analysis results of mechanical properties,
taking into account the geological information.
Calibration is based on tests and measurements in the
wells and drilling events data.

Dynamic elasticity and strength
properties of rocks

Dynamic elasticity and strength properties of rocks
include Young's modulus, bulk compression modulus,
shear modulus, and Poisson’s ratio, which describe how
the rock reacts to short-term loads, such as transit of
acoustic waves. The main data for computation of
dynamic characteristics are longitudinal and transverse
wave velocities, and rock density. These parameters are
associated with elastic properties in the following manner.

Young’s dynamic modulus is calculated as follows:

pr2 (3 -ar)
dynamic W

>

where V), V, are velocities of the longitudinal and
transverse waves, respectively, m/s.
Poisson’s dynamic ratio:

v:-2r;
2ory-ve)

Ddynamt’c -

where V,, V, are velocities of the longitudinal and
transverse waves, respectively, m/s.

The advantage of determining the elastic moduli
based on the well logging data is the continuity of the
obtained profile of these parameters in terms of depth,
and high resolution (for key wells, an increment of
0.2-0.4 m is available).
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An acoustic logging record has been obtained for
the key wells. Acoustic logging curves have been
calibrated using actual velocity/slowness measurements
obtained on the core material in reservoir conditions.
The missing transverse wave logging data were
recovered on the basis of multivariate regressions.

Static elasticity and strength
properties of rocks

Static elasticity and strength properties of rocks
determine the their response to high-amplitude,
prolonged and irreversible strains occurring, inter alia,
when wellbore walls lose stability (unloading due to
drilling-out of rock). For most rock varieties, static
elasticity and strength properties are much different
from the dynamic ones.

Static elasticity and strength properties include
static Young’s modulus (Est), static Poisson’s ratio
(PRst), ultimate compression strength (UCS), ultimate
tensile strength (75), internal friction angle (FA) and
cohesion (CS).

Transition from dynamic to static elasticity and
strength properties requires use of correlations
(constraint equations) obtained during interpretation of
the core analysis results. We wused correlation
dependencies obtained in the adjacent similar fields
calibrated with actual measurements.

Stress computation

Vertical stress of the environment is determined by
the weight of overburden rock and water column. The
weight is calculated from the product of rock/water
density by acceleration of gravity:

OBG(z)= gj.pdz,
0

where OBG(z) is vertical stress, Pa; p is specific desity,
kg/m’; g is acceleration of gravity, m/s’; z is a vertical
depth, m.

For calculation of maximum and minimum
horizontal stresses, classical formulas of the poroelastic
model are used [15]:

v Est VESst
G, —S(GV —(XG[))+(XGP +m8h +WSH,
_ Est VESst
(O —E(GV—OCGP)‘FGGF'F _1)2 €y 1_28}1’

where Est is Young’s static modulus, Pa; v is Poisson’s
static ratio, un.; €y, €, are strains in the directions of
maximum and minimum  horizontal  stresses,
respectively, un.; o, is vertical stress (rock overburden

weight), Pa; o, is a minimum effective horizontal stress,
Pa; o is Biot’s constant.

Computation of the minimum horizontal stress in
the wells is performed using the acoustic logging data
and computed profiles of static elasticity and strength
properties, reservoir pressure and vertical stress.

Calibration of the computed minimum horizontal
stress profiles was performed wusing the results
of the conducted LOT and ELOT (rock hydraulic
fracturing tests).

Wellbore wall stability modeling

Caving-in of the wellbore walls can be caused by
shear or rupture failures of rock due to the imbalance of
stresses concentrating around the well.

Stability computation involves computation of
stress concentration on the wellbore wall (radial,
tangential/circumferential and axial) and checking
fulfilment of the rock breaking condition (using Mohr—
Coulomb criterion) [20-22].

For an inclined well, stress distribution on the wall
will depend not only on the magnitude of the main
stresses, but also on the trajectory of the well relative to
the direction of the main stresses.

Results of the wellbore stability computation
represent a summary plot of the gradients of reservoir
pressure, caving, drilling mud absorption and reservoir
hydraulic fracturing.

Building a 3D Geomechanical Model

Boundaries of the geomechanical model are
limited by the test range which includes rupture
failures, exploration wells and planned locations of
production wells. An algorithm has been developed
for building a 3D geomechanical model. Fig. 1 shows
a flow chart of processes performed in the course of
building the field model.

In the beginning of the model building, three
processes occurred simultaneously: 1) analysis of the
well logging data and their preparation to integration
into the structural framework for a further propagation
into the interwell space (a choice of a level-by-level
representation of the section); 2) preparation of seismic
data for use after propagation of the well data in the
interwell space; 3) a correction of the available
structural surfaces, creation of additional surfaces and
formation of surfaces from the transferred fracture lines
for to create a correct structural framework.

This is followed by the results binding of the three
parallel processes into one process; the structural
framework is formed and completely filled with the
data necessary for computation of mechanical
properties — density, velocity of acoustic longitudinal
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Fig. 1. Flow chart of 3D geomechanical model building process

and transverse waves. Computation of cubes of
elasticity and strength properties is performed within
the structural framework; quality assessment is
performed with the data obtained in the 1D
geomechanical modeling.

The finite element method with setting of
boundary conditions is used for computation of a
complete stress tensor, and strains in each cell of the
3D geomechanical model. Repeatability of the
modeling results against the 1D geomechanical
computation data is checked by key wells. In the next
stage, the numerical modeling results were used for
computation of the production wellbore stability. The
modeling method is based on loading the model with
vertical stress (computed on the basis of the weight
of each overlying cell) and regional horizontal
stresses. Each cell of the model under load contains
mechanical properties (Young’s modulus, Poisson’s
ratio, compression and tensile strength, internal
friction angle), and has its own density value. The
model cells are rigidly bound together, so that the
strain of each cell is computed not only on the basis
of the cell’s own elasticity and strength, but also on
the properties of the surrounding cells. Thus, the
model is not a collection of individual independent
elements but an integral system.

Building a 3D model of stress state involves four
main stages.

Building a structural framework (grid)

Building a structural model is almost completely
identical to building a similar model for calculation
of reserves or hydrodynamic modeling. The
only distinguishing feature of the structural
model for geomechanical modeling is its prerequisite
of a high quality. This means that the grid for
geomechanical modeling cannot contain inverted
cells (cells with negative volume), and all cells must
be convex.

The structural framework building involved binding
of structural surfaces with the well top data, followed
up by control using GIS data.

Upon completion of structural maps building, the
quality of faults has been assessed. From the geological
model, the fault is located in the region of the 3D
geomechanical model building; however, it was only
traced in the productive horizon interval. Based on the
seismic information, this fault was built upward until its
attenuation. Implementation of the fault into the model
is performed at the properties setting stage. Cells
crossing the fault are traced, and then the properties of
the fault are assigned to the cells. In fact, this way the
failure area around the fault is also modeled and taken
into account for the computation.

Thus, a structural framework is formed with the
horizontal cell size of 100x100 m, the number of layers
2203. The number of cells is around 9 million.

Framework geometry testing

The structural grid quality is very important for
geomechanical modeling, since any problems with the
cell geometry in numerical modeling cause emergence of
unnatural stress concentration zones. In order to perform
this test, the ground surface and/or sea level of the model
have been set as an even plane, whereas all cells have
been assigned the same mechanical properties and
strains. It is expected that the assigned strains applied to
the model boundaries will be transferred without
distortions into the internal cells of the model.

Upon completion of the geometry testing
computations, the following conditions have been
checked:

e the model exclusive of the containing

environment is free of tension stresses;

o the values of the computed strains in the model
also remain within the preset limits;

e there is no rotation of horizontal stress vectors,
i.e. the computed directions should match the preset
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direction, in this case the minimum stress has a
direction of 140-320° and maximum horizontal stress
is 50-230°.

The results of the grid geometry test have shown the
absence of impact of the grid in use on the occurring
stresses. The obtained strain values by area and by
computed cube are the same as the preset ones, while
tensions stresses are absent in the model. The minimum
horizontal stress direction is preserved within the model
according to the results of the numerical computations
according to the boundary conditions.

Filling the grid with mechanical properties

Mechanical properties of the rock can be
propagated, like any other petrophysical parameters of
the environment, using geostatistics methods by the
geological model data and well logging data, or directly
computed from the results of the seismic exploration
data inversion. Propagation can be applied directly to
elasticity and strength parameters, or indirectly to the
petrophysical parameters from which the elasticity and
strength parameters are computed. Since the modeling
region has a limited number of wells with complete sets
of original GIS data for computation of geomechanical
properties, it is the initial data (DTP, DTS, RHOB, GR)
that have been defined as the basic data for propagation
in the interwell space.

Propagation of properties in the interwell space
requires using seismic data to account for lateral
changes in the environment. For this purpose, seismic
cubes were used; particularly, the area of study was
covered by an amplitude cube in the depth domain,
interval velocity cube in the depth domain, P-,
S-impedance cubes and V,/V; ratio cube in the time
domain. The substrate for propagation of properties was
the interval velocity cube in the depth domain and
P-impedance cube transferred from the time domain to
the depth domain using depth/time paired surfaces.

Therefore, modeling of mechanical properties in the
interwell space required solving the following tasks:

e quality of GIS information was assessed for data
scaling into the structural grid (performed in scope of
the 1D modeling);

¢ a velocity model was built and seismic inversion
data were transferred to the depth domain;

e scaling of the seismic inversion data into the
structural grid was performed;

e modeling was performed for density, gamma-ray
logging, and interval transit time of the longitudinal and
transverse waves in the interwell space using
geostatistics methods;

e cubes of elasticity and strength parameters were
computed on the basis of dependencies defined at the
stage of the unidimensional geomechanical modeling.

Stress computation using the finite
element method

Unlike mechanical properties of the rock,
stresses  characterize  the entire  geological
environment as a complete system. In such a system,
behavior of its single element is not solely
determined by its own properties but also depends on
the entire containing environment and loads it is
exposed to. Therefore, stresses cannot be computed
using geostatistics methods; their modeling requires
use of other mathematical algorithms. In this project,
stress state is computed using the finite element
method [23-30]. The 3D geomechanical model is
built using cubes of elasticity and strength properties:
Young’s modulus, Poisson’s ratio, internal friction
angle, uniaxial compression and tension strength
calculated using the correlations derived from density
cubes, transit velocities of the longitudinal and
transverse waves, obtained by geostatistics methods
from the well data.

As a result of the computation using the finite
element method, each cell was assigned with all the
components of the stress tensor affecting it. An
example of the computed direction of the minimum
horizontal pressure for one of the cell layers within
the Ordovic and Cambrian strata is shown in Fig. 2.
The direction of stresses is maintained throughout the
entire area and constitutes ~140° for the minimum
horizontal stress. Rotation of stresses is confined to
the near-fault part.

Ordovic

Cambrian

Fig. 2. Orientation of minimum horizontal stress
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Fig. 4. Computation of well walls stability
Use of Geomechanical Modeling Results

Based on the obtained 3D model (mechanical
properties, cube of reservoir pressures, and the results
of computation of the environment’s stress state),
computation has been performed for the cubes of
absorptions gradient, hydraulic fracturing gradient and
caving gradient for various azimuths and drilling
angles for each layer of the model. Fig. 3 shows a
distribution of mean caving gradient values in the
Ordovic interval depending on the drilling angle and
azimuth. Further, based on the geomechanical
modeling, the trajectory and structure of the wells
were optimized, and the wellbore stability
computation was performed for the project production
wells. Fig. 4 shows an example of such a computation

for one of the wells in the field under study.
Recommendations have been developed concerning
the drilling mud composition and parameters, which,
in turn, has a decisive impact on the accident-free
construction of wells [31-38]. In further researches,
the geomechanical model can be used to solve the
tasks of an effective field development, including
planning of formation hydraulic fracturing [39—46].

Conclusion

The methods considered in this study enabled
development of a numerical three-dimensional
geomechanical model of one of the fields in the Baltic
Sea shelf. On the basis of the 3D model, design
solutions for construction of production wells were
implemented. Stability computation was performed for
the planned territories. Gradients of pore pressure,
caving pressure, absorption pressure and hydraulic
fracturing pressure were determined. A safe window
of the drilling mud density was established for all the
wells. Trajectory and structure of wells were corrected
to ensure safe drilling and finishing conditions.
Requirements to the drilling mud parameters were
developed to ensure wellbore stability. The
aforementioned results have been achieved by using
the principles of geomechanical modeling.
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