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Sand production is a major problem in many petroleum fields. Sanding becomes more
critical as operators follow more aggressive production strategies. Sand production occurs
when the reservoir fluid, under high production rates, dislodges a portion of the formation
solids leading to a continuous flux of formation solids into the wellbore; the sanding process
may cause complex temporal and spatial changes in permeability in the near-wellbore region.

For Thailand, especially onshore oil field, it is crucial to understand its behaviors of
formation as producing sand in view of geomechanic criteria. The study focuses of sand
failure by observing the induced stresses near wellbore. The formation failure case adopts the
Mohr’s Coulomb failure criteria. The rock strength data are collected from the lab test of the
onshore field Thailand in addition to its reservoir and production characterization. The
variation of rock strength parameters in statistic terms, the reservoir pressure and permeability
are tested in ECLIPSE model. Then, the responding induced tresses are observed leading to
the indication of sand movement.

As a results of this study show that the sensitivities of cohesion force has significant
effect to sand failure. The sand movement is likely to initiate when the cohesion strength
reduces to u — stdv. at 920 psi. And, the confirmed sand movement is clearly stated when
the cohesion strength reduces to u — 2 stdv. at 343.49 psi. While the other rock strength
parameter, the internal friction angle, Poisson’s ratio, and Young’s modulus, have
insignificant effect to sand failure. At the same analysis, the reservoir pressure and

permeability show impact to induced stresses near wellbore.
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CHAPTER

INTRODUCTION

1.1 Background

Sand production is a major problem in many petroleum fields [1]. Especially
in the period of reservoir depletion and increasing of water cut are coincided, thus
shortening well life. Sanding becomes more critical as operators follow more
aggressive production strategies. Sand production occurs when the reservoir fluid,
under high production rates, dislodges a portion of the formation solids leading to a
continuous flux of formation solids into the wellbore [2]. As a result, the sanding
may compromise oil production, increase completion costs, and erode casing, pipes
and pumps, or plug the well if sufficient quantities are produced. Moreover, the
sanding process may cause complex temporal and spatial changes in permeability in

the near-wellbore region.

For Thailand, especially onshore oil field it is very significant to explore
sanding study [3], [4], [5], [6], for unconsolidated sandstone to understand its
behaviors. Then, It is also important to be able to predict most likely case, and to
provide more aspect of geo-mechanical study relating to sand production prediction
performance in such a way that increasing oil production with proper drawdown

pressure.

Unfortunately in many case, there is a lack of necessary rock mechanics
information for onshore oil field in Thailand to set up a model to study the

characteristic of formation failure mechanism.

This thesis aims to understand the interrelationship between rock mechanics
parameters and sanding production condition near wellbore based on an available
subsurface data and a historical production record from onshore oil field of Thailand.

To achieve the prediction of sanding production, review of geomechanical principles



is a key control function to estimate sand production near wellbore. With respect to
production historical data and geomechanical information of onshore field in
Thailand, it will predict critical drawdown to maximize production with acceptable

sand production rate.

In the Northern part of Thailand, there is an onshore concession that has a
great amount of oil residing in largely undeveloped reservoirs. One of the problems
is severe sand production resulting in shortened well life. This brings the author’s
attention to study about prediction of sand production from geomechanics point of
view. From the investigation of production history and gathering all existing of
information from subsurface data, there is a noticeable gap between geomechanics

determination and production performance.

In many cases from other research works, the sanding prediction will only be
focused on a consolidated sandstone formation. Information obtained from a direct
measurement of core samples, log analysis, simulators that predict formation failure
and field measurement of solid production are integrated to formulate an empirical
equation to predict sanding characterization. Unfortunately direct measurements of

core samples are not available in most cases.

This study attempts to find a relationship of changing stress near wellbore
against the key rock strength parameters such a cohesion force, the internal friction

angle, Young’s modulus, and Poisson’s ratio.

In this thesis, direct measurement data [4], [5], [6] from the selected wells
that has the most complete rock mechanics parameters such as cohesion force,
internal friction angle, Poisson’s ratio and Young’s modulus are analyzed statistically
to establish their distribution and their associated statistical parameters. Selection of
rock strength input values will follow their statistical inferences within the region of
p~+ 2 stdv. In addition to this study the minimum values of rock strength parameters
will be used, as defined as the weakest case, in the model. The influence of reservoir

pressure and permeability on the sand failure mechanism will also be investigated.



In this study; the failure condition will follow the Mohr’s coulomb failure
criteria. With the sensitivity of rock strength parameters, production scenario and
reservoir pressure, it is anticipated that the mechanical response of sand failure will
occur along the variation of these input. And, the proper guideline of critical flow

rate can then be determined in light of avoiding sand producing.

1.2 Outline of Methodology

This research aims to study the mechanism of sand failure in a sandstone
reservoir with an emphasis on stress behavior analysis around wellbore relating to
rock strength properties, reservoir pressure, and permeability variation. Although
some research and development have been performed in this area, there still exist
many important issues to be simplified and make as a key approach. Specifically, this

work focuses on the following aspects:

= Geomechanics determination; rock strength parameters obtained from
rock mechanics test are used. Their statistical parameters are
quantified. The rock strength values are varied within their statistical

limit in most cases of u ¥ 2 stdv.

= As the single reservoir layer, the direct stresses located near wellbore
is observed in response to the variation of rock strength, reservoir
pressure conditions, and permeability variation as key parameters are

varied under sensitivity test.

= Mohr’s Coulomb failure criterion is selected to verify the sand

movement.

Within this study, the minimum values of raw data cohesion force, internal

friction angle, Poisson’s ratio and Young’s modulus are reviewed from sandstone



core analysis report. Then, these inputs are substituted into a constructed simulation
model to create a Mohr’s failure envelope line and the corresponding induced

stresses.

1.3 Thesis Outline

This thesis paper proceeds as follows.

Chapter II presents a literature review on sand prediction and rock mechanics
experiment to investigate sand production behavior, effect to stress around the
wellbore and the empirical study associated with sand production study. The chapter
includes the advantages and limitations of existing technique of stress prediction for

consolidated and unconsolidated formation to improve production performance.

Chapter III describes the theory of rock mechanics input parameters into
reservoir model such as cohesion, internal friction angle, Young’s Modulus,

Poisson’s ratio, and their associated laboratory testing.

Chapter IV describes the geomechanics criteria and simulation model used in

this study.
Chapter V discusses the results of geomechanics determination of key
parameters in reservoir using statistic evaluation and results of simulation obtained

from sensitivity test of controlled variables.

Chapter VI provides conclusions and recommendations for further study.



CHAPTER 11

LITERATURE REVIEW

This chapter discusses some previous works related to sanding problem in
view of rock mechanics parameters relating changing of reservoir pressure and

production rate.

2.1 Previous works

In 1957 Hubbert and Willis [8] demonstrated how earth stresses can vary
from regions of normal faulting to those thrust faulting. On the basis of a Coulomb
failure model, they suggest that the maximum value of the ratio of the maximum to
the minimum principal stress in the earth’s crust should be about 3:1. They applied
an elasticity solution due to Kirsch to solve for the stress around a hole in a biaxial
stress field. The effect of fluid pressure in an impermeable hole was superimposed
with the above solution using a Lame' solution for internal pressure in a thick-walled

cylinder.

In 1972, Nathan and Hilchie [9] presented a method [20], [27], [28], [30],
[34] to estimate critical or maximum production rates possible from friable
sandstones without using sand control measures. They estimated formation strength
from density and acoustic velocity log data with assuming that the formation face is
stabilized if sand arches form around each perforation. Finally estimation of sand
production rates from interested intervals will be derived from well test as a critical

drawdown pressure is solved.



FLUID
PRODUCTION

Figure 2.1 Arch forming mechanism
It is observed that critical drawdown will be proportionately greater for
stronger formation.
(Pr — Pw)c « Es 2.1
Where
Pr is the formation pressure at initial
Pw is the well flowing pressure
(Pr — Pw)cis critical drawdown pressure

Es is the shear modulus force

Formation of an arch around a single perforation, P, is shown for the case in
which production rate is held constant. In a uniform, non-cemented sand formation,
the shape will grow spherically and arch BB is form as perforation is at center of the
sphere. The sand is strong enough to resist the fluid-generated force with enough
cohesion remaining to stabilize the arch under formation load conditions. Arch AA

will be generated smaller in case of some mineral cementation in the formation.

In 1987, K.W. Wiesenberger et al [10] proposed an engineering approach to
sand production prediction in 1987 to field in North Sea. Summary of all parameters

to represent cavity stability as a function of;



Cavity Stability = [(APw, H, ASh,ASv, D, F,G,1,L) (2.2)

Where
APw = differential wellbore pressure; “total drawdown” including completion
(perforation “skin’’) and reservoir drawdown component
H = fluid force factor (incorporates viscosities, relative permeabilities
and flow rate)
ASh = net effective horizontal in situ stress

ASv = net effective vertical in situ stress

D = stress-stain deformation parameter from core rock strength testing

F = stress-strain failure parameterfrom core rock stregth testing

G = geometric characteristics of cavities (e.g., perforation length, diameter,
and phasing)

I =inclination of borehole and angular relationships between perforation

tunnels/cavities and directional (anisotropic) in situ stresses

L =load factor for multiple cycles of flowing and shutting in well

In 1992 Kantzas and Rothenberg [11] and Barrett et al. [12] had determined
stress-strain characteristics [31], [32], [33] of sand packs under uniform loads by the

use of computer assisted tomography and finite element modeling.

The sanding process is described based on numerical analysis and
experimental observations (Nouri et al. [13]). The concepts used in the analysis are
evaluated against sanding experiments performed on hollow cylinder samples. The
purpose of the experiment was to validate the numerical scheme and study the
various parameters that play a role in sanding. The classical Mohr-Coulomb model
captured the mechanical response of the porous medium to the applied loading and
seepage conditions. The reasonable predictions of the numerical model and their
conformity with the experimental observations suggest that the material model and

sanding criteria used in the modeling captures the essence of sanding. Examination



of the numerical scheme with field case will provide further confidence in it filed

implementations.

In 2007, J. Zhang et al. [14] used a numerical solution 3D FEMs (Finite
Element Methods) to model perforation tunnel stability and sand production under
more complicated geometry and stress states. The two cases between an open hole
wellbore stability and perforation tunnel stability of gas field in the Northern Adriatic
Sea are considered for sand production by simulate critical drawdown under given

condition to predict sand arch stability.

In 1981, Risnes et al. [15], [16] studied the near wellbore stress state
considering incompressible formation. Steady state fluid flow into the wellbore in a
bounded elastoplastic reservoir. For simplicity in this study the pressure in weak
drainage area is assumed to be uniform. Bratli and Risnes studied stress state near a
sand arch by considering incompressible, steady state fluid flow. Weigarten and
Perkins derived an equation describing tensile stresses induced sanding condition in
terms of pressure drawdown, wellbore pressure, formation rock cohesion and
frictional angle. Dimensionless curves are provided for determining the pressure

drawdown at a specific wellbore pressure.

Several sand production prediction methods have been proposed using geo-
mechanical models. These methods could be grouped into analytical (e.g., Risnes et
al. [9], Morita et al.[17], Weingarten & Perkins [18], van den Hoek et al. [19]) and
numerical models (e.g., Morita et al, [17], Stavropoulouet al. [20], Papamichos &
Malmanger [21], Nouri et al. [13]). The analytical models provide formulations for
the flow rate required to induce tensile failure. Tensile failure of the material due to

seepage drag forces is taken as criterion for sand production.

For onshore Thailand, the focused formation is from LKU-K formation which
is at late Miocene age. This formation is widely laid over the central block in

Thailand.



CHAPTER III

THEORY AND CONCEPT

This chapter presents the key concepts of the geomechanical determination
technique and explanation of dynamic condition with simulator and define related
theories involved with the mechanism of Petroleum Geomechanics in an oil

reservoir. Previous prospective researches on these issues are also reviewed.
3.1 Review of Geomechanics Principle

Elastic Stress Equations
Steady state rock momentum balance equation in the x, y and z direction can
be written as [7];

0 ot ot
Ox [ EIVER O VX

dx ay 0z =0
do ot ot
Yy Xy zy
+ NS =
0x 0x 0z 0 (3.1
00z | 9%z | vz yp,— g

dz dx ay

Where p is the rock density or a combination of rock and fluid reservoir

density, and g is the gravitational constant. The elastic normal stresses O and shear

stress T can be expressed in terms of strains, € and Y as;
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= 2Ge, + A(ex+ey +¢, )—aP— (26 +3)ar (T -T,)

O-JC
o, = 2Ge, + AMeytey, + &, )-aP- (26 + 3D ar (T —T,) (3.2)
0, = 2Ge, + Aex+ey + &, )-aP- 26 + 3Dar(T —T,)
Tyy = nyy
Tyz = GYy, (3.3)
Tox = GVyx

Note that stresses as defined in equation include the pore pressure and Biot
constant and are, therefore, total stresses. Constant G, also known as the shear

modulus, and A are Lame’s constants. They are function of Young’s modulus, E, and

Poisson’s ratio, V,

E Ev (3.4)

2(1+v) W\ (1-2v)(1+v)’

Strains &, ,, , are defined in terms of displacements in the x,y,z directions,

namely u, v and w thus;

ou v ow
& =T Ey=T— & =T—
LONG N UNIVEESIPY
du O0v v  ow ow du
= — — = — + — = — + — .
Vay dy 0x Vay dy dy ZX  9x oz (3.3)

According to Hibbitt et. al [22], ABACUS Theory Manual was mentioned

and total stress can be calculated as follow;

Ot1= Ocr- 0P (3.6)
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Where Ot is the total stress, Ot 1S the rock effective stress, o is Biot’s

constant and P is the pore (fluid) pressure. Note that in Geomechanics we normally

defined convention sign of tensile stresses as positive, and compressive as negative.

This similarity of elastic stress equations are also applied in simulation model

in this study.

3.1.1 Geomechanics related parameters

To obtain geomechanics properties, it is necessary to have a test core sample

and observe its failure characteristic in the laboratory. This kind of test is measured

the direct response of core sample as the simulated external pressure is applied. The

most represented result is a Triaxial load test (TXL). This test is carried out to

identify the principle stresses by varying a confining pressure applied to core

samples. [35], [36], [37].

Rock strength parameters derived from rock mechanics core test are;

Unconfined compressive strength (UCS or Co)
Thick wall cylinder strength (TWC)

Cohesive strength (To)

Friction angle (0)

Young’s modulus (E)

Poison’s Ratio (v)

Boit Effective stress coefficient (o)

Theoretically we can only obtain direct and definitive data where they are

only available from rock mechanics test on core. It is rare to get all information from

the fact that core is discontinuous and rock strength data coverage is inherently

limited by core itself. In this case, the log indicators information will be used to

calibrated against the available core data.
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3.1.1.1 Unconfined Compressive Strength (UCS or Co)

UCS is the minimum stress that rock start to break apart or the maximum
stress that rock is not deformed when no pressure is applied to pore space. It is

measured in stress or pressure unit such as psi, or MPa.

Figure 3.1 shows range of UCS for any rock strength. UCS can be measured

either by direct measurement from lab experiment or deriving from log data.

Classification UCS Strength (MPa) UCS Strength (psi)
Very weak 0—5 0-725 i
Weak 5-12 725 - 1740
Intermediate 12-30 1740 — 4350
Strong 30-—80 4350 — 11600
Very Strong >80 >11600

Zero strength Very very weak Very weak Weak
Dry sand “ﬂyﬂp sand Wezkly-cemented Stronger cement
UCS =0 psi . UCS ~20-100 psi UCS ~100-725psi  UCS ~ 725 - 1740

Slide 35

Figure 3.1 Rock strength classifications.

3.1.1.2 Thick Wall Cylinder (TWC)

This parameter is strength of specific condition which attempt to mimic
perforation tunnel or wellbore. Core is cut to cylinder shape, as seen in Figure 3.2.
Stress is applied from outside cylinder until the specimen is collapsed. TWC is

measured in unit of stress or pressure such as psi.
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Pressure

> <

Figure 3.2 Thick Wall Core Specimen.

3.1.1.3 Cohesive strength (So)

Cohesive strength is force that act as cementation of solid grains in the

formation. The cohesive strength is derived from the multiple Triaxial load test.

3.1.1.4 Internal Friction angle (0)

Friction angle is the angle acting between each grains resulting to shear force.

The internal friction angle is derived from the multiple Triaxial load test.

3.1.1.5 Young’s Modulus (E)

Young’s modulus or elastic modulus is a tendency of the object to be
deformed in the direction perpendicular to the surface after subject to force. It can be
described in the term of slope in elastic zone of the stress and strain curve, as seen
Figure 3.. Elastic zone is the regions that object can reform to original shape after
deformed by external force whereas in plastic zone, object cannot resume the initial

state. Young’s modulus can be expressed as mathematical equation as follows.

_ Stress o

 Strain € (3.7)
Where:
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Stress (o) is internal force per area which balances or counteracts external

forces.

It can be described as tensors with nine components. Three normal stresses
(o) are acting perpendicularly to considering surfaces while six shear stresses (1) are

parallel to the surfaces subjected to force, please as seen in Figure 3.3.

Solid, liquid, and gases have stress fields. At static condition, hydrostatic
pressure is equivalent to fluid normal stress whereas shear stress forces fluid to

move.

T, T, T
Tn Oy Tn
T2 Ty Ou

Figure 3.3 Stress field [4]

Three main principles (normal) stresses can be directly calculated from field
data, as seen in Figure 3.4. Firstly, vertical stress (o) is an overburden pressure or in
the other words it is weight of formation above the considering position. This
principle stress can be easily estimated using global correlation or log derived
formation density. Secondly, the minimum horizontal stress is normally the smallest
stress acts on rock. It can be calculated using LOT or FIT test data as the fracturing
pressure is equivalent to the minimum stress. Thirdly, the maximum horizontal stress

is normally the middle in magnitude among the principle stresses.
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Figure 3.4 Stresses in subsurface rock.[4]

Strain (g) is the geometrical expression of deformation caused by the action
of stress on a physical body. Strain is calculated by first assuming a change between
two body states: the beginning state and the final state. Then the difference in
placement of two points in this body in those two states expresses the numerical
value of strain. Strain therefore expresses itself as a change in size and/or shape”,

courtesy Wikipedia website, as seen in Figure 3.5.

1( 6u; Ou;
sij = = 7+7
2 6XJ X,

Glll
IO
ou; _h-h,
n=,y = Volumetric strain :
ho H 0X;  hy oy
_ou, 1=y V=M_811+822+833
| 27X,
—
; N LT |
iy 296X, 2!

Figure 3.5 Strain calculation.
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3.1.1.6 Poison’s Ratio (v)

When object subjects to external force, it tends to thinner in the same
direction with force whereas thicker in the direction perpendicular to the force.
Poison’s ratio is the ratio of radial strain to axial strain. Poison’s ratio can be

expressed as mathematical equation as shown in Figure 3..

r
F=k%|$ Uniaxial stress
=
=) 1
g = 1| 2- g,
1
ol
_dy=d, _ v
1 €)= W= =t
__%
—g e

E : Young’s Modulus

v : Poisson’s ratio {1

Figure 3.6 Young’s modulus and Poisson’s ratio.
3.1.1.7 Biot’s Effective stress coefficient (a)

The Biot’s effective stress coefficient of rock is an important poro-elastic
parameter that relates stresses and pore pressure. It describes how change in pore
pressure affects rock stress. The difference is due primarily to different
compressibility between rock material and fluid in pore space. Biot’s coefficient is in
the range of 0.0-1.0 and also called pro-elastic factor. The parameter is

mathematically expressed as follows.

c (3.8)
Where:

C, is rock grain compressibility and



Ch. is rock bulk compressibility.
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For sonic logging and waveform analysis, it will indirectly provide a means

for obtaining an estimate of mechanical properties of the in-situ rock. The following

rock properties can be obtained from suitable log data:

Poisson’s Ratio, v

Shear Modulus, G

;(Ats /ALY -1

(Aty / Ac) =1

A

134x10'0 =
At

Young’s Modulus, E 2G(1+v)

Bulk Modulus, Kb

1.34x101°p{ L __4 j

A2 3A7
Bulk Compressibility, Cbe i
Kp
where:
Atc = compressional wave travel time, psecs/ft
Ats = shear wave travel time, psecs/ft
pb = bulk density, g/cc
1.34x10"° =  conversion factor, applicable to these units.

(3.9)

(3.10)
(3.11)

(3.12)

(3.13)
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3.2 Mohr-Coulomb Failure Criterion

This criterion [7] relates the shearing resistance to the contact forces and
friction, to the physical bonds that exist among the rock grains [Jaeger and Cook,

1979]. A linear approximation of this criterion is given by:
T=1,+ otan@ (3.14)
For a producing well, it is assumed that G, is the maximum principle stress

and o, is the minimum principle stress. The failure envelop line touches Mohr Circle

as shown in Figure 3.1

T =5 +Ttandy /

>

0 o, 0 a

Figure 3.7 Mohr-Coulomb criterion. [7]

Relationship between maximum principle stress and the minimum principle

stress can be derived in terms of;

+G .
L= '2 —sing; + S, cosg; (.15

By rearranging, vield

2sing@; :
¢ ¢, =——(c_+8S _cote,
r 2] 1 —Sil‘lt;f)y ( r 0 @J ) (316)
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3.3 Sand Arch Stability and failure

After Zhang J. et. al [14], The arch serves to support a load by resolving the

vertical stress into horizontal stress. When the arch fails, the sand production begins.

Assuming an idealized production cavity and full spherical symmetry of the stress

field, the following sand arch stability criterion was derived.

Where:

As flui

K <2uUcs (3.18)

21kr

UCS is the uniaxial/unconfined compressive strength of the formation
q is the flow rate of the cavity
k is the formation permeability

r is the cavity radius and p is the fluid viscosity

d flow is introduced, the effect of the drag forces is to increase the

depth of the failed zone. R. Risnes et al (SPE12948) derived a fundamental stability

criterion as

Where:

T+1
29 _ T 470.tana (3.19)
2mkr T

p is fluid viscosity

q is fluid flow rate per arch

Kc is permeability in the partly failed zone

r is arch (cavity) radius

a is failure angle of the sand

To is cohesive strength of the material in the the partly failed zone

T is 2(tan2 a. -1)

The arch serves to support a load by resolving the vertical stress into

horizontal stress. When the arch fails, the sand production begins, assuming an

idealized production
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3.4 Sand Failure Criterion

Next, the correlation for study well is developed in this thesis. However to
make it simple for evaluation, the input parameters are setup in the simulator to
observe the effects of changing drawdown pressure and flowing bottom hole
pressure. The stress near wellbore will be observed. According to Amos S. Kim et. al
[26] and Tippie, D.B., and Kohlhass, C.A [23] and Burton R. et. al [24] and Qiu et. al
[24] and Dake L.P.[33], sand failure criterion is introduced due to sand failure and

erosion model.

It is also confirmed from van den Hoek [19] that initial failure is driven by
external stresses rather than drawdown. However Nathan Stein and D.W. Hilchie [9]
assume the critical drawdown will be proportionately greater for stronger formation
or;

(P —P,)aEs (3.20)

Where:
Pprisreservoir pressure
P,,iswell flowing pressure

Es is shear modulus

These statements support assumption in this paper to monitor the state of

stresses near wellbore against different well production scenarios.

In conclusion, sanding will occur under risk of perforation collapse from 1)
tensile 2) shear failure, and 3) combination of drawdown and depletion, which need

to be observed during operational well life as shown in Figure 3.8
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Figure 3.8 Illustration of mode of mechanical failure after Amos S. Kim et. al [25]
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CHAPTER IV

GEOMECHANIC CRITERIA AND SIMULATION
RESERVOIR MODEL

In order to represent the geomechanic characterization of the studied
reservoir and its effect on the original stress near wellbore, we used ECLIPSE E300
simulation program (compositional simulator). This simulation program is only tool
to report a calculation of stresses as varying rock strength from the direct core testing
data such as cohesion force, internal friction angle, Poisson’s ratio, and Young’s
modulus. The principle of Mohr-coulomb failure criteria is applied as a failure

condition as the moving sand initiate.

4.1 Geomechanics Test Parameters from Actual Data from

Onshore Field Data

The key parameters for sand failure condition in the formation are brought
from actual data from onshore case, Thailand [3]. This study cover full test of 42
core samples of sandstone formation. All data are used to find the most
representative statistics. The plot of distribution model for key parameters and their

associated statistical inference are shown as follows.

4.1.1 Cohesion force

There are 11 data samples representing as sandstone from total 42 core
samples of collecting from the multiple Triaxial tests on sandstone core specimen.
The best cohesion data are best fit by Beta General distribution with mean and

standard deviation (stdv.) of 1497.31 psi and 576.91 respectively.
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4.1.2 Internal friction angle

There are 11 data collecting from the multiple Triaxial test on sandstone core
specimen. The internal friction angle data are best fit by Beta General distribution

with mean and standard deviation (stdv.) of 29.87 degree and 6.64, respectively.
4.1.3 Poisson’s ratio
The total of 64 Poisson’s ratio values obtained from the lab test are plotted

using software @RISK as shown in Figure 4.1. The Poisson’s ratio data are best fit

with log normal distribution model with mean and standard deviation of 0.28 and

0.068, respectively.
Fit Comparison for Dataset 1
RiskNormal(0.280313,0.068080)
0.1500 0.3700
5.0% 90.0%
b 2.8% 87.8% | 9a% 3

|

Minimum 01400
Maximum 03900
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StdDev  0.0681
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Figure 4.1 Log Normal Distribution of Poisson’s ratio. [3]
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4.1.4 Young’s Modulus

The total of 71 Young’s modulus values obtained from the lab test are plotted
using software @RISK as shown in Figure 4.2. The Young’s modulus data are best
fit with log normal distribution model with mean and standard deviation of 10.19

GPa (1,477,550 Psi) and 4.98 GPa (722,100 Psi), respectively.

Fit Comparison for Dataset 1
RiskLognorm(20.990,4.9864,RiskShift(-10.798))
18.68
90.0% 5.0% ]
90.9% 5.9% IS

. Input

Minimum  2.3200
Maximum  30.6800
Mean 10.1930
Std Dev 5.0416
Values 7

= Lognorm

Minimum  -10.7980
Maximum 4o
Mean 10.1920
StdDev 49864

° n o 1 w0 0
1 - «

Figure 4.2 Log normal distribution of Young’s Modulus. [3]

To represent the main characterization of rock mechanics input parameters in
geomechanics determination, the scenarios are designed to select value of concerned

variables from the statistical region of u + 2 stdv.

In this regards, the full effect on rock strength properties will be tested on

simulation model. The induced stress near wellbore will be observed
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correspondingly. As a result, the proposed scenario is summarized and tabulated in

Table 4.1
Table 4.1 The Scenario Proposed to Input in Simulation.
Angle of
Cohesion internal Young
Force friction Poisson Modulus
Scenario (lZsi) (degree) Ratio (Psi)
(Mean (%] v (Me}fm "
p=1497.31; (Mean u =29.87; (Mean pu =0.28; —1.477.550:
stdv. stdv. = 6.64) stdv. = 0.068) [
_576.91) stdv. = 722,100 )
Case 1(base case;
Mean) 1497.31 29.87 0.28 1,477,550
Case 2
(varied C,; Mean-SD) 920.40 29.87 0.28 1,477,550
Case 3
(varied C,; Mean -2SD) 343.49 29.87 0.28 1,477,550
Case 4
(varied C,; Mean +SD) 2074.23 29.87 0.28 1,477,550
Case 5
(varied C,; Mean
+2SD) 2651.14 29.87 0.28 1,477,550
Case 6
(varied @; Mean-SD) 1497.31 23.23 0.28 1,477,550
Case 7
(varied @; Mean -2SD) 1497.31 16.59 0.28 1,477,550
Case 8
(varied @; Mean +SD) 1497.31 36.51 0.28 1,477,550
Case 9
(varied @; Mean +2SD) 1497.31 4315 0.28 1,477,550
Case 10
(varied v; Mean-SD) 1497.31 29.87 0.21 1,477,550
Case 11
(varied v; Mean -2SD) 1497.31 29.87 0.144 1,477,550
Case 12
(varied v; Mean +SD) 1497.31 29.87 0.35 1,477,550
Case 13
(varied v; Mean +2SD) 1497.31 29.87 0.42 1,477,550
Case 14
(varied E ; Mean-SD) 1497.31 29.87 0.28 755,450
Case 15
(varied E ; Mean -2SD) 1497.31 29.87 0.28 33,350
Case 16
(varied E ; Mean +SD) 1497.31 29.87 0.28 2,199,650
Case 17
(varied E ; Mean
+2SD) 1497.31 29.87 0.28 2,921,750
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4.2 Failure Criterion for study

Sand production failure model is developed based on Mohr-Coulomb failure
model [7] as mentioned in section 3.3 previously. For sandstone formation, it will

exhibit friction along a shear plane as the grinding action will restrict motion. The

cohesive strength (To) reflects the degree of cementation of the material.

Then Eq. 3.3.1 and 3.3.2 and 3.3.3 are rearranged to normalize for a boundary

condition as

, cos @
o, =2T
1 0 1—sing

3.21)

Note that @' is the effective principle stress and T, is the cohesive force.

4.3 Reservoir Simulation Model

A finite element method (FEM) is used to calculate the stresses. Eclipse
(E300) is able to handle not only a composite fluid but also having a capability to

include geomechanics calculation.

The finite element method retains second order accuracy when the grid is
skewed. Shear failure can be described a plasticity model under a finite element
calculation. Either Mohr-Coulomb or Drucker-Praeger failure criteria can be chosen

with or without hardening.

Initial in-situ stress field induced from overburden plus gravity, or tectonic

boundary stresses, or thermal effect can be simulated separated or as a whole.

The finite element stress calculation is in cooperating with grid section. The
porosity-stress relationship is specifying for RVBAL the rock volume be conserved

or the rock mass be approximately conserved RMBAL or the porosity is determined
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from a ROCKCOMP model as RCOMP. However in this study the default as

RVBAL

The simulation model consists of six main sections as follows:

Grid section

PVT section

SCAL section
Initialization section
Schedule section

Wellbore selection

4.3.1 Grid Section

The grid section is the section used to set basic reservoir geometry and rock

properties. The reservoir size, grid block size, number of cells, porosity and

permeability are set in this section. A 3D-catesian grid model is used to represent a

hypothetical homogeneous reservoir. The grid geometry and properties are illustrated

in Table 4.2.

Table 4.2 Grid Geometry and Properties

Description

Value

Reservoir size

1065x1065x1 ft®

Grid geometry

Number of cells

25x25x1

X grid block size 100,50,10,5,1 feet
Y grid block size 100,50,10,5,1 feet
Z grid block size 1 feet
Properties

Porosity 23%

X permeability 20 mD

Y permeability 20 mD

Z permeability 2 mD




Table 4.3 Geomechanics/Solid

Description

Value

Balance

Rock Density of Rock stress

146.7 1b/1t3

Stress Balance

Young’s Modulus for Rock/

1.48 x 1076 Psi

Stress Balance

Poisson’s Ratio for Rock/

0.28

Boit’s Constant for
Rock/Fluid interaction

1

4.3.2 PVT and fluid section

28

The PVT section is used to input fluid properties, initial temperature, water

compressibility and formation compressibility. This study uses ECLIPSE E300 in

which fluid properties are set in term of composition. Actual PVT obtained from a

sample well called P-O1from onshore Thailand. The initial reservoir temperature is

set at 284°F at depth of 5,150 feet representing a typical oil reservoir at onshore of

Thailand.

The phase equilibrium is obtained via Peng-Robinson’s equation of state.

Table 4.4 shows physical properties of each component which are used in the

equation of state.

Table 4.4 Fluid composition of well P-01

Component] MW [Overall Composition
CO2 44.0 0.09%
N2 28.0 0.47%
Cl 16.0 15.41%
C2 30.1 1.32%
C3 44.1 0.17%
1C4 58.1 0.06%
NC4 58.1 0.06%
IC5 72.2 0.00%
NC5 72.2 0.00%
C6 84.0 0.00%
C7+ 225.0 82.42%
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4.3.3 SCAL (Special Core Analysis) section

The simulation model uses 3-phases relative permeability for oil/water/gas
system. Water saturation function, gas saturation function and oil saturation function

used in study are shown in Tables 4.5 to 4.6 and Figures 4.3 to 4.4, respectively.

It is noted thatk,,  is relative permeability to gas and k., is relative

permeability to water.

Table 4.5 SWOF: Water / Oil Saturation Functions

Sw Krw Kro
0.00 0.00 1.00
0.50 0.00 0.13
0.56 0.00 0.09
0.61 0.00 0.06
0.67 0.01 0.04
0.72 0.04 0.02
0.78 0.10 0.01
0.83 0.20 0.00
0.89 0.37 0.00
0.94 0.62 0.00
1.00 1.00 0.00

1.00 \ f

0.90
bO.8O \\ Il
:;2070 N ]
i0.60 \ /
gO.SO ——Krw
20.40 \ / = Kro
2030 AN /

0.20 N\

0.10

0.00 & T T
0.00 0.20 0.40 0.60 0.80 1.00

Water saturation

Figure 4.3 Water/Oil saturation function



Table 4.6 SGOF: Gas/Oil Saturation Functions

Sg Krg Kro
0.00 0.00 1.00
0.10 0.00 0.81
0.20 0.00 0.64
0.30 0.00 0.49
0.40 0.00 0.36
0.50 0.01 0.25
0.60 0.02 0.16
0.70 0.05 0.09
0.80 0.11 0.04
0.90 0.22 0.01
1.00 1.00 0.00

_%0.80 \
'50.70

50.
§0.60 \

;:‘0:30 \
0.20 \.\ J

0.00 —0—0—0—¢ v -

0.00 0.20 0.40 0.60 0.80 1.00

Gas saturation

Figure 4.4 Gas/Oil saturation function
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4.3.4 Initialization section

Initialization section is used to specify the initial conditions of the model.

Three main parameters are defined in this section:

1) Datum depth
2) Water-oil contact (WOC) depth

3) Initial reservoir pressure at datum depth

Datum depth and water-oil contact are specified depth at 5,100 and 5,250
feet, respectively. The initial reservoir pressure is fixed at 1,800 psi. The critical
drawdown is obtained from sensitivity of rock strength parameters at failure

condition.

4.3.5 Schedule section

This section specifies the well specifications which are well bore inside
diameter, perforation interval, production target and bottom hole pressure (BHP)

target as shown in Table 4.7.

Table 4.7 Well Specification

Description Value
Well bore inside diameter 8 3/4"
Perforation interval feet
Oil production target 200-1,000 BBL/day
BHP target 100 psi

The simulation model has a single well which is set the oil production target

1,000 BBL/day and the minimum bottom-hole pressure of 100 psi.

4.3.6 Wellbore Section
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The production well in this study has casing outside diameter of 7 inches with
an inside diameter of 6.184 inches. The perforation interval is from the top to the
bottom of the reservoir and the interest open hole section is set at 1 foot since the

study is focused on a horizon stress against critical flow rate.

4.4 Geomechanics Input Parameters

A base case model is constructed in the simulator model. A based well called
P-01 is created in simulator E300 to observe stress near wellbore for drawdown

pressure sensitivity. The base case well was setup as follows:

Table 4.8 Geomechanics Input Parameters

Description Value

Rock density 146.7 1b/t3
Top of perforation 5,150 ft
OWC depth 5,250 ft
Initial reservoir pressure 1,800 psi
Target BHP 100 psi
Boundary principle stress X 3,500 psi
Boundary principle stress Y 3,500 psi
Boundary principle stress Z N/A
Overburden pressure 4,000 Psi
Failure criterion keyword MOh‘r‘l\(/:I%lf,l omb

e Cohesion 1,497 psi

* ;?ltgf: al friction 29.86 degree
11360;1; gr(zimpresmbﬂlty RVBAL
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CHAPTER V

RESULTS AND DISCUSSIONS

The reservoir volume of 1065x1065x1 ft is decretized by 25 x 25 x 1
grid blocks as seen in Figure 5.1-5.2. The study cases are run with geomechanics
input and factory according to the provided information. The study cases are listed

out and observed an operation accordingly

In this study, the production well is constructed at the center of the sandstone
formation of X x Y x Z Cartesian grid coordinate blocks. This well is called P-01
well located at the center of grid block at coordinate (13, ,13, 1).

The simulator reports stress parameters for each grid. The stress changes of
grid near wellbore is observed as shown in Figures 5.1 — 5.2. The normal stress (X, y,
z direction) and the normal shear stress in 3D (xy, yz , zx plane) reporting from
simulator are fill in Applet program to calculate a maximum principle stress and
minimum principle stress. Then, the Mohr’s circles for all directions are constructed,

and it will later be compared to the Mohr’s failure envelope line.

Figure 5.1 Grid model of base case from FloViz simulator modeling



Figure 5.2 Zoom in grid near wellbore from FloViz
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The induced stresses as represented by Mohr’s circle were superimposed on the

Mohr’s failure envelope line. The Mohr’s failure envelope line generated from the

Triaxial test data (cohesion and friction angle) served as a failure criteria to the state

of stress at the observed grid block.

5.1 Base case scenario (Case 1)

The mean values of rock strength parameters (C,, @, v, E) are input into

the model. This model is defined as a base case model. The base case rock strength

parameter input for C,, @, v, and E are 1497.31 psi, 29.87 degree, 0.28, and 1,477,550

psi, respectively. (Table 5.1)

Table 5.1 Base Case (case 1)

Cohesion Young’s
. Force Angle of internal | Poisson’s modulus
Scenario . .o . .
(Psi) friction (degree) ratio (Psi)
C, (%) v E
Case | 1497.31 29.87 0.28 1,477,550

(base case; Mean)
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5.1.1 Results and discussions for case 1:

The observed block locates at grid coordinate (13, 12, 1) represented in a
yellow block which is next to well location (P-01) at grid coordinate (13, 13, 1)

represented in the grey block as shown in Figure 5.3.

80 | ML | KRN 850 | R | B8N 2% 1IN | B
TR | 8940 | BLR R 1 IO | 4881 | -1
80 | HLE | KR W8 | BB | 8N 2% 1 I | B
Total normal stress X Total normal stress Y Total normal stress Z
3% H | 3% 3% 000 | 59 2056 000 | -0%
000 00 00 462 000 | 40 000 000 000
%0 B3 | %0 359 00 | 3% 205% 000 | 0%
Total shear stress YZ Total shear stress ZX Total shear stress XY

Figure 5.3 Grid coordination reported stresses near wellbore (time step 0.1 days)

From simulation results, the calculated total normal stress in X, Y, Z direction
and total shear in XY, YZ, XZ direction (Figure 5.4) are exported to Applet program
to plot the 3D Mohr-Coulomb circle. The results of maximum principle stress (c1),

and minimum principle stress (03) derived in 3D plane are shown in Figure 5.4

The rock strength parameters (C, @) obtained from multiple Triaxial test are
used to construct the Mohr’s failure envelope line. It serves as a failure criteria to the
state of stress at the observed grid block. The induced stresses, generated from the
simulation model and represented by Mohr-Coulomb circle, is superimposed on
Mohr’s failure envelope line. The Mohr’s failure envelope line divides the stress
field into two zone; stable and unstable zone where the induced stresses filed exceed
the formation available strength; therefore a note of formation failure. It is noted that
the region above a Mohr’s failure envelope line is called an unstable zone. The
region under a Mohr’s failure envelope line is called a stable zone where the induced

stresses field is less than the available formation strength there for no failure occurs.
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From Figure 5.4, the Mohr-Coulomb circle does not move across the Mohr’s
failure envelope to an unstable zone at time step 0.1 days. This base case is
categorized as failure case since no sand movement has occurred according to the

Mohr-coulomb failure criterion.
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Figure 5.4 Mohr‘s circle and failure envelope line after case 1 (base case)

In addition, drawdown pressure and oil rate (time step 0.1 days) are reported as

a reference for the state of comparison to other cases.

Table 5.2 Drawdown Pressure and Oil Rate Near Wellbore (base case)

Drawdown (psi) | Oil rate (STB/day/ft)
259.52 0.15

Note that in this study, it is assumed that the oil rate represents the oil rate per

/formation foot per day,
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5.2 Sensitivities of Scenario Cases 2 to Case 17

Sixteen cases (cases 2 to 17) were generated accounting for the statistical
variation of the selected variables (C,, @, v, E) covering the distribution area of

u ¥ 2 stdv. as shown in Table 5.3.

Table 5.3 Sensitivity Cases 2 - 17

Cohesion Young
. Force Angle of internal | Poisson Modulus
Scenario ; R . .
(Psi) friction (degree) | Ratio (Psi)
C, (%) v E

Case 2

(varied C,; Mean-SD) 920.40 29.87 0.28 1,477,550
Case 3

(varied C,; Mean -2SD) 343 .49 29.87 0.28 1,477,550
Case 4

(varied C,; Mean +SD) 2074.23 29.87 0.28 1,477,550
Case 5

(varied C,; Mean +2SD) 2651.14 29.87 0.28 1,477,550
Case 6

(varied @; Mean-SD) 1497.31 23.23 0.28 1,477,550
Case 7

(varied @; Mean -2SD) 1497.31 16.59 0.28 1,477,550
Case 8

(varied @; Mean +SD) 1497.31 36.51 0.28 1,477,550
Case 9

(varied @; Mean +2SD) 1497 .31 4315 0.28 1,477,550
Case 10

(varied v; Mean-SD) 149731 29.87 0.21 1,477,550
Case 11

(varied v; Mean -2SD) 1497.31 29.87 0.144 1,477,550
Case 12

(varied v; Mean +SD) 1497.31 29.87 0.35 1,477,550
Case 13

(varied v; Mean +2SD) 1497.31 29.87 0.42 1,477,550
Case 14

(varied E ; Mean-SD) 1497.31 29.87 0.28 755,450
Case 15

(varied E ; Mean -2SD) 1497.31 29.87 0.28 33,350

Case 16

(varied E ; Mean +SD) 1497.31 29.87 0.28 2,199,650
Case 17

(varied E ; Mean +2SD) 1497.31 29.87 0.28 2,921,750
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5.2.1 Result and discussion for Cases 2 to 5

For these cases, the sensitivities of cohesion force is tested while the other
strength parameters (C,, @, v, E) remains constant at mean value following the rock
strength input parameters as described in Table 5.3. The plot of Mohr’s circle against

Mohr’s failure envelope line are shown in Figure 5.5

[SEF] TRt TR @ BT i

Figure 5.5 Mohr‘s circle and failure envelope line after cases 2 to 5.

For this case, the sensitivities of cohesion force has significant effect to sand
failure evidence is case 2 and 3, the Mohr’s circles intersect with the Mohr’s failure
envelope line. It is suggested that the grid near wellbore at well position (13, 12, 1)

became unstable at time step 0.1 days.

In case 2, when the cohesion strength of failure envelope line draws across the
cohesion strength of 920 psi ( 4 — stdv.) , then observing the partially intersection
between Mohr’s circle of principle stresses and failure envelope line. It can be stated

that the sand failure most likely to occur at this case.
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In case 3, when the cohesion strength of failure envelope line adopt the
weakest cohesion strength of 343.49 psi (as the weakest of u — 2 stdv.), thus
lowering the failure envelope line resulted in the intersection between Mohr’s circle
of principle stresses and failure envelope line. At this point, it is confirmly

acknowledged that sand movement has occur.

Case 4 and 5 when cohesion strength of failure envelope line becomes greater,
at u + stdv. and u + 2 stdv., it is clearly demonstrated that the sandstone formation

still within the stable zone as no sand movement has occur.

5.2.2 Result and Discussions for Case 6 to 17

For these cases, the sensitivity of internal friction angle, Poisson’s ratio and
Young’s modulus are tested following the rock strength input parameters as
described in Table 5.5. It was found that there is a noticeable gap between the
Mohr’s failure envelope line and Mohr’s circle for all cases as the Mohr’s circle still

located in the stable zone.

3.0 Mehis Chreles

Figure 5.6 Mohr’s circle and failure envelope line after cases 6 to 17.
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It is clearly stated that the grid near wellbore at well position (13, 13, and 1)
still in a stable condition since time step 0.1 days for case 6 to 17. The general
conclusion can be draw here that the internal friction angle, Poisson’s ratio and
Young’s modulus have insignificant effect to the stability of the observation block

thus no produce failure cases.

5.3 Combination of Minimum Rock Mechanics Parameters

from Data

For this case, the minimum values of rock mechanic strength data is selected
for all rock strength parameters. The minimum values for cohesion, internal friction
angle, Poisson’s ratio, and Young’s modulus are 812 psi, 20.80 degree, 0.14 and
336,487 psi, respectively (Table 5.4). It is important to note that the failure
mechanism of reservoir layer is likely to initiate at the weakest location. Therefore, it
is of our interest to run the sensitivity test on the threshold of the minimum values of
these concerned rock strength parameters.

Table 5.4 Case at Minimum rock Strength Parameters

Cohesion Young
. Force Angle of internal | Poisson Modulus
Scenario 2 S . .
(Psi) friction (degree) | Ratio (psi)
C, (%) v E
Case Minimum
Rate (Q)=0.102 STB 812 20.80 0.14 336,487

From the simulation results, it is observed that the magnitude of total normal
stress at block coordinate (13, 12, 1) varied from 787.96-869.62 psi I x, y, z
direction. While the total normal shear stress is recorded 58.48 psi in YZ plane

compared in Figure 5.11. The stresses near wellbore are shown in the Figure 5.7.
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Figure 5.7 Grid coordination reported stresses near wellbore at time step 0.1 days.

Figure 5.8 Mohr’s circle and failure envelope line after case Minimum.
In this case, the cohesion strength of failure envelope line adopt the cohesion

strength of 812 psi, thus it results in the intersection of Mohr’s circle of principle
stress and failure envelope line. At this point, it is clearly demonstrated that sand
movement has occur under the minimum values of rock strength data input as seen in

Figure 5.8.

The Mohr’s failure envelope line at the cohesion strength of 812 psi supports
the assumption that the formation has a confirm of sand movement when cohesion in

dynamic condition is registered below 812 psi as shown in Figure 5.9.
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Figure 5.9 Mohr’s circle and failure envelope line after cases 2 - 3 against case:
Minimum.

5.4 Combination of the Weakest Rock Mechanics

Parameters from Data

As the weakest case, the rock strength parameters are adopt at the lower tail

distribution at p —2stdv. with exception of Young’s modulus taken as p —2 stdv.

since the p —2 stdv. of Young’s modulus presents unusual low value at only 33,350

psi.

The input parameter for this case is presented in Table 5.5.

Table 5.5 Case at the Weakest Rock Mechanics Input Parameters

Cohesio Young
Scenario n Force | Angle of internal | Poisson Modulus
(psi) friction (degree) | Ratio (psi)
G (%) v E

Case: Weakest 343.49 16.59 0.12 755,450
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B85 | ML | 8N 851 | TN | B8N 2% 1 0| B
T3 | 840 | 8RB TN | R T 0T 6981 | -Te1
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Total normal stress X Total normal stress Y Total normal stress Z
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00 00 00 462 00 | 40 000 000 000
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Total shear stress YZ Total shear stress ZX Total shear stress XY

Figure 5.10 Grid coordination representing total normal stress and total shear stress
from the case: weakest

From the simulation results, it is observed that the magnitude of total normal
stress at block coordinate (13, 13, 1) are varied from 779.70 to 841.12 psi in X, y, z
direction. While the total normal stress is recorded at 46.23 psi in YZ plane (Figure

5.10).

For this case, the Mohr’s circle moves across the minimum of Mohr’s failure
envelope line to an unstable zone at time step 0.1 days. At the observed grid
coordinate (13, 12, 1) the total normal stress in X, Y, and Z direction are recorded at
841.12, 782.72 and 779.70 respectively. The total shear in YZ plane is recorded at
46.27 psi, while no shear produces in ZX and XY plane.

A Mohr’s failure envelope line is selected for both minimum cohesion and
internal friction angle (343.49 psi, @ = 16.59 degree) From Figure 5.11 it is clear that
the state of stress represented on Mohr’s circle is greater than the rock strength
represented on Mohr’s failure envelope line. This means the observed block is fallen

into the unstable zone and expected to produce sand into wellbore.
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Figure 5.11 Mohr’s circle and failure envelope line after adopting the weakest rock
mechanics input parameters

5.5 Effect of Reservoir Pressure

The normal stress and shear stress near wellbore. A drawdown is used to
monitor changes in the stress around the wellbore. For base case, oil rate of 0.15
STB/day/ft of pay zone results in a drawdown of 259 psi. When the reservoir
pressure is 1000 psi and the oil rate is 18.9 STB/day/ft, the resulting drawdown is
106 psi. When the reservoir pressure is increased to 2500 psi and the flow rate is
0.03 STB/day/ft, the drawdown becomes 313 psi. The drawdown increases as the
reservoir pressure increases but the oil rate acts in the opposite fashion as shown in

Table 5.6.

Table 5.6 Observation of well performance setting oil rate 200 bpd; K =20 mD

Reservoir Pressure (psi) 1000 1800 2500
Oil rate (STB/day/perf-ft) 18.9 0.15 0.03
Drawdown (psi) 106 259 313
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At observed grid coordinate (13, 13, 1); the induced total normal stress in X
direction is extracted from comparison. As reservoir pressure increases as 1000,
1800, and 2,500 psi respectively. The induced total normal stresses are results as
573.66, 841.80, and 1,125.60 psi accordingly.

-580.15 | 57360 | -580.15 8129 | -4L80 | 41292 17142 | -1125.60) 17142
51060 | -31040 | 51060 -16169 | -508.54 | -761.69 1007.49 | -634.32 | 100749
-580.14 | -573.60 | -580.14 81292 | -84L81 | 4129 L7144 1 -112562) 17144

Total normal stress X (1000 psi) Total normal stress X (1800 psi) Total normal stress X (2500 psi)
Figure 5.12 Grid coordination representing total normal stress in X direction from
simulator of reservoir pressure 1000, 1800, 2500 Psi.

The total normal stress near the wellbore increases 33.7% when the reservoir
pressure increases 700 psi (from 1,800 to 2,500 psi). The total normal stress near the
wellbore decreases 31.8% when the reservoir pressures decreases 800 psi (from
1,800 to 2,500 psi). It is explained that stress will effect to oil rate and drawdown.
However capability of oil flowing under low permeability (K = 20 mD) is low. The
oil rate of higher reservoir pressure will decrease and drawdown will increase

accordingly.

5.6 Effect of Reservoir Permeability

In order to investigate the effect of reservoir permeability on the induced
stresses, the permeability is varied from 20 mD to 200 mD. The oil rate are varied
from 0.03 to 5.5 STB/day/perf-ft. The observed drawdown is varied from 307 to 549

psi as shown in Table 5.7.

Table 5.7 Observation of well performance comparing K= 20 mD; K =200 mD

Reservoir Pressure 1800 psi |K=20 mD|K=200 mD
Oil rate (STB/day/perf-ft) 0.03 5.5
Drawdown (psi) 307 549
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At grid block (13, 12, 1) near wellbore, total normal stress increase from 841
psi to 975 psi when the permeability increase from 20 mD to 200 mD. From Figure
5.12, selection at grid coordination in yellow block (13, 12, 1) next to well P-01
position in grey block (13, 13, 1), the maximum principle stress (c1), and minimum

principle stress (63) are derived in 3D plane.

The results for K=200 mD case are illustrated in Figure 5.13. It is interesting to
note that the total stresses near wellbore for case of K=20 mD is different from that
for case of K =200 mD. The case with K =200 mD shows higher total normal stress
than the case with K =20 mD in all directions.

The total normal stress near the wellbore increases 15% when the permeability
(K) increases 10 times from 20 to 200 mD. When Mohr’s circles of the two cases are
overlaid on the same plot, the one for K =200 mD is present a bigger Mohr’s circle,

thus generally more induced stresses as seen in Figure 5.13.

993,55 | -975.06 | -993.55 868,51 | -935.69 | -993.55 986.44 | -933.66 | -986.44
935.69 | -785.25 | -935.69 SAL13 | -785.25 | -975.06 93366 | -724.92 | -933.66
993.55 | -975.06 | -993.55 -§68.52 | -935.69 | -993.55 98644 | -933.66 | -986.44
Total normal stress X Total normal stress Y Total normal stress Z
2405 | 3118 | 2405 2425 000027 | 24.25 13.85 {0.000078 | -13.85
000 | 000 [ 000 3118 {-0.00030 | 3118 000 | 000 | 000
025 | 3118 | 425 -24.25 1000027 | 24.25 -13.85 {-0.000078| 13.85
Total shear stress YZ Total shear stress ZX Total shear stress XY

Figure 5.13 Grid coordination reported stresses near wellbore at time step 0.1 days
for K =200 mD
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This chapter summarizes the effects of rock mechanics parameters (cohesion
force, internal friction angle, Poisson’s ratio, and Young’s modulus), reservoir
pressure and permeability, on the estimation of induced stresses when the reservoir
has potentially approach rock failure condition and consequently sand production.

Recommendations for further study are also included.

First, in view of rock strength variation, it can be concluded that the variation
of all rock strength parameters has less effect on stress changes around wellbore in
almost every scenario. As evidence that the total normal and shear stresses varies

within the narrow range of 767 to 869 psi and 46.13 to 46.27, respectively.

The rock mechanics parameters are varied and the total normal stresses

around wellbore were observed as followed.

- Cohesion force. This parameter is varied from 343.49 to 2651.14 psi. The
result of total normal stresses at grid around wellbore are ranging between
787 to 869 psi.

- Angle of internal friction. This parameter is varied from 16.59 degree to
43.15 degree. The result of total normal stresses at grid around wellbore are
ranging between 787 to 869 psi.

- Poisson Ratio. This parameter is varied from 0.14 to 0.42. The result of total
normal stresses at grid around wellbore are ranging between 787 to 869 psi.

- Young modulus. This parameter is varied from 33,350 psi 2,921,750 psi.
The result of total normal stresses at grid around wellbore are ranging

between 787 to 869 psi.
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From the rock strength parameters input point of view, the cohesion can be
draw that the sensitivities of cohesion force has significant effect to sand failure. The
sand movement is likely to initiate when the cohesion strength reduces to p — stdv.
at 920 psi. And, the confirmed sand movement is clearly stated when the cohesion
strength reduces to p — 2 stdv. at 343.49 psi. While the other rock strength
parameter, the internal friction angle, Poisson’s ratio, and Young’s modulus, have

insignificant effect to sand movement.

It is important to note that the sandstone formation is subjected to the prior
flooding operation and the rock mechanics data used in this study is tested before the
flooding operation. The flooding will reduce rock strength especially the cohesion
force when the cementing material in the rock matrix weakens. Without information
of rock mechanics parameters after flooding, it is rather complicate to identify a cut-

off point as the failure condition in the model.

For reservoir pressure variation, the total normal stress near the wellbore
increases 33.7% when the reservoir pressure increases 700 psi (from 1,800 to 2,500
psi). The total normal stress near the wellbore decreases 31.8% when the reservoir
pressures decreases 800 psi (from 1,800 to 2,500 psi). It is explained that stress will
effect to oil rate and drawdown. However capability of oil flowing under low
permeability (K = 20 mD) is low. The oil rate of higher reservoir pressure will

decrease and drawdown will increase accordingly.

For the reservoir permeability variation, the total normal stress near the
wellbore increases 15% when the permeability (K) increases 10 times from 20 to 200
mD. When Mohr’s circles of the two cases are overlaid on the same plot, the one for

K =200 mD is present a bigger Mohr’s circle, thus generally more induced stresses

In overall, the most important rock strength parameters in terms of sand
failure prediction are the cohesion strength. The results of this study indicate that the

cohesion strength below 812 psi provide the possibility of sand failure case. At the
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same analysis, the reservoir pressure and permeability show impact to induced

stresses near wellbore.

6.2 Recommendations

At the outset of this study some recommendation can be made to further

complete this research work.

First, changing the principle stress of boundary condition in simulation model

can be investigated in observing the changing of total stresses near wellbore.

Second, the most update core analysis report of infill well can be used to
adjust for geomechanics parameters in the model. It will help to calibrate a Mohr’s

failure envelope line to represent the in-situ condition of formation strength.

Third, the integration of indirect test such as well log data can be used to
update the geomechanic model. The empirical relationship between indirect and
direct information (data from core test) can be established prior inject to the indirect

information into the analytical model.
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APPENDIX A

A-1) Reservoir model
A single reservoir model (composite oil reservoir) is generated by entering
required data into ECLIPSE 300 reservoir simulator. The model used in this study

composes of 25 x 25 x 1 blocks in the x-, y- and z- directions.

A-2) Case Definition

Simulator: Compositional

Model dimensions: Number of cells in the x-direction 25
Number of cells in the y-direction 25
Number of cells in the z-direction 1

Grid type: Cartesian

Geometry type: Block centered

Oil-Gas-Water options: ~ QOil and Gas
Number of components: 10
Pressure saturation options (solution type): IMPES
A-3) Reservoir properties
Grid
Properties: Active grid blocks:  Oil reservoir
X,Y,Z=  25,251-5

Source reservoir

X,Y,Z=  25/25,7-11
Porosity = 0.23
Permeability kx = 20 mD
k-y = 20 mD
k-z = 2 mD

X Grid block sizes (All X = 1-25)
Y Grid block sizes (All Y = 1-25)
Z Grid block sizes (for Z=1)

1,5,10,50,100 ft
1,5,10,50,100 ft
1 ft

5150 ft

Depth of Top face (Top layer)
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APPENDIX B

B-1) E300 Simulation file Dataset  (7-May-13).DATA

-- Office Simulation File (DATA) Data Section Version 2010.2 Oct 15 2010

-- File: Dataset_(7-May-13).DATA
-- Created on: 7-May-2013 at: 21:11:37

- * WARNING
- * THIS FILE HAS BEEN AUTOMATICALLY GENERATED.

-— ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID DATA.

RUNSPEC

TITLE
title

START
1 "JAN" 2012 /

FIELD

MULTIN

MULTOUT

GAS

OIL

WATER

IMPES

COMPS

11 7/

DOMAIN
28800 /

NOFREEZE



NSTACK
10 /

MONITOR
RSSPEC
NOINSPEC

MSGFILE
17/

GEOMECH
1* T FE RVBAL INIT COMPN NOINITH /

GEODIMS
111117/

AQUDIMS
1121117/

SCFDIMS
533/

DIMENS
25251/

SCDPDIMS
000010/

EQLDIMS
1 100 100 1 20 /

REGD IMS
110101/

TABDIMS
115050120201111110017/

WELLDIMS
22122510543011/
GRID

GRIDFILE
2/

INIT

ECHO

GRIDUNIT

-- Specifies the grid data units
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"FEET" 7/

-- Grid Axes wrt Map Coordinates

MAPAXES
-- Grid Axes wrt Map Coordinates

0 0 0 0 0 0/
EQUALS

PORO 0.23 7/
PERMX 20 /
PERMY 20 /
PERMZ 2 /

DX 100 7/
DY 100 7/
Dz 17/

TOPS 5150 1 2512511/

DX 5052112511/
DX 1071912511/
DX 591712511/

DX 1111512511/

DY 5012552111/
DY 1012571911/
DY 512591711/

DY 1125111511/

-- Office Grid Properties (GRDPROP) Data Section Version 2010.2 Oct
15 2010

*Kxk * XKk R R R e R *

-—* WARNING

*

- * THIS FILE HAS BEEN AUTOMATICALLY GENERATED.
*

-—* ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA. *

R R R o
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-- Office Grid non-geom, non-prop non-operational non-parallel
keywords (GRDOTHERS) Data Section Version 2010.2 Oct 15 2010

*Kxk R R R R T R R

- * WARNING
-—* THIS FILE HAS BEEN AUTOMATICALLY GENERATED.

-—* ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA. *

* XXk *hhhx e R R R

*hhkkhhhhkx

-- File: GEO_MECH_GOTH.INC
-- Created on: 31-Jul-2012 at: 13:13:21

--*BOX panel edit: ROCKDEN set equal to 146.7 lb /ft~3 for box
(1:51, 1:51, 1:20)

EQUALS

ROCKDEN 146.7 /

YOUNGMOD 1477985 /

POISSONR 0.2788 /

BIOTC 1 /

-— File: BASECASE_GEOMECH_TEST PVT.INC
-— Created on: 24-Mar-2013 at: 17:40:48

R R R o

-—% WARNING

*

-—* THIS FILE HAS BEEN AUTOMATICALLY GENERATED.
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- * ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA. *

AEAAAAAAAA A A A A A A A AAAAAAA A A A A AAAAAAAAAAAAAAAAAALAAXAAAA A A A A AAAXAAAXXAddX
E o

-- OFFICE-PVTN-HEADER-DATA
-— OFf PVTN Component Names: 11 1
-- Off PVTN ™"CO2"

-- OFF PVTN "N2"

-- Off PVIN ™"C1"

-- OFF PVTN ™"C2"

-- Off PVTIN ™"C3"

-- Off PVTN ™IC4"

-- OFF PVTN "NC4"

-- Off PVIN ™IC5"

-- OfF PVTN *"NC5"

-- Off PVTN ™C6"

-- Off PVTIN "C7+"

-— Off PVTIN PVT Tables: 1 1

-— Off PVIN "PVT 1"

-— Off PVTN EoS Reservoir Tables: 1 1
-- OFf PVTIN "EoS(Res) 1"

-— Off PVTN Geomechanics Tables: 1 1
-— Off PVTN 'Geomechanics 1"

ECHO

-— File: BASECASE_GEOMECH_TEST PVT.INC
-— Created on: Mar-22-2013 at: 07:03:05

E R

-—* WARNING

*

- * THIS FILE HAS BEEN AUTOMATICALLY GENERATED.
*

- * ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA. *

AEAAAAAAAAAAA A A A A AAAAAAAAAAAAAAAAAAAAXAAAAAAAIAALAAXAXAAA A A A A AAAXAAAXKAAhX
E o

-- OFFICE-PVTN-HEADER-DATA

-— File: GEO_MECH_PVT.INC



62

-— Created on: 28-Jul-2012 at: 11:55:08

AEAAAAAAAA A A A A A A A AAAAAAA A A A A AAAAAAAAAAAAAAAAAALAAXAAAA A A A A AAAXAAAXXAddX

E o

- * WARNING

*

- * THIS FILE HAS BEEN AUTOMATICALLY GENERATED.
*

- * ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA. *

AEAAAAAAAAAAAA A A A A AAAAAAAAAAAAAAAAAAAAXAAAAAAAIAALAAXAAAAAAAAAAAXAAAAKAAhX

B 2

-- OFFICE-PVTN-HEADER-DATA

-— Number of Components
NCOMPS

:: Number of Components

N 11

/

:: Modified Peng-Robinson EoS

-— Component Names

EQCORR

:: Modified Peng-Robinson EoS
EQAMES

-— Component Names

*Coz2-
"N2"
“c1"
“co-
"c3"
"IC4-
*NC4-
"IC5"
*NC5*
“cH"
"C7+"
/

-- Lorentz-Bray-Clark Viscosity Correlation Coefficients

LBCCOEF

-- Lorentz-Bray-Clark Viscosity Correlation Coefficients



0.1023 0.023364 0.058533 -0.040758 0.0093324

/
ECHO
GRAVITY
-— Fluid gravities at surface conditions
39 1 0.7773
/
ECHO
-- Units: F
-- Constant Reservoir Temperature
-- Initial Reservoir Temperature
RTEMP
-— Initial Reservoir Temperature
140
/
-- Equation of State (Reservoir E0S)
EOS
-- Equation of State (Reservoir EoS)
PR
/
-- Molecular Weights (Reservoir EoS)
MW
-- Molecular Weights (Reservoir EoS)
44 _01
28.013
16.043
30.07
44097
58.123992
58.124008
72.150992
72.151008
84
225
/

-- EoS Omega-a Coefficient (Reservoir EoS)
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OMEGAA

-— Overrides default ?a values
.457235529
.457235529
.457235529
.457235529
.457235529
.457235529
.457235529
.457235529
.457235529
.457235529
.457235529

[cNolooNoNoloNoNoNeoNe)

/

-- EoS Omega-b Coefficient (Reservoir Eo0S)

OMEGAB

-- Overrides default ?b values
077796074
.077796074
.077796074
.077796074
.077796074
077796074
.077796074
077796074
.077796074
.077796074
077796074

cNeololoNoNeoNoloNoNoNe]

-- Units: R

-— Critical Temperatures (Reservoir Eo0S)

-- Critical Temperatures (Reservoir EoS)
TCRIT
-— Critical Temperatures (Reservoir Eo0S)
548.459999999228
227.160000017685
343.079999988516
549 _774000004037
665.640000033438
734 579999959724
765.359999975116
828.719999953583
845.279999992273
913.499999999486



1340.59299801359
/

-— Units: psia
-— Critical Pressures (Reservoir E0S)

-— Critical Pressures (Reservoir E0S)

PCRIT

-— Critical Pressures (Reservoir E0S)
1071.33110996644
492.312649984577
667 .78169597908
708.342379977809
615.75820998071
529.052399983426
550.655372982749
491 .5778549846
488.785633984687
436.615188986322
232.461979592717

-- Units: ft3 /lb-mole

-- Critical Volumes (Reservoir Eo0S)

-— Critical Volumes (Reservoir EoS)
VCRIT

-- Critical Volumes (Reservoir Eo0S)
1.50573518513559
1.44166134747024
1.56980902280093
2.37073199361773
3.20369188326721
4.21285482649638
4.08470715116569
4.9336855002315
4.98174087848051
5.62247925513395
14.1948022127846
/

-- Critical Z-Factors (Reservoir E0S)
ZCRIT

-- Critical Z-Factors (Reservoir E0S)



.274077797373613
.291151404367252
.284729476638113
.284634795098265
.276164620027245
.282736958766292
.27385554910948

.272710871597912
.268438914152292
.250417484943733
.229366945004871

eNeoNoloNoNoNoloNoNoNe]

/

-- EoS Volume Shift (Reservoir Eo0S)
SSHIFT
-- EoS Volume Shift (Reservoir Eo0S)

-0.04273033674
-0.1313342386
-0.1442656189
-0.103268354
-0.07750138148
-0.06198372515
-0.05422489699
-0.04177245672
-0.03027789648
-0.007288775999
0.1737326679

/

-- Acentric Factors (Reservoir Eo0S)

-- Acentric Factors (Reservoir Eo0S)

0.225

0.04

0.013
0.0986
0.1524
0.1848
0.201

0.227

0.251

0.299

0.7316792253
/

-- Binary Interaction Coefficients (Reservoir Eo0S)
BIC



-- Binary Interaction Coefficients (Reservoir EoS)

|
o
o
=
N

eNoNoNeNoNeNole
RPRRRRRRR
eNoNoNoNoNeNole
RPRRRRRRR
(cNeoNoNoNoNeoNe)
POOOOO

P OOOO
leNeoNoNe

0.027 0.0

o
=
o

-1 0.049684 0.01 0.01 0

-- Component Parachors

PARACHOR

-- Component Parachors
78
41
77
108
150.3
181.5
189.9
225
231.5
271
581.66675
/

-- Units: ft3 /1lb-mole

-— Critical Volumes for Viscosity Calc (Reservoir EoS)

-- Critical Volumes for Viscosity Calc (Reservoir Eo0S)

VCRITVIS

-— Critical Volumes for Viscosity Calc (Reservoir EoS)
-50573518513559
-44166134747024
-56980902280093
-37073199361773
-20369188326721
-21285482649638
-08470715116569
-9336855002315
-98174087848051
.62247925513395

AR WONRPRPE

cNeoNe)
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14.1948022127846
/

-- Overall Composition
A |
-— Overall Composition
-0009
.0047
-1541
.0132
-0017
-0006
-0006
0
0]
0
0.8242

[eNoNoNoNoNeoNe)

/

-- Critical Z-Factors for Viscosity Calculation (Reservoir Eo0S)

ZCRITVIS

-- Critical Z-Factors for Viscosity Calculation (Reservoir Eo0S)
.274077797373613
.291151404367252
.284729476638113
.284634795098265
.276164620027245
.282736958766292
.27385554910948
.272710871597912
.268438914152292
-250417484943733
.229366945004871

[cNolNojoNoNoloNoNoNoNe)

/
ECHO
-— Geomechanics Yield Function Parameters

GEOYLDF

-- Geomechanics Yield Function Parameters

1497 .31 29.8685 "MC* 2300 "PER"
1 17
/
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-— File: BASECASE_GEOMECH_TEST SCAL.INC
-- Created on: Mar-24-2013 at: 15:30:19

AEAAAAAAAAAAAA A A A A AAAAAAAAAAAAAAAAAAAAXAAAAAAAIAALAAAXAAA A A A A AAAXAAAAKAAhX

E R

- * WARNING

*

-—* THIS FILE HAS BEEN AUTOMATICALLY GENERATED.
*

-—* ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA. *

AEAAAAAAAAA A A A A A A A AAAAIAAA A AR A AAAAALAAXAAAAKAAAAAAAAAXAXAAXAAAAAAAAXA XXX XA A)X

B

-- OFFICE-SCAL-HEADER-DATA

-— File: BASECASE GEOMECH_ TEST SCAL.INC
-- Created on: Mar-22-2013 at: 01:40:45

E R

-—* WARNING

*

- * THIS FILE HAS BEEN AUTOMATICALLY GENERATED.
*

-—* ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
DATA *

R R R o



-— Office SCAL

Keywords
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-- File: GEO_MECH_SCAL.INC
-— Created on: 19-Aug-2012 at: 14:56:02

AAXKXAAAAAXAAAAXAAAXAAAAAAAAAAAAAAAAAAAAAhx

DATA.

AKX AAAAAAAAIAALAAXAAAAAAAAAdhXx

WARNING

THIS FILE HAS BEEN AUTOMATICALLY GENERATED.

ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
*

AEAEAAAAAAA A A A A A A A AAAA A A A A AR A AR A AAAALAAXA AR AAAAAALAAAAAAAAAAAAAAA XA XA A)X

B 2

-- OFFICE-SCAL-

HEADER-DATA

-— Water/0il Saturation Functions

SWOF
-- Water / oil
0
0.5
.55555556
.61111111
.66666667
.72222222
77777778
.83333333
.88888889
.94444444
1

cNololoNoNeoNoNe)

/

saturation functions versus water saturation

0

0
0.000152416
0.002438653
0.012345679
0.039018442
0.095259869
0.19753086
0.36595031
0.62429508
1

1

0.125
0.087791495
0.058813443
0.037037037
0.021433471
0.010973937
0.00462963
0.001371742
0.000171468
0

-- Gas/0il Saturation Functions

SGOF

-- Gas/0il Saturation Functions

0
0.1
0.2

0
0
6.77e-006

[cNoNojoNoNoloNoNoNoNe)

[eNoNe)



0.3 0.000216769 0.49
0.4 0.001646091 0.36
0.5 0.006936612 0.25
0.6 0.02116886 0.16
0.7 0.052674897 0.09
0.8 0.11385121 0.04
0.9 0.22197158 0.01
1 1 0
/
SOLUTION

eNololoNoNoNoNe)
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-- File: BASECASE_GEOMECH TEST_ INIT.INC
-- Created on: 24-Mar-2013 at: 17:51:59

*Xx Xk *hhhk R

*hhkhhhhkx

- * WARNING

R R R

-—* THIS FILE HAS BEEN AUTOMATICALLY GENERATED.

- * ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
*

*hhkkkkhhhixk B R R R R R R LR R R e

KXk xk

-- Equilibration Data Specification

EQUIL

-- Equilibration Data Specification



72

5150 1800 5250 1* 1* 1* 1* 1*
1* 1* 1*
-- 4478 1800 4550 1* 1* 1* 1* 1*
1* 1* 1*
/

ECHO
RPTRST

-- Restart File Output Control
"BASIC=5" "FIP" "FREQ=1" "PRES" "RPORV" "RESTART" "JV" "MLSC"
"PORV_MOD*

"PRESMIN® “PSAT" ®"SGAS" "SOIL*® "SWAT® “VMF" “XMF® “YMF® <“ZMF* /
GMPSTBC

-— Principal stress boundary conditions coupled stress and fluid

flow

"X+* 200000000000 1* i 53 1* 1* 1* 1* /
"X-* 200000000000 1% 1* 1* 1* 1* 1 7/
"Y+* 0 20000000000 1% 1* 1* 1* 1* 1* /
Y- 020000000000 1* 1* 1* 1* 1* 1> 7/
--side P1X P1Y P1z P2X P2y p2z P3X P3Y
P3z

--"X-" -2000 0 0 0 -2500 200 9*/
——"X+" -2000 0 0 0 -2500 200 9*/
--"Y-" -2000 0 0 0 -2500 200 9*/
—-——"Y+" -2000 0 0 0 -2500 200 9*/
--"Z-" -2000 0 0 0 -2500 200 9*/
--"Z+" -2000 0 0 0 -2500 200 9*/
/

-- set a 3000 psi total compressive traction on the X+, X-
, Y+ and Y- boundaries

-- set a 3000 psi overburden pressure (compressive stress is -ve)
-- note that the “Z-” direction is positive downwards
GMTRABC

-- side type total

-— traction

--“X+7 1 -4300 /

--“X-7 1 -4300 /

--“Y+? 1 -4300 /

--“Y-" 1 -4300 /

“Z-7 1 -4000 /

/

SUMMARY
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-- File: BASECASE_GEOMECH_TEST_SUM.INC
-- Created on: Mar-24-2013 at: 15:30:20

*Kxk R R R e T R

E R

- * WARNING
- * THIS FILE HAS BEEN AUTOMATICALLY GENERATED.

- * ANY ATTEMPT TO EDIT MANUALLY MAY RESULT IN INVALID
*

R R R o

--BPSAT

--51 51 20 /
/

FGPP

FGPT

FOPP

FOPT

FPR

SCHEDULE

ECHO

GMPSTBC

--"X+" -23000 0000000101010/
--"X-" -2300000000001010107/
--"Y+* 0 -230000000001010107/
--"Y-"0-230000000001010107/
--"Z+* 00 -23000000001010107/
--"Z-"00-23000000001010107/
-—-"X+*0000000001010107/
--"X-"0000000001010107/
--"Y+* 0000000001010107/
--"Y-"0000000001010107/
--"Z+* 000000000101010/
--"Z-"0000000001010107/

/

WELSPECS
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"P-01" 1* 13 13 1* "OIL" 10 °"STD" "SHUT®" "YES®" 1* "SEG" 3* "STD" /
/

COMPDAT
"P-01" 13 13 1 1 "OPEN®" 2* 0.2 3* *Z® 1* /
/

WELLPROD
"P-01" "OIL" 200 3* 100 6* /
/

RPTRST

"PRES" "RESTART" "AIM=2" "EFFSTRES®" "POIL" "PRSTRESS®" "ROCKDISP*"
"SOIL*

"COHESION® "GENPLSTN®" ®"GENPSTRS®" ®"PLASDISP®" *TOTSTRES®" *DTOTSTRS® /

RPTSCHED
"PRES" "EFFSTRES®" "TOTSTRES®" "DTOTSTRS®" "PRSTRESS®" "GMPSTBC*
"STRESBC®" "PRSTRESS® /

NSTACK
50 1* /

TUNING
10* /
14* /
2* 50 7* /
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TSTEP
0.1/

TSTEP
0.1/

TSTEP
0.1/

TSTEP

77



TSTEP
0.1/

TSTEP

TSTEP
0.1/

TSTEP
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TSTEP
7/

TSTEP
7/
TSTEP
77/

TSTEP
7/

TSTEP
77/

TSTEP

TSTEP

7/

TSTEP
7/

TSTEP
77/

TSTEP
7/

END
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Information to support ECLIPSE

Sample Report of core samples test from onshore well Thailand

TRIAXIAL COMPRESSIVE STRENGTH DATA FROM WELL LKU-B13 (YOM / PRATU TAQ)

Depth Compressive Confining Young’s Poisson’s | Temperature
(m True Vertical Subsea) | Strength (psi) | Pressure (psi) | Modulus (psi) | Ratio (DEGF)
1,115 (Lower Yom) 2,485 * 500 1.83E05 0.26 Ambient
1,115 (Lower Yom) 3,200 * 1,000 1.39E05 0.16 Ambient
1,115 (Lower Yom) 4,890 * 1,500 2.78E05 0.16 Ambient
1,115 (Lower Yom) 6,618 * 2,409 1.38E05 0.07 150
1,295 (Upper Pratu Tao) 7,980 # 3,159 2.25E05 0.16 150
* determined at maximum stress  # determined at yield point
SUMMARY OF ULTRASONIC VELOCITY FROM WELL LKU-B13 (YOM/PRATU TAO)
Depth Compressional Shear Temperature
{m True Vertical Subsea) (DEG F)
ft/sec us/ft ft/sec us/ft
1,115 (Lower Yom) Dry 9482 105.46 6022 166.05 73
1,115 (Lower Yom} Saturated 11672 85.67 6471 154.53 150
1,295 (Upper Pratu Tao) | Dry 10708 93.39 7411 134.94 73
1,295 (Upper Pratu Tao) | Saturated 13035 76.72 6319 158.26 150
SUMMARY OF DYNAMIC MODULI FROM WELL LKU-B13 (YOM/PRATU TAQ)
Depth Net Bulk Bulk Young’s Shear | Poisson’s | Temperature
(mTVSS) Stress | Density | Modulus | Modulus | Modulus Ratio (DEG F)
(psi) (g/cc) (E-+06) {E+06) (E+06)
1,115 Dry 1230 1.99 1.116 2.263 0.974 0.162 73
1,115 Saturated | 1230 2.30 2.498 3.325 1.301 0.278 150
1,295 Dry 1460 2.46 1.373 3.785 1.819 0.040 73
1,295 Saturated | 1460 2.57 4.041 3.723 1.383 0.346 150




Sample report for core samples test details using in P-01 well from onshore well

Thailand.

CORE PLUGS TAKEN FOR SINGLE 3TAGE TRIAXIAL TESTS:

Rack Type Type af Test

Sandstane LICE

Sendstane LICE

2 Sandstone MTXL
3 Shila LCs
4 Shala LCs

Shale MTXL

Zhale TXL

Zandstane LICE

Raock Type Type of Test
Sandstane MTXL
Shale MT XL

Shale TXL

I

Shal= LCs

Shale LCE

2 Shale LCs
3 Shale TXL
2 Shal= MTXL

Shaley sand MTXL
Shale MTXL

7 Eandstanz LCs
18 23 Sandstane TXL
19 23 Sandstane MTXL
20 2 Shale LCs
21 2 Shale LCs
2 23 Zhale MTXL
23 23 Shale TXL
24 23 Sandstane MTXL
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Sample of core description using in P-01 well
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Sample of core analysis report using in P-01 well

Table 3a: Summary of Compressive Strength Test Results — Core #1

Sample Depth Tesr Stage Saturated Elastic Parameter Peak Strength
Ref. No. (r1) Type No. Density E (GPa) v a3’ o] - 03
(g/cnr’) (MPa) (MPa)
P1 2326.03 fl ucCs 2.39 5.93 0.32 0 25.20
PV1 | 2326.08 ucs x50 5.35 0.28 0 32.70
P2 2326.23 MTXL Stage 1 2.34 9.46 0.16 5 60.77
Stage 2 13.35 0.21 13 83.46
Stage 3 | 13.75 0.21 23 10230
Stage 4 14.67 0.24 33 144.52
P3 232646 | UCS | 244 3.34 0.27 0 12.00
P4 2326.65 ucCs { 242 79 0.31 0 9.70
PS5 2327.65 MTXL Stage | 2.50 5.62 0.30 [ 5 31.61
Stage 2 9.38 0.37 13 52.45
Stage 3 11.38 0.42 23 66.60
Stage 4 | NTRFT7 0.40 33 98.32
P6 2329.44 TXL 2.54 | 1.73 0.17 33 45.74
P7 2330.73 ucs il 265 | 3068 0.23 0 166.20
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