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Abstract

Drilling and completion design in challenging situations
such as deep-water and depleted reservoirs has attained great
attention recently. This is because of the changes in in-situ
stresses during production period, which, in turn, significantly
alters the stress distribution in the near wellbore region and the
size of yielded zone. Designing efficient drilling and well
completion strategies require accurate prediction of the near
wellbore stress state. Currently developed models are divided
into two main categories: time-independent and time-
dependent. The time-independent models considers either
uniform pressure drop or steady-state flow regime. On the other
hand, the time-dependent models are based on a transient flow
regime in the reservoir (short term). However, these models
cannot be used in depleted reservoirs that have been producing
for a sufficient period of time so that the effect of the outer
boundary has been felt. The aim of this study is to provide
closed-form analytical solutions for prediction of plastic zone
radius for elastic perfectly-plastic materials after the fluid flow
turns into the pseudo-steady-state flow regime. The equilibrium
equations are combined with poroelastoplastic constitutive
relations to estimate stress state and the size of plastic zone
around the wellbore. Our results confirm a significant growth
in the size of plastic region, which requires immediate remedial
actions to avoid excessive sanding and borehole instabilities.
An extensive sensitivity analysis of rock and fluid properties as
well as production control parameters are presented.

Introduction

Nowadays, due to high demands for energy sources,
petroleum industry moves towards drilling and production in
partially depleted reservoirs or deep-water wells as part of
comprehensive field development plan. However, due to
reservoir depletion induced by hydrocarbon production, the in-
situ pore pressure reduces and consequently the far-field in-situ
stresses change. As a result, the lower and upper limits of
drilling margin change and the safe drilling margin becomes
narrower. Although the pore pressure decreases, the lower limit
of mud window is determined by the existence of high pressure
zones along the wellbore. During drilling in depleted zones, the
improper design of drilling fluid weight, not taking into account
the stress changes will result in lost circulation of drilling fluid

and an increase of Non-Productive Time (NPT) related to
wellbore instability events. Wellbore instability problems due
to improper drilling fluid design during drilling operation are
reported to impose huge annual cost to the oil industry
(Rafieepour et al., 2015a, 2015b). On the other hand, during
production from partially depleted reservoirs, exclusion of
these effects for the optimization of production operation
parameters such as surface flow rate and flowing bottomhole
pressure may cause excessive sand production especially in
unconsolidated sandstone formations. This excessive sand
production may lead to perforation plugging, collapse of
horizontal wells, and increases production costs by erosion of
pipelines and surface facilities (Wang and Sharma, 2016). With
above discussion, it is critical to develop a model to incorporate
the in-situ stress changes and accurately predict the formation
behavior during drilling and production in partially depleted
zones. It is noticeable that the induced stress changes during
production not only may cause drilling and production-related
problems, but also it may lead casing collapse, reservoir
compaction and subsidence, and reactivation of pre-existing
faults and induced-seismicity (Segall, 1985; Segall, 1989;
Morita et al., 1989; Aadnoy, 1991; Santarelli et al., 1998;
Hettema, 2000; Holt et al., 2004; Rafieepour et al., 2016).

The currently-used models for stress distribution in near-
wellbore region can be divided into two main categories:
elasticity-based and elastoplasticity-based models. A
subdivision of existing models include those that consider no
flow (or uniform pressure in reservoir) and those that include
fluid flow. The literature is rich of the models based on theory
of elasticity for both no flow (Aadnoy, 1991; Addis, 1997a) and
transient flow cases (Paslay and Cheatham, 1962; Seth and
Gray for infinite reservoirs (1967a) and finite reservoirs
(1967b); Chen and Teufel, 2001). However, some studies
describes that the predictions based on these models are
conservative (Bradley, 1979a; 1979b). Shahri and Miska (2013)
argued that the flow regime in depleted reservoirs is pseudo
steady state (PSS) and developed stress solutions based on
poroelasticity theory under plane strain assumption. Later on,
Rafieepour and Miska (2017) developed several analytical
stress solutions for depleted reservoirs based on pseudo-steady
state flow regime under different assumptions such as uniaxial
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strain; generalized plane stress, and plane strain with
displacement boundary conditions.

The former models based on elastoplasticity models are
based on no flow (no pore pressure/with pore pressure) and
transient flow regime. Risnes et al. (1982) developed several
solutions for stress distribution around wellbore in an elasto-
plastic Mohr-Coulomb medium under steady state flow regime.
A good review of the axisymmetric wellbore/tunnel stress
solutions based on M-C and Hoek Brown (H-B) criteria is given
by Brown et al. (1983). McLellan and Wang (1994) presented
an elastoplastic model for a strain weakening formation with
Mohr-Coulomb yield function considering steady state fluid
diffusion during drilling including the filter cake effects and
capillary forces. Wang and Dusseault (1994) developed stress
distribution around circular openings in elastoplastic medium
subjected to repeated hydraulic loading considering steady state
flow regime. Bradford and Cook (1994) presented a semi-
analytic elastoplastic model for wellbore stability analysis for a
Mohr-Coulomb hardening material based on deformation
theory. They included a transient solution of diffusivity
equation for an infinite reservoir with constant flowing
bottomehole and constant far-field in-situ pore pressure. There
are several other models based on either brittle deformation or
hardening/softening plasticity relations (Papanastasiou and
Durban, 1997; Chen and Abousleiman, 2012). None of these
models are applicable in partially depleted reservoirs.

Moreover, Poisson’s ratio and internal friction angle are the
controlling parameters for in-situ stress change and re-
distribution of stresses around the wellbore. Recently Baldino
et al. (2017) and Rafieepour and Miska (2017) have developed
several analytical solutions for Poisson’s ratio and friction
angle determination from interference well tests, respectively.

As discussed earlier, prediction of the effect of pressure
drawdown on the stress distribution and the size of plastic
region around the wellbore is critical for design of sanding
control strategies as well as borehole integrity assurance in
partially depleted reservoirs. Since the flow regime is
dominantly pseudo steady state in depleted reservoirs, the
transient flow regimes cannot be utilized. In this study, a model
is proposed to predict the stress state around the wellbore based
on the theory of brittle elastoplasticity. In addition, the effect of
various parameters on the radius of plastic zone is investigated.

Constitutive assumptions

A typical behavior of rock under tri-axial loading conditions
is given in Fig. la. Under low stresses, the material behaves
elastically until it yields at a so-called yield strength (point A).
Beyond the yield strength, a hardening behavior is usually
observed and an ultimate (or peak) strength occurs at point B.
Subsequently, the material softens and the straining occurs
along with strength deterioration. At point C, the material
reaches its residual strength. This material behavior can be
simplified as shown in Fig. 1b. The material is linearly elastic
until the ultimate strength is reached. The hardening plasticity
before ultimate strength is assumed negligible for the sake of
simplicity. Then, its strength weaken instantaneously and
thereafter the behavior is described as perfectly-plastic flow as

the loading continues. The pre-failure behavior is simulated
based on Biot’s theory of poroelasticty. The post-failure stress
and strain relations are described by the associated Mohr-
Coulomb failure function. Since the material undergoes strain
weakening after ultimate strength is reached, the sudden
weakening is described by the residual values of the friction
angle and cohesion resulting from strength degradation.
However, the failure initiation is estimated considering pre-
failure values of friction angle and cohesion. In addition to
material behavior assumption, several further assumptions have
been made for the proposed model. The reservoir is assumed to
be homogenous and isotropic. The axi-symmetric condition is
assumed. The reservoir thickness is assumed to be constant
during the production period, which implies a plane strain
condition. Moreover, in the following derivations, the
compressive stress and strain are considered positive.
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Fig. 1: Material behavior a) typical experimental observation during
triaxial loading b) idealized behavior
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Our analysis is in 2-D plane strain and therefore the shearing
surfaces are perpendicular to the wellbore plane and limiting
the failure modes for the cases where the maximum and
minimum principal stresses are in the wellbore plane.
Therefore, we limit our analysis for this most common case
although there are other permutations of the stress components
(Risnes et al., 1982). During drilling and subsequently during
production, the wellbore pressure monotonically decreases.
This means that the loading continues as the reservoir becomes
increasingly depleted without any unloading (fluid injection).
Since the wellbore pressure decreases, the radial stress
decreases correspondingly while the tangential stress increases
(69 > Gy). The linear Mohr-Coulomb (M-C) criterion in
terms of the radial and tangential stresses, and considering the
effect of pore pressure, is described as:

Ggg — MGy — Sp =0 1)
where
2ccos @
=— 2

°7 1 —sin 10 @)
1+sing

~1—sin )
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where the effective stresses in equation (1) are described by the
Biot’s effective stress principle d;; = 0;; — apd;;. However,
experimental studies shows that close to the failure, the Biot-
Willis coefficient approaches unity (Jaegar et al. 2007).
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Model geometry and formulation

Consider a reservoir having a circular drainage area.
Initially, the reservoir and surrounding formations are in
equilibrium. A vertical wellbore of radius 7, is drilled
instantaneously and the local equilibrium is disturbed though
replacing the rock materials by a mud with pressure B,,. Fig. 1
describes the geometry of wellbore and reservoir. After well
completion operation, the reservoir is subjected to a constant
production flow rate at the inner boundary. As a result of
production, the stress state in the reservoir changes due to the
coupling nature of fluid flow and deformation in the reservoir.
For a short period of time from the beginning of production, the
flow regime is transient and therefore the far-field stresses are
not affected by the production from the wellbore. However,
when the pressure disturbance reaches at the outer radius of the
reservoir, the flow regime becomes semi-steady state and the
far-field stresses change with pore pressure reduction assuming
the rock behavior at the outer boundary remains in elastic
region. It is assumed that the formation is initially elastic around
the wellbore (the wellbore pressure is higher than the critical
wellbore pressure) and there is an over-balanced conditions
during drilling. The failure onset occurs first at wellbore wall
then develops as a circular plastic zone around the wellbore.
The purpose of this study is to determine the production-
induced near-wellbore stress changes in the reservoir as a
function of time and location.

l a (t)

Elastic

o (t)

I an(t)
Fig. 2: Model geometry

Pore pressure solution
Assuming weak coupling between the stress and pore
pressure (one-way coupling), the fluid flow through porous
media is governed by the linear diffusivity equation
0%*p 10p op
orz ror ¢ ot )
where C = % is the fluid diffusivity coefficient. Since the
flow regime during production from a depleted reservoir is
dominantly pseudo-steady state (PSS), therefore the PSS
solution has been used in further derivations. The PSS solution
for single-phase diffusivity equation is as the following for a
cylindrical reservoir

o - 5.615 Ot
PANE) =D nr2ehc,

141.2 uQ N 3 1/7r\2
kh [l"(?) _Z+E(Z) ]
where, ¢, is the total compressibility (fluid and pore space) in
psi~1, p; is the initial reservoir pressure in psi, t is time in days,
Q is production/injection flow rate in bbl/day, u is fluid
viscosity in cp, 7, is outer radius of the formation in ft, h is
reservoir thickness in ft. In this study, the permeability of
damaged and undamaged regions are assumed equal.
According to Dake (1998), the time at which the flow
regime in a reservoir with circular drainage area turns to the
PSS regime can be obtained as
2
¢ = 948 .ukctd)re (6)
where in the above equation ¢ is in hours, u in cp, C, in psi~?,
1, in ftand k in md.

()

Stress solution in elastic region (r > R,)

Based on Biot’s three-dimensional theory of consolidation
(Biot, 1941), the following relations are given for the stress-
strain relationships under drained conditions assuming positive
in compression (Wang, 2000)

v
O-l'j = ZGEU + ZGm‘gkk + a’p&-j (7)

The strain-displacement equations are as the follows for axi-

symmetric plane strain deformation conditions:
du u

Err €06 = €, =0 (8)

.
denotes radial displacement. The equilibrium equation for the
plane strain conditions reduces to
o 9
~ _P24F=0 ©
r
strain relations (7), and then substituting into the equilibrium
equation, we obtain

ar
where all other components of strain tensor are zero and u
do, o, —
- - dr - - -
Combining the strain-displacement equations (8) and stress-
0*u 1ou u naop

et A et 10
6r2+r6r T+Gar (10)
andn = “2((11'_21]’;).The solution for the displacement equation is
as:
_ar ol . C (11)
u= > Gerrp(r't)dr+r
The solution (11) together with equations (8) and (7) gives
G 2n (. .26
Tpr = T > C; + r—sz p (7, t)di — r_2C2 (12)
G 2n| (7. . . 5
L C, —= f Fp(F, t)di —rep(r,t)
v Rp (13)
2G

+ Py C,
0,, can be defined as the following relation based on the fact
that we have assumed a long reservoir in which the axial strain
is zero (both elastic and plastic). With this assumption, we have
04, = V(0pr + 0gg) + (1 — 2v)ap (14)
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The constants of integration in (12) and (13) can be determined
using the pore pressure solution given by equation (5) along
with the following boundary conditions
Orr (T = Rp) =0y Opg (T' = Rp) = Ogg (15)
O (r =7, 1) = 0gg (r = 17,, 1) = 03 (£)
=1, 0=t 20
where &,,- and G4 are the radial and tangential stresses at the
elastic and plastic boundary. It should be noted that the stresses
at the outer boundary of reservoir are not constant as described
by the equation (16).
After replacing the PSS solution into equations (12) and (13)
and integration, we have the following equations for radial and
tangential stresses, respectively (Rafieepour and Miska, 2017):

1= ()| @ () +

SR () () n()30-() oo
11 r—4_Rp4]

47,2 —Rp? 12

o000 = 0 ) [ 14 () | =0 () (2) -

141.2 R\? 1 R,\?
_“Q,, ln<1)+(_v) mlle) 42 1_<_p>
kh Te T R, 4 r (18)
11 Rt
41,2 —R,> 12

r 3 \2
+ [—ZZn (Z) - E—I— (Z) ]}
The overburden stress is obtained from equation (14). It is
understood that the material in elastic side of this boundary is

on the verge of yielding. Therefore the stresses must satisfy the
yield function

(599 - ap(Rp, t)) -m (@T - ap(Rp, t)) =S (19)
Moreover, from equations (17) and (18), it is clear that:
Err + 699 = Zarr(re' t) (20)
42 ( (R t) +5.615 Qt)
TP Pi nr2phc,

Combining equation (19) and (20) results in the following
equations for stresses on the elastic side of the elastic/plastic
boundary (R;)
_ 204 (1, t) =Sy (a(m—1)+2n)

(16)

Orr (rt)= Orr (re: t)

Orr = m+1 +1 p(Rp’ t) (21)
2n N 2n 5.615Qt
m+1P T mr1 w2 phc,
_ 2mo, (1, t) + Sy (2n—aym+a
Ogo = P(Rp,t)
m+1 m+1 (22)
2nm 12 m 5.615 Qt
m+1pi nm+ 1 rZphc;

The radius corresponding to elastic/plastic boundary is
required to obtain the stresses at the elastic/plastic boundary,
which will be discussed later. It is possible to obtain the critical
wellbore pressure under which a shear failure occurs firstly at
the wellbore wall. This is obtained simply by solving the
following boundary condition at the wellbore surface

Err = (pw)critical (23)
Noting that p(R,, t) = p,,, we obtain:
(24)

1
(pw)critical = m (Zo-rr(re: t) - SO - ani)

Stress solution in plastic region (r, <r < R,)
Combining the equilibrium equation and active vyield

function and ignoring the body forces and after integration, the

following equation for the radial stress in in plastic region is

obtained

a(l-m) ("p(#t) i (25)

1-m sm
r Tw r

SO Ty 1-m
+ 1-(2)
l—m[ 1(7‘)
T -m
+ 00 ()
where p,, (t) is the pressure in wellbore location. It is assumed
that the pore pressure and wellbore pressure are equal in
reservoir horizon (no mud cake). In the next step, we substitute
the PSS flow solution into the above equation and after

integration and several further steps, the following solution can
be obtained for the radial stress in plastic region

oh () = pu (©) (%W)l_m

So 5.615 Qt
+ (m tapi—a nrezhctq))
WA 1™ 141.2 uQ WA 1™ A
-]+ 5 (D) () () e
Bm+1) w1
a 4(71n— m (r_) ]

oh (1) =

C
rz 1_m r 3-m
525w -]

The tangential stress in the plastic region can be obtained
from equation (1) as
obs (R, t) = mak.(r,1)

5.615 Qt
T = Daip = e
e t
141.2 uQ T\ 3 (27)
- T[ln -3

. () +5
2\r, 0
In addition, at the elastic/plastic boundary, the radial stress
is obtained by replacing R, in the above equation. Material is at
its initial yield at the elastic/plastic boundary. At the boundary
of elastic and plastic regions, the radial stress is continuous,
namely

Oy = O-fr(r = Rp) (28)
This provide an implicit relation for the radius of plastic
region which is function of time and rock and fluid properties
should be solved numerically using standard methods such as
Newton-Raphson.
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Results and discussion

In this section, the results of the analytical models proposed
in previous sections for pore pressure and stress distribution in
reservoir are presented. The data for the simulations are given
in Table 1.

Table 1: Data used for stress distribution around the wellbore
in depleted reservoirs

Parameter Value Symbol
Initial Horizontal Stress, psi 11000 a,
Initial pore pressure, psi 7000 Do
Porosity, % 20 ¢
Fluid compressibility, 1076 psi 2.86 Cr
Drained bulk compressibility, 107 psi 0.862 Cp
Unjacketed compressibility, 1076 psi 0.181 Cs
Drained Poisson’s ratio 0.15-0.33 v
Friction angle, degrees 10-45 7}
Cohesion, MPa 0-10 C
Viscosity, cp 5 u
Permeability, md 10 k
Flow rate, bbl/day 200 Q
Wellbore radius, ft 0.328 Ty
Outer radius, ft 5000 T,
Reservoir’s thickness, ft 30 h

Fig. 3 shows the pressure profile as a function of time and
location. According to the data shown in Table 1 and using the
equation (6), the flow regime becomes PSS after 124 days from
the begining of production. In PSS flow regime, the time rate of
change of pressure is constant.

7000 1
6000 ]
Z 5000 _
s
)
=
z 4000 B
5]
A
o 3000 1
=
3
A t=0.5yr
2000 — t=1.5yrs
t=2.5yrs
= t=3.5yrs
1000 —_—t=1yrs
— =2 yrs
0 N s —t=3 yrs
0 5000 10000 15000

Normalized Radius (r/rw)

Fig. 3: Pressure profile with time

Stresses in elastic region

Fig. 4 shows flow-induced (hydraulic) component of the
radial and tangential stresses. From equations (17) and (18), the
hydraulic component of stresses is stationary. In other words,
as Fig. 4 states, these components are time-independent. The
radial stress is tensile in the whole domain and is nil in both
boundaries and shows a minimum close to the wellbore. On the
other hand, the tangential stress is monotonically increasing and
it is negative first and becomes positive (compressive) farther
from the wellbore wall. The Poisson ratio assumed to be 0.15.

500 T T
Compressive
L
——————— - 0"_
~ =500 —_— B
= P90
&
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2 Tensile
St
& -1500 | 1
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T 2500 | .
-3000 | E
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Normalized Radius (r/rw))

Fig. 4: Flow-induced radial and tangential stresses

Stresses in plastic region

The poroelastic and poroelastoplastic solutions of radial and
tangential stresses after two years of production are depicted in
Fig. 5 for the data given in Table 1 and for a friction angle and
cohesion of 20 degrees and 300 psi, respectively. According to
this figure, the elastic tangential and radial stresses decrease,
respectively, around the wellbore and they reach to the
undisturbed in-situ stress field at the dimensionless radii greater
than 10. On the other hand, in plastic zone (dimensionless
radius of plastic zone is 42), the radial stress increases
monotonically and is always lower than the poroelastic radial
stress. The tangential stress, however, increases rapidly in the
radii close to wellbore upto a maximum value and therafter it
decreases slowly at higher distances away from the wellbore.
The radial and tangential stresses approach to their poroelastic
couterparts at dimensionless radii greater than 120. Moreover,
the stresses are releived in plastic region.
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i Plastice— —— 0, Poroelastic
: ==== 0 _Poroelastic
0 L rr
0 50 100 150

Normalized Radius (r/rw)
Fig. 5: Radial and tangential stresses around the wellbore: poroelastic
and poroelastoplastic (t=2 years)
Fig. 6a and b shows total radial and tangential stresses in
the reservoir at different times, namely 0.5, 1, 1.5, 2, 2.5, 3, and
3.5 years after the start production. Again a friction angle and
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cohesion of 20 degrees and 300 psi, respectively is assumed.
According to Fig. 7a, total radial stress in both regions
decreases as time progresses. Moreover, the radius of plastic
region evolves with time. More clearly, the peak of the total
tangential stress depicted in Fig. 6b progresses towards the
inside of formation with time and, for instance, the
dimensionless radius of plastic region increases from 32.6 to 42
after 183 days and 3.5 years from the start of production.
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Fig. 6: Radial and tangential stress around the wellbore with time

Fig. 7aand b indicate total axial stress as a function of time
and space using poroelastic and poroelastoplastic brittle
models, respectively. A comparison of the poroelastic and
poroelastoplastic axial stresses around the wellbore (in the
similar radius as the size of plastic region in Fig. 7b) reveals a
similar behavior as we discussed in Fig. 6 for radial and
tangential stresses. With the occurrence of the shear failure, the
axial stress relieves and, for example, it reduces to 4000 psi
after 3.5 years of production at a dimensionless radius of 2
around the wellbore as compared to a value of 5000 psi
estimated by the elasticity solution (1000 psi difference).
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Fig. 7: Axial stress around the wellbore with time

Sensitivity analysis on the effect of various factors on
the radius of plastic zone

A review of the relation describing the size of the plastic
region reveals that the parametres controling the radius of
plastic zone can be categorized as initial in-situ stress and pore
pressure; rock properties such as internal friction angle,
cohesion, Poisson’s ratio, porosity, permeability, total
compressibility, and Biot-Willis coefficient; fluid properties
such as viscosity; and operational parameters such as flow rate.

Strength and mechanical properties of formation

Fig. 8 is a plot of normalized plastic radius development
under different friction angles during production for a 220 psi
cohesion. The plastic zone propagates as the wellbore pressure
reduces with time (here we plotted the size of plastic zone as a
function of time). Moreover, the plot indicates how significant
the friction angle can affect the radius of plastic region. For
values of friction angles as low as 10°, the size of the plastic
zone increases from 1000 normalized radius in the first 183
days to 2100 after 3.5 years of production. The vertical axis
scale has been changed to a log scale in order to observe the
changes in the radius of plastic zone for higher values of friction
angle. From this figure, the radius of plastic zone may be
completely disappeared for high values of friction angles.
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Fig. 8: Effect of friction angle on radius of plastic zone

Fig. 9 shows the plot of normalized plastic radius as a
function of time and the cohesive strength for 20° friction angle.
The size of plastic zone progressively increases as the cohesive
strength decreases. Moreover, this plot indicates that the growth
of plastic zone would be higher at lower cohesive strength.
However, a comparison of the effect of cohesive strength and
friction angle confirms that the friction angle has higher
influence on the size of the plastic region. In other words, when
the weakening of material is dominated by the loss of friction
angle, much plastic zone growth will occur.
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Fig. 9: Effect of cohesion on radius of plastic zone
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Fig. 10 describes the effect of Poisson’s ratio on radius of
plastic zone for cohesive strength and friction angle of 220 psi
and 15°, respectively. The size of plastic zone is larger for
higher values of Poisson’s ratio. Higher values of Poisson ratio
indicates that the rock material is less compressible as well as it
is a measure of stress transfer to the transverse direction. During
drilling and subsequently during production, the radial stress is
lower than the tangential stress. This means that for higher
values of Poisson’s ratio, larger tensile stresses is transferred in
the radial direction. Moreover, the rate of plastic radius growth
increases with Poisson’s ratio.
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Fig. 10: Effect of Poisson’s ratio on radius of plastic zone

Fig. 11 is a plot of normalized plastic radius development
under different total rock compressibility during production for
a 440 psi cohesion and 15° friction angle. In reservoir
engineering texts, total compressibility is defined as: C, = Cr +
C,. The definition of rock compressibility (C,) in this equation
is for non-deformable porous medium with constant bulk
volume as given by the following equation (Chen et al., 1995):

10
= = law 29)
The plastic zone propagates as the compressibility of formation
decreases, which is compatible with the effect of Poisson’s ratio
on the size of plastic zone.
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Fig. 11: Effect of rock compressibility on radius of plastic zone

The effect of Biot-Wilis coefficient on the radius of plastic
zone is described in Fig. 12. As this figure shows, the radius of
plastic zone progresively enlarges as the Biot-Willis coefficeint
increases. This coefficient is a measure of contribution of pore
pressure in total stresses and therefore the higher values of this
parameter implies a higher pore pressure contribution (or lower
effective stress). Moreover, the rate of growth of plastic zone
increases with time.
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Fig. 12: Effect of Biot-Willis coefficient on radius of plastic zone

Petrophysical properties

The effect of porosity on the size of plastic region is given
in Fig. 13. As this plot shows, the higher porosity, the smaller
the size of plastic region. From equation (4), the diffusivity
coefficient increases with porosity. This means that the pressure
disturbance is transmitted faster and consequently lower pore
pressure occurs in the formation and this implies higher

resistance to failure (or smaller plastic radius).
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Fig. 13: Effect of porosity on radius of plastic zone

Fig. 14 indicates the effect of formation intrinsic
permeability (single phase flow) on radius of plastic zone for a
cohesive strength and friction angle of 440 psi and 15°,
respectively. The size of plastic zone is larger for lower values
of permeability. The reason for this is that in the higher
permeability formations, the pore pressure dissipates faster than
the low permeability formations. As a result, the lower
permeability horizons are more prone to depletion-induced
shear failure.
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Fig. 14: Effect of permeability on radius of plastic zone

Fluid properties

Fig. 15 shows the plot of normalized plastic radius as a
function of time and the production fluid viscosity for a
cohesive strength and friction angle of 440 psi and 15°,
respectively. The size of plastic zone is progressively larger for
higher viscosities. This behavior is because of the effect of
viscosity on the pore pressure distributions in the reservoir. The
higher viscosity, the slower pressure transmission. This implies
that the pore pressure dissipates slowly for higher viscosities
and this means lower effective stress and more possibility for
shear failure.
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Fig. 15: Effect of fluid viscosity on radius of plastic zone

Operational factors

Fig. 16 is a plot of normalized plastic radius development
for a cohesive strength and friction angle of 440 psi and 15°,
respectively. The fluid viscosity used for this simulation is 1 cp.
The plastic zone propagates as the wellbore pressure reduces
with time. The radius of plastic region increases as flow rate
increases from 380 bbl/d to 860 bbl/d. Moreover, the plot
indicates that at higher flow rates the rate of growth of plastic
zone is higher.



AADE-17-NTCE-101

Effect of pressure drawdown on near wellbore stress change and growth of plastic zone in depleted reservoirs 9

20 T T T
Q=380 bbl/d
—— Q=500 bbl/d
18 | —— Q=650 bbl/d 4
—— Q=760 bbl/d
16 Q=860 bbl/d ]

—
-

—
>

e

Normalized Plastic Radius (rp/rw)
~

(=)
T
1

4 ) . L .
1 1.5 2 2.5 3 35
Time (year)
Fig. 14: Effect of flow rate on radius of plastic zone
Conclusion

Prediction of the effect of pressure drawdown on the stress
distribution and the size of plastic region around the wellbore is
critical for design of sanding control strategies as well as
borehole integrity assurance in the partially depleted reservoirs.
Since the flow regime is dominantly pseudo steady state in
depleted reservoirs, the transient flow regimes cannot be
utilized. Inthis study, a model was proposed to predict the stress
state around the wellbore based on the theory of brittle
elastoplasticity. According to the results, the stresses in the
plastic region relieve compared to the elasticity-based
solutions. In addition to this, the effect of various parameters on
the radius of plastic zone was investigated. The results indicate
that there are several controllable and uncontrollable factors,
which affect the radius of plastic region. The uncontrollable
parameters include rock and fluid properties as well as the
initial in-situ stresses and pore pressure. The controllable
parameters are wellbore pressure and the production flow rate.
For the case of the constant production flow rate, the rate must
be kept in such a way that the wellbore pressure remains higher
than the critical flow rate. The model has the capability to obtain
the critical flow rate to prevent excessive sanding during
production.

Nomenclature
Symbol  Description

K Bulk modulus of porous material
G Shear modulus

v Poison’s ratio

a Biot-Willis coefficient

k Permeability

¢ Porosity

Oij Stress tensor components i,j: r,6,z
& Strain tensor components i,j: r,0,z
p Pore pressure

On Minimum horizontal in-situ stress

Oy Overburden in-situ stress

Pi Initial reservoir pressure
8ij Kronecker delta
u Displacement in horizontal direction
Iy Wellbore radius
Ie Reservoir’s outer boundary radius
h Reservoir thickness
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