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Abstract. Rock sanding in oil wellsisan erosion process in which grains are disaggregated due to a combination
of stress and fluid flow. This process is studied using the finite element method with interface elements and
explicit representation of the material microstructure. A cross-section of a small-diameter side perforation of the
main well is considered. Within a circular region around the hole, the individual rock grains are discretized, while
the space between the ring perimeter and the square domain limitsisfilled with standard triangular elements. The
space within each grain is discretized using elastic finite elements, while the intergranular contact is represented
with zero-thickness interface elements equipped with a fracture-based constitutive law. The analysis starts from
theinitial stress state before the perforation is made. The fluid pressure is progressively decreased inside the hole
causing intergranular cracks to develop and coalesce. After the analysisit has been possible to conclude that: &)
the evolution of fracture around the hole can be represented realistically by this model, b) the size effect of the
perforation diameter may be capturated thanks to the micromechanical approach.

Resumen. La produccion de arena (rock sanding), en perforaciones petroliferas, es un proceso erosivo causado
por una combinacion de tensiones y fuerzas de arrastre. Este proceso es estudiado mediante el método de los
elementos finitos con elementos de interfase y la representacién explicita de la mi croestructuradel material. Para
ello, se modela la seccién transversal de una perforacion lateral de pequefio didmetro. Por un lado, se discretizan
los granos individuales de roca dentro de un anillo circular alrededor del agujero, mientras que €l resto sellena
con elementos triangulares estandar. El espacio dentro de cada grano se discretiza con elementos finitos de
comportamiento elastico, mientras que los contactos intergranulares se representan con elementos junta sin
espesor con ley constitutiva fragil. El andlisis comienza imponiendo el estado de tensiones iniciales previo ala
perforacion. Luego, la presion del fluido en el interior de la perforacién se disminuye progresivamente, lo cual da
lugar a la generacion y propagacion de la fisuracion. Las conclusiones més interesantes han sido: a) la
representacion realista de la evolucion de la fisuracién, b) el efecto de tamafio del diametro de la perforacion
puede ser detectado gracias a enfoque micromecanico.

INTRODUCTION

71

Sand production is a disintegration phenomenon which
takes place in weak rocks such as unconsolidated
sandstones. This process is governed by several
factors, among which the stress level and the
drawdown pressure appear to be the most important.
The former controls the fracture of the media and the
latter is the responsible for transport of the
disaggregated material [1].

The study of sand production in oilfield wells has been
an important investigation subject during last decades,
since new drilling techniques, such as perforating guns,
have been in use. The perforating gun technique
consists of introducing a tube with lateral orifices (Fig.
1a) with an explosive charge inside. This device is
placed into the borehole and the explosiveis detonated,
thus generating a large number of lateral perforations
(Fig. 1b). The characteristics of these lateral
perforations are function of size and distribution of tool
orifices. For example a common perforation diameter is
around 2cm.

@
Fig. 1. Perforating gun[2].

(b)

Due to the excavation technique (explosives) and to the
small diametersinvolved, side perforations do not allow
casing and therefore become potential sites for rock
sanding production.

Several authors have studied the problem of rock
sanding in small perforations. In this introduction we
highlight two types of studies. experimental
investigations, and numerical modelling.
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1.1 Experimental studies

Perhaps the most interesting experimental tests on rock
sanding have been performed with cylindrical samples.
This kind of tests, which have been carried out by
different authors[1]-[3-5], consists of a cylinder with an
axia perforation, which is introduced into a modified
triaxia cell. In this cell, fluid flow along the central hole
and in the radial direction may be prescribed in addition
to the traditional radial and axial stresses.

The results of these studies have allowed to conclude
that the variation of effective stress between the grains
is the main responsible for the integranular fracture,
whilethe fluid flow works like atransport agent [1].

1.2 Numericd studies

Existing numerical studies of rock sanding may be
classified into two major types. the continuum
(macroscopic) approach and the  discrete
(micromechanical) approach.

In the continuum approach, the problem is studied from
a macroscopic viewpoint using the finite element
method (FEM), mainly through wellbore stability
analysis. This methodology only describes the initial

sanding conditions. Vardoulakis et al.[7], for instance,
have proposed a combination of a damage formulation
(bifurcation theory) and solid transport equations. This
technique allows predicting the onset of rock sanding
and its evolution; however it needs parameters which in
genera are difficult to obtain.

The discrete approach is based on the discretization of
the rock grains. Until now, this type of modelling had
been mainly applied using the distinct element method
(DEM), for instance see Jensen et al. [8]. This methods
seems good because is able to explain both the rock
sanding initiation and follow then each particle, thanks
to the explicit nature of the formulation. However, the
major constraint comes from the considerable
calculation times needed to solve each iteration.

2 MICROSTRUCTURAL MODELLING
2.1 Microstructure

In this study, the grain geometry has been generated
by automatic algorithms based on Delaunay-Voronoi
standard procedures that create a random distribution
of grains, which was initially developed for mesh
generation in trabecular bone simulation [9]. The grains
are discretized using standard triangular finite elements
with linear elastic behaviour. An example of this type of
mesh is given in Fig.2b, which can be compared to a
real sample of sandstone from an oil well (Fig. 2a)
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Fig. 2. Conparison between rea (a) and numerical (b)

distribution of the grains. (Microphotography courtesy
from Schlumberger Cambridge Research)

The contacts between grains are modelled by means of
zero-thickness interface elements equipped with a non-
linear constitutive law capable of representing the
fracture process. The law is formulated in terms of
normal and shear stress tractions and the
corresponding relative displacements. The evolution is
controlled by the fracture energy spent in the
developing crack, which drives the evolution of
c(tensile strength), ¢ (cohesion) and tan(j ) (friction
angle), all them parameters of the hyperbolic loading
surface. Details about this model may be found in[10],
[11] and [12].

2.2 Cross-section discretization

A 2D cross-section of a perforation perpendicular to
the main well Fig. 3) has been considered for this

study.
— Borehole

L Lateral r Cross section

perforation

Fig. 3. Scheme of the rea problem. In black, cross-
section considered for the analysis.

For economy reasons, the discretization of the rock

medium has been separated in two parts:

1. A circular ring around the hole where the grains are
explicitly represented by a random distribution of
triangular finite elements with linear elastic
behaviour, separated by interface elements (Fig. 49),
inthe way described in §2.1.

2. A continuum mesh is generated around the
previous zone in order to fill up the space between
the outer boundary of the ring and the external
limits of the square domain (Fig. 4b). This part is
generated with a standard mesh generator, in this
case GID.
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: (b)

(c)
Fig. 4. Discretization process: (a) initial discrete mesh,
(b) continuum mesh from GID discretization, and (c) full
mesh.

The elastic parameter values used for the continuum
grains are given in Table 1. The parameters used for the
interface constitutive model, corresponding to a weak
sandstone, are also given in the same table. However it
has to be noted that for this exploratory study these
values have been estimated from the limited data
available. In more advanced studies aiming at
quantification, specific tests will be necessary for
parameter determination.

Table 1. Constitutive parameters used in cal cul ations.

Continuum medium

Specific weight (r ) 0.0023 (Kgf/lcm®)
Y oung modulus (E) 25,000 (Kgf/cm?)
Poisson modulus (n) 0.27 (Kgf/cm?)

Discrete medium
Normal stiffness (K)
Tangent stiffness (K,)

5,000,000 | (Kgf/cm?)
5,000,000 | (Kgf/cm?)

Friction angle (j ) 24 (©)

Normal tensile strength (c,) 0.1 (Kgf/cm?)
Cohesion (C) 0.40 (Kgf/cm?)
Fracture energy (mode I) 0.00001 (Kgf*cm)
Fracture energy (mode I1a) 0.0001 (Kgf*cm)

2.3 General settings

Concerning loads and general aspects of the
calculations, the following is noted:

Hypotheses

1. For simplicity, this first series of calculations are
made in total stresses. The pressure decrease in the
perforation is represented as a decrement of the
normal stress applied on the hole surface.

2. Thegrainsizeused inthisanalysisis1 mm, whichis
2-5 times greater than the real one according the
available images. Nevertheless, it is considered that
this is enough to capture essential qualitative
features of the model proposed.

3. The calculations are all made assuming small
deformations, which should be enough at least in
the firsts steps of sand production.

4. Due to the limited discretization of the
microstructural geometry, with a limited number of
grains around the hole, the sanding process can be
followed only while cracks do not get too deep into
the rock. This, however, will not represent a real
limitation in this preliminary study concentrated in
initial cracking.

5. The direct effects of axial flow have not been
considered explicitly due to the nature of the
approach. In this context, it is considered that once
isolated by cracks, the grains are taken away by the
fluid.

Methodol ogy

The simulation process has been divided in different

parts (see Fig.5):

1. Generation of the initial stress state. Two cases
have been distinguished: first, hydrostatic stress
state with initial stress 6, = s, = 150 kgf/cnt,
corresponding to a rock cover of about 625m).
Second, a non-hydrostatic initial stress state with
Ko=2, (s = 150 kgf/ent, s, = 75 kgf/ent ).

2. Simulation of the pressure decrease inside the hole
due to the drawdown process. During this stage,
some interfaces start cracking. A grain removing
criterion is adopted to simulate the disappearance of
grains due to the erosion process. In the non-
hydrostatic case, between the compression step
and the unloading process, the excavation
procedure has been simulated using the
corresponding feature of the computer code (the
elements are removed, and the equivalent nodal
forces are applied to the remaining part of the
mesh). The excavation forces have been
accompanied by simultaneous application of the
internal fluid pressure, assumed initially in this case
50 kgf/cn.
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Fig. 5. Scheme of calculation steps. Left column,
hydrostatic initial stress. Right column, non-hydrostatic
initial stress.

Sanding criteria

A double criterion has been imposed to determine when
a grain must be removed. First, a criterion based on
fracture energy spent at a point of the grain perimeter
(W) is used to decide when the interface is broken
according to Eqns. (1). Second, a methodology is
established to describe which grain or grains haveto be
removed. This second algorithm has not been
implemented yet as an automatic process due to time
limitations.

mode | : coef = V(\;II” ,u
f I . 3
Cr%bred( if coef 0.8 (1)

mode lla: coef = W—
G:Iab

3 RESULTS

In this paper, three examples are provided to

demonstrate the qualitative good performance of this

methodol ogy:

1. Perforation diameter 2cm with hydrostatic state of
initial stress.

2. Size effect study. A conparative analysis using
different perforation diameters.

3. Perforation diameter 2cm with non-hydrostatic initial
stress state (Ko = 2).

3.1 Hydrostatic initial stress

The long-term objective of this study will be to obtain
the relation between the amount of eroded sand and the
pressure decrease inside the hole. For this purpose a
mesh like (Fig. 4c) has been generated with the
geometric characteristics givenin Table 2.

Table2. Dimensions of discretization.

Mesh characteristics

Perforation diameter 2 (cm)
Grain size 1 (mm)
Number of nodes 20,036
Number of elements 26,896
Number of interface elements 5,474

Interesting results in terms of qualitative behavior are
obtained in this case. The evolution of intergranular
fracture with progressive decrease of downhole
pressure is represented in the sequence of Fig. 6a, 6b,
and 6c¢., for pressures down from 150 to about 46
Kg/cnt.

After writing this paper, the calculations continue to
reduce the downhole pressure even further and
eventually to zero. In the results obtained so far, no
grains have become totally detached yet from the hole
wall. However in the latest stage (Fig. 6¢) a few
interfaces have aready overcome the limit (1). These
are represented in more detail Fig. 7, where it is
possible to observe some groups of grains approaching
the sanding condition.
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Fig. 6. Cracking evolution where each picture
represents a different load increment. The thickness of
the lines symbolizes the fracture energy spent in each

interface.
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Fig. 7. Fractured interfaces that have reached the open
crack criterion (although no grain or group of grains
has become completely surrounded by open cracks).
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32 Sizeeffect study

The objective of this example isto demonstrate that this
methodology can capture the size effect of the
perforation diameter. For this purpose, two more cases
with diameters of 1 and 0.5cm have been considered
(Table 3).

Table 3. Dimensions of mesh in size effect modelling.

M esh Small Medium Large
characteristics

Perforation diameter | 0,5 1 2 (cm)
Crain size 1 1 1 (mm)

Number of nodes 10,773 | 13,818 | 20,036
Number of elements | 14,792 | 18,738 | 26,896
Number of interface | 2,840 | 3,716 5,474

elements

The results, depicted in Fig. 8, represent the cracking
state for the three cases at the same downhol e pressure
level of 46.25 kgf/cnf. It can be observed very clearly
that the larger the hole, the more extensive the cracking
has developed, which represents a significant size
effect.
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Fig. 8. Fracturation at 46 kgf/cm2 for the different
geometries; a) A£=0.5cm, b) A/=1 cmand ¢) A&=2 cm.

Another interesting aspect is the downhole pressure
level at which the iterative solution process becomes
slower and therefore more time consuming. In general
terms, this may be linked to the point in the process
when micro-fracture becomes widespread, and it also
shows how this happens much earlier for thelarge hole
than for the small hole (Table 4).

Table 4. Initiation of micro fracture in size effect study
case.

Results Small Medium Large
Initiation of micro- 2
fracture 80 52.5 425 | (kdgf/cm®)

3.3 Non-hydrostatic initial stress

A non-hydrostatic initial stress state has been
considered, with different values in the x and y
directions. In this situation, experiments indicate a
dominant tensile cracking on the plane perpendicular to
the minimum compression direction, and dominant
shear/compression and spalling at 90 degrees from that.

In this case, the remote stresses are first applied on an
initial mesh without the hole, and then the hole is
“excavated” following the standard procedure
implemented in the program, while simultaneously
applying the downhole initial pressure. Finaly, the
downhole pressure has been decreased progressively.
As expected, the results obtained are different from
previous cases. Fig. 9 depicts a cracking state obtained
for Ks=2. As it is clearly shown, these results
qualitatively agree with experimental observations.

Fig. 9. Fracture at 6 kgf/cnt.in the non-hydrostatic
case. In dark, loaded fractures, in light, unloaded
fractures.

4  CONCLUDING REMARKS

This paper describes the initial phases of an on-going
study of the rock sanding process in oil wells in weak
sandstones, using micromechanical representation of
the material around the perforation hole. The
methodology employed, finite elements method with
fracture-based zero-thickness interface elements, had
been previously used successfully in the simulation of
the mechanical behaviour of concrete specimens
subject to avariety of load scenarios.

Three examples of application have been presented, in
which the initial pressure in the hole is reduced
progressively. The results exhibit realistic crack
patterns in both the cases of hydrostatic and non-
hydrostatic state of initial stresses. Also, the size effect
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of the hole diameter is captured very clearly, whichisa
remarkable feature of this approach.

However, this study is only at a preliminary stage, and
includes significant simplifications such as that of total
stress analysis (no pore pressure/effective pressure
decomposition). On-going efforts are directed at
continuing the reduction of downhole pressure to
reach the point where grains can be effectively
eliminated, and to achieving quantitative predictions of
sand production. Another priority is to switch to apore
pressure analysis with interface behaviour in terms of
effective stress tractions.
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