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Keywords Abstract
Sand Production Sand production is a complex mechanism that reduces oil and gas
Material Erosion production and leads to wellbore instability, tubing erosion, and

even erosion of surface installations. The hydrodynamic action of
the flow on the surface leads to the breakup of solid particles from
the surface. This is one of the main sources of sand production. The
Drawdown Pressure sand production may be affected by the combination of flow rate

and the stress regime around the wellbore. In this paper, sand
production in a vertical wellbore is numerically studied. A 3D finite element model in various stress
regimes (i.e, normal, strike-slip, and reverse based on Anderson's classification) presenting various
conditions of reservoirs was used. A typical drawdown pressure was chosen to simulate the production in
the wellbore. The numerical model uses a sand production criterion based on the velocity of the fluid flow,
the porosity of formation, transport concentration, and sand production coefficient to determine the
initiation of sand production. The sand production volume was determined for a duration of a week in all
cases. The most erosion of materials in all models occurred near the junction of the wellbore and
perforation. This is an expected result since based on rock mechanics, the junction of the wellbore and
perforation is also the location of the most stress concentration. It was concluded that the collaboration of
high-stress concentration and high-pressure drawdown caused the excessive sanding problem. The results
of the paper provide insight into the effect of stress regimes and orientation of perforation on the volume
of sand production.

3D Finite Element Model
Stress Regimes

1. INTRODUCTION beginning of the commercial production of oil and
natural gas. More than 70% of hydrocarbon
reservoirs in the world are affected by sand
production. The sand accumulation in the well or
its movement to the surface mostly depends on
the flow velocities. The accumulated sand affects
the recovery sustainability while its movement to
the surface along with the hydrocarbon results in
the erosion of the piping system and its
components. More than 70% of the worldwide
reservoirs are located in weakly consolidated

The optimization of wellbore stability and oil
or natural gas production may be considered as a
balance among the recovery rate, the
sustainability of the recovery, and the cost of
operating the well. This balance requires
controlling sand production; a problem in oil and
natural gas fields when they are extracted under
sufficiently high pressure. Sand production in
poorly consolidated reservoirs is one of the main
problems of oil and gas industries since the

31


http://anm.yazd.ac.ir/

Numerical modeling of the effect of Anderson's stress ...

formations which are prone to sand production
and wellbore stability problems [1]-[5]. On the
other hand, controllable sand production may
increase wellbore productivity and reduce
wellbore completion costs [6]. The expensive
costs of sand production control and its wide
impact on the production life of a well, have made
this phenomenon focus of much research.

There are several controlling systems for sand
production prevention. It can be prevented before
the initiation of wellbore production by the
installation of downhole sand control systems
such as gravel packs, and sand screens.
Furthermore, chemical consolidations can inhibit
the movement of sand into the underground and
surface facilities. With no sanding prevention
systems, the conventional sand management
approach is to reduce the hydrocarbon production
rate to minimize the produced sand. However, this
can significantly reduce wellbore productivity. On
the other hand, sand production increases the
porosity and permeability close to the wellbore
which results in a greater flow of liquid into the
wellbore[7]-[9]. There have been many studies to
better understand sand production and to
determine its most influential parameters. Several
studies have tried to experimentally simulate this
phenomenon in laboratories [10]-[14]. Wu et al.
[15] studied seven various weak sandstones in the
lab. The experimental results suggested a shear
failure mechanism around the borehole. The
failure was followed by erosion of the loose
materials due to flowing fluid in the failure zone.
Others have interpreted field data and proposed
empirical relations for sand production [16], [17].
Ghalambor et al. statistically studied sand
production in gas wells. They showed that a
project can be optimized when sand control
decisions are made at the time of initial
completion. There are also many studies
concerned with developing theoretical [18]-[21]
and numerical [22]-[26] models for a better
presentation of sand production and similar
problems n wellbores [26]-[31]. Risnes et al.
investigated the stresses around the wellbore
using the elastic-plastic Mohr-Coulomb theory.
Geertsma studied some geomechanical aspects of
well completions and sand production in wells
during injection and production. Abdollahipour et
al. proposed a thermo-hydromechanical boundary
element model to take into account the effect of
hydraulic and thermal effects on wellbore stability
[26]. Khamitov et al. investigated sand production
using the coupled DEM/CFD model. They
determined the porosity distribution around the
perforation hole [22].
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The correct prediction of sand production
volume can significantly reduce production costs
by decreasing the chance of wellbore failure and
erosion of surface facilities which may occur
during sand production. Previous studies have not
specifically studied the effect of various stress
regimes on sand production. Therefore, this topic
requires further investigation. In this study, a fully
3D finite element model using ABAQUS software is
developed to study the effect of various stress
regimes on sand production in a hypothetical well.
Although the FEM requires more computational
power than FDM, it has higher accuracy than the
FDM. In comparison to the BEM, there is no need
for an analytical solution for solving unknowns in
the FEM. The volume of sand production in three
stress regimes based on Anderson’s classification
is studied.

2. RESEARCH METHODOLOGY

2.1. Modeling Assumptions

Generally, the main sources of sand production
are poor rock strength and
operational /production conditions. It can be due
to the geological condition/structure of the
reservoir sand. Therefore, the following forces
may impact sand production [27]:

o (Cementing materials that bond the sand
grains together.

e  Friction between the sand grains coupled
with compressive stresses that result in
the formation of naturally stable arches.

e Cohesion (capillary forces) due to a
common fluid phase wetting the sand
grains.

Two main sources contribute to sand
production in a wellbore. One of the sources is the
existence of high stresses near wellbores and
perforations. Stresses higher than the rock’s
strength lead to rock failure. Solid particles i.e.,
sands break up and are transported by the fluid
through the pores. The other source is the
hydrodynamic action of the flow on the surface
which also breaks up the particles from the
surface. The dominant cause of sand production is
determined by the properties of the reservoir rock
and the flow velocities. Fig. 1 shows 3 stages of
sand production; Onset, transient sanding, and
steady-state sanding.
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Fig. 1. Sand production stages as a function of time
(redrawn from [28]).

In this paper, an erosion equation based on the
theoretical model proposed by Van den Hoek et al.
[14] is used. The method is more focused on the
second source of sand production (i.e.
hydrodynamic source). However, its similarity
with the equation of Papamichos and
Stavropoulou [18] helps to approximate the first
source of sand production as well. This is due to
the fact that high stresses caused by stress
concentration appear only in a close perimeter of
the wellbore. The evolution of the localized

deformation is combined with the effect of
hydrodynamic erosion in the equation of
Papamichos and Stavropoulou. The sand
production equation is [14].

V. =§(1 —n)ey, (1)

where Ve is the sand production velocity, vw is
the velocity of pore fluid, c is the transport
concentration, n is the lagrangian porosity, and §
is the sand production coefficient. € is based on the

equivalent plastic strain & P! This coefficient is
equal to and is constrained by a constant &2. it is
also equal to zero when a cutoff equivalent plastic
strain is passed.

& and & both must be experimentally
determined. In this paperg? =0.028, &1 = 4, &=

cutoff
0.01. A transport concentration ¢ = 0.001 as
recommended by Papamichos and Stavropoulo is
used. The values are deliberately determined in a
way to show a tangible erosion in a limited
analysis time.

Sand production initiates when the sand
production velocity Ve exceeds the value provided
by Eq. (1) in any node of the FEM. In other words,
Eqg. (1) describes a critical erosion velocity as a
function of solution quantities i.e., vw, ¢, & and n.
The adaptive meshing capability of ABAQUS
provides a conduit for calculating Ve, while at the
same time keeping its progression normal to the
moving surface of the eroded material. This
capability also adjusts subsurface nodes to
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account for large amounts of erosive material loss
[29]

A 3D finite element model of a vertical
wellbore with four perforations (i.e. 90° phase
angles) is developed in ABAQUS. Due to symmetry,
only one-fourth of the geometry (a quarter of the
well and one perforation) shown in Fig. 2 is
modeled to reduce the computation time. Fig. 2
shows the initial geometry of the well and
perforations. To avoid boundary effects, a domain
of almost 35 ft. has been modeled.

Fig. 2. Initial geometry of the wellbore and
perforations.

The model is brought to initial equilibrium
through a geostatic step, where initial stress and
initial pore pressure are applied. In the next step,
excavation of the wellbore and the perforation
tunnel is simulated by removing the materials
occupying their place. And finally, the sand
production is modeled for a duration of a week. An
adaptive meshing technique is used to simulate
erosion of the material surface.

Mesh velocities computed by the meshing
algorithm are modified to account for the
computed erosion velocities at each node. Then,
using Eq. (1), the modified velocities are
calculated [29].

2.2 Adaptive Re-Meshing Technique

Sand production is simulated by the erosion of
surface materials at the final step of iteration for
each analysis. The erosion equation determines
the critical velocity required for the initiation of
material erosion as a function of several solution
quantities. The adaptive re-meshing technique
provides the necessary tools for calculating this
surface velocity and at the same time keeping its
progression normal to the surface of the moving
eroded surface. The subsurface nodes adjust to
account for large material loss due to erosion.

A spatial adaptive re-meshing technique is
used to model erosion. The technique is used for
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all the nodes on the surface of the perforation. It
should be noted that the adaptive mesh
constraints can be used only on adaptive mesh
domains. Therefore, an appropriate extent of the
finite element mesh near the surfaces of the
wellbore and perforation tunnels is considered
the adaptive mesh domain.

The numerical procedure used for this study is
widely tested, applied, and validated in the
literature [29] and we will not try to revalidate the
FEM procedure. Furthermore, the applied model
for studying sand production is also well-
established in several papers and will not require
validation [2], [14], [18], [2].

2.3. Stresses And Geomechanical Properties

To study the effect of different in situ stress
regimes, sand production is modeled in (total)
stress  regimes defined by Anderson’s
classification scheme according to Table 1. Also,
the reservoir pore pressure of 4500 psi was
considered in all numerical models, unless told
otherwise. Fig. 3 shows boundary conditions for
all models in a 2D model for simplicity. Vertical
stress is in the out-of-plane direction which is not
shown in the figure. It should be noted that since
only a quarter of the wellbore is modeled,
displacement boundary was applied on symmetry
planes. The production pressure was used as a
hydraulic boundary condition on the wellbore
wall and perforation tunnels. 1144 quadrilateral
linear elements of M3D4 and 14352 hexahedral
linear elements of C3D8P were used to model the
problem.

Table 1. Relative stress magnitudes in Anderson’s
classification scheme

Stress (psi)

Regime
01=10000 02=7500 03=7000
Normal ov OH Ch
Strike-slip OH ov Ch
Reverse OoH Oh ov
‘ Oh
P,= 4500 psi
OH Production ol
# pressure «

1 Oh

Fig. 3. Boundary conditions for all models in a simplified
2D model (vertical stress (ov) is in out of plane direction).
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The Drucker-Prager is considered for the host
rock since it considers the effect of middle
principal stress too and also is widely used for
consolidation analysis of sandstones. Table 2
shows the properties used for the Drucker-Prager
criterion.

Table 2. Drucker-Prager properties of the rock

¢() K v() E(psi) v
45 0.8 40 106 0.25

Where ¢ is the internal friction angle, K is the
ratio of the flow stress in triaxial tension to the
flow stress in triaxial compression
(0.778 < K <1.0), and s is the dilation angle.

In many studies, permeability is defined as a
function of porosity. The following relation
between porosity and permeability was
considered in this study [30]

_ —1.036x107*n
T —3.061%x10"14+n

where n is porosity and k is permeability in
in./s. The average permeability and porosity of the
host rock were 5.79x10* in./s and 26%
respectively.

(2)

3. NUMERICAL
DISCUSSION

MODELING RESULTS AND

Three numerical models based on the
assumptions and input parameters described in
the previous section were built. Fig. 4 shows the
perforation and a quarter of the wellbore modeled
in this study.

Fig. 4. Perforation tunnel and wellbore intersection
considered in this study.

Fig. 5 shows Mises (effective) stress
distribution in models after 7 days of production.
As can be seen in Fig. 5(a), a higher state of stress
exists in relation to Fig. 5(b) and (c). Stress
concentration around the perforation tunnel in a
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normal stress regime is more than 6000 psi in
sidewalls and less than 1000 psi in the crown and
bottom. This is due to high vertical stress and low
horizontal stress acting perpendicular to the
perforation wall. A low-stress distribution is also
visible around the wellbore in Fig. 5 (a). Lower
stress concentrations exist around the perforation
and tunnels of Fig. 5 (b) and (c). Stress
concentration around the wellbore in the strike-
slip regime is quite high in some parts which is
again due to the high difference between principal
stresses (on and onx equal to 7000 psi and 10000
psi respectively) perpendicular to its walls. These
results show that a normal stress regime may
prove to be the most critical situation in sand
production.

Fig. 5. Mises (effective) stress distribution after 7 days of
production at production pressure of 4000 psi a) Normal
faulting regime, b) Reverse faulting regime, c) Strike-slip
faulting regimes.

Fig. 6 demonstrates the pore pressure
distribution after 7 days of production. A section
of perforation is exhibited using two plane cuts to
show pore pressure distribution around the
perforation tunnel as well. The pore pressure
distribution is identical in all stress regimes since
it is based on initial pore pressure and drawdown
pressure which are constant in all stress regimes.
As can be seen, pore pressure in the far field is
equal to the initial pore pressure and lower pore
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pressures are available around the perforation
tunnel and wellbore due to production.

Fig. 6. Pore pressure distribution after 7 days of
production at a production pressure of 4000 psi.

Fig. 7 presents equivalent plastic strain at the
intersection of the wellbore wall and perforation
tunnel. An almost uniform distribution is reached
in Fig. 7 (c) for the strike-slip stress regime.
However, Fig. 7 (a) (and to a less degree Fig. 7 (b))
shows a concentration of plastic strain in both
sidewalls of the perforation tunnel. It is an
indication of a probable higher tendency towards
erosion in these areas. Fig. 8 (a) shows equivalent
plastic strain (PEEQ) immediately after excavation
of perforation tunnels and Fig. 8 (b) shows PEEQ
after total 7 days of production in a normal stress
regime. An increase in plastic strain is evident
after the initiation of production in this
perforation tunnel. Since erosion in these models
is not significant (See Fig. 9), a tangible change in
the cross-section area has not occurred.

Fig. 9 shows the volume of sand production in
each model after a week of production under the
pressure of 4000 psi (i.e. AP=Preservoir-Pwen=500
psi). Sand production was similar in all stress
regimes. A higher sanding was observed in the
case of the normal stress regime and a lower rate
of sand production may be seen in Fig. 7 for the
strike-slip regime. It should be noted that the
reported sand volumes are produced from only
one perforation in a quarter of a full model. Hence,
the total sand production from this section of the
well must be multiplied by 4. Total sand
production in all lengths of the well must consider
all perforations which may rise to 100s of
perforations, resulting in a 100sfold increase in
sand production. These sand productions are
obtained while considering a very reasonable (and
maybe a bit low) drawdown pressure. The steady-
state (and low) sand production after a week,
shows a stable sanding condition for the wellbore
with the current design. However, the decision of
using this design should be achieved after
considering total sand production from all
perforations and investigating if the current
production rate is adequate.
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()
Fig. 7. Equivalent plastic strain distribution around the
intersection of the wellbore and the perforation tunnel at
a production pressure of 4000 psi.

2
Fig. 8. Equivalent plastic strain distribution around a
perforation tunnel (a) before production, (b) after

production.
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Fig. 9. Volume of sand production after 7 days of
production at a drawdown pressure of 4000 psi.
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To further investigate the assumption made in
Fig. 6 (higher sand production in normal stress
regime in sidewalls of perforation tunnel) another
set of models was run considering a higher
drawdown pressure value. A production pressure
of 3000 psi (i.e. AP=Preservoir - Pwen = 1500 psi) was
considered. As shown in Fig. 10 the volume of sand
production is significantly increased for the
normal stress regime.

0= ...
] ® ® @ Normal
1 A A AReverse
& * o oStrike-Slip
-0 = oy
.é “‘
3 o TRfgppssssssssem
5 4
9§ .
= -0.2 = [ ]
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. .
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S e
-0.3 — ..
b
%
4 o,
%
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Fig. 10. Volume of sand production after 7 days of
production with an exaggerated drawdown pressure.

Fig. 11 shows the deformation (i.e. due to
erosion) of the intersection of the wellbore and
perforation tunnel. As expected from Fig. 7 (a),
most sand production has occurred in the side
walls of the perforation tunnel of the normal
stress regime. The shape has dramatically altered
due to excessive sanding during a week of oil
production in a normal stress regime (Fig. 11 (a)).
Fig. 11 (b) and (c) show negligible deformation
and plastic strain around the perforation
intersection with the wellbore. The main reasons
for significant sand production in normal stress
regimes in these models are very high-stress
concentration and high-pressure drawdown. The
high-stress  concentration = weakens  rock
formation preparing it for separation from the
wellbore surface and high-pressure drawdown
helps with the hydrodynamic action of the flow on
the surface. The collaboration of these two main
sources of sand production has resulted in the
observed sand production in normal stress
regimes.



Abdollahipour et al.

Fig. 11. Equivalent plastic strain distribution around the
intersection of the wellbore and the perforation tunnel
after 7 days at production pressure of 3000 psi a) Normal
stress regime, b) Reverse stress regime, c) Strike-slip
stress regime.

Although a high-pressure drawdown was
considered in the second set of numerical
modeling, reverse and strike-slip regimes did not
exhibit significant sand production. This was due
to the fact that the lack of stress concentration in
these models eliminated one of the sources of the
sanding problem resulting in a steady state.

4. CONCLUSIONS

Sand production as one of the problems in the
production stage of a wellbore was studied. A 3D
finite element model was built to study the volume
of sand production in a wellbore and a perforation
emanated from it (a quarter of the whole model).
Three different stress regimes according to
Anderson’s classification were considered. Results
showed that the maximum sand production
occurred at the normal faulting regime while other
regimes exhibited insignificant sand production.
Also, the rate of sand production was derived for
all models. Another set of models was run for a
production pressure of 3000 psi (i.e., AP=1500
psi). This resulted in an unstable sand production
rate in a normal stress regime. The sanding rate
after a week of production showed that many
problems may occur if such a production pressure
and stress regime are met in a model.
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A decision on working with the current sand
production rate should be made based on the
requirements of the wellbore performance and
acceptable sand volume that can be handled by the
surface equipment.

It was also shown that for significant sand
production, both sources of sanding i.e., high
stresses near wellbore and perforations, and
hydrodynamic action of the flow on the surface are
needed. In this study, the absence of the first
source in reverse and strike-slip regimes
prohibited significant sand production.
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