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Abstract

The pore pressure decrease due to production froeseavoir causes changes in the total and
effective stresses, leading to compaction and deition of the reservoir and the surrounding
rocks, which can translate into surface subsidenasing deformation, sand production, and
increment of seismic events in the compacted regrReservoirs pierced by salt domes are

characterized by complex stress regime close tesdli&sediment interface.

This thesis presents coupled flow and deformatiomerical simulations to analyze the behavior
of pore pressure and stress path along a resgnesged by a dome, as well as the influence of
rock properties, reservoir dipping angles and sa#ep on these trends after 13 years of
production. The total stress pathis defined as the ratio of the change in totalss{fAc;) to the
pore pressure changapy), and the effective stress pathis defined as the ratio of the effective
stress change(sA’o,-) to the pore pressure chan@gpy). After 13 years of production, the total
vertical stress in the reservoir decreased. Theegegf reduction is a function of function of the
well location (up to 1.42 MPa) and the°4%ipping angle (up to 1.7 MPa). The effective \cati
stress increased as a function of the well locatamere it reached a maximum value of 5.57
MPa and the dipping angle (up to 3.26 MPa. In #servoir, the reduction of the total vertical
stress at the salt/sediment interface was 1.46 higteer than the reduction in the area where the
dipping angle is D“Flat area” (0.24 MPa). While the increment of &féective vertical stress at
the salt/sediment interface was 0.99 MPa lower tharincrement in the flat area (4.25 MPa). In
addition, the total maximum horizontal stress daseel, also as a function of the well location
(up to 2.55 MPa) and the dipping angle (up to IMIPa). The effective maximum horizontal

stress increased as a function of the well locatigmto 4.52 MPa) and the dipping angle (up to
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3.92 MPa). In the reservoir, the reduction of tlalt maximum horizontal stress at the
salt/sediment interface was 1.04 MPa lower tharreédection in the flat area (2.08 MPa). While
the increment of the effective maximum horizonta¢ss at the salt/sediment interface was 1.51
MPa higher than the increment in the area wherdlijging angle is 9(2.41 MPa). The total
minimum horizontal stress decreased also as aiumof the well location (up to 3 MPa) and
the 4% dipping angle (up to 2.45 MPa). The effective mmam horizontal stress increased as a
function of the well location (up to 3.92 MPa), Whthe increment at the salt/sediment interface
(up to 2.52 MPa) and in the flat area (up to 2.4Paylwas relatively the same. In the reservoir,
the reduction of the total minimum horizontal str@s$ the salt/sediment interface was 0.45 MPa
higher than the reduction in the flat area (2 MPE)e total vertical(y,) and minimum
horizontal (y;,) stress paths increase more at the salt/sedimarface than the flat region,
while the effective vertica(y’,) and minimum(y’,,) stress paths decreased less close to the
dome compared to the well location and the flahafée total maximum horizontal stress path
(yn) behaved different, it increased less at the sdliisent interface than the flat region,
whereas the effective stress pdiyly) decreased more toward the salt dome. The spatial
distribution of the stress path is controlled bg groximity to the salt, the dipping angle and the
well location. Moreover, the horizontal stress m&thns are more significant than the vertical
stress reductions, with the highest reduction @f vlrtical and minimum horizontal stresses
close to the salt dome where gravity drainage ergmithe pore pressure drawdown near the
salt/reservoir interface, compared to the changethe flat zone. The depletion and the stress

changes induce compaction in the reservoir.
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The outcome from the sensitivity analysis shows the reduction of the Young’s modulus and
the steeper dip angles of the reservoir magnifiedréduction of the total vertical stress up to 0.5
MPa, the maximum horizontal stress up to 0.2 MRhtha minimum horizontal stress up to 0.1
MPa, during production. However, the effective watt stress increased 0.4 MPa less, the
effective maximum horizontal stress increased 0.BaMess and the effective minimum
horizontal stress increased 0.3 MPa less. Whichfiscted as an increment of the total vertical
and horizontal stress path values, that have afisgm impact on compaction (the volumetric
strain increased up t2.97x107*). Lower reservoir pore compressibility and loweservoir
Biot's coefficient results on lower vertical andrizontal stress paths along the producing

formation, that resulted ih.07x10~* less volumetric strain of the reservoir.
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Chapter 1: Introduction

1.1 Problem statement
Salt structures have been of special interesta@ocothand gas industry for many years, since a
significant fraction of the world’s hydrocarbon eeges are related to salt structures, that not
only seal the reservoirs, but create structurabmidl traps. Additionally, salt structures are
widely used as storage of oil, natural ga8;, and nuclear waste. Depending on the depositional
environment and the growth stages of salt domesl badies are characterized by high porosity

and permeability, that favor the accumulation adimgarbons (Jackson and Galloway 1984).

The salt rock is impermeable and capable to defander certain conditions. Because of these
properties, the sediments around these structueesxposed to several stress changes compared
to the far field, making the salt/sediment integfacery complex and extremely perturbated
(Heidari et al., 2016). Geological layers generalhyw increasing dips toward the salt dome,
indicating that diapirism alters the sedimentsatie. The steep reservoir dipping angle and the
proximity to the dome, represent a challenge f& tevelopment of the field and generate

concerns about the geomechanical implications bsidance, compaction and sediment failure.

1.2 Objective
Our goal is to study the behavior of pore pressune stress path along a reservoir pierced by a
salt dome, as a mean to understand its impact dimeats deformation (compaction or
expansion) and tendency to failure (shear strassnment). Additionally, a sensitivity analysis to
study the influence of rock properties is perforrmétbung’s modulus, porosity, permeability,

Biot’s coefficient and pore compressibility— ane tieservoir dipping angle.



Chapter 2: Literature review

2.1 Salt domes
Salt domes are formed by gravitational equilibribetween the salt and the surrounding rocks,
because of the density difference (Trusheim, 19@@)h temperature reduces the salt viscosity,
facilitating the salt to flow to places of loweraurden load. Circular to elliptical salt domes
are must common in the Gulf of Mexico region of tddi States (see Figure 1). In a vertical
cross section, the salt structure often looks dyigal, and its diameter increases downward, so
the flanks may be inclined to vertical (HalboutyH&ardin, 1956). The salt composition is mainly
halite (sodium chloride) with some anhydrite (caoi sulfate). It behaves plastically at a
temperature of 100°C and a pressure above lgf@m? (Baar, 1977). Domes are classified
according to the depth of the caprock or the ga#lfi into shallow, intermediate, and deep
(Teas, 1935). The accumulation of hydrocarbonsrotietl by salt uplifts depends on the
geometry of the salt structures. Figure 2 showsntlest common type of hydrocarbon traps
associated to salt domes. Petroleum geologistealdie domes as piercement structures if the
layers pierced are potential reservoirs, othentlssy are considered non-piercement. Pierced

beds tend to upturn or overturn.

The salt is a weak material that cannot sustaiarssieesses acting on the interface between the
salt and the surrounding formations. This means tthe principal stresses reorient to become
perpendicular and parallel to this plane of weakn#dglifferential stresses are present in the salt
it deforms until it reaches an isotropic stresses{@,; = g, = g3). Fredrich et al. (2003)
demonstrated that horizontal stresses in a salf bogl not always equal to the lithostatic stress,

as it has been commonly assumed. On the contiaeysuirrounding rock, can sustain shear



stresses, and its brittle behavior generates $auwittures (Heidari et al., 2017). The stress regim
around a salt can be complex with normal, reveasd,strike-slip regimes occurring in different
zones in the rocks around the dome (Dusseault. e2@04). The extent of the stress regimes and
their magnitudes are hard to determine, particplatl the shoulders and upper flanks of the
dome, because of plastic deformation imposed on gheounding rock, porosity loss
(diagenesis), bedding plane dip and sedimentamgfan are difficult to determine (Dusseault et
al., 2004). Faulting associated with salt strugusepredominantly normal, but strike-slip and
reverse is present in some cases as well. Offadialy graben or horst are the typical fault
patterns present over or adjacent to salt domegj€iiears et al., 1993). Radial faults emerge

from a central point, if domes are circular shaped shallow.

Figure 1. Circular salt dome shaped that upturned pierced bed favoring the accumulatior
of hydrocarbon.

Texas-Louisiana coastal basin is characterizedatnyel salt intrusions (salt ridges or single salt

domes, with numerous spike-like projections), samhéhem surrounded by a dry brittle shale.



Beds in direct contact with the salt will be mopgurned than the ones in contact with the dried

shale, as the shale absorbs most of the energne afdift (Halbouty 1979).

Figure 2. Hydrocarbon traps of an idealized sectiorassociated with salt domes{1) simple
domal anticline draped over salt; (2) graben faultrap over dome (3) porous cap rock; (4
flank sand pinchout and sand lens; (5) trap beneathoverhang (6) trap uplifted and
upholded against salt structure; (7) unconformity;(8) fault trap down-thrown away from
dome; (9) fault trap downthrown toward dome (Halbouty, 1979).

2.2 Mechanical behavior of salt
The salt is a viscoplastic material that deform&rotime, which alters the stresses of the
surrounding sediments, making the salt/sedimeetfaxte complex and highly perturbated. The
salt creep depends on many parameters includingethperature (Sriapai et al., 2012), the load
rate (Zhang, 2006), the confining stresses (Hungch¢ampel, 1999), and the salt properties

themselves.



For many years, experiments have been done orocsdktermine the creep mechanisms that
affect the salt deformation. Climb-controlled disdtion mechanism (Harper & Dorn, 1957)
occurs at lower stress levels, which is charaadrizy a linear relation at a constant temperature
between the strain rate and an applied load, anddapendent relationship between the strain
rate and grain size at a given temperature andssapplied. Cross-slip dislocation mechanism
happens when a screw dislocation moves from onmgepia another (Heard, 1972; Skrotzki &
Haasen, 1988; Wawersik & Zeuch, 1986). Pressurdisnlmechanism (Rutter, 1983), involves
the dissolution of minerals at the contact betwgeins into a pore fluid in areas of high stress
and deposit it into regions of the same rock ofdpwstress or removing it from the rock. Fluid-
enhanced dynamic recrystallization (Urai, 19838 mmechanism in which brine is present during
the deformation of the rock, which first experienclnamic recrystallization by grain boundary
migration, followed by sub-grain development andiagboundary migration. Coble creep
(Coble, 1963) is a mechanism of crystalline soligformation, predominant at lower stress

levels and higher temperatures.

Many scientists have developed constitutive mottelpredict the time-dependent behavior of
salt. Norton (1929) formulated the viscoelastic Bowaw, based on empirical tests. Herrmann
et al., (1980) developed the empirical viscoelagtiaste Isolation Power Plant model (WIPP),
which is commonly used for underground isolatiomatlear waste. Goodman (1989) defined
the Burger model that combines the viscoelastic efvodf Maxwell and Kelvin, this law is

frequently used for mining applications. Cristesand Hunsche (1991) formulated an
elastic/viscoplastic constitutive equation for saltk. Hou and Lux (1998) proposed a new

elastic/viscoplastic model for the salt, includiolgmage and accelerated creep. Jin and Cristescu



(1998), developed a new elastic/viscoplastic mdoletransient creep. Itasca (2012) developed
three constitutive viscoplastic models and impleteerthem in Fast Lagrangian Analysis of
Continua in 3 Dimensions (FLAC-3D). The Burgersegrd€Cvisc), that combines the Burger and
the Mohr Coulomb models. The Power Law viscoplastimdel (Cpower), that combines the
Norton Power Law and the Mohr Coulomb models. ThEPRVcreep viscoplastic model that

combines the WIPP model and the Drucker-Prager h{Bdepp).

Shahmorad et al., (2016) conducted a study to aedhe Burger, Power Law and WIPP model,
which concluded that the Power Law and WIPP modeks more capable of predicting

underground salt behavior than Burger. It deterchitiat the Norton Power Law offers a more
conservative analysis. Another study was perforimge®urup and Xu (1993) who compared 5
common salt constitutive models (Lemaitre, NortaoifHPower, Power, Transient Power, and
Munson-Daw-son), which showed that the Norton polaer and other combined laws describe
accurately the salt creep deformation when the &zatpre effect is ignored. The two parameters
power law has been commonly used to model the saltkbehavior for many years (Ehgartner &

Sobolik, 2002; Munson, 1998; Park et al., 2005; Wiaik & Zeuch, 1984).

2.3 Two-component Norton Power Law
The Norton Power Law is a viscoelastic formulatideveloped by Norton (1929), which is
commonly used to model the creep behavior of $ak. standard form of this viscoelastic model
is given by

€. = AG" @



Wheree,, is the creep rate} andn are the material properties, adgds the deviatoric stress,

also known as von Mises stress. The latter is ddfihyc = ./3],, where], is the second

invariant of the effective deviatoric stress tenasiod is given by Eqg. (2)

_ ((01 — 03)* + (01 — 03)* + (0, — 03)) (2

J: -

In EQ. (2),01, 0, and g5 are the principal stresses.

When the amount of data justifies adding more patars to the creep law, we could use the

two-component viscoelastic law, which is based aitipie creep mechanisms:

€r =€ + 6 (3)
Where:

¢ = Ao G > ofef

1= _
0 o < otef
€ = A26n2 o< Ggef

2 = _
0 G > obef

Theot® is a reference value. ¢’ = 61 = 0, 5 is always positive, which translates to a one-
component law with

€, =A0 " G > ofef 4)
If both components are activei®’ = 0 ando’$f = "large”,

€y = AG 1 4+ AG 2 o'l < 5 < offf ®)

2.4 The Mohr Coulomb Model
The Mohr-Coulomb model received its name in hoonoCoulomb (1776) and Mohr (1906). It is

used to define the shear strength of rocks and soildifferent effective stresses. The failure



envelope corresponds to a Mohr coulomb criteridreds yield function) with a tension cutoff

(tension yield function).

The Mohr Coulomb criterion implemented by Itasc®12) is formulated in terms of the
principal stressess(, o, and 03). Figure 3 represents the failure criterion in gigne 6¢,,03).
Compressive stresses are negativey;s€ o, < o3. The failure envelope is defined from point
A to B by the Mohr Coulomb failure criteridii = 0, where:

(6)

1+sin¢)>+zc (1+sin¢>

=0 = 0 (1o
61703 1—sin¢ 1—sin¢

And from point B to C by the tension failure critarf* = 0, where:
ft =05 — 0" (7)
Where ¢ is the friction angleC is the cohesion, ane' is the tensile strength, which cannot
exceed the value af; that corresponds to the intersection of the dttdigesf® = 0 ando; —
o, = 0 in the plane mentioned before. The maximum vafug @ given by

Opax = - ®)
tan ¢

The potential function is defined by two functiotise shear plastic flongf) and tensile plastic

flow (g*). The shear plastic flow is given by

1 +sintp> 9

S =g, — i o
& =0 03(1—sin1|1

Wherey is the dilation angle and the tensile plastic fiswiven by

gt = —o4 (20)
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Figure 3. Mohr Coulomb failure criterion implemented by Flac-3D, which combines th
Mohr Coulomb criterion with a tension cutoff (Itasca, 2012)

2.5 The Power Law viscoplastic model
The viscoplastic model (Cpower) generated by Ita@€tH 2), integrates the Two-component
viscoelastic Power Law and the Mohr Coulomb elgdéstic model. In the Cpower formulation,
the total strain rate is decomposed into ela&tp, viscous('el-cj) and plastic('el.pj) components:
éj = €+ €5+ €] (11)

Where the elastic strain ra&?, is the only component contributing to the strest® ritasca
(2012). The deviatoric behavior is visco-elastosptais defined by Itasca (2012):

Sij = 2G (& — ef — &b) (12)
Where G is the shear modulus. The deviatoric sttessponent f{i]-) and the deviatoric strain

componentgj;), are given by von Mises (1913):



Sl] = O'i]' - 00811' (13)

) €vol 14
ei]- = Ei]' - %61] ( )

Whereg;; is the Kronecker delt#;; = 0 if i # j andd;; = 1if i =j.

_ O (15)
Og = 3

And
€yol = €kk (16)

The volumetric behavior is elasto-plastic and isndel by Itasca (2012) as:
Go = K(égol - ésol) (17)

Whereco = ((:)-11 + (:)-22 + (:)-33)/3, éVOl = éll + ézz + é33, and K |S the bulk mOdU|US

According to Norton (1929), creep is activated asoasequence of the von Mises strgss
+/3J2. The creep rate is defined by Norton (1929) as:

c_ . 0Oq (18)
eij - ecrﬁ
ij

Deriving the von Mises stress, we obtained thectima of creep flow:

aq _3Si]' (19)

The creep intensity.,. has two components, according to the two-compoNertion Power Law

eer = el + €2 (20)
Where:
- {Alq“l q= o}
€er = ref
0 q<oj
o2 (A0 q<oy
“ o q > obef
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Mohr Coulomb flow rule define the plastic straimesa

. . Og 1, (21)
& = epa 3 &vo15i
Where
p _.[08  0g Og (22)
€vol = ©p

do;; 00y, 0033

The Mohr Coulomb potential functiofg) is used to express the direction of plastic flow
dg/ doy;, and the Mohr Coulomb yield criteridin= 0 define the plastic flow rate intensigy,.
The yield and potential functions for shear yietgJim the principal axes formulation are defined

by (Mohr, 1906) as:

£ <1+sin¢>+2C <1+sin¢) (23)
01703 1—sin¢ 1—sin¢
_ (1 + sin ) (24)
£= 01703 1—siny
For the tension yielding, the functions are
f=o0'— o5 (25)
— (26)

Whereo; and o5 are the minimum and maximum principal stressesifzession negative), C is

the material cohesiokh is the friction, is the material dilationgt is the tensile strength.

To implement this model, the viscoelastic respassealculated initially for the first timestep,
defined to keep the system in quasi-static mechaeguilibrium. Followed by the calculation of
the principal stresses and principal directionseTla verification of the yield criterion takes

place, if the criterion is not mét~ 0, the plastic strain increments are added for tée and the

11



increment intensityl = e,Atis computed to satisfy the yield criteridin= 0. This method

follows the Mohr Coulomb model implementation, wdndine viscoelastic response replaces the

“elastic guess” for the step.

2.6 Stress path
Changes in pore pressure generally result in clsaofjehe total vertical and horizontal stresses
acting on the reservoir. Geertsma (1973), propasdtieory based on the theory of linear
poroelasticity (Biot, 1941), that relates the sdbece and stress changes with reservoir
compaction, assuming equal elastic properties @ teservoir and the surrounding rock.
Hettema et al. (2000) presents an equation to st@wvertical stress changes induced by

depletion above a compacting reservoir, that remtsshe Geertsma's theory

Ao,

LR

r
Where (d) is the depth(r) is the radius(h) is the thickness anly) is the Poisson’s ratio,
(Aoy) is the vertical stress change, aip) is the pore pressure change. For reservoir with a

lateral extension greater than their degth> d), the functionf(d/r) < 1. Defining the

parametey,,, to represent the vertical stress changes duepteton, Eq. (27), gives

r

v = AA_? }:<1 - ZV) f(d) (28)

“r\2—2v
The stress changes induced by compaction are isgmify small for laterally extensive

reservoirs (Hettema et al., 2000).

The total stress path is defined as the ratio t#l tetress change to the pore pressure change

(Geertsma, 1973) and it is represented mathemigtesl

12



= 29
' Apg
The subscripj represents the 3 principal stresses pyithe reservoir pore pressure. While the

mathematical expression to represent the effestiess path is:

. A(o; — ap) (30)

T Apy
Where(a) is the Biot-Willis coefficient.
The total normal and shear stresses change bechadeoroelastic effect in the rock. Analyzing
the same point on two or more Mobhr circles, is @imaaism to understand how the stresses and
pore pressure change in the reservoir. In gendralstress path behavior from an initial state
(point A) to a final state (point A’) is a functiasf reservoir properties and geometry. Figure 4
shows the possible total stress paths followed bgsarvoir that undergoes depletion, while

Figure 5 shows the possible effective stress paths.

Another way to express the stress path is as tte o& the change in effective minimum
horizontal stressg},) to the change in effective vertical streAs;():

_ Aoy, (31)

K=
Aoy,

The changes in effective horizontal and verticaksses that accompany depletion are defined

following the theory of poroelasticity (Rice & Clga1976), as:

Ac!, = Ao, — alps (32)
Aoy = Aoy — alps (33)
Ao}, = Aoy, — alps (34)

13



The term(Ao,) is the changes of total vertical stre€8¢y) is the changes of total maximum
horizontal stress(Ac},) is the changes of total minimum horizontal stresgl («) is the Biot-
Willis coefficient that relates the effect of pgreessure and total stresses to the deformation of
the rock (Zimmerman, 1991). Alpha takes values betwO and 1; higher Biot’s coefficients
lead to higher reduction of the effective streshes to pore pressure (Biot, 1941). Substituting
Eqg. (32) and (34) into Eqg. (31), gives the follogiexpression:

Aoy, — aAps (35)
K=———
Aoy, — alp¢

Considering a laterally infinite reservoir, whiclagtic properties are the same as those of the
surrounding rocks (homogeneous subsurface), Isiagsumed that the reservoir compacts
uniaxially (no lateral strain), and that fluid wittawal does not change the total vertical stress
(Ao, = 0) in the reservoir, which means that the vertidaéss path is zergy, = 0), the
horizontal stress path is derived from Eq. (35):
—aKAps = Aoy, — alpy
Aoy, = aApg(1 — K)

Yn = a(1 —K) (36)
Based on the previous assumption, the effectivéicaérand minimum horizontal stresses are
defined as:

Ao, = —alps (37)

Aoy, = KAoy, (38)
Rearranging Eqg. (36) and substitute the value oint® Eq. (38), the effective minimum

horizontal stress is:

acf, = (1-2) ad, (39)
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To calculate the depletion coefficient, it is nesgey to substitute Eq. (31) into Eq. (36):

_of1 Aoy, (40)
th=¢ Aoy,
A
leun)
~
—
2]
%)
5]
= ,
7 A Y
= A
Q
<
(Vp)]
O3f 03; O1f 01

Total normal stress (o)
Figure 4. Simple illustration of the possible totalstress path {) followed by a reservoi
that undergoes depletion analyzing the same point that moves from the pdsin A to A'.
The initial state is represented by the small Mohcircle and the final state by the bigviohr

circle. Which means that depletion induces the totastresses to decrease, in this cass;
decreases more thaw; which makes the Mohr circle diameter to increase.

Teufel et al. (1991) have argued the validity oé thypothesis based on the theory of linear
poroelasticity, that assumes a laterally infiniésarvoir with elastic properties that match the
surroundings (no lateral strain). Additionally, §Bg& Fitzgerald (1998) stated that assuming

only vertical strain but no lateral, contradicte freld observations.
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Eshelby (1957) proposed a relation to determine dtness and strain within an elliptical
reservoir, which elastic and isotropic propertige different from the surrounding rocks.
Posterior to this study, Rudnicki (1999) introducad analytical model, based on Eshelby’s
formulation, to calculate the reservoir stress matéfficients for different geometries (reservoir

aspect ratioe = vertical/horizontal axis) and various Poisson’s ratio.

A
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— Ao 1

N

Effective normal stress (o")

Figure 5. Simple illustration of the possible effeive stress path {') followed by areservoir
that undergoes depletion, analyzing the same poirihat moves from the positionA to A’.
The initial state is represented by the small Mohriccle and the final state by the big Mohi
circle. Which means that depletion induces the efédive stresgs to increase. The Mol
circle diameter changes because the total principatresses; and o4 change in a differen
proportion.

Holt et al. (2004) adapted Rudnicki’'s model to destoate that the reservoir geometry and the

contrast of elastic properties within and arounel phoducing formation, control the stress path
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and the effects linked to it. Other researcherdistland confirmed the same theory (Gheibi et
al., 2016; Holt et al., 2016)).

In the field, the stress path can be determinedchbgsuring the in-situ stresses in the formation
while the pore pressure is altered. Warpinski et(B#85) and Warpinski & Teufel (1989)
measured the in situ stresses in sequences ofteaadsand shales, finding out that the stresses
in the sandstones are anisotropic. Anisotropicestditstress alters the matrix permeability and

the rock compressibility (Bruno et al., 1991).

Hydraulic fracturing (mini-frac test), leak-off-te@.OT) or extended leak-off test (XLOT), are
some of the techniques used to determine the mmimtincipal stres€S;) (Economides &
Nolte, 1989). The vertical stress is generally abered to be lithostatic, while the maximum
horizontal stressS{;,,.x) can be obtained from indirect techniques thatiireg knowledgé€s,).

For example, drilling-induced tensile fractures avedlbore breakouts (Barton et al., 1988).

2.7 Effects of stress path on compaction
The stress and pore pressure changes in the resaftered progressively the sediments
porosity, permeability and rock compressibility,duting compaction. Holt et al. (2004),
provided a formulation based on the theory of lin@aroelasticity, to calculate the compaction

of a reservoir that experiences a reduction of poessure:

_ Y _ _Yn (41)
n ()08

Where h is the reservoir thicknedd) is the compactionk and v is the Young’s modulus and
Poisson’s ratio of the drained rock framework, es$pely;a is the Biot’'s coefficienty, and yy

is the vertical and horizontal stress path, respelgt Ap¢ is the pore pressure change.
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Analyzing compaction as a function of the reseng@ometry, Holt et al. (2004) observed that
compaction decreases if the aspect ratio incredses vertical axis/horizontal axis). In
addition, they evaluated the contrast of elastapprties between the reservoir (presented as an
ellipsoidal inclusion) and the surroundings withire limits of linear poroelasticity, when the
reservoir experiences depletion, and noticed that rieservoir is soft compared to the rocks
around it, the total vertical stress in the reserdecreases more and the effective vertical stress
increases less, which translates into a largefcaggtress pathy() and less compaction in the
reservoir because of the stiff rock above thatasnstthe overburden weight. In the opposite case
(stiffer reservoir than the surroundings), theltatamimum horizontal stress decreases less, while
the effective minimum horizontal stress increasesenwhich induce small minimum horizontal

stress pathyg,) and lower compaction

Rhett & Teufel (1991) performed laboratory compi@ssexperiments on high porosity chalk
(b = 34% to 39%) to simulate the stress path during production sutisequent waterflooding
in the Ekosfik field. The results obtained fromgbedests indicated compaction of the formation
after depletion followed by shear failure relatedhe high injection pressure of seawater while
waterflooding. Which increases the fracture densiggntaining the reservoir permeability (good
productivity), despite compaction. Teufel et aBg1b) conducted a study of the same formation
in the Ekosfik field, analyzing the rate of effewti stress changeX & oy,,i,/0v) during
production and concluded that the shear stresseabenchalk increased significantly after
depletion causing compaction and over 4 meters edfl@or subsidence (see Figure 6).
Additional studies on the influence of stress path sandstone compressibility and matrix

permeability (Rhett & Teufel, 1992), concluded thhé reservoir compressibility is greater

18



under hydrostatic loading than under uniaxial stravhile the matrix permeability decreases

under hydrostatic loading and increaseskfet 0.5.

A research conducted in the Groningen field, ThéhBigands, to demonstrate the influence of
stress path in compaction during depletion, showremt the influence of stress path on
compaction of the high porosity sandstone is cdlietidoy the location of the stress path vector
relative to the failure envelope. If the stresshpataches the failure envelope, the rock
experiences inelastic compaction, which translatEsmore plastic deformation (Hettema et al.

2000).

A geomechanical model was developed by Schutjelas €2012) to predict the stress changes
associated with the depletion in a reservoir pigrbg two salt domes in the Pierce field,

Aberdeen, UK. Schutjens et al. (2012) showed tat/ertical and horizontal stress paths show a
spatial distribution controlled by the dipping amgind the proximity to the salt, that resulted in

compaction of the reservoir and expansion of thex and under-burden.
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Figure 6. Ekofisk seismic-derived compaction map wh water injection wells displayed a
black dots from 1989 to 1999 (Guilbot & Smith, 2002
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Chapter 3: Geomechanical model

3.1 Model Geometry
A 3D finite difference geomechanical model was tedausing FLAC 3D, to determine the
behavior of pore pressure, stress path and congpaictiand around a reservoir pierced by a salt
dome. We consider a salt dome surrounded by shgégd and a reservoir layer in the middle.
The reservoir extends around just a portion ofsidle (see Figure 7) 2590 m in x direction, 609
m in y-direction, and its thickness is 38 m. Theergoir dips at 45 degrees around the salt

structure and becomes horizontal 204 m away frardtme.

FLAC3D 5.01

©2017 Itasca Consulting Group, Inc.
Academic Model

Reservoir
Salt dome

__609m_ _

Salt dome

Figure 7. Reservoir dimensions. The size of the reservois 2590 m, 609 m and 38 m in X,
and z-direction.

The salt dome is half the shape of a cylindricahtated cone, its height is 1524 m, the

minimum radius is 595 m and its maximum radius36 ¢n. The shale layers above and below
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the reservoir have a thickness of 558 m and 92r&spectively. There are 204 m of shale next to

the reservoir and extends to the boundary of theéain@ee Figure 8).

FLAC3D 5.01

©2017 Itasca Consulting Group, Inc.
Academic Model

Reservoir
Salt
i Shale 204 m 595 m

Shale_bottom — —_—

558 m Shale

Reservoir

Salt dome

927 m

z 3657 m 930 m

5

Figure 8. Crosssection of the model geometry in Y. This plot showthe extension an
thickness of the reservoir, shale and salt dome.

The tilted reservoir and shale sediments have agngeometry, while the salt dome elements
have a LEGO shape, to keep the same vertical aire for the elements (see Figure 9). The
model has 287 thousand elements, which extend 8657 X-direction, 2133 m in Y-direction
and 1524 m in Z-direction. The top of the model®®4 m below ground level (see Figure 10).
Elements are finer close to the salt/sedimentfiater which is the area of interest, and become

coarser toward the model boundaries.
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FLAC3D 5.01

©2017 Itasca Consulting Group, Inc.
Academic Model

Reservoir
Salt
Shale

Shale_bottom

Salt dome

Figure 9. Model Geometry. The Reservoir layer (yellow) dipst5 degrees toward the se
dome (blue). The shale is constituted for 2 groupdower shale (brown) and uppershale
(brown).

FLAC3D 5.01

©2017 Itasca Consulting Group, Inc.
Academic Model

Salt
Shale
Shale_bottom

3657 m

Figure 10. Model dimensions. The size of the model is 3657, 2133 m and 1524 m in X,
and z-direction.
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3.2 Rock mechanical and fluid properties
The shale layers and the reservoir are treatethsscematerials and the Mohr Coulomb criterion
is used to assess their failure response. A catigéttime-dependent model, Creep Power Law
(Cpower), is used to simulate the salt creep dedtion. The reservoir is assumed to be a Lower
Miocene weak sandstone, which mechanical propediesdescribed by Manzano Angeles
(2014). We used the Pierre-1's shale mechanicglepties defined by Islam and Skalle (2013)
and Ojala (2011), and the Napoleonville salt domoperties from a test conducted by RE/SPEC
(Ratigan, J.L., Nieland, J.D., and Osnes, 1993hlelf'd summarizes the mechanical properties
implemented in our simulation and Table 2 the crpafameters of the salt. The salt cohesion

value is set high to prevent shear failure.

Table 1. Rock mechanical input properties.

Rock Type Reservoir Shale Salt
Density
2252 2330 2162
(Kg/m*)
Young Modulus
10342 13858 31095
(MPa)
Poisson’s Ratio 0.35 0.33 0.18
Bulk Modulus
11514 13237 16202
(MPa)
Shear Modulus
3833 5240 13168
(MPa)
Friction Angle 32.72 30 50
Cohesiol
(MPa) 4.7 10.5 68.9
Tensle strengtl
(MPa) 6.9 7 1.6
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Table 2. Creep power law input properties from Napteonville salt dome

Parameter Symbol Value Units
Powe-law constar Al 4.64E-32 1/yr
Powe-law constar A2 6.32E-24 1lyr
Powe-law exponer nl 5.5 -
Powe-law exponer n2 4 -
Reference stre rsi 0 MPe
Reference stre rsz 0.07 MPe

The rock porosity and permeability, for each foriorats presented in Table 3. For simplicity, it
is assumed that the reservoir is fully saturateth wil, and the overburden and shale are

saturated with fresh water (see Table 4).

Table 3. Rock permeability and porosity data.

Rock Type Reservoir Shale Salt
Porosity 0.18 0.24 0.01
Permeability 2.47 3.15x1075 | 1.00x1072!

(md)

Table 4. Rock saturation and fluid properties.

Rock Type Reservoir Shale Salt
Saturation Fluid Ol Water -
Saturation 1 1 0
F"(Jli?g/D;?;"y 815.5 1000 i
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3.3 Boundary and initial conditions
The bottom of the model domain is fixed in the mdiion, but it can freely move in the x- and
y-directions due to the lateral extent. This alsevpnts the sediments from failing in shear when
the salt is allowed to creep. Rollers are applethé sides, allowing the model to move freely in
the z-direction (see Figure 11). The gravity is @1 Bec?. Fluid flow is allowed between the

reservoir and shale.

FLAC3D 5.01

©2017 Itasca Consulting Group, Inc.
Academic Model

Reservoir
Salt
Shale

Shale_bottom

Shale

Reservoir

Figure 11 Model boundary conditions. Fix in the bottom, androllers on the sides. The to
can move freely on z-direction.

3.4 Initial conditions
The reservoir initial pore pressure gradien0.8x10-2 MPa/m, and the shale pore pressure is
0.98x10~2 MPa/m. The salt is nearly impermeable, and isisuaned to have a saturation equal
to zero. The stresses are zero at the surfaceh&l@ptThe overburden applied to the top of the

model is different for the salt and shale. Laydrsv& the salt are: 228 m of soft sediments, 76 m
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of caprock and 1219 m of salt. Layers above théestwe 304 m of soft sediments, 990 m of

shale and 228 m of sandstone.

The salt dome state of stress is assumed to bestatic, so the total vertical, minimum and
maximum horizontal stresses have the same magnindeincrease at a gradient2of2x1072
MPa/m in x-, y- and z- direction@crXX = Oyy = Oy ) It should be noticed that this equation
represents a stress variation as a function ofhdépat may not be valid for all the stress states
present in the salt. The initial state of stresstfe rest of the model is set as follows: The
maximum total stress is verticab, (=S, = S,), the intermedium stress is horizontal in x-
direction §; = Sy = Symax), and the minimum stress is horizontal in y-dik@tt(S; =S, =
Shmin), @s it can be seen in Figure 12. The verticasstigradient is calculated using the rock

density, gravity and depth. Table 5, shows thelc@rand horizontal stress gradients.
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Figure 12. Stress tensor that represents the initiarientation of the principal stresses ata
point in the model.
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Table 5. Shale, Reservoir and Salt total stress gilgents. The maximum principal stress is
the vertical, the intermedium and the minimum are forizontal.

Rock Type Reservoir Shale Salt

Maximum Stress Gradie
2.20x1072 2.28x1072 2.12x1072

(MPa/m)
Intermedium Stress Gradient 1.85%10-2 1.92x10-2 2 12x10~2

(MPa/m)
Minimum Stress Gradient 1.74x10-2 1.80x10~2 2.12x1072

(MPa/m)
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Chapter 4: Simulation description

A model for fluid and creep calculations is configd. First, the mechanical model and material
properties for each formation are assigned. Thedaty conditions (rollers in the walls and pins
at the bottom of the model and turned on gravitg) set and the overburden stress is applied to
the top of the model. Then, the principal stre$segach zone are initialized, defining the stress
gradients and thicknesses. A permeability isotréipid model is created, the fluid properties for
the oil and water, and the porosity and permeghititeach zone are assigned. Next, the initial

pore pressure gradient is set according to thd lensity and thickness of the layers.

The simulation is run coupled for several time stepith no creep until the model reached
mechanical equilibrium. After reaching equilibriuthe maximum value of the Von Mises shear
stresso in the model is calculated and replaced into tbevgy law equation, to find the
maximum creep time steftgr.;. Creep is run once the fluid flow results are ot#d. To run
creep, the automatic creep timestBp) (s initialized, updated during cycling, and cartied by
the minimum Ifob) and maximum fob) unbalanced force ratio limits, latency, minimum
(Mindt) and maximum Nlaxdt) creep timestep, and a minimutm(l) and maximum ymul)
multipliers. In creep, the timestep increases (idtiplied by Imul = 1.05) if the unbalanced
force ratio in the model falls below the limit dedid {fob = 1x107°) or decreases (is multiplied
by umul = 0.9) if the unbalanced force ratio in the model exsettee maximum limit defined
(ufob = 5x107°). It is necessary to assign the minimum numbecreép timesteps that must
elapse before the timestep changeseficy = 3). Once the creep timestept] exceeds the
minimum creep timestepMindt = 1x1078), it will not be allowed to fall below this value.

Moreover, creep timestep size is not allowed teeeddhe maximum creep timestep size.
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The model was allowed to creep for 100,000 yeartetahe sediments and the salt reach
equilibrium. The shear stress in the salt decreéssai Figure 13) and the principal stresses in the
sediments around the dome reoriented: the maxinotah principal stresS; is oriented parallel

to the salt dome wall pointing downward. The intediate total principal stress is oriented
radially pointing outward from the salt dome. Thaaimum total principal stresS; is oriented

circumferentially around the salt (see Figure 14).
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Figure 13.Von Mises shear stresses at mechanical equilibriumand after 100,000 years ¢
creep. It is observed that the shear stresses indhsalt decreased significantly because
plastic deformation of the salt, after 100,000 yearof creep.

Once the initial stress of state is obtained, tieameter in the model are set to start production.
To run fluid flow, the displacement and velocitiesx-, y- and z-direction are set to zero. The
production well is placed 122 m away from the slaitne and produced at a constant rate of 80
BOPD for 13 years. Once the fluid flow results abtained for production, the velocities in x-,

y- and z-direction are set to zero, and creep msfou 13 years, to see the effect of salt creep
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during depletion. Additionally, the stress and ptge changes in the reservoir after shut-in are
studied, letting the model reach a steady statee@me fluid flow results for 3 years of pressure

build up are obtained, creep is run for 3 yearsall®imulation time: 16 years.
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Figure 14. Orientation of the principal stresses avund the salt dome before production
The arrows indicate the general trend of the stresgector orientation at that point.
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Chapter 5: Results

In this section we present the results for a tileeskrvoir pierced by a salt dome that underwent
production, followed by a pressure build up periddble 6 shows the well schedule during the

simulation time.

Table 6. Well schedule.

Well Duration
Status [year]
Production 13
Shut-in 3

To show the data as a function of distance fronsti#sediment interface, a trajectory ABCD of
elements is defined, where the elements from pdinis C belong to the reservoir, and from C
to point D to the salt (see Figure 15(a)). Theatiseé from point A to the well (point B) is 182.4

m, while the separation between the well and pGirg 196.2 m.

Furthermore, a vertical subdivision of the segm®BC is defined to display the reservoir and
shale information of elements located at represestalaces (flat region, around the well,
salt/sediment interface), as can be seen in Fia(k). In addition, the elements with a black
frame are used to analyze the changes in the pessyre, total and effective stresses, stress path
and compaction. Elements Al, B1 and C1 belong @¢outbper shale; A3, B3 and C3 pertain to

the lower shale; while A2, B2 and C2 outline thear@oir elements.
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Figure 15. (a) Trajectory ABCD along the reservoirand salt dome.Point A is in the flat
region of the reservoir located 182.4 m apart fronthe well, point B represents the positiol
of the well, point C is located at the salt/sedimennterface, and D is 38 m inside the saltb)
Vertical subdivision of the segment ABC along the lale and reservoir, including an
element inside the salt (point D).
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5.1 Pore pressure
Figure 16 shows the change of pore pressure valters13 years of production. The maximum
pore pressure drawdown in the reservoir occurredrat the well (6.9 MPa) and is equivalent to
40% of the initial value. It is observed that thelWwocation controls the depletion pattern. The
pressure drop is higher at the salt/sediment iter{4.96 MPa ~ 31.9%), compared to point A2
(4.49 MPa ~ 25.9%), which is 8 m closer to the wHfle previous behavior can be associated to

the effect of gravity drainage.

The results obtained at points C1, C2 and C3 areaomsidered into the analysis of the dipping
angle effect, because the elements at the saltisatlinterface are affected by the salt creep and
may give a different perspective. Instead thesmetes will be studied separately to demonstrate
the impact of salt deformation at the salt/sedimatdrface. The salt creep has a significant
impact on the pore pressure drawdown at point C21L(MPa), which caused a change of the

stress path followed by the other elements neitt(see Figure 16).

Figure 17(d) and Figure 18(d) show the pressurke lug values after shut-in, where the fluid in

the reservoir rises smoothly. The pore pressurhenreservoir increased 1.08 MPa in the flat
region, 3.38 MPa around the well and 1.32 MPa atst/sediment interface (see Figure 19).
The order of magnitude of these observations ansempent with the points that presented the

highest depletion in the reservaoir.

Although the initial pore pressure in the saltast® zero, FLAC-3D contours are obtained from

gridpoint-based values on the surfaces of zoné&seimange, which means that elements from the
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salt (element with lower pore pressure) that shagedpoint with the reservoir or shale, will not
have a pore pressure of zero. Instead, the poresyme of that element is calculated by
volumetric averaging the lower and higher magnitafithe gridpoints that form the element, as
it can be observed in the salt element next tosthlésediment interface in Figure 16. The

pressure in the salt at point D remain zero dupiregiuction and after shut-in (see Figure 19).
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Figure 16. Differential pore pressure as a functionof distance from the salt/sediment
interface, along the curve ABCD defined in Figure %. (a) after 13 years of production
Reservoir elements are represented in green, whikealt elements are represented in blu
The pressure drawdown and pressure build up at a c&in location is controlled by its
location relative to the well. The salt pore presse remains zero after production. Thepore
pressure of the reservoir elements at the salt/sedent interface is altered by the salt creeg|
The salt elements at the salt/sediment intéace present a pore pressure different than zer
because the contour of this element interpolates ¢hvalues of the sediment gridpoint
(different than zero) and salt gridpoint (zero).
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Figure 17. Pore pressure drawdown along a xz-plan@ the middle of the reservoir. (a)
Initial state, (b) 6 years of production, (c) 13 yars of production and (d) 3 yearsof steady
state. The highest depletion occurred along the reservoiand extends in the shale abo
and below the producing formation. Three years afteshut-in, the pore pressure increase
in the reservoir and shale.
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Figure 18. Pore pressure drawdown in the xy-planehtough the middle of the reservoir. (a
Initial state, (b) 6 years of production, (c) 13 yars of production and (d) 3 years of steac
state. The depletion was higher at the salt/sedimemterface than in the flat region. Three
years after shu-in, the pore pressure in the reservoir stabilizeand distributes.
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Figure 19. Pore pressure as a function of distandeom the salt/sediment interfacealong
the trajectory ABCD, defined in Figure 15. (a). Thepressure drawdownand pressure builc
up at a certain location is controlled by its locabn relative to the well. The saltpore
pressure remains zero after 16 years of simulationThe pore pressure of the reservoi
elements at the salt/sediment interface is alterdoly the salt creep. The salt elements at t
salt/sediment interface present a pore pressure dig@rent than zero, because the contour
this element interpolates the values of the sedimegridpoint (different than zero) and sal
gridpoint (zero).

Figure 20 shows the pore pressure drawdown in gpemushale which is represented by the
elements Al, B1 and C1 defined in Figure 15(beXperienced up to 3.23 MPa of depletion
above the well, followed by 2.3 MPa at the saltiiseaht interface and 2.1 MPa at point Al. The
pressure change at the salt/sediment interfac® iMBa higher compared to the flat region. The
pore pressure drawdown at point C1 is 0.37 MPatgremmpared to the value of the element
next to it, which is associated to the salt créagure 17(d) shows the pressure build up values
after shut-in: the pore pressure increased up 40MPa above the well, 0.61 MPa at the

salt/sediment interface, and 0.5 MPa in the flgiae (see Figure 19). The order of magnitude of
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these observations are consequent with the pdiispresented the highest depletion in the

reservoir.
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Figure 20. Pore pressuraluring production time of three upper shale elemerg (A1, B1 anc
C1l), situated at different locations with respectd the dome, described in Figure 1(B). The
element above the well, experienced the maximum @sure drawdown during the first
year of production, followed by a change of the spe that decreases. The slope of t
pressure at point C1 looks steeper than at point A1

Figure 21 shows the pore pressure drawdown indher shale which is represented by the
elements A3, B3 and C3 shown in Figure 15(b). ipezienced up to 3.96 MPa of depletion
below the well, followed by 2.87 MPa at the saliisgent interface and 2.42 MPa at point A3.
From the previous results, it is observed that emegal the lower shale depletion is higher
compared to the upper shale (0.33 MPa more at gqift73 MPa at point B and 0.57 MPa at
point C). The pore pressure reduction at point<@.7 MPa greater compared to the magnitude

of the element next to it, because of the saltufeigl7(d) shows the pressure build up values
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after shut-in: the pore pressure increased upgdviPa below the well, followed by 0.4 MPa at
the salt/sediment interface, and 0.4 MPa in thé Mémgion (see Figure 19). The order of
magnitude of these observations are consequent théhpoints that presented the highest

depletion in the reservoir.
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Figure 21. Pore pressuraluring production time of three lower shale elemers (A3, B3 anc
C3) situated at different locations with respect tahe dome, described in Figure 1fb). The
element below the well experienced more depletion.

5.2 Total and effective vertical stresses
Figure 22 shows the change of total vertical st{@ss,) values after 13 years of production.
The reservoir experienced the maximum total vdrst&ss §¢,,) reduction at the salt/sediment

interface (1.7 MPa ~ 4%), followed by 1.41 MPa (39und the well, and 0.24 MPa (0.5%) at
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point A. It can be observed that the proximityle salt and the dipping angle controls Aleg,,

for this reason there are major changes arounddire, compared to the flat region.

As stated before, the results obtained at pointg32land C3 are not considered into the analysis
of the dipping angle effect, to avoid misleadingh@dasions. Instead these elements will be
studied separately to demonstrate the impact ofdedbrmation at the salt/sediment interface.
Analyzing the effect of salt creep on the vertisiless at the salt/sediment interface, it is
observed that the reservoir element at point CQ.28 MPa greater, compared to the green

element next to it (see Figure 22).

Figure 23(d) and Figure 24(d), show how the veltsteess recovered after shut-in: the total
vertical stresses in the reservoir increased up.89 MPa around the well, 0.4 MPa at the
salt/sediment interface and 0.07 MPa in the flgior (see Figure 25). The stresses recovery was
higher around the well than at the salt/sedimetgriace, it may be associated to a major
pressure build up at the well location, comparethéosalt/sediment interface (see Figure 19). In
contrast, the total vertical stresses in the salteiased 0.42 MPa at point D, after 13 years of

production and decreased 0.12 MPa after 3 yeasbuifin (see Figure 25).

Figure 26 shows the change of effective verticadsst(Ao,) in the reservoir after 13 years of

production. The effective vertical stress is cadtedl using the Eq. (32), described in chapter 2.
The reservoir experienced the maximwi) increment around the well (5.49 MPa ~ 18%),
followed by 4.25 MPa (13.7%) at point A2, and 3NMBa (12%) at the salt/sediment interface. It

is observed that th&c;,, at a point is controlled by its location relatiteethe well, and that the
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effective vertical stress in the flat region is 1P#& higher, compared to the salt/sediment
interface. The previous observation occurs becgtméaty drainage enhances the pore pressure

drawdown near the salt/reservoir interface.

Figure 27(d) and Figure 28(d), show the’,, values after shut-in along the reservoir. The
stresses decreased up to 2.5 MPa around the wl@lyvéd by 1 MPa at point A2, and 0.9 MPa

at the interface (see Figure 29). The order of ntade of these observations are consequent
with the points that presented the highest effecsivess increment in the reservoir. The effective
vertical stresses in the salt are the same asthlevertical stresses because the pore pressire di

not change after production or shut-in (see Fig@e
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Figure 22. Change of total vertical stress as a fation of distance from thesalt/sedimen
interface, along the curve ABCD, after 13 years oproduction. Reservoir elements ar
represented in green, while salt elements are repented in blue.The total vertical stres:
decreased toward the dome and increases in the salthe effect of a production well on th
total stress resulted in higher reduction around hyher depleted zone. Theotal vertical
stress of the reservoir elements at the salt/sedimieinterface is altered by the salt creej
The salt elements at the salt/sediment interface psent a total vertical stress differet than
the salt elements next to it, because the contouf this element interpolates the values of tf
sediment and salt gridpoints.
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Figure 23. Total vertical stress changes along a #ane in the middle of thereservoir. (a)
Initial state, (b) 6 years of production, (c) 13 yars of production and (d) 3 years of steac
state. The total vertical stress decreased in the reserwgireaching the maximum reductior
along the dipping layer. While it increased in thesalt right next to the reservoir interface.
Three years after shut-in,o,, increases in the reservoir and decreases in the sadboking
for a steady state.
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Figure 24. Total vertical stress changes in the xglane through themiddle of the reservoir.
(@) Initial state, (b) 6 years of production, (c) 3 years of production and (d) 3 years «
steady state.The total vertical stress decreased toward the domand the well locatior
impact the stress pattern along the dipping layerWhile it increased in the salt right next tc
the reservoir interface. Three years after shut-ing,, increases in the reservoir as the po
pressure in the reservoir stabilizes.
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Figure 25. Total vertical stress as a function of idtance from the salt/sediment interface
along the trajectory ABCD. The total vertical stress during and after production E
controlled by the dipping angle and the proximity b the salt dome. The vertical stressein
the salt increased after production and decreasedftar shut-in. The total vertical stress o
the reservoir elements at the salt/sediment interfze is altered by the salt creep. The si
elements at the salt/sediment interface present attl vertical stress different than the sal
elements next to it, because the contour of thiseshent interpolates the values of tr
sediment and salt gridpoints.
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Figure 26. Change of effective vertical stress as a functiorof distance from the
salt/sedimentinterface, along the curve ABCD, after 13 years oproduction. Reservoir
elements are represented in green, while salt elents are represented in blueThe highes
increment occurred at point B. The effective vertical stress increased more at pai A that
at the salt/sediment interface. Theeffective vertical stress of the reservoir elementst the
salt/sediment interface is altered by the salt crge The salt elements at the salt/sedime
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Change of effective vertical stress (MPa)
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Figure 27. Effective vertical stress changes in th&z-plane through the middle of the
reservoir. (a) Initial state, (b) 6 years of prodution, (c) 13 years of production and (d)
years of steady stal. The effective vertical stress is antrolled by the well location anc
increased in the reservoir and shale. The value tie effective stress in the salt correspon
to the change of the total vertical stresses, acaiing to Eq. (32) because the pore pressu
in the salt remains zero during and after productiom. Three years after shut-in, theo,
decreases in the model.
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Change of effective vertical stress (MPa
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Figure 28. Effective vertical stress changes in thay-plane through the middle of the
reservoir. (a) Initial state, (b) 6 years of prodution, (c) 13 years of production and (d)
years of steady stal. The effective vertical stress is controlled by thevell location anc
increased with depletion. The value of the effectiversss in the salt corresponds to tf
change of the total vertical stresses, according ©q. (32), beause the pore pressure in tt
salt remains zero during and after production. Three years after shut-in, theo,, decrease:
in the model.
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Figure 29. Effective vertical stress as a functiorof distance from the salt/sedimen
interface, along the trajectory ABCD defined in Figire 15(a). The major increment ofo,,
was 5.57 MPa around the well. After shut-in, theo;, decreased 0.97 MPa at point BThe
effective vertical stress of the reservoir elementst the salt/sediment interface is altered k
the salt creep. The salt elements at the salt/sedamt interface present an effective vertic:
stress different than the salt elements next to it, because the cantr of this elemen
interpolates the values of the sediment and salt gipoints.

Figure 30, shows the total vertical stress chamgéise upper shale which is represented by the
elements Al, B1 and C1 as shown in Figure 15(bg Jthess reduction experienced by these
elements in order of magnitude was 0.99 MPa (2.824he salt/sediment interface, 0.68 MPa
(1.4%) at point B1 and 0.21 MPa (0.5%) at point Alke total vertical stress at the salt/sediment
interface is 0.77 MPa lower compared to the flgioe, because th&o,, is controlled by the
proximity to the salt and the dipping angle. Fig@B¢d) shows théo,, values after shut in the
well in the upper shale. The stresses increased 0p42 MPa above the well, 0.24 MPa at the
salt/sediment interface and 0.06 MPa in the flgtam The stresses recovery was higher above
the well than at the salt/sediment interface bezahs pressure built up more at point B1,

compared to the salt/sediment interface (see Fig@ye
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The effective vertical stress changes in the uppale which is represented by the elements A’1,
B'1 and C’1 as shown in Figure 15(b), are plottedrigure 30. The stress increment experienced
by these elements in order of magnitude was 2.58 [@P%) above the well, 1.88 MPa (6.6%) at
point A’l and 1.32 MPa (5.2%) at the salt/sedimatgrface. Theo,, in the flat region is 0.57
MPa higher compared to the value at the salt/sedinmeerface. Figure 27(d) shows the,
values after shut-in in the upper shale. The stesiecreased up to 0.97 MPa above the well,

0.41 MPa in the flat region, and 0.37 MPa at th#ssaliment interface.
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Figure 30. Total vertical stress(Al, B1 and C1) and effective vertical stress (A’'1B’1 and
C’1) during production time for three upper shale elements, situated at differenbtations
with respect to the dome, described irFigure 15(b). The element at thesalt/sediment
interface experienced the maximume,, reduction, while the element above the we
experienced the highesb, increment, with production.

51



Figure 31, shows the total vertical stress chaimgdéise lower shale which is represented by the
elements A3, B3 and C3 shown in Figure 15(b). Ttness reduction experienced by these
elements in order of magnitude was 0.97 MPa (2%)vbehe well, 0.84 MPa (1.9%) at the
salt/sediment interface and 0.25 MPa (0.5%) at tp@i&. The total vertical stress at the
salt/sediment interface is 0.59 MPa lower compdaredhe flat region, because thw,, is
controlled by the well location and the dipping nd\nalyzing the results of both the upper and
lower shale, it can be seen that thg decreased 0.29 MPa more below the well than above,
however theo,, decreased 0.15 MPa more in the upper shale/dalfane than in the lower
shale/salt interface. The total vertical stressgeaat point C3 is 0.22 MPa higher compared to
the magnitude of the element next to it, becausth@fsalt creep. Figure 23(d) shows ffwg,
values after shut in the well in the lower shalbe Wertical stresses increased up to 0.5 MPa
above the well, 0.19 MPa at the salt/sediment fiater and 0.07 MPa in the flat region. The
stresses recovery was higher above the well thatheatsalt/sediment interface because the

pressure built up more at point B3, compared teti#sediment interface (see Figure 19).

Figure 31, shows the effective vertical stress gkarn the lower shale which is represented by
the elements A’'3, B’3 and C’3 shown in Figure 19. (bhe stress increment experienced by
these elements in order of magnitude was 3 MPa (1@6w the well, 2.18 MPa (7.3%) in the
flat region, and 2.03 MPa (7.6%) at the salt/sedinngerface. Analyzing the results of both the
upper and lower shale, it can be seen thatothe increased (0.72 MPa at the salt/sediment
interface, 0.44 MPa below the well, 0.29 MPa in fla¢ region) more in the lower than upper
shale. The effective vertical stress change attpG® is 0.49 MPa higher compared to the

magnitude of the element next to it, because ofsthle creep. Figure 27(d) shows the;,
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values after shut-in in the lower shale. The seestecreased up to 0.97 MPa below the well,

0.33 MPa in the flat region, and 0.28 MPa at théssliment interface.
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Figure 31. Total vertical stress(A3, B3 and C3) and effective vertical stress (A’33’3 and
C’3) during production time of three lower shale etmentssituated at different locations
with respect to the dome, described irFigure 15(b). The element at thesalt/sediment
interface experienced the maximumeo,, reduction, while the element below the we
experienced the highesb, increment, with production.

5.3 Total and effective maximum horizontal stresses
Figure 32 shows the change of total maximum hotedosiress ¢,,) values after 13 years of
production. It is observed that the reduction &f thaximum horizontal stress in the reservoir is
controlled by the well location. Where the maggy reduction occurred 24 m away from the
well in the flat side of the reservoir (2.39 MPa.¥%), followed by 2.08 MPa (5%) at point A2,
and 1.04 MPa (2.6%) at the salt/sediment interf&tedying the effect of salt creep on the total
maximum horizontal stress at the salt/sedimentfante, it is observed that the reservoir element

at point C2 is 1.04 MPa lower, compared to the meement next to it, because it is altered by
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the salt creep. The total maximum horizontal stiesthe salt decreased 0.38 MPa at point D

after 13 years of production

Figure 33(d) and Figure 34(d), show how the totakimum horizontal stress recovered after
shut-in: the total maximum horizontal stress inseghup to 1.13 MPa around the well, 0.51 MPa
in the flat region, 0.29 at the salt/sediment ifisee and 0.07 MPa in the salt (see Figure 35). The

stresses recovery was higher around the well wiherenajor pressure built up (see Figure 19).

Figure 36 shows the effective maximum horizontaésstes chang€Ao,,) in the reservoir
increased after production. The effective maximumzontal stresses is calculated using the Eq.
(33), described in chapter 2. It is observed thatibcrement oby, is controlled by the well
location and extends toward the dipping layer. Tieximum increment occurred at point B2
(4.52 MPa ~ 18.2%), followed by 3.92 MPa (16.2%}he interface, and 2.41 MPa (9.8%) at
point A2. Evaluating the previous outcomes, theeadi’e maximum horizontal stress at the
interface is 1.52 MPa higher, compared to thergion. Figure 33(d) and Figure 34(d) show
the Ao’y values after shut-in along the reservoir. Bg in the reservoir decreased up to 2.25
MPa around the well, followed by 1 MPa at the salfiment interface, and 0.6 MPa at point A2.
The effective maximum horizontal stresses in thik gge the same as the total maximum

horizontal stresses after production and pressuité bp (see Figure 19).
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Figure 32 Change of total maximum horizontal stress as a fiction of distance from the
salt/sedimentinterface, along the curve ABCD, after 13 years oproduction. Reservoir
elements are represented in green, while salt elents are represented in blueThe highes
reduction of the total maximum horizontal stress ocurs 24 m away from the well, in th
flat region. Lower reduction of the total maximum horizontal stress around the dom
compared to the flat zone. It decreased up to 0.68Pa in the salt. The total maximum
horizontal stress of the reservoir elements at the salt/sedimieinterface is altered by the
salt creep. The salt elements at the salt/sedimemiterface present a total maximum
horizontal stress different than the salt elements next to itbecause the contour of th
element interpolates the values of the sediment arsalt gridpoints.
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Change of total max. horizontal stress (MPa)
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Figure 33. Total maximum horizontal stress changem the xz{plane through in the middle
of the reservoir. (a) Initial state, (b) 6 years oproduction, (c) 13 years of production an
(d) 3 years of steady state. The reduction af,, in the reservoir is function of the wel
location and, extends toward the flatten area. Thre years after shut-in,s,, increases in th
reservoir and the salt.
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Change of total max. horizontal stress (MPa)
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Figure 34. Total maximum horizontal stress changem the xy-plane through the middle o
the reservoir. (a) Initial state, (b) 6 years of poduction, (c) 13 years of production and (d)
years of steady stal. The reduction of o, in the reservoir is function of the well locatior
and, extends toward the flatten area. Three yearsf@r shut-in, o,, increases in thi

reservoir and the salt.
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Figure 35. Total maximum horizontal stress as a fuction of distance from thesalt/sediment
interface, along the trajectory ABCD. Theo,, decreased after production and increased
after shut-in, with the major change around the wadl (point B). The total maximum

horizontal stress of the reservoir elements at thealt/sediment interface is altered by the
salt creep. The salt elements at the salt/sedimemterface present a total maximum
horizontal stress different than the salt elementsiext to it, because the contour of this
element interpolates the values of the sediment arsalt gridpoints.
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Figure 36. Change of effective maximum horizontalteess as a function of distance from
the salt/sediment interface, along the curve ABCD, aftel3 years of production. Reservoir
elements are represented in green, while salt elents are represented in blue. Theo,,
increased along the reservoir and decreased in th&alt, with a major increment at the
salt/sedimentinterface, compared to the flat region. The effectie maximum horizontal
stress of the reservoir elements at the salt/sedimieinterface is altered by the salt creep.
The salt elements at the salt/sediment interface psent an effective maximum horizontal
stress different than the salt elements next to itbecause the contour of this element
interpolates the values of the sediment and salt gipoints.
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Change of effective max. horizontal stress (MPa)
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Figure 37. Effective maximum horizontal stress chages in the xzplane through the middle
of the reservoir. (a) Initial state, (b) 6 years oproduction, (c) 13 years of production an
(d) 3 years of steady state. The, is controlled by the well location and increases tdr
production in the reservoir and shale. Three yearsfter shut-in, the oy, decreases in th
model.
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Change of effective max. horizontal stress (MPa)
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Figure 38. Effective maximum horizontal stress chages in the xyplane through the middle
of the reservoir. (a) Initial state, (b) 6 years ofroduction, (c) 13 years of production an
(d) 3 years of steady state. They, is controlled by the well location and the dippingangle
and increases with depletion. Three years after sltin, the oy, decreased in the model.
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Figure 39. Effective maximum horizontal stressas a function of distance from th

salt/sediment interface, along the trajectory ABCD. The increment of the effective

maximum horizontal stresses caused by production gs up to 4.5 MPa at the well location
Once the well shuts in, the pressure in the reserirdbuilds up and stabilizes. During this

period, the stress decreased up to 2.5 MPa in thesgervoir. The effective maximum

horizontal stress of the reservoir elements at the salt/sedimieinterface is altered by the

salt creep. The salt elements at the salt/sedimeimterface present an effectivemaximum

horizontal stress different than the salt elements next to itbecause the contour of th

element interpolates the values of the sediment ars@lt gridpoints.

Studying the behavior af,, during the production time, the upper shale winctepresented by
the elements Al, B1 and C1 as shown in Figure 18#perienced the major reductionagf; at
point B1 (1.30 MPa ~ 3.1%), followed by the elemainpoint Al (1.02 MPa ~ 2.5%) and finally
at the salt/sediment interface (0.3 MPa ~ 0.8%). dhereduction at the salt/sediment interface
is 0.72 MPa less compared to the flat region (sger€ 40). Three years after shut-in, thg in
the upper shale barely increased: 0.24 MPa inltheefgion, 0.49 MPa above the well and it did

not change at the salt/sediment interface (sea&igg).
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Studying the behavior afy, during production inthe upper shale, which is espnted by the
elements Al, B1 and C1 as shown in Figure 15(k® oth increased in the reservoir: up to 2
MPa (9%) at the salt/sediment interface, followgdLl®93 MPa (8.4%) above the well and 1 MPa
(4.8%) where the dipping angle i8 0Theoy, in the flat region is 0.92 MPa smaller compared to
the value at the salt/sediment interface (see Eig0). Three years after shut-in, éig in the
upper shale slightly decreased: 0.24 MPa in therélgion, 0.91 MPa above the well and 0.61

MPa at the salt/sediment interface (see Figure 37).

44 Maximum horizontal stress vs time in the shale above the reservoir
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Figure 40. Total maximum horizontal stress(Al, B1 and C1) and effective maximur
horizontal stress (A’'1, B’1 and C’1)during production time of three upper shale elemers,
situated at different locations with respect to thedome, described in Figure 15(b). Théotal
maximum horizontal stress decreased in the upper site and the effective maximur
horizontal stress increased. The,, decreased more above the well, while th&,, increasec
more at the salt/sediment interface.
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Doing the same analysis for the lower shale whectepresented by the elements A3, B3 and C3
shown in Figure 15(b), it is observed that theltotaximum horizontal stress decreases more at
point B3 (1.33 MPa ~ 3.1%), followed by the elemainpoint A3 (1.16 MPa ~ 2.7%) and finally
at the salt/sediment interface (0.96 MPa ~ 2.3%mFthe previous results, tlwg, component
decreased more for lower shale than for the uppaeq0.14 MPa at point A, 0.03 MPa at point
B and 0.65 MPa at the salt/sediment interface)i asshown in Figure 41. Three years after
shut-in, theo,, in the lower shale increased 0.19 MPa in therélgion, 0.45 MPa above the well

and 0.24 MPa at the salt/sediment interface (sgar&i33).

Performing the same study for the lower shale wiscbharacterized by the elements A3, B3
and C3 shown in Figure 15(b), it is observed thet éffective maximum horizontal stress
increases more at point B3 (2.63 MPa ~ 11%), folkbveg the element at the salt/sediment
interface (1.92 MPa ~ 8.2%) and finally point A328 MPa ~ 5.4%). From the previous results,
the oy, varies slightly between the upper and lower sif@l&9 MPa at point A, 0.71 MPa at

point B and 0.08 MPa at the salt/sediment inte)faas it is shown in Figure 41). Three years
after shut-in, the',, in the lower shale decreased 0.21 MPa in therdigion, 1.02 MPa above

the well and 0.23 MPa at the salt/sediment interfsee Figure 37).
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Figure 41. Total maximum horizontal stress(Al, B1 and C1) and effective maximur
horizontal stress (A1, B’1 and C’1)during production time of three lower shale elemers
situated at different locations with respect to thedome, described in Figure 19%). The
element below the well, experienced the maximuns,, reduction and the highesto,,
increment during production.

5.4 Total and effective minimum horizontal stresses
Figure 42 shows the total minimum horizontal strebanges Aoy,) in the reservoir after
production. It is observed that the reduction @& thinimum horizontal stresses is governed by
the well location and has more impact on the digdayer compared to the flatten area. The

maximumoy, reduction occurred around the well (3 MPa ~ 8.1ffljowed by the changes at

the salt/sediment interface (2.45 MPa ~ 7.7%), ambiat A2 (2 MPa ~ 5.3%).

Analyzing the impact of the salt flow on the totainimum horizontal stress at the salt/sediment
interface, it is noticed that the stress changh®fteservoir element at point C2 is 0.24 MPa less,

compared to the green element next to it. The twti@imum horizontal stresses in the salt
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decreased close to the salt/sediment interfacadiduhot change at point D (38 m inside the

dome).

Figure 43(d) and Figure 44(d), show how the totalimum horizontal stress recovered after
shut-in: theo,,, increased up to 1.4 MPa at point B2, 0.61 MPaeastlt/sediment interface and
0.47 MPa in the flat region. The total minimum lzontal stresses in the salt increased less than

5 MPa (see Figure 45).

Figure 46 shows the effective minimum horizontaksses changéAoy,) in the reservoir
increased after production. The effective minimuarizontal stresses is calculated using Eq.
(34), defined in chapter 2. It may be said thatitreement ofc’y, is a function of the well
location. Where the major increase happened (3.2a M 20%), followed by the changes at the
salt/sediment interface (2.52 MPa ~ 15.6%) and attp&? (2.49 MPa ~ 12%). Examining the
aforementioned results, the effective minimum hamtal stress at the salt/sediment interface

does not change significantly with respect to thtdn area.

Figure 47(d) and Figure 48(d) show the'y, values after shut-in along the reservoir. Big,

in the reservoir decreased up to 1.98 MPa arouadméll, accompanied by 0.71 MPa at the
salt/sediment interface, and 0.61 at point A2. &ffective minimum horizontal stresses in the
salt are the same as the total minimum horizotesses after production and pressure build up

(see Figure 49).
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Figure 42. Change of total minimum horizontal stres as a function of distance from the
salt/sedimentinterface, along the curve ABCD, after 13 years oproduction. Reservoir

elements are represented in green, while salt elents are represented in blue. Thesy, is

controlled by the well location, where it presentedthe maximum decrease. The total
minimum horizontal stress of the reservoir elementsit the salt/sediment interface is altered
by the salt creep. The salt elements at the saltiment interface present a total minimum

horizontal stress different than the salt elementsiext to it, because the contour of this
element interpolates the values of the sediment ars@lt gridpoints.
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Change of total min. horizontal stress (MPa)
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Figure 43. Total minimum horizontal stress changeslong a xzplane in the middle of the
reservoir. (a) Initial state, (b) 6 years of prodution, (c) 13 years of production and (d)
years of steady stat. The reduction of g, in the reservoir is function of the well locatior

and, extends toward the dipping layer. Three yearsfter shut-in, o,, increases in th
reservoir and the salt, reaching a steady state.
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Figure 44. Total minimum horizontal stress changes the xy-plane through the middle o
the reservoir. (a) Initial state, (b) 6 years of poduction, (c) 13 years of production and (d)
years of steady stat. The reduction of g, in the reservoir is function of the well locatior

and, extends toward the dipping layer. Three yearsfter shut-in, o,, increases in thi
reservoir and the salt, reaching a steady state.
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Figure 45. Total minimum horizontal stress along tle trajectory ABCD. The oy, decreased
after production and increased three years after sht-in. The minimum horizontal stress in
the salt hardly change during the simulation. The atal minimum horizontal stress of the
reservoir elements at the salt/sediment interfacesialtered by the salt creep. The salt
elements at the salt/sediment interface present atal minimum horizontal stress different
than the salt elements next to it, because the canir of this element interpolates the values
of the sediment and salt gridpoints.
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Differential Total Minimum Horizontal as a function of distance after 13 years of
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Figure 46. Change of effective minimum horizontaltsess as a function of distance from the
salt/sedimentinterface, along the curve ABCD, after 13 years oproduction. Reservoir
elements are represented in green, while salt elents are represented in blue. The effective
minimum horizontal stress increased along the resgoir and the salt. Where the major
increment happened at point B2. Theoy, change is greater at thesalt/sediment interface,
compared to the flat region. The effective minimumhorizontal stress of the reservoir
elements at the salt/sediment interface is alterdoly the salt creep. The salt elements at the
salt/sediment interface present an effective minimm horizontal stress different than the
salt elements next to it, because the contour of ithelement interpolates the values of the
sediment and salt gridpoints.
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Change of effective min. horizontal stress (MPa)
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Figure 47. Effective minimum horizontal stress chages along a xzlane in the middle o
the reservoir. (a) Initial state, (b) 6 years of poduction, (c) 13 years of production and (d)
is controlled by the well location and increases tdr
production in the reservoir and shale. Three yearsfter shut-in, the oy, decreases in th
model.
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Change of effective min. horizontal stress (MPa)
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Figure 48. Effective minimum horizontal stress chages along a xy-@ne in the middle o
the reservoir. (a) Initial state, (b) 6 years of poduction, (c) 13 years of production and (d)
years of steady stal. The oy, is controlled by the well location and increases

depletion. Three years after shut-in, they, decreased in the model.
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Figure 49. Effective minimum horizontal stress alog the trajectory ABCD. The increment
of the oy, caused by production goes up to 3.91 MPa at the veocation. Three years aftel

shut-in, the oy, increased up to 1.4 MPa around the wellThe effective and total stresses

the salt are the same. The effective minimum horizdgal stress of the reservoir elements
the salt/sediment interface is altered by the #acreep. The salt elements at the salt/sedime
interface present an effective minimum horizontalstress different than the salt elemen
next to it, because the contour of this element iatpolates the values of the sediment al
salt gridpoints.

Studying the behavior af,, during the production time, the upper shale wihsctepresented by
the elements Al, B1 and C1 as shown in Figure 18&perienced the major reductionagf, at
point B1 (1.32 MPa ~ 3.7%), followed by the elemainthe salt/sediment interface (1.13 MPa ~
3.7%) and finally at point Al (0.89 MPa ~ 2.4%). Tbg, reduction at the salt/sediment
interface is 0.24 MPa greater compared to theréigion (see Figure 50). Three years after shut-
in, theo,,, in the upper shale increased 0.19 MPa in thedlgibn, 0.51 MPa above the well and

0.25 MPa at the salt/sediment interface (see FigB)ye

Reviewing the behavior afy, during the production time, the upper shale whécrepresented
by the elements Al, B1 and C1 as shown in Figue)l®xperienced the major increment of
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oyy around the well (1.92 MPa ~ 11%), followed by themeent at point Al (1.21 MPa ~ 6.6%)

and finally at the salt/sediment interface (1.17aWP8.5%). The difference of,, between the

flat region and the salt/sediment interface is teas 0.1 MPa (see Figure 50). Three years after

shut-in, theoy, in the upper shale decreased: 0.28 MPa in thedtion, 0.89 MPa above the

well and 0.36 MPa at the salt/sediment interfaee (&gure 47).
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Figure 50. Total minimum horizontal stress(Al, B1 and C1) and effective maximur
horizontal stress (A’'1, B’1 and C’1)during production time of three upper shale elemers,
situated at different locations with respect to thedome, described in Figure 13f). The
element above the well experienced the maximuna,, reduction and the highests’y,

increment.

Doing the same analysis for the lower shale whectepresented by the elements A3, B3 and C3

shown in Figure 15(b), it is observed that theltotaximum horizontal stress decreases more at

point B3 (1.72 MPa ~ 4.9%), followed by the elemainthe salt/sediment interface (1.57 MPa ~
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4.9%) and finally at point A3 (1.09 MPa ~ 2.8%). irdhe previous information, it can be
notice that thev,, varies slightly between the upper and lower shatgere the major change
occurs close to the dome (0.19 MPa at point A, MHa at point B and 0.44 MPa at the
salt/sediment interface), as it is shown in Figbile Three years after shut-in, thg, in the
lower shale increased 0.16 MPa in the flat regdoB5 MPa above the well and 0.27 MPa at the

salt/sediment interface (see Figure 43).

Performing the same analysis for the lower shalehvis characterized by the elements A3, B3
and C3 shown in Figure 15(b), it is observed tlm éffective minimum horizontal stress
increases more at point B3 (2.24 MPa ~ 12.5%), Wl by the element at point A3 (1.34 MPa
~ 7.1%) and finally at the salt/sediment interfade3{ MPa ~ 5.4%). From the previous
outcomes, it can be observed that e does not vary significantly between the upper and
lower shale (0.13 MPa at point A, 0.33 MPa at pd&nand 0.13 MPa at the salt/sediment
interface). The effective minimum horizontal stressange at point C3 is 0.49 MPa higher
compared to the magnitude of the element next, toeitause of the salt creep (see Figure 51).

Three years after shut-in, tiag,, in the lower shale decreased 0.24 MPa in thedigion, 0.92

MPa above the well and 0.19 MPa at the salt/sedimesrface (see Figure 47).
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Figure 51. Total minimum horizontal stress(Al, B1 and C1) and effective maximur
horizontal stress (A1, B’1 and C’1)during production time of three lower shale elemers
situated at different locations with respect to thedome, described in Figure 15(b)The
element above the well, experienced the maximuray, reduction and the highesto’y,

increment.

5.5 The xy-component of total stress tensor
The xy-component of total stress tensfy ) in the reservoir slightly changed. But evaluating
the behavior ofS,, is important to determine what controls the inagamor reduction in our
model. From this study, it is observed tBgf is controlled by the well location and dip angfe o
the reservoir. Depletion increases the shear sisemsd concentrates them uRtbx10-2 MPa
around the well and up #37x10~2 MPa close to the salt/sediment interface, afteydd@'s of
production. The magnitude of the stress perturbaifche element at point C22s55x10-2 MPa
lower, compared to the green element next to & &gure 52), this is a consequence of the salt

creep effect. Three years after shut-in, the sppessirbation decreases as a result of the pressure
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build up (see Figure 53(d)). The shear stress#wigalt diminish in the opposite direction to the

salt/sediment interface. After shut-in, the resulése the same (see Figure 54).
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Figure 52. Change ofS,, total stress as a function of distance from thesalt/sediment
interface, along the curve ABCD, after 13 years oproduction. Reservoir elements are
represented in green, while salt elements are repented in blue. The stress perturbation
magnitude increases slightly and concentrates towdrthe well location and toward the
salt/sediment interface. However, the stress pertbation in the salt tend to dissipate as a
result of the salt creep, because the salt cannaistain shear stresses.
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Figure 53.S,, total stress in the xyplane through the middle of the reservoir. (a) Inital
state, (b) 6 years of production, (c) 13 years ofr@duction and (d) 3 years of steady state.
The shear stresses increase with production, whicls a result of the vertical anc
horizontal stress changes.
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Figure 54.S,, total stress along the trajectory ABCD. The stresperturbation magnitude
increases with depletion around the well and towardhe salt/sediment interface.

Studying the behavior &, during the production time in the upper shale,ohhis represented
by the elements Al, B1 and C1 as shown in Figuréb)15ve observed that the stress
perturbation increased up @8x10~2 MPa at the salt/sediment interface, while it dases

above the well and flat area (see Figure 55).

Doing the same analysis for the lower shale whectepresented by the elements A3, B3 and C3
shown in Figure 15(b), we observed that the stpestirbation increased up 26x10~2 MPa

at the salt/sediment interface, followed hgx10~2 MPa below the well, while it decreased up
to 0.2x1072 MPa in the flat area. From the previous informatid can be notice that the
Sxychanges more in the lower shale than in the uppalesg.0x10™2 MPa at point B and

2.0x1072 MPa at the salt/sediment interface), as it is shiwFigure 56.
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Figure 55. S,, total stressduring production time of three upper shale elemerd (A1, Bl
and C1), situated at different locations with respet to the dome, described in Figure 1H.
The stress perturbation magnitude in the upper sha increases at thesalt/sediment
interface, while it decreases above the well and the flat area.
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Figure 56. S,y total stress during production time of threelower shale elements (A3, E

and C3) situated at different locations with respeicto the dome, described in Figure 15(p
The stress perturbation magnitude in the lower sha increases at thesalt/sediment
interface and below the well, while it decreases ithe flat area.
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5.6 The yz-component of total stress tensor
The yz-component of total stress tensf)y X in the reservoir did not vary considerably, Husi
important to consider its behavior during producti6rom Figure 57, it is observed ti8gt, is
controlled by the well location and dipping angi¢hich increases the induced shear stresses and
concentrates them up @88x10~2 MPa around the well and up t6.23x10~2 MPa at the
salt/sediment interface. However, the induced skrasses decreased upltd3x10~2 MPa in
the zone where the reservoir dipping angle i8, 4bter 13 years of production. The stress
perturbation magnitude of the element at point €2.0x10~2 MPa greater, compared to the
green element next to it, this is a consequendbeokalt creep effect. Three years after shut-in,
the stress perturbation diminishes as a resulhefpressure build up (see Figure 58(d)). The
shear stresses in the salt decrease in the oppusttion to the salt/sediment interface. After

shut-in, there were not significant changes insidlé (see Figure 59).
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Figure 57. Change ofS,, total stress as a function of distance from thesalt/sediment

interface, along the curve ABCD, after 13 years oproduction. Reservoir elements are
represented in green, while salt elements are repented in blue. The stress perturbation
magnitude increases slightly and concentrates towdrthe well location and toward the
salt/sediment interface. However, the stress pertbation decreased in the area with a
steeper dipping angle (up to 0.012 MPa). The stregserturbation in the salt tend to

dissipate as a result of the salt creep, becauseethalt cannot sustain shear stresses.
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Figure 58. Sy, total stress in the yzplane through the middle of the reservoir. (a) Inital

state, (b) 6 years of production, (c) 13 years ofrpduction and (d) 3 years of steady state.
The shear stresses decreased in the sides of teservoir toward the well location during
production, which is a result of the vertical and torizontal stress changes.
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Figure 59.S,, total stress along the trajectory ABCD. The sheastresses tend to increase

toward the salt dome, where the dipping angle is seper. The stress perturbation
magnitude increases with depletion around the welland toward the salt/sediment
interface and decreases in the area with a steepéipping angle.

Studying the behavior &, during the production time in the upper shale,othis represented
by the elements Al, B1 and C1 as shown in Figuréb)15ve observed that the stress
perturbation increased up tBx10~2 MPa above the well, while it decreased u®.fx10~2

MPa at the salt/sediment interface (see Figure 60).

Performing the same analysis for the lower shalehvis represented by the elements A3, B3
and C3 shown in Figure 15(b), we observed that siness perturbation increased up to
0.4x10~%2 MPa below the well, while it decreased up0t6x10~2 MPa at the salt/sediment
interface, followed by 0.3x1072 MPa in the flat area (see Figure 61). From theviptes

information, it can be notice that tSg, changes more in the upper shale than in the lshale

at points A and B, but the opposite behavior iseobed at the salt/sediment interface.
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Figure 60. Sy, total stressduring production time of three upper shale elemert (A1, Bl
and C1), situated at different locations with respet to the dome, described in Figure 1H.
The stressperturbation magnitude in the upper shale increasesbove the well and in th
flat area, while it decreases at thealt/sediment interface.
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Figure 61.S,, total stressduring production time of three lower shale elemerg (A3, B3 anc

C3) situated at different locations with respect tadhe dome, described in Figure 15(b)The
stress perturbation magnitude in the lower shale ioreases below the well, while

decreases at thealt/sediment interface and in the flat area.
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5.7 The xz-component of the total stress tensor
The xz-component of the total stress ten$Qg)(in the reservoir is controlled by the dipping
angle and the well location. Which increases tloei@ed shear stresses and concentrates them up
to 8.42x10~! MPa at the salt/sediment interface &84x10-! MPa around the well, after 13
years of production. The stress perturbation maggitof the element at point C219x10~!
MPa lower, compared to the green element next(se# Figure 62), this is a consequence of the
salt creep effect. After shut-in, the stress pédtion decreases as a result of the pressure build
up (see Figure 63(d)). The shear stresses in thenseease after production and diminish as it

moves into the dome. However, after shut-in,3fjein the salt decreases (see Figure 64).
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Figure 62. Change ofS,, total stress as a function of distance from thesalt/sediment

interface, along the curve ABCD, after 13 years oproduction. Reservoir elements are
represented in green, while salt elements are repented in blue. The stress perturbation
magnitude increases slightly and concentrates towdrthe well location and toward the

salt/sediment interface. However, the stress pertbation in the salt tend to dissipate as a
result of the salt creep, because the salt cannaistain shear stresses.
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Figure 63.S,, total stress along a xplane in the middle of the reservoir. (a) Initial sate,
(b) 6 years of production, (c) 13 years of produatin and (d) 3 years of shut inThe shea
stresses increased with production around the welind extended toward the salt/sedimel
interface.
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Figure 64.S,, total stress along the trajectory ABCD. The stresperturbation magnitude
increases with depletion around the well and decresas toward the salt/sediment
interface.

Reviewing the behavior &, during production time in the upper shale, whhepresented by
the elements Al, B1 and C1 as shown in Figure 15{)observed that the stress perturbation
decreased up t6.36x10~1 MPa, followed by5.12x10~1 MPa above the well, while it slightly

increased in the flat area (see Figure 65).

Performing the same analysis for the lower shalachvis represented by the elements A3, B3
and C3 shown in Figure 15(b), we observed thatsthess perturbation decreased1x107?!
MPa in the flat region1.28x10~1 MPa below the well and.16x10~1 MPa the salt/sediment
interface (see Figure 66). From the previous rssiilis observed th&,, changes more in the

upper shale than in the lower shale for points And C.
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Figure 65. S,, total stressduring production time of three upper shale elemerd (Al, Bl
and C1), situated at different locations with respet to the dome, described in Figure 15(b
The stress perturbation magnitude in the upper sha decreases at the salt/sediment
interface and above the well, while it slightly inceases in the flat area.

1E+00

8E-01

6E-01

Sxz (MPa)

4E-01

2E-01

g-A3
—A—B3
- o
e C3
g
e S
A*---\A_k‘_ﬁ
o
o
o
o
o) - o
o
o
H o o = o o o o o

5 6 7 8
Production time (years)

Figure 66.S,, total stressduring production time of three lower shale elemerg (A3, B3 anc
C3) situated at different locations with respect tadhe dome, described in Figure 15(b)The
stress perturbation magnitude in the lower shale dmeases below the well, at the

salt/sediment interface and flat area.
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5.8 Total and effective stress path
To analyze the effect of the stress and pore pressianges in the reservoir and upper/lower
shale during production, Mohr circles are plotted different locations defined in Figure 15(b),
using the effective and total principal stressesoidder to avoid misleading results from the
elements at point C (affected by the deformatiorthef salt), we did our analysis taking the

element next to it and called it for this particutase point C.

The total stress path during production followedthg reservoir in the flat region (point A2),
where the well is located (point B2) and at the/sadliment interface (point C2), is shown by
Figure 67(a), Figure 67(b) and Figure 67(c), respely. Where a point with the same
orientation is followed in every Mohr circle anddinated with an apostrophe () that it was the
same point after 6 years and (") after 13 yearprofiuction. Then these points are joined to see

how the minimum and maximum principal stresses gadrwith depletion.

Evaluating the Mohr circles in Figure 67, it is ionfant to say that the radius of the circles
increased because depletion induces changes tittiestresses in the reservoir, as a result of a
poroelastic effect in the rock. The total stresthpa controlled by the distance from the salt
dome, where it exhibited the minimum value (0.07®)lowed by point B1 (0.194) and Al

(0.355).
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Figure 67. Mohr circles and total stress path duriig production at different locations in the
reservoir: (a) flat area, (b) well location and (c)salt/reservoir interface. It is observed that
depletion induces the total stresses to decreas@wever, 63 decreases more thaw; which

makes the Mohr circle diameter to increase.
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The total stress path during production followecthy upper shale in the flat region (point Al),
above the well (point B1) and at the salt/sedinmetetrface (point C1), is shown by Figure 68(a),
Figure 68(b) and Figure 68(c), respectively. Evahgathe Mohr circles, it is important to say
that the total stress path is controlled by théadise from the salt dome, where it exhibited the

minimum value (0.019), followed by point B1 (0.1%4d Al (0.301).

The total stress path during production followedtloy lower shale in the flat region (point A3),
below the well (point B3) and at the salt/sedimatgrface (point C3), is shown by Figure 69(a),
Figure 69(b) and Figure 69(c), respectively. Analgzhe Mohr circles, it is significant to notice
that the total stress path in the lower shale hdgfarent trend than the reservoir and upper
shale. Which presented the highest value in theaflea (0.302), followed by point B3 (0.152)

and C3 (0.149).

The effective stress path during production folldwey the reservoir in the flat region (point
A2), where the well is located (point B2) and a #galt/sediment interface (point C2), is shown
by Figure 70(a), Figure 70(b) and Figure 70(c)peesively. Evaluating the Mohr circles, it is
important to say that the effective stress pattoigtrolled by the distance from the salt dome: at
point A2 is 0.225, which is higher compared to tasults obtained at point B2 (0.13) and C2

(0.068).
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Figure 68. Mohr circles and total stress path duriig production at different locations in the
upper shale: (a) flat area, (b) above the well andc) salt/upper shale interface. It is
observed that depletion induces the total stressés decrease, howeverg; decreases more
than o, which makes the Mohr circle diameter to increase.
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Figure 69. Mohr circles and total stress path duriig production at different locations in the
lower shale: (a) flat area, (b) below the well an¢c) salt/lower shale interface. It is observed
that depletion induces the total stresses to decrea howevero; decreases more thamw,
which makes the Mohr circle diameter to increase.
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Figure 70. Mohr circles and effective stress pathuting production at different locations in
the reservoir: (a) flat area, (b) well location and(c) salt/reservoir interface. It is observed
that depletion induces the effective stresses toarease. The Mohr circle diameter changes
because the total principal stresses; and 6; change in a different proportion.
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The effective stress path during production folldwy the upper shale in the flat region (point
Al), above the well (point B1) and at the salt/sesht interface (point C1), is shown by Figure
71(a), Figure 71(b) and Figure 71(c), respectivElaluating the Mohr circles, it is important to
say that the effective stress path is controlledthi®y distance from the salt dome, where it

exhibited the minimum value (0.018), followed bymd1 (0.094) and Al (0.183).

The effective stress path during production folldvsy the lower shale in the flat region (point
A3), below the well (point B3) and at the salt/seeit interface (point C3), is shown by Figure
72(a), Figure 72(b) and Figure 72(c), respectivAlyalyzing the Mohr circles, it is significant to
notice that the effective stress path in the lolas a different trend than the reservoir and upper
shale. Which presented the highest value in theafiza (0.2), followed by point C3 (0.159) and

B3 (0.103).
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Figure 71. Mohr circles and effective stress pathuting production at different locations in
the upper shale: (a) flat area, (b) above the weklind (c) salt/upper shale interface. It is
observed that depletion induces the effective stress to increase. The Mohr circle diameter
changes because the total principal stresseg and 6, change in a different proportion.
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Figure 72. Mohr circles and effective stress pathuting production at different locations in
the lower shale: (a) flat area, (b) below the weland (c) salt/lower shale interface. It is
observed that depletion induces the effective stress to increase. The Mohr circle diameter
changes because the total principal stresseg and 6, change in a different proportion.
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5.9 Total and effective vertical stress path
The total vertical stress pafl, = v,) is calculated using the Eq.(29), described in tdvap. In
the reservoir, they, increased toward the dome, reaching the maximuthouevat the
salt/sediment interface (0.34), followed by 0.2patint B, and 0.05 in the flat region. Which
indicated thaty, is 6 times greater at the salt/sediment interfaceppared to point A. The
element at point C is affected by the salt credpere the value of, is 0.061 lower compared to

the green element next to it (see Figure 73, Figdrand Figure 75).

The effective vertical stress patit, = y',) is calculated using the Eq.(30), described in tdrap

2. This equation considers the reservoir Biot'sfiotent, which is 1 for this scenario. In this

Aoy

case, EQ.(30) becomesg’, = (AT,:) — 1. Figure 73, shows a spatial distributionydf in the

model, controlled by the proximity to the salt ath@ dipping angle. It decreased less at the
salt/sediment interface (0.66), followed by 0.&aint B, and 0.95 at point A. Which indicated
thaty’, decreased 6 times more in the flat region, contpr¢he salt/sediment interface. The
decreased 0.061 more in the element at point C ameddo the green element next to it, because

of the salt creep.
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Figure 73. Total and effective wertical stress path as a function of distance fronthe
salt/sediment interface, along the curve ABCDafter 13 years of production. The vertice
stress path may be controlled by the dipping angland the distance from the salt dome.
Where the maximum value ofy, occurred at the salt/sedimentinterface (0.34) and th
minor in the flatten area. The salt creep affectsite element at the salt/sediment interface
(point C2), which presents a lower magnitude of,, compared to the greerelement next t
it. The spatial distribution of yy, is controlled by the dipping angle and the proximiy to the
salt. It decreased less at the salt/sediment intedde, compared to point A. The resultar
value ofyy in element at point C is altered by the salt creep
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Figure 74. Total vertical stress path contour alongurve ABC in the reservoir. The vertical
stress path seems to be controlled by the dippingngle, which increases toward the
salt/sediment interface.
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Figure 75. Total vertical stress path contour alon@ xy-plane in the middle of the reservoi
after 13 years of production. They,, is controlled by the dipping angle, which increase

toward the salt/sediment interface. However, the,, seems to be affected by the boundari
of the reservoir.
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5.10 Total and effective maximum horizontal strespath
The total maximum horizontal stress péfly = y) is calculated using the Eq.(29), described in
chapter 2. Tn the reservoir, thig decreased toward the dome, reaching the lowese \atl the
salt/sediment interface (0.21), followed by 0.346uad the well and 0.464 at point A. Which
showed thatyy is 2.2 times higher at point A, compared to théueaat the salt/sediment
interface. It is noticed thaty of the element at point C is 0.043 lower comparethe green

element next to it, because of the salt creep teféee Figure 76, Figure 77 and Figure 78).

The effective maximum horizontal stress pdily = y',) is calculated using the Eq.(30),

described in chapter 2. This equation considersdkervoir Biot's coefficient, which is 1 for

this scenario. In this case, Eq.(30) becomgg:.= (%‘:)—1. Figure 76, shows a spatial

distribution ofy’y in the model, controlled by the proximity to thetsand the dipping angle. It
decreased more at the salt/sediment interface )(falbwed by 0.654 at point B, and 0.536 at
point A. Which indicated thay'y decreased 2.2 times more at the salt/sedimentfane
compared to point A. They decreased 0.043 more in the element at point Gpaced to the

green element next to it, because of the salt creep
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Figure 76. Total and effective maximum horizontal sess path as a function of distance
from the salt/sediment interface, along the curve BCD, after 13 years of production. The
maximum horizontal stress path is controlled by thedipping angle and proximity to the

salt dome, where the minimum value olyy occurred at the salt/sediment interface (0.21)
and the major in the flat area. The spatial distritution of yy is controlled by the dipping

angle and the proximity to the salt. It decreased wre at the salt/sediment interface,
compared to point A. The resultant value ofyy in element at point C is altered by the salt
creep.
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Figure 77. Total maximum horizontal stress path cotour along curve ABC. The Yymax IS
function of the dipping angle and the proximity tothe salt. Which indicates major change
at point A2, compared to the salt/sediment interfae.
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Figure 78. Total maximum horizontal stress path cotour along a xyplane in the middle o
the reservoir after 13 years of production. They,, is controlled by the dipping angle
which decreases toward the salt/sediment interfac

105



5.11 Total and effective minimum horizontal strespath
The total minimum horizontal stress pgh, = vy ) is calculated using the Eq.(29), described in
chapter 2. In the reservoir, thg tends to increase toward the dome, reaching thenmuan
value at the salt/sediment interface (0.491), feéd by 0.445 in the flat region and 0.433 around
the well. They,, is 10% higher at the salt/sediment interface, cmexh to point A. The element
at point C is affected by the deformation of thét,sahere the value of, is 0.069 lower

compared to the green element next to it (see €igfr Figure 80 and Figure 81).

The effective minimum horizontal stress pafffy, =y'y) is calculated using the Eq.(30),

described in chapter 2. This equation considersdkervoir Biot's coefficient, which is 1 for

this scenario. In this case, Eq.(30) becomgg:= (%‘f‘)—l. Figure 79, shows a spatial

distribution ofy’y, in the model, controlled by the proximity to thetsand the dipping angle. It
decreased less at the salt/sediment interface4)).&dllowed by 0.555 at point A, and 0.567 at
point B. Which indicated that',, decreased 2.2 times more at the salt/sedimentfané
compared to point A. The,, decreased 0.069 more in the element at point Cpaced to the

green element next to it, because of the salt creep
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Figure 79. Total and effective nmimum horizontal stress path as a function of disince
from the salt/sediment interface, along the curve BCD, after 13 years of production. Th
minimum horizontal stress path iscontrolled by the well location, the proximity to the sal
and the dipping angle. Where the maximum value o¥;, happened at thesalt/sedimen
interface (0.493) and the lowest where the well lscated. The value ofy;, at point C2is not
considered into the analysis, because it is alterday the salt creep.Which gives a wronc
idea about the impact of the dipping angle. The spial distribution of yy, is controlled by
the well location, the dipping angle and the proxinty to the salt. It decreased less at tf
salt/sediment interface, compared to point B. Theeasultant value ofyy, in element at poin
C is altered by the salt creep.
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Figure 80 Total mnimum horizontal stress path contour along curve BC. The minimum
horizontal stress path increases toward the dome. W¢ére the salt creep has atrong impact
on the elements at the salt/sediment interface, deasing the magnitude ofypmin-
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Figure 81. Total minimum horizontal stress path cotour along a xyplane in the middle o
the reservoir after 13 years of production. Theyy, is controlled by the dipping angle
which increases toward the salt/sediment interface-lowever, the well location affects th
Yyy, Which decreases around the borehole.
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5.12 Volumetric strain
The volumetric strain is defined as the ratio ad thange in volume of a body to the original
volume (e, = AV/V). Figure 82 shows the volumetric strain of the mnesie and salt along the
trajectory ABCD, defined in Figure 15.(a), after ¥8ars of production. It is important to
mention that negative volumetric strain means thatvolume of the element is decreasing or

shrinking, while positivee,, represents expansion.

Pore pressure depletion induced the elements inefervoir to shrink and salt elements at the
salt/sediment interface to expand (See Figure &3{d)Figure 84(c)). In the reservoir thgis
controlled by the well location, where it exhibitéte largest volumetric strai(—3.9x107%),
followed by —2.77x107* at the salt/sediment interface, and.62x10~* in the flat region. The
element at point C2 compacté®2x10~° less compared to the green element next to igussc

of the effect of salt creep. The volume of the sddments at the salt/sediment interface
increased3.27x107°). Three years after shut-in, the pressure builinughe reservoir inducing

expansion of the elements that had previously sh(see Figure 83(d) and Figure 84(d)).
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Figure 82. Volumetric strain as a function of distace from the salt/sedimentinterface,
after 13 years of production. Reservoir elements are represented in green, whilsalt
elements are represented in blueThe volumetric strain is controlled by the well loation,
where the reservoir experienced the major compactio (-3.9x10~%). In addition, the
element at the salt/sediment interface is analyzemhd noticed that it shrunk more than the
element at point A. The salt exhibited expansion dhe salt/sediment interface.
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Figure 83. Volumetric strain behaviorafter 6 and 13 years of production, and 3 years &t
shut-in on a xz-plane in the middle of the reserveoi The reservoir and shaleexhibit
compaction after 13 years of production, with a swnger impact around the well (-
3.%x107%). Three years after shut in the well, the pressureuilt up, increasing the volum
of the reservoir and shale elements.
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Figure 84. Volumetric strain behavior along a xyplane in the middle of the reservoir. (a
Initial state, (b) 6 years of production, (c) 13 years of production andd) 3 years of stead
state. The reservoir exhibited compaction that inceases with depletionwhich is controllec
by the well location. Three years after shut in thavell, the pressure built up,increasing the
volume of the reservoir element:
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Chapter 6: Sensitivity analysis
A sensitivity analysis is performed based on 6 @olthl study cases, to determine the impact of
different rock properties and dipping angle on shress path and pore pressure in the reservoir.
The parameters assigned to Case 1, also calleabe case (BC), that were changed in the
analyzed study cases, and the magnitude of eatttewf are given in Table 7. Figure 85 shows

the geometry of Case 4, where the reservoir dips aingle of70°.
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Figure 85. Cross-section of the model geometry in Yf Case 4 This plot shows th
extension and thickness of the reservoir, shale arshlt dome.
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Table 7. Parameters studied during the sensitivitanalysis.

Salt Reservoir Reservoir Reservoir | Reservoir Pore | Reservoir Biot| Shale Biot
Case | Permeability | Young Modulus | Dipping Angle | Porosity | Compressibility | coefficient | Coefficient
md MPa [°] [%] MPa~!
1-BC 1.00E-21 10342 45 18 3.32E-04 1 1
2 1.00E-19 * * * * * *
3 * 5171 * * * * *
4 * * 70 * * * *
5 * * * 30 * * *
6 * * * * 1.67E-04 * *
7 * * * * * 0.9 0.6

* Same value as BC




6.1 Pore pressure

Increasing the salt permeability frox1072! md to 1x10~1® md did not change the pore
pressure drawdown in the reservoir. While redu¢h@greservoir Young's modulus to half of its
initial value resulted in less depletion along greducing formation: 0.2 MPa ~ 4.4% lower in
the flat region, 0.3 MPa ~ 4.2% around the well @&t¥4 MPa ~ 2.8% at the salt/sediment
interface. The same behavior is observed afteeasing the dipping angle, but the pore pressure
decreased less: 0.8 MPa ~ 12.3% at point B, 0.4 MP&% at point A and 0.2 MPa ~ 3.6% at
Point C). Another parameter tested was the sanest@orosity, after increasing it from 18% to
30%, the reservoir depletion was 0.5 MPa loweraatts A, B and C, as it can be seen in Figure

86.

When the reservoir pore compressibility is redutmedne-half of its original value, the pressure
drawdown increased by 0.1 MPa at points A (1.4%)ntpB (1.3%), and point C (1.7%). The
same happened when the reservoir and shale BiogHiaent is reduced, which resulted in

major depletion: 0.5 MPa more at points A, B an(s€: Figure 86).

Case 7 caused the greatest pressure drawdown regéevoir, followed by Case 6. While Case
4, Case 3 and Case 5, reduced depletion in thevoaseCase 4 shows an increment of the pore
pressure drawdown in the steeper dipping area tbiee dome. The pore pressure in the salt

remains zero after the sensitivity analysis (segifé 87).
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Point A— Reservoirflat zone Point B— Well location
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Figure 86. Pore pressure drawdown behavior with rgsect to BC at different locations,
after 13 years of production. The parameters thatmpacted more the depletion in the
reservoir was the Biot's coefficient and the dippig angle. The former induced additional
pressure drawdown (up to 0.5 MPa), while the dippig angle decreased the pressure drop
up to 0.8 MPa.
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Figure 87. Pore pressure drawdown in the reservoialong trajectory ABCD, as a function
of distance from the salt/sediment interface, aftel3 years of production. Case 6 and 7
increased depletion in the reservoir, while Case 31 and 5 decreased the pressure drop.
Besides this behavior, the depletion observed in Ga 4 tends to increase around the steeper
dipping area.

6.2 Total and effective vertical stresses

The total vertical stress{,) in the reservoir are compared to Case 1, whithadase case. The
o4, did not vary after increasing the salt permeabfliom 1x1072 md to1x10~1°. Reducing
the reservoir Young’'s modulus from 10,342 MPa tb7%, MPa resulted in larger stress changes
in the flat region and around the well, 0.1 MPaebch case. While the differential stresses
decreased 0.1 MPa at the salt/sediment interfadeaapoint D. Additionally, increasing the
dipping angle from 45to 70°, theo,, changes increased by 0.2 MPa at points C and d0Qdn

at point A, while it decreased by 0.2 MPa arourellell. The highest vertical stress reduction
was 2.2 MPa and occurred in the area with steegmind) angle (Case 4). Increasing the

reservoir porosity from 18% to 30%, did not altetbd vertical stresses in the flat region and
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point D, but lowered the reduction 6§, by 0.1 MPa around the well and 1 at the salt/sedim

interface. Decreasing the reservoir pore compriigito half of its original value did not cause

significant changes at points A and D, while thg was 0.2 MPa less at points B and C.

Analyzing the results obtained from Case 7, nonifitant changes are seen at points A, C and

D, but the stress reduction was 0.1 MPa less arthendrell (see Figure 88). The parameters that

influenced more the total vertical stress chand@sgacurve ABCD were the dipping angle and

the reservoir Young’s modulus and the pore comiisg (see Figure 89).
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Figure 88. Total vertical stress behavior with respect to BC tdifferent locations, after 13
years of production. The total vertical stresses dinot vary significantly in the reservoir or
the salt. The parameters that attenuated theas,, changes in the reservoir were the pore
compressibility and the dipping angle. The former aused less reduction ot,,, while the
dipping angle decreased more
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Figure 89. Change of total vertical stress in the reservoir ang trajectory ABCD, as a
function of distance from the salt/sediment interfae after 13 years of production. Case 3
and 4 reduced more the total vertical stress in theeservoir, with a major impact along the
steeper dipping area, while Case 5, 6 and 7 presedtless reduction of thas,,.

The highest effective vertical stre@s,,) increment occurs around the well (up to 6.2 MRaay

it is induced by reducing the reservoir Biot cogéfnt. The minimum effective stress change at
the salt/sediment interface is associated to aehidipping angle (2.8 MPa). The parameters that
increased the,, in the reservoir are the pore compressibility &iot coefficient, while the
dipping angle, the Young’'s modulus and the porogitgsented a lower increment of the

effective stresses (see Figure 90).
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Figure 90. Change of effective vertical stress irhé reservoir along trajectory ABC, as a
function of distance from the salt/sediment interfae, after 13 years of production. Case 3, 4
and 5 presented the lowest effective stress magnilel along the reservoir, while case 6 and 7
increased theo,.

6.3 Total and effective maximum horizontal stress
The total maximum horizontal stress{) in the reservoir and salt changed the same anfount
cases 1 and 2, along the trajectory ABCD. The to@timum horizontal stress did not change at
points A and C, after decreasing the reservoir Yysimodulus to half of its original value, but
around the well it decreased by 0.08 MPa, comp&veG@ase 1. After increasing the dipping
angle to 70°, the stress reduction was 0.4 MPa rsanend the well, while it was 0.12 MPa less
at point A, 0.57 MPa lower at the salt/sedimenerifsice and 0.28 MPa smaller at point D,
compared to BC. The previous case exhibited theitmam stress drop around the well (0.59
MPa) and the lowest stress drop in the steepelrdjmmone (0.87 MPa). In the scenario where
the reservoir porosity increased from 18% to 36%,decreased by 0.24 MPa at point A, 0.16 at
point B and 0.08 MPa at point C, but did not chahigethe salt at point D. The same behavior is

observed after decreasing the reservoir pore casitiéty, o,, decreased by 0.32 MPa at point
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A, 0.36 MPa at point B, 0.1 MPa at point C, but diot changed in the salt. Reducing the
reservoir and shale Biot's coefficient, did not wheo,, changes in the flat region, but it
increased 0.11 MPa at point B, 0.06 MPa at thésealiment interface and decreased the same
amount at D (see Figure 91). The parameters tiaenced more the total maximum horizontal
stress changes along curve ABCD were the dippirglearthe reservoir porosity and pore

compressibility (see Figure 92).

Point A— Reservoir flat zone Point C— Reservoir/salt interface
Case 2 Case 2
Case 3 Case 3
Case 4 Case 4
Case 5 Case 5
Case 6 | Case 6 =
Case 7 Case 7 |
06 -05 -04 03 -02 01 O 01 02 03 04 05 06 06 -05 04 03 02 01 0 01 02 03 04 05 06
Sxx (MPa) Sxx (MPa)
Point B— Well location PointD—38 minsidethesalt
Case 2 Case 2
Case 3 Case 3
Case 4 Case 4
Case 5 Case 5
Case 6 ] Case 6 |
Case 7 I Case 7 .
06 05 -04 03 02 -01 0 01 02 03 04 05 06 06 05 04 03 02 01 0 01 02 03 04 05 06
Sxx (MPa) Sxx (MPa)

Figure 91. Total maximum horizontal stress behaviorwith respect to BC at different
locations, after 13 years of production. The dippig angle and the pore compressibility
were the parameters that altered more the total mamum stress changes in the reservoir
and the salt. Where Case 4 experienced the majordaction of o, around the well, and the
lowest at thesalt/sediment interface.
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Figure 92. Change of total maximum horizontal stres in the reservoir along trajectory
ABCD, as a function of distance from thesalt/sediment interface after production. Case 3
and 4 reduced more theos,,, with a major impact around the well, extending 1@ m toward
the dome; beyond this pointo,, decreased less than the other cases. Case 5, 6 and
presented less reduction of the .

The highest effective maximum horizontal stréss,) increment occurs around the well (up to
5.1 MPa), and it is induced by reducing the resemmt’'s coefficient. The minimum effective
stress increment at the salt/sediment interface3a®Pa and is associated to a higher reservoir
porosity, while the lowest’,, in the flat region was 2.08 MPa and 3.3 MPa ah{pBirelated to

a higher dipping angle. The parameters that ineakdbec’, in the reservoir are the pore
compressibility and the Biot's coefficient, whilbet dipping angle, the reservoir porosity and
Young’s modulus reduced the increment of the effecmaximum horizontal stresses (see

Figure 93).
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Figure 93. Change of effective maximum stress in ¢hreservoir along trajectory ABC, as a
function of distance from the salt/sediment interfae, after 13 years of production. Cases 3
and 5 presented lower effective stress magnitudeasg the reservoir, while Cases 6 and 7
reported highesto,,. Case 4 presented the lowest, value from point A to 107 m from the
well toward the salt dome, where thayy, increased above the BC.

6.4 Total and effective minimum horizontal stress

The total minimum horizontal stress,() did not change significantly, after increasing salt
permeability compared to BC. Reducing the resermung’s modulus to one-half of its
original value, the horizontal stress did not cleangthe flat zone or around the well, compared
to BC, but it was 0.1 MPa smaller at the salt/sedhirinterface and at point D. The results
obtained after increasing the dipping angle to &bigw that the stress reduction is 0.1 MPa
lower at points A, 0.12 MPa smaller at point B @82 MPa less at the salt/sediment interface,
while the stresses did not change at point D. Tegipus behavior occurred after increasing the
reservoir porosity, the results show that the streduction is 0.23 MPa lower at points A, 0.21
MPa smaller at point B and 0.21 MPa less at thiéssaiment interface, while the stresses did

not change at point D. The same happens in theva@seafter decreasing the reservoir pore
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compressibility, where the stress reduction is 0WB2a lower at points A, 0.48 MPa smaller at
point B and 0.28 MPa less at the salt/sedimentfatte, with no stress changes at point D.
Reducing the reservoir and shale Biot coefficiémé, horizontal stress did not change at points

A, C and D, and it was 0.1 MPa smaller around tbi.\(see Figure 94).

The maximum stress drop occurred around the wedirwthe reservoir Young’'s modulus was
lower and the lower stress changes in the produfdngation were related to Case 6. The
parameters that influenced more the total minimamiziontal stress changes along curve ABCD

were the reservoir pore compressibility, the pdyosind the dipping angle (see Figure 95).

Point A— Reservoirflat zone Point C— Reservoir/saltinterface
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Case 4 Case 4
Case 5 Case 5
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Figure 94. Total minimum horizontal stress behaviorwith respect to BC at different
locations, after 13 years of production. The dippig angle, the reservoir pore
compressibility and porosity were the parameters tht altered more the total maximum
stress changes in the reservoir. However, Case 3gsented the maximum reduction ob,
where the well is located.
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Figure 95. Change of total minimum horizontal stres in the reservoir along trajectory
ABCD, as a function of distance from the salt/sedient interface, after 13 years of
production. Case 3 reduced more th&,, in the reservoir, with a major impact around the

well, while the Gyy decreased less in Cases 4, 5 and 6. Th;‘y is more affected at the
salt/sediment interface, compared to flat area.

The highest effective minimum horizontal strés’,s,y) increment occurs around the well (up to

4.5 MPa), and it is induced by reducing the reserBmot’'s coefficient 10% and the pore

!

compressibility by half the initial value. The nimim oy, change along the curve ABC

occurred at point A (2.1 MPa) and is associated steeper dipping angle. The parameters that

increased they, in the reservoir were the pore compressibility #me Biot coefficient, while
the Young’s modulus, the porosity and the dippingla experienced less,, increment (see

Figure 96).
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Figure 96. Change of effective minimum stress in threservoir along trajectory ABC, as a
function of distance from the salt/sediment interfae, after 13 years of production. Case 3
and 5 presented the lowest effective stress valuémg the reservoir, while case 6 and 7
experienced the maximum effective stresses. The want oy, for Case 4 is altered around

the steeper dipping area, where it increased.

6.5 The xy-component of total stress tensor
The xy-component of total stress tensty ) along the trajectory ABCD defined in Figure 15(a)
are very low, but the impact of the different paesens on the trend followed by Case 1 in the
reservoir is analyzed (see Figure 97). There atesigoificantS,, changes observed in the flat
region for any of the studied cases. Bg did not change after increasing the salt permigabil
from 1x1072! md to1x10~1°. However, reducing the reservoir Young's modutusne-half of
its original value, decreased the induced sheass#.0x10~3 MPa less around the well and
increased thera.4x10~3 MPa more at the salt/sediment interface, compar&LC. In addition,
increasing the dipping angle to 70° increased $fe 6.4x10™> MPa more at point B and
2.2x1072 MPa at point D, and decreasédbx10~2 MPa less at the salt/sediment interface,
compared to Case 1. In the scenario where thevaseuorosity increased, thg,, decreased
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1.7x1072 MPa less at the salt/sediment interface, comptré®C. The results after decreasing
the reservoir pore compressibility show no sigaific changes of,, at points A and D;
however, it increased.9x10~3 MPa more around the well and decreasdat10~2 MPa less at
the salt/sediment interface, compared to Case dudkeg the reservoir Biot’s coefficient to 0.9,
the S,y decrease@.4x10~° MPa less around the well and10~> MPa at point D, compared to
BC. The maximum stress drop occurred at the lele sif the well for Case 5, while Case 3
represented the major stresses increment at ttiseskinent interface. Case 4 caused the highest
Sxy increment 20.5 m inside the salt. The parameteas influenced more the induced shear

stresses along curve ABCD were the dipping angieréservoir Young’s modulus and the pore

compressibility (see Figure 98).
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Figure 97. TheS,, total stress behavior with respect to BC at diffegnt locations, after 13

years of production. The dipping angle, the resenio Young’s modulus and the pore
compressibility were the parameters that affected wre the shear stresses in the reservoir.
However, Case 4 presented the highest value 8y, inside the salt.
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Figure 98. Change ofS,, in the reservoir along trajectory ABCD, as a funcion of distance
from the salt/sediment interface, after 13 years gbroduction. The effect of higher reservoir
porosity is to increase the induced shear stressasd concentrate them close to the well,
while the other cases have the opposite impact. Hewer, the stress perturbation magnitude
at the salt/sediment interface increases for reservoirs $s stiff.

6.6 The yz-component of total stress tensor

The yz-component of total stress tensfy; Yalong the trajectory ABCD defined in Figure 15(a)
are very low, but the impact of the different paeaens on the trend followed by Case 1 in the
reservoir is analyzed (see Figure 99). There atesigaificant Syz changes observed in the flat
region for any of the studied cases. Bpg did not change after increasing the salt permiabil
from 1x1072! md to1x10~°. However, lowering the reservoir Young’s moduloone-half of

its original value, increased the induced sheass#s3.6x10~3 MPa more around the well and
at the salt/sediment interface, compared to BC.ithaidhlly, increasing the dipping angle to 70°
increased th&,, 9.3x107° MPa more at point B anél2x107> MPa at point D, and decreased
3.7x1072 MPa at the salt/sediment interface, compared teeCa In the scenario where the
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reservoir porosity increased, t6g, did not vary at points A and D, but it increasiedix10-3

MPa more at point B anti3x10~3 MPa less at the salt/sediment interface, compa&L. The

results after decreasing the reservoir pore corsiiniéisy show no changes &f,, at points A and

D, but it increased3.3x1073 MPa less around the well argi3x107® MPa less at the
salt/sediment interface, compared to Case 1. Kinlallvering the reservoir Biot's coefficient to
0.9, theSy, did not vary significantly at points A, B and Dyttt increase®.5x10~3 MPa less at
the salt/sediment interface, compared to BC. Thgimnam stress drop occurred in the steeper
dipping area for Case 7, which presented the maxirmstress increment at the salt/sediment
interface. The shear stresses toward the salt dierreased for Case 4, while they increased for
the other cases. The parameters that influencee nher induced shear stresses along curve
ABCD were the dipping angle, the reservoir Youngsdulus and the pore compressibility (see

Figure 100).
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Figure 99. The Syz total stress behavior with respeto BC at different locations, after 13
years of production. The dipping angle, the resenio Young’s modulus and the pore
compressibility were the parameters that affected mre the shear stresses at points B, C
and D. However, Case 4 presented the major reductioof Sy, at the salt/sedimeninterface.
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Figure 100. Change o8, in the reservoir along trajectory ABCD, as a functon of distance

from the salt/sediment interface, after 13 years oproduction. The lower reservoir Biot's
coefficient caused the maximumS,, increment at the salt/sediment interface, and the

highestS,, reduction in the steeper dipping area of the prodaing layer. The S, tend to
decrease inside the salt.

6.7 The xz-component of total stress tensor
The xz-component of total stress tensty; Y along the trajectory ABCD defined in Figure 15(a)
are very low, but the impact of the different paesens on the trend followed by Case 1 in the
reservoir is analyzed (see Figure 101). There atesignificantS,, changes observed in the flat
region for any of the studied cases. Bhg did not change after increasing the salt permidabil
from 1x1072! md to1x10~°. However, lowering the reservoir Young’s moduloone-half of
its original value, decreased the induced sheass#s3.4x10~1 MPa less at the salt/sediment
interface, while it increase6.7x10~! MPa more around the well arft¥x10~2 MPa more at
point D, compared to BC. In addition, increasing ttipping angle to 70° decreased the

2.8x1071 MPa more at point Bl.5x10~! MPa less at the salt/sediment interface and isecka
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3.5x10~! MPa more at point D, compared to Case 1. In teeatio where the reservoir porosity
increased, thes,, decreaseds.4x10™2 MPa more at point B6.9x1072 MPa less at the
salt/sediment interface, and increase@x10~2 MPa less at point D, compared to BC. The
results after decreasing the reservoir pore corsimiéisy show thatS,, decreased.9x107!
MPa more around the well,2x10~! MPa less at the salt/sediment interface, whiladteased
5.0x10~2 MPa less, compared to Case 1. Reducing the rés&iab's coefficient to 0.9, thé,,
decreased®.4x10"2 MPa more at point B2.1x10™2 MPa less at the salt/sediment interface,

while it increase®.8x10~2 MPa less at point D, compared to BC.

The maximum stress increment in the reservoir KOF&) occurred in the dipping area and was
induced by lowering the reservoir Young’'s modullisalso represented the highest stress
increment in the salt (0.4 MPa). Increasing theputig angle to 70 caused the maximu$,
reduction in the reservoir close to the dome (0PaM It is observed that the shear stresses are
controlled by the well location and the dipping ndghe parameters that influenced more the
induced shear stresses along curve ABCD were tphpirdj angle, the reservoir Young's

modulus and the pore compressibility (see Figu®.10
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Figure 101. ThesS,, total stress behavior with respect to BC at diffeent locations, after 13
years of production. The highest induced shear stss values occurred at point B. The
dipping angle, the reservoir Young’'s modulus and tB pore compressibility were the
parameters that affected more thes,, at points B, C and D. However, Case 3 presentedeh
largest increment of S, at point B and Case 6 caused the largest reduction the same
location.
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Figure 102. Change 0o8,, in the reservoir along trajectory ABC, as a functon of distance
from the salt/sediment interface, after 13 years gbroduction. The lower reservoir Young’s
modulus induced the highest increment of shear stsses around the well which extended
toward the steeper dipping area, while reducing thepore compressibility induced the
maximum S,, in the same zone. However, Case 4 originated theagor reduction of S,, at
the salt/sediment interface.

6.8 Total and effective vertical stress path
The total vertical stress pafly, = y,) in the reservoir is the same for cases 1 and @uéteg
the reservoir Young’s modulus increased the vdrstass path by 0.02 at points A and B and
decreased it by 0.01 at point C, compared to BCtH@scenario where the dipping angle is 70°,
the stress path did not change at point B, bt @.02 greater at point A and 0.05 at point C.
Case 4 caused the highggtin the reservoir and occurred in the area witese dipping angle.
The vertical stress path results obtained from dage with lower reservoir porosity did not
changed at point A, but it increased by 0.01 atngsoiB and C. Lower reservoir pore

compressibility decreased thg by 0.01 at point A, 0.03 at point B, and 0.04 atnp C,
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compared to Case 1. Decreasing the reservoir Boa&fficient, they, decreased by 0.01 at

point A, by 0.03 at point B and by 0.03 at the/salfiment interface (see Figure 103).

The effective vertical stress patit, = y',) is calculated using the Eq.(30), described in tdrap

2. This equation considers the reservoir Biot'sficent, which is 1 for cases 2 to 6 and 0.9 for

case 7. Under these conditions, Eq.(30) becorylgs= (i—:) — 1 for cases 2 to 6 and, =

(i—‘;v) — 0.9 for case 7. Figure 104, shows tlat in the reservoir is the same for cases 1 and 2.
f

For a lower reservoir Young's modulus, tffe decreased 0.02 less at points A and B and 0.01
more at point C, compared to BC. For the scenatere the dipping angle is 70°, tlyg,
decreased 0.02 less at point A and 0.05 at poibuCit decreased the same than Case 1 at point
B. Case 4 experienced the lowest reduction’pfin the area with steeper dipping angle. For a
lower reservoir porosity, thg,, did not changed at point A, but it decreased (264 at points B
and C. For a lower reservoir pore compressibititg y,’ decreased 0.01 more at point A, 0.03
more at point B, and 0.04 more at point C, compace€ase 1. When the reservoir Biot's
coefficient was reduced from 1 to 0.9, tHe decreased 0.09 less at point A, 0.07 less at [Boint

and 0.07 less at the salt/sediment interface.
The effective vertical stress path decreased fesghe case with higher dipping angle in the

steeper dipping area, for the case with lower gandsBiot's coefficient which reduces the

impact of the pore pressure changes.
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6.9 Total and effective maximum horizontal stress gth
The total maximum horizontal stress péfly = y,) in the reservoir is the same for cases 1 and
2. Reducing the reservoir Young’s modulus increagety 0.02 at point A, 0.03 at point B and
0.01 at point C, compared to BC. For the scenahere the dipping angle is 70°, the stress path
increased by 0.02 at point A and 0.11 at point B decreased by 0.11 at the salt/sediment
interface. Case 4 caused the minimygnin the reservoir and occurred in the area witefste
dipping angle. The maximum horizontal stress pa#ults obtained from the case with lower
reservoir porosity did not changed at any pointnglacurve ABC. Lower reservoir pore
compressibility decreased thg, by 0.08 at point A, 0.06 at point B, and 0.02 atnp C,
compared to Case 1. Reducing the reservoir Bia#sfcient, theyy decreased by 0.05 at point

A, 0.04 at point B and 0.01 at the salt/sedimetarface (see Figure 105).

The effective maximum horizontal stress pdily = y',) is calculated using the Eq.(30),

described in chapter 2. This equation considersrélervoir Biot's coefficient, which is 1 for

cases 2 to 6 and 0.9 for case 7. Under these aumslitEq.(30) becomesg’y = (%*f‘) — 1 for

AO’H

cases 2 to 6 angdy = (E) — 0.9 for case 7. Figure 106, shows tlygt in the reservoir is the
f

same for cases 1, 2 and 5. For a lower reservainys modulus, thg'y; decreased 0.02 less at
point A, 0.03 at point B and 0.01 at point C, coneplato BC. For the scenario where the dipping
angle is 70°, thg'y decreased 0.02 less at point A and 0.11 at pairituB it decreased 0.11
more at the salt/sediment interface. Case 4 expmrtethe major reduction ofy in the area
with steeper dipping angle. For a lower reservairepcompressibility, the'y decreased 0.08

more at point A, 0.06 more at point B, and 0.02 evair point C, compared to Case 1. When the
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reservoir Biot's coefficient was reduced from 1@, they'y decreased 0.05 less at point A,

0.04 less at point B and 0.01 less at the saltfseali interface.

The effective maximum horizontal stress path desgdanore for the case with higher dipping
angle in the steeper dipping area and when thevas@ore compressibility is decreased by 0.5.
While yy decreased less when the sandstone Biot's coeffiése lower, which reduces the

impact of the pore pressure changes.
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Figure 105. Total maximum horizontal stress path inthe reservoir along trajectory ABC,

as a function of distance from the salt/sediment terface, after 13 years of production.
Cases 3 and 4 increased the resultant stress patlorag the reservoir, but in the steeper
dipping area Case 4 exhibited the minimum stress pa value in the producing formation.

In addition, cases 6 and 7 decreased thgy in the reservoir.

138



Distance fromthe Salt dome along curve ABC (m)

400 350 300 250 200 150 100 50 0
-0.40 |
1
1
£ A |
©  -050 N !
e . AN Am AF A B 1
o A
- ) \ 1 + Case 1
§ ® |
= 1
S 060 () I Case 2
n @ L I T I e - - :
T e = - B A e Case 3
€ ¢ = )
S -0.70 . - s Case 4
= * .. s %ice 9 -
© tevesseses. s | Case 5
E -0.80 Well ‘ * Ry
> . *eel ¢ Caseb
5 Location : . o
Q2 @« =-Case?7
=
W -0.90 :
Salt/Sediment 1
«—
I
1

Interface
-1.00

Figure 106. Effective maximum horizontal stress pdit in the reservoir along trajectory
ABC, as a function of distance from thesalt/sediment interface, after 13 years of
production. The yy decreased less for cases 3, 4 and 7, where CasHibited the major

reduction in the steeper dipping area toward the dme. In the contrary, case 6 decreased
more they'y along the reservoir.

6.10 Total and effective minimum horizontal strespath

The total minimum horizontal stress p4th, = y,) in the reservoir is the same for cases 1 and
2. Reducing the reservoir Young's modulus increaggdby 0.03 at points A and B and
decreased it by 0.02 at the salt/sediment inteffam@pared to BC. Case 3 caused the maximum
Yn in the reservoir and occurred in the area witlee dipping angle. For the scenario where
the dipping angle is 70°, the stress path incredsed.03 at point A and 0.04 at point B but
decreased by 0.05 at point C. The minimum horidaitass path results obtained from the case
with lower reservoir porosity did not changed ay anint along the curve ABC. Lower reservoir
pore compressibility decreased the by 0.08 at point A, 0.07 at point B, and 0.06 ainp C,

compared to Case 1. Case 6 caused the minimum the reservoir and occurred around the
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well. Lowering the reservoir Biot’s coefficient,dly;, decreased by 0.04 at points A, B and C

(see Figure 107).

The effective minimum horizontal stress pafffy, =y'y) is calculated using the Eq.(30),

described in chapter 2. This equation considersrélervoir Biot's coefficient, which is 1 for
cases 2 to 6 and 0.9 for case 7. Under these camglitEq.(30) becomey!}, = (AA—;};) —1 for

cases 2 to 6 ang}, = (i—‘;“) — 0.9 for case 7. Figure 108, shows tlygt in the reservoir is the
f

same for cases 1, 2 and 5. For a lower reservainy's modulus, theg',, decreased 0.03 less at
points A and B and 0.02 more at the salt/sedimaetface, compared to BC. For the scenario
where the dipping angle is 70°, thg decreased 0.03 less at point A and 0.04 at pqibuBit
decreased 0.05 more at the salt/sediment interfaarea lower reservoir pore compressibility,
they';, decreased 0.08 more at point A, 0.07 at pointnl, @06 at point C, compared to Case 1.
When the reservoir Biot's coefficient was reduceahf 1 to 0.9, the/', decreased 0.04 less at

points A, B and at the salt/sediment interface.

The effective minimum horizontal stress path desgdamore for the case with higher dipping
angle in the steeper dipping area and when thevas@ore compressibility is decreased by 0.5.
While y;, decreased less when the sandstone Biot's coeffiége lower, which reduces the

impact of the pore pressure changes.
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6.11 Volumetric strain
The volumetric strairfe, = AV/V) of the reservoir and salt along the trajectory AB@efined
in Figure 15(a), after 13 years of production. é@sing the salt permeability frobx10~2 md
to 1x1071° md, did not change the volumetric strain in thenrfations. After the reservoir
Young’s modulus is reduced to half of its originalue, the reservoir compaction increased by
2.06x107* at point A,2.97x10~* around the well and.16x10~* at the salt/sediment interface,
compared to BC. Increasing the dipping angle oattggd more compaction in the reservoir, it
increased1.78x10™* at point A, 2.13x10~* at point B and2.22x10™* at the salt/sediment
interface. The reservoir elements in the steepgpinly area shrunk more in Case 4. Higher
porosity caused less compaction in the producimgdtion, it was0.73x10~* less at points A,
1.07x10~* at point B and).76x10~* at point C. Lowering the reservoir pore compretsib
the compaction decreased By0x10™* MPa at point A,0.28x10~* MPa at point B and
0.26x107* at the salt/sediment interface, compared to CasBetucing the reservoir Biot
coefficient did not change significantly the volume strain in the reservoir, compared to the

base case (see Figure 109).

There reservoir experienced more compaction atsteésediment interface, compared to the

magnitude at point A. Additionally, the case whéne dipping angle is 70 presented more

compaction along the steeper dipping area (seed-ijL0).
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Figure 109. Vertical strain behavior with respect © BC at different locations, after 13 years
of production. The major volumetric strain changesin order of magnitude occurred at
point B, point C and point A. The dipping angle andthe reservoir Young's modulus
increased compaction during production, while cases, 6 and 7 experienced less
compaction at points A, B and C.
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Figure 110. Volumetric strain in the reservoir alorg trajectory ABCD, as a function of
distance from the salt/sediment interface, after 13/ears of production. Lower Young's
modulus and higher dipping angle, increased compacin in the reservoir, reaching the
major value around the well. Moreover, compaction & the salt/sediment interface is
greater compared to point A.
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Conclusions

Stress changes associated with depletion of avaserear a salt dome has been numerically
studied using FLAC3D. A sensitivity analysis wasfprmed to evaluate the influence of rock
properties and dipping angle on the resultant sefthe following conclusions can be drawn

from this work:

1. The reduction of total horizontal stresses duertapction are more significant (the total
maximum horizontal stress decreased up to 2.55 Btitathe total minimum horizontal
stress up to 3 MPa) than of the vertical stresstqup7 MPa), with the highest variation of
the vertical and the minimum horizontal stresseselto the salt dome where gravity
drainage plays an important role on pore pressa@dbwn near the salt/reservoir interface
(compared to the changes in the flat zone). Howetle increment of the effective
horizontal stresses are less significant (the gffeenaximum horizontal stress increased up
to 4.52 MPa and the effective minimum horizontakss up to 3.92 MPa) than of the

vertical components (up to 5.57 MPa), with the bighvariation close to the well.

2. The total and effective vertical and horizontaless paths results vary locally in the
reservoir, controlled by the proximity to the sattd the dipping angle. Furthermore, the
stress path in the reservoir is influenced by tledl Wocation that determines the depletion

pattern along the reservoir.

3. The stress paths for a reservoir that extendsalfeo infinity are different than for a tilted

reservoir.
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The volumetric strain that is experience in theeregir and surrounding formations during
depletion has been calculated. The compaction wbden the reservoir, and upper and
lower shale, is strongly dependent on the deplefiatiern, with major changes at the
salt/sediment interface compared to the flat zd&iewulations show that reservoir with
lower Young's modulus and higher dipping anglesreased the total vertical and
horizontals stress paths resulting in more compactrhe maximum volumetric strain of
the base case in the reservoir we&9x10~*, while the volumetric strain for the cases of
lower Young's modulus and higher dipping angle wa&.88x10~* and —6.05x107%,

respectively.

It was found that the stress state, pore pressutere volumetric strains of the elements at
the reservoir-salt interface are affected by tHecaep and the dipping angle (higher pore
pressure drawdown, lower total vertical and horiabstress reduction, higher effective
vertical and horizontal stress increment and lesspaction, than the reservoir element next
to it) Therefore, it is necessary to include thepaat of creep and dipping angle to

accurately predict the sediment deformation anddeay to failure of tilted reservoirs.
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