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The consequences of sandstone reservoir rock failure may lead to sand production. This phenomenon can
have negative impact on lifting cost and economic of any field development. Metal erosion due to
sanding can lead to loss of integrity and hydrocarbon leakage. Poor decision on the type of completion
can risk the viability of the field. To facilitate best sand management over the life of a field and to
maintain economical productivity, accurate prediction of sand production volume/rates is needed to
increase both productivity and the ultimate recovery of the hydrocarbon while keeping the operating
cost low. This paper summarizes the sand production modeling for onset and volume of sand namely
technology that required to improve understanding on sand production and mitigation. Three main
questions will be answered, why industry needs to worry about sand production, what are the available
technologies to predict sanding volume/rates finally, how the current technologies can be improved to

estimate sand production volume/rates.
© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction run it may leads severe damage and risking hydrocarbon leak due

loss of well integrity. Another downside of completion design

Sand production phenomenon can be described as hydrocarbon
fluid production accompanied by sand grain particles when
reaching the surface. If the velocity of fluid production is not
enough to carry the sand grains/particles to surface, then the sand
grain particles might fill up the wellbore. As a result, this eventually
acts as gravel pack which may lead to loss of production [1]. Sand
failure can lead to severe negative impact of lifting cost of a well,
thus field development economics. One of the main issues for sand
producing wells is erosion of the materials used to complete the
well either at downhole or surface equipment’s. Eventually in long
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without any sand control apparatus (screenless) is that the flow
rate has be controlled to avoid any sand production. Sand handling,
either at surface or flushed from a downhole, adds expense to
lifting costs and significant disposal difficulties [2]. Therefore, the
sand production phenomenon either needs to be controlled or
avoided in any circumstance.

The sand production phenomenon is normally a two-stage
process. The first stage is onset failure caused by stresses acting
on the rock which cause failure of the rock. The second stage is that
the failed/spalled sand grains/solid are transported by producing
hydrocarbon fluid. The sand may either deposited in the well or
transported to surface. Amarmentor et al. [3] in the article said that
the common practices in the industry with the onset of formation
failure and evidence of mobilized sand (or solid particulates)
through the formation, operators have the option either to reduce
flow to rates in order to reduce the capability of carrying solids or
create a sieve type filter i.. barrier to stop the sand grains sand
movement to wellbore or manage produced sand at the surface. A
complete avoidance (stopping) the flow of sand or at least slowing
it down, while minimally impacting production, requires the
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operator to choose from among mechanical exclusion techniques
such as cased-hole gravel packs, high-rate water packs, frac packs,
open hole gravel packs or stand-alone screens [3,4]. Additionally,
screenless completions such as oriented perforation or a chemical
consolidation can be applied [5]. Therefore, the best completion
strategy and field scale production development plan for each well
of the reservoir can be further optimized by predicting both the
locations and conditions that lead to the onset of sand production
and the volume of sand that will be produced [6].

2. Background and industry needs

Recent publication in the Journal of Petroleum Technology
described that an estimated 50% of existing wells require sand
control or sand management throughout their lifetime [7]. Most
recent major hydrocarbon discoveries, from both transcontinental
countries like Tunisia, Morocco, Egypt and in countries in Canada,
US, Africa and East Asia such as Malaysia, Indonesia, Myanmar,
Thailand and Vietnam, are offshore with soft formation sands and
high-permeability with half of them being gas-bearing reservoirs.
Wang [7] also concluded that, to ensure a successfully deployed
effective sand management process, a multidisciplinary engage-
ment is necessary, especially in geomechanics modeling. The en-
gineering and sub-surface expert jointly must able to predict sand
production risk including the amount and its rates. Also, the point
or interval where the sand will be produced. This should be fol-
lowed by selecting economically sand control devices for sand
management at the bottom hole. Statistically weak or depleted
sand reservoirs around the work is increases. Therefore, consider-
ation must be given that the selected techniques will the best and
long-term durability throughout years of production [8].

Disaggregation between cemented sand grain particles caused
by stresses (failure) must be considered when we try to predict
sand production (when and where) together with grain particle
mobilization into the production system. Currently there are few
techniques that have been identified either minimize sand pro-
duction or completely avoid them. However, for any sandstone
reservoir which falls under unconsolidated and weak category, the
high volume of sand production might be unavoidable. Therefore,
an appropriate completion downhole is required to exclude sand
production. Resins consolidation of the formation around the
wellbore is also an option but this will reduce the permeability of
the reservoir. Some of the sand-control techniques are (i) OHGP
(open hole gravel packs) (ii) CHGP (cased hole gravel packs), (iii)
HRWP (high rate water packs), (iv) frac packing, and (v) stand-alone
screens such as slotted liners and expandable screens [4].

Choosing the best approach to reduce and eliminate sand pro-
duction is a complicated process. Underestimating the propensity
and severity of the sand production potential might lead to un-
wanted costly reactive engineering mitigation. Meanwhile over-
estimating the sand-production propensity could be unjustified
and lead to costly installations of downhole jewelry and for need-
less reductions in production rate.

Next question is what are the technologies available to predict
sand production volume and rate and the viability? A discussion
was held on the topic of sand production volume and rate pre-
dictions and the industry’s current practices on this subject at
ARMA (American Rock Mechanics Association) annual conference
in 2017 at San Francisco, United States. It was concluded that the
current technology is good for initial sandstone failure but poses an
unsolved challenge in predicting sand volume and rate. All dele-
gates agreed that sand production volume and rate is very impor-
tant for sand management. There is no proper toolkit and simulator
currently available. However, several oil and gas operators and
consulting organizations are using standard analytical models and
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Finite Element Method (FEM) code and are yet still unable to find a
holistic solution to predict the volume of sand that will be
produced.

3. Nature of sand production

As rock needs to fail prior to any sand production the failure
mechanism is critical to be understood for any nature sand pro-
duction. The mechanical failure or yielding of the rock driven by
evolution of stress state in the rock. The typical rock failure modes
in single failure as shown in Fig. 1 y axis (q) is knows as deviatoric-
stress and x axis (p) is the known as mean-effective stress. p’ =
(0} + 05 + 03)/3.

3.1. Shear or compressional failure

In the strata below the earth’s surface, several factors control
whether a rock (reservoir) will fail mechanically. Among them are
the (i) strength of the rock (UCS), (ii) the mean-effective stress
acting on the rock and (iv) the near wellbore stress distribution and
drawdown due to excavation (drilling) and flow rate (production)
[11]. UCS value can be measured in the laboratory by conducting
appropriate uniaxial and triaxial tests. The stresses acting of the
rock samples can represented in a Mohr Circle diagram to generate
a failure envelope. The effective normal stress (¢}, ) and shear stress
on a specified failure or fracture plane under the principal stresses
(perpendicular to each other) are determined by means of Mohr’s
circle (Fig. 2). The black Mohr circle represents the state of stress at
any orientation in a rock body. Largest effective principal stress is
being, (¢’1) and smallest principal effective stress being (¢’3). Once
the Mohr circle intersects/touch the red failure line or envelope, the
rock will then fail in shearing mode. Mohr’s circle diagram also can
used to estimate the shear (t) and effective normal (o’y) stress
acting on any failure/fracture plane. The angle B known as failure
angle is measured from the direction perpendicular to maximum
principal stress.

For example, to estimate the stress conditions at which failure
may occur, the Mohr-Coulomb failure constitutive model can be
used where the effective principal stresses, pore pressure, cohesion
and internal friction angle of the rock dictates the point of failure.
Failure may occur under different model namely tension or
compression and larger stress anisotropy in between the maximum
and minimum principal stresses can further enhanced the severity
of failure i.e. excessive shear stress.

The downhole formation rock stability depends on a few factors.
The main and important factors are (i) compressive strength and
internal friction angle, (ii) magnitude and direction of minimum
and maximum principal stresses and (iv) pore/reservoir pressure.

The degree of cementation of the rock has a high influence on
the cohesion. Unconsolidated rocks and poorly cemented rock are
much weaker. As for the internal friction angle, it is mainly
controlled by the amount of ratio of harder grains such as feldspar
or quartz with clay minerals in any rock [12].

During production, either drawdown and/or depletion cause
effective stresses (S effective=S'total — aPp) to increase and lead to
shear failure which has an adverse effect i.e. disastrous volume of
sand production. In other words, higher drawdown will manifest
higher effective hoop stress in the circumference of wellbore or
perforation hole/tunnel. If the stresses exceeded the intact sand-
stone rock strength (UCS), failure will occur, therefore sand pro-
duction will manifest. Pore pressure decrease during production
will worsen the situation as it can change the in-situ stresses acting
on the earth (vicinity of pressure changes area). Therefore, the
event will generate higher shear stresses around the perforation
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Fig. 2. Illustration of rock failure due to deviatoric stress using Mohr Circle [5].

tunnels and borehole where high probability for sand production
will occur.

3.2. Tensile failure

Another mode of failure in weak sandstones is known as tensile
failure. This type of failure mechanism is a rare occurrence in many
oilfields while in production and normally triggered by high flow
rate (function of drawdown). The near wellbore tensile failure
yields lower volumes of sand production and stabilizes after some
time.

3.3. Pore collapse — volumetric failure

Pore collapse mechanism normally can see in high porosity rock
such as sandstone and chalk. This has been studied extensively in
many part of the world [5]. The phenomenon is due excessive hy-
drostatic stress acing on the granular rock. The loosen or broken
grain particles can be twisted/pushed into pore spaces. This can
lead to grains getting compacted i.e. porosity or voids reduction.
Localize excessive shear forces acting through the grains and grain
contacts can cause the failure [13].

Awal et al. [14] investigated the pore collapse failure mechanism
in sand production using sandstone from two deep well. The
investigation concluded that pore collapse failure mechanism is
viable and can caused large amount of sand production. Alireza
et al. [15] conducted both laboratory experiment followed by nu-
merical studies using this concept. They used volumetric strain and
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failure for the analysis and conclude that the drawdown and
depletion can induce volumetric failure (pore collapse) in the
sandstone rock. Even though the drawdown effects are around the
wellbore the depletion on other hand develops in the failed region
deep into the reservoir. Souley et al. [10] conducted series of lab-
oratory test to investigate the pore collapse mechanism and
introduce a constitutive model for pore collapse in which can be
used for sandstone pore collapse and sand production prediction.

3.4. Weakening due to water production or chemical reaction

Sand grains under stress can be yielded and disaggregated. Lab
testing have shown that although the sandstone can be very weak,
the sand-production behaviors can be random and unpredictable.
These uncertainties are primarily due to rock type [16]. A reservoir’s
rock sedimentation history greatly impacts its strength and its
resultant sand production capability. As discussed earlier, stresses
are distributed in the rock around the borehole wall rock during
excavation/drilling, completion and stimulation. The mechanical
properties such as UCS can be altered due to well stimulation
process such as acidizing beside increases in water saturation and
reservoir compaction, the strength of the rock generally decreases
exponentially [4,17]. However, it was observed that not all sand
grains will be mobilized by produced fluids when they are dis-
aggregated from intact rock [18]. They may stay in the perforation
tunnel, or in the rat hole. The severity of the sand particles mobi-
lization will be influenced by fluid viscosity and velocity where a
very complex and relatively poorly understood phenomenon
[19,20].

3.5. Overview of sand production and modeling

Predicting and estimating the amount of producible sand in
abstemiously weaker sandstone reservoir is essential to reduce the
risk while selecting optimum downhole completion option. In
many moderately weak reservoirs, screenless completion methods
can provide an optimal solution [21]. Implementation of other
screenless methods such as (i) oriented and selective perforation,
(ii) frac and pack and (iv) consolidating using resin stimulation
treatments, have proven decreased the severity of sand production
and sometime resulted in sand free production. There are also other
methods to cope with sand production at the surface such as (i)
special sand separators, (ii) erosion detection system and (iii)
installation of a sand monitoring system at the well head. In any
case, a feasibility study on the economics of handling the produced
sand (cleanout and disposal) must be considered before the final
selection of sand management methods.

The current techniques of predicting sand production is based
on either field observations, laboratory testing or theoretical
modeling of sand production [22]. The theoretical modeling tech-
niques can be split into analytical to semi-analytical and numerical.
Almost all existing sand prediction models treat the problem in a
similar way to wellbore stability i.e. addressing only the problem of
“sand initiation” i.e. onset rock failure [23—26]. Rock is seen as a
deformable poroelastic or poro-elasto-plastic solid, infiltrated with
fluid which obeys Darcy’s Law. These models vary from simple
analytical to semi-analytical to full blown numerical models
[26—31]. The analytical and semi-analytical models in general, use
simple constitutive equations in simple geometries.

The fully numerical models can address more realistic material
behavior, loading conditions and geometry configurations. Most of
work using numerical models only focus on sand failure initiation
i.e. near wellbore mechanical failure. The evolution of localized
deformation addressed in all previous work can be explained with
the mechanical failure around an opening (perforation tunnel), this
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was clearly demonstrated by conducting both bifurcation and post-
bifurcation analyses [32]. The first model addressing sand pro-
duction as an erosion process appears in the literature by Var-
doulakis et al. [33]. The erosion models are particularly applied in
unconsolidated formation’.

There are few numerical and analytical approach have been
proposed for the prediction of sanding [19,25,34—37]. However,
there are very few studies related to the severity of producible sand
volume as most of the authors focused on onset sand failure. Cli-
ment et al. [38] in her research. used DEM for sand production
analysis where they validated the simulation results with lab
testing. The work was done using big grain size (cm) and in 2D. In
reality, grain size for sandstone reservoir is in micron range. Similar
work was done by Ghassemi et al. [39] using DEM techniques.

Initial or first stage of sand production model can be related to
estimate the onset failure, The onset failure can due to shearing of
the sand grain, extreme underbalance causing tensile failure and
sometimes due to high plastic strain [40]. The erosion-based cri-
terion is normally can be used to model the second stage of sand
production namely mobilization of sand grain particles in both
production and injection wells [33,41].

3.6. Laboratory experimental work

Geomechanics analysis and modeling is heavily depended on
laboratory test to formulated and validate any mathematical
modeling regardless whether it is analytical or numerical method.
Almost all the discussed methods in this paper have the laboratory
experimental component. The purpose of this paper is to discuss
the modeling techniques of sand production modeling to be used
with minimum standard laboratory testing to be cost effective for a
company.

3.7. Analytical models to predict sand production

Analytical models to predict sand production have been devel-
oped since 1970s by many researchers such as [42—45] and many
others. The methods continue to develop with new data acquisition
and la testing apparatus as technology improves. However, most of
the techniques as too simplistic for such a complex problem; using
similar techniques to wellbore stability i.e. stress distribution
around perforation tunnel and then failure criterion such as Mohr
Coulomb or other criteria deployed for onset failure.

Antheunis et al. [42] used simple Mohr Coulomb failure criteria
for the onset failure using stress distribution around perforation
tunnel as in Eq, (1).

F=,/3(or — a}) — (011 — 05)sin 6 — 2c cos 0§ (1)

Hall et al. [43] used lab testing analysis together simple Mohr
Coloumb failure as above for onset sanding and arching develop-
ment analysis. They concluded that sand arching will not be
developed for zero cohesion loose sand. He also proposed to take in
cosideration of plascity in the modeling and stress stabilisation.
Nordgren [44] used analytical elasto-plastic for compression failure
using parabolic yield function to honor the plasticity effects mainly
for high effective stresses as the reservoir depleting.

]1:(U1+02+U3)/3—P )
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= (101~ 02 + o2~ 03 + (o3~ 1]?) /6 @)

F=J,—C (4)

Where as C in the Eq, (4) is the material constant for non-linearity
i,e increase of shear strength with mean compressive strength.

Risnes et al. [45] extended the Nordgren [44] solution from near
wellbore/perforation faces as deep into formation by introduction
radius in the function. They tried to model the stress at the
boundary between plastic and elastic due to stress distribution
around the wellbore. They finally concluded that loosely consoli-
dated sandstone reservoir will be generated plastically strained
zones due to excavation or perforation which can be order of 3.3 ft
(1 m) and that radius will reduce as the formation is getting more
consolidated. However, according to them the radius of plasticity
will grow with fluid flow for uncased well which can lead to total
collapse [45].

Willson et al. [46] and Palmer et al. [19] developed an analytical
sand production prediction method by dividing the analysis into
three part namely onset failure using Eq. (5), transient sanding and
steady state sanding. They used analytical method only for the 1st
part i.e. onset failure, as for 2nd and 3rd of the analysis they use a
numerical technique. This technique is heavily depended on lab
testing on the sample where thick-wall cylindrical test must be
done to established scale factor thus apparent unconfined
compressive strength [19,46].

F=Ppp < (301 — 03 — UCSapparent) / (2—k)—Pr(k/2-k).
(5)

and. k = WWhere Py is bottom hole flowing pressure,
giand ¢3 is total maximum and minimum principal stresses,
UCSapparent is apparent unconfined compressive strength honoring
the scale effects, P is reservoir pore pressure and k is related of
Poisson’s ratio (v) and Biots constant (« ).

Based on original work by Papanastasiou [47], Subbiah et al. [48]
in his paper use simplistic approach for onset sand production
where formation failure occurs when the effective tangential stress
(o) also known as hoop stress around a perforation tunnel
exceeded the unconfined compressive strength of the formation
(UCS). They used all 3 far field stresses and the stress direction to
evaluate the stress evolution with depletion to predict onset for-
mation failure leads to sand production. The work has been vali-
dated with actual field data and proper monitoring device on the
surface.

F=d),>UCS (6)

An interesting approach investigated by Fuller et al. [2] taking in
consideration of the scale effect into sand production prediction
model. They concluded that sand production is complex and vari-
able phenomenon and a single approach is unlikely to be found
however the scale effect expressed as ratio between grain size and
perforation/borehole diameter plays significant factor for the sand
formation failure [2]. The used energy balance techniques to esti-
mated best perforation sizing to avoid sand production for desired
drawdown for life of the field. The perforation size scaling was also
presented by Papanastasiou et al. [49] based on fracturing and
buckling methods.
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3.8. Analytical and semi-analytical models to predict sand by Bratli et al. [23] could be conservative approach. They claim the
production rates assumption of the flow into hemispherical might not be true. Even
if the actual perforation is cylindrical, most of the flow into perfo-

Few of researchers attempted to model the severity of sand ration will happen at the tips of the perforation-tunnel which may

production (rates) using the analytical and semi-analytical model. leads to both tunnel damage and flow geometry. They conclude that
Initial work done by Bratli et al. [23] using arch stability concept. the pressure gradients are more severe for this spherical geometry
They validate the analytical model using laboratory experiments. compared with cylindrical geometry for the same drawdown [26].
They concluded that the fracturing mechanics causing the forma- They developed two types of failure mechanisms namely shear Eq.
tion collapse Eq. (7) and the total collapse occurs when the radius of (9) and tensile failure, Eq. (10). They then used Eq. (11), to equate
plastic Coulomb zone close to a geometrical limit [23]. The limita- the mass flow at infinite radius to mass flow at radius, r,

tion of their approach is considering only overburden stress and
ignoring other tectonic horizontal stresses.

_ 2 sin ¢ Cy
Or—0t= - (m) ("f"’+tan w) ©)
: ' _ p/ m
147515?[1“’@ P i +1:rCP;CW —0.;andP, = [(Prc tan ¢/Cy)]™ 'andP., = [P, tan ¢/C,)]™! (10)
ptane [Pl + (P} — Pie) (1 — 1/x)]™andm =log 22 logp—zandx:r/rc (11)
Cu p] Pl
1 where, o; is radial stress, o is tangential stress, ¢ is internal friction
uq / 4mkry = A4Sco tan “‘g (7) angle, C, is cohesive strength, p is pore pressure, Py is the wellbore

pressure, P pressure at the face of cavity, p; is gas density at P, and

p1is gas pressure at Py, 1 is radius from center of spherical cavity and
2 2
A= (2 (tan a- ]) +1 /Z(tan - l)) rc is radius of cavity.

5 rp (2(tan ? a=1)+1) 3.9. Erosion models
B:1+(1/2(tan a—l)(r—> )
’ Instabilities can occur in a sandstone due to erosion. The erosion

whereas u and q is the viscosity and the flow rate respectively, kis can be inside or at the surface of the sandstone rock. This is known
the formation permeability r; is the arch spherical radius and rsis ~ as hydromechanical failure. This type of failure can transport the
the new spherical radius, « is failure angle and S, is cohesion of the ~ sand grains themselves by detaching the particles from the intact
formation [23]. rock caused by the action of seepage forces. Erosion will take place

IfT = 2(tan2 a — 1), the critical radius, r. for total collapse can when the seepage force produced by the pressure gradient, and the
be computed with Eq. (8) where P,is overburden pressure/stress effective stresses exerted on a particle exceed the inter-granular

and P is reservoir pressure at the inner part of the spherical arch, ~ cohesion. The detached loose particles will be displaced and
washed away by the produced fluids. However, it is rather easy to
. T+1 imagine surface erosion as an internal erosion and should not be
Te T 3T (P - Pl) |:1 + T(r:) ] excluded.
e\ _ . 3 . . . .
<r1) T+3 45, tan a (8) The initial study using erosion phenomenon for sand production

was studied by Vardoulakis et al. [33]. They produced a basic

Geilikman et al. [50] further developed the concept honoring mathematical framework considering the hydro-mechanical char-
both tensile and shear failure and adding the mass balance analysis acteristic in sand production. In the initial model, they assume the
to resolves a relationship between yielding front and cumulative geomaterial has zero cohesion and focused on the movement of
sand production. They concluded that the fluid production sand grains. They also conducted some work on granular geo-

enhancement concurrently with sand production not only depen- material (intact rock). The outcome is that the stress concentration
ded on instantaneous sand influx but also influence by the yielded leads to sand grain disintegrated and transported in producing
zone around the wellbore. As for yield function, they used Drucker- fluid. The phenomenon is due to localized damage of the geo-
Prager criterion for effective stresses which includes porosity material. The geomaterial porosity has direct and strong link to the
hardening and dilation. abrasion process which lead readjustment of the grain to grain

Weingarten et al. [26] in their paper viewed the above approach contact and the forces may further causing rock strength to
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decrease eventually damage the geomaterial.

An attempt to couple sand erosion (in radial flow conditions) to
mechanical damage of rock is presented by Stavropoulou et al. [51].
A link between mechanical properties of the rock and porosity was
established (inversely proportional) for the surface erosion pro-
gression as stress and pressure changes. With that they simulate
numerically the stress and pressure change around a tunnel. They
found that the rock material getting weaker which causing severe
alteration near the cavity (porosity increases) thus the strength of
the rock reduces. Therefore, they could recognize the instantaneous
and when rock will fail Eg. (12) [33,51]. Later, Skjaerstein et al. [52],
use the work as basis and improved the model using his laboratory
testing Eg. (13). This work can be a good starting point for coupling
erosion to sand production. However, the work was done in 1D and
sand production is much complex than that.

0p /ot =—2ax(6—¢? / ber)00 [ 0x

Where ¢ is porosity, A is inverse length must be determined from
experiment, gy is flow rate or volume discharged and ¢, is critical
value of porosity at which the erosion and deposition balancing
each other.

09 /ot =1ax(9— 9% [ dcr)c

(12)

(13)

where. ¢ = gx — ¥qx
3.10. Numerical method and sand production prediction

While analytical methods in geomechanics is essential as it can
give fast and quick answers to a problem with very limited effort.
However, any analytical results/solution often have a limited ac-
curacy since due all the assumptions and simplification. Usually the
assumptions are Continuous, Homogenous Isotropic, Linear and
Elastic (CHILE). Most of the geomaterials i.e. rocks display nonlin-
earity mechanical behavior due to the intrinsic component of the
minerals or externally induced historical tectonic events. Present
day stress loading/unloading on the reservoir rock might not be
static for life of the reservoir. In such cases numerical model is must.

Accurate mathematical solution is sometimes important for
critical engineering problem decision and numerical methods is
best option for this purpose. Several numerical method techniques
have been used in the industry to estimate and understand the
geomaterial behavior both in civil and petroleum engineering as
listed Finite Element Method. Finite Difference Method, Boundary
Element Method, Discrete Element Method, Discontinuous Defor-
mation Analysis, Bonded Particle Model, Meshless Method. All the
listed methods are relevant and has its pros and cons, our ongoing
research work will be focuses on FEM and DEM as we are dealing
with large reservoir volume and granular geomaterial i.e. sand-
stone. These two methods have recently seen a significant growth
in use in the petroleum industry.

3.11. Sand production prediction using Finite Element Method

Bifurcation theory has been used by Papanastasiou et al. [32] to
investigate the cavity stability mechanism and its link to sand
production. Finite element method (FEM) was used for stress and
strain evolution. They later used the localize strain evolution into
the post bifurcation region around the perforation tunnel [32].
Later Tronvoll et al. [53] model the asymmetrical problem for the
initial solution using FEM techniques. They also try to identify what
is controlling for non-axisymmetric bifurcation modes in every
increment of stress and strain [53].
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Volonté et al. [54] used a 3D FEM model and coupled with fluid
flow to evaluate sand production risk. However, they did not do any
sand volume prediction and concluded that FEM model able to help
them to identify the risk in the field case study. But their model
needs an appropriate constitutive model and include erosion
effects.

Mohamad-Hussein et al. [55] integrated the rock-damage the-
ory to the Mohr Coulomb constitutive model. Thus, they formulated
an elastoplastic damage model that can model various mechanical
features of porous granular material. The formulated constitutive
model was fully coupled with fluid dynamics using 3D FEM. They
investigated the onset and sand production accumulation process.
In addition, the formulated constitutive model was used to perform
numerical analysis on a perforated well to quantify the critical
drawdown pressure at various stages of reservoir depletion.

Garolera et al. [56] make an innovative approach using zero
thickness interface finite elements for sanding prediction analysis.
The techniques able to honor the complex behavior of grain
dislocation of the heterogenous nature (micro-meso scale physical
properties). The work will a good start for sanding prediction and
not limited to onset but sand volume as well. The work able to re-
produce the laboratory experimental sand volume using 2D
modeling.

3.12. Sand production prediction using Discrete Element Method

One of the useful numerical methods as a sand production
prediction tool is the Discrete Element Method (DEM). In DEM, each
grain in the rock is considered as an individual element at the micro
level to capture the granular level behavior [57]. However, this
technique has been neglected for some period until recently as the
requirement of super computers and time consuming despite DEM
being the best technique to deal with granular material such as
sandstones. Keeping in mind that DEM requires large computa-
tional time, a new technique potential to be developed using a
combination of DEM and FEM.

Initially, the DEM techniques was studied by O’Connor et al. [58]
and his team to simulate sanding propensity for oil reservoir. A 2D
DEM model was then developed combining Darcy’s Law and the
continuity equation. The DEM model used to investigate the physics
of sand failure and production. Researchers from Sandia National
Laboratory utilize the DEM approach and similar purpose. They
studied multifaceted the aggregate shape (grains) and the impact
on sand production. They also evaluated the tensile failure mech-
anism in between the grain bonds in the study. In was concluded
that, the reduction of cohesiveness bonding strength makes the
sand production rates to increase [59].

Another researcher conducted a research to analysis the gran-
ular particles motion in fluid, coupling both continuum and dis-
continuum flows. FVM method has been used to simulate the fluid
movement in the porous media and the DEM coupling was based
on the resistance created by the solid in the fluid [60]. The work is
mainly for civil engineering application to investigate the hydrol-
ogy; however, it is interesting research work which can be used to
meet challenges in oil and gas reservoir.

In term of the real grains or particles geometry and shape, real
particle geometry in sand production DEM models is important
[61]. Li et al. [62] used commercial software (PFC2D) to investigate
the sand production mechanism using a thick wall cylinder test.
They concluded that, the sanding initiates once any of the stresses
(tensile or shear stress) in the grain to grain bond is greater than its
tensile or compressive strength. Micro-failure will be initiated at
the bonds and then the growth will translate to rock mass failure.

It is well known that 2D model is may not accurately predict
sanding propensity phenomenon. Sand production is a much
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complex 3D problem considering the geometry or erosion etc. Thus,
a 3D DEM approach will be better suited to investigate this issue.
Therefore, a 3D DEM approach is required. 3D DEM model has been
used to study sand production by Cheung [63] using a simple fluid
dynamic Navier-Stokes equations where he simulated the radial
flow effects. His approach raises two main contentious issues firstly
the cementing (bond) in between the grains had been ignored and
secondly the selection of radial flow is not applicable at the tip of
perforation. It is a well-known fact that sand production normally
initiates at the tip of a perforation.

A combined DEM with computational fluid dynamics (CFD) was
then developed by Zhou et al. [64]. They tried to simulate the
overall sand production process during production and concluded
the simulation was able to predict the sand erosion [64]. More
effort has been made by Han et al. [65] incorporating Lattice
Boltzmann method, (LBM) with DEM method. This coupled model
is more reliable in predicting the sanding propensity. Honoring the
interaction at the solid—fluid interface can be precisely captured
using this combination [65,66]. However, this work was done for a
hydrology application where the grain to grain cementation is weak
(almost no contact) compare to oil and gas reservoir sandstone. The
work needs to be optimized for hydrocarbon sandstone reservoir.
LBM—LBM-DEM coupling techniques main disadvantage for sand
production modeling is the computation time and expensive
hardware requirement. This may be the most likely reason for not
many 3D LBM—DEM coupling studies conducted and published in
the literature. However, it is good technique to evaluate qualita-
tively the sanding mechanism and the physics. In practical it may
require millions of grain particles in this model to evaluate quan-
titatively the amount of producible sand during sand production.

One of the latest works on DEM research work for sand pro-
duction was conducted by Ghassemi et al. [39] who attempted to
couple the approach coupling Lattice Boltzmann Method (LBM)
with the Discrete Element Method (DEM) using 2D simulation of
fluid flow. They used a deformable granular medium that can move
and in circular shape [39]. The results concluded that the severity of
sanding proportional to flow rate and stresses (in this case the
confining pressure). They also found that, flow rates that is above a
critical flow rate resulting to very significant increment of the sand
production rates regardless of the confining pressures. Another
conclusion was that for a specific flow rate, the cumulative pro-
duced sand decrease with confining pressure increases. However
this finding is in contrary with the physics and research work in the
lab by Subbiah [67].

Climent et al. [38] used commercial DEM software code (PFC) to
model sand production. They coupled the PFC code with CFD
(computational fluid dynamic) and concluded that DEM approach
can re-produce lab testing results. She proposed to improve the
Parallel-Bond Model (PBM) for granular material. They conducted
the study for 2D solution and recommended 3D for better sand
volume prediction. Even though the results were encouraging, she
proposed to combine FEM and DEM as DEM alone needs huge
computational time especially when dealing with small grain size
[38].

3.13. Combined finite Discrete Element Method for sand production
prediction

Numerical models (FEM) alone may have some limitations due
to its continuum principal. Depending on the constitutive model
and boundary condition, FEM has troublesome to predict actual
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mechanical behavior especially for non-linear stress strain
response for high plasticity rock and post failure. Discrete Element
Method (DEM) can play a vital role for these specific needs. It not
only envisages all these multifaceted behaviors, but also can give us
an understanding of the grain’s movement and the reaction forces
between grains and eventually the failure and post failure behavior
of the granular medium i.e. sandstone. However, DEM needs a lot of
computing time and the micro mechanical parameter will be
difficult to model. Thus, a combination of FEM and DEM (FDEM)
will be a better option to deal with a large volume of body from
both a macro and micro scale.

This holistic technique has not been explored or investigated for
sand production prediction although it has been exploited in hy-
draulic fracturing, wellbore stability and in civil engineering ap-
plications such as footing model, slope stability, etc.

The most significant facet of FDEM capability is the exceptional
contact finding algorithm. Munjiza [68] says that “this capability
allows efficient identification of all pairs of nodes that are in con-
tact, and, conversely, the removal from the list of contacting pairs of
those couples of nodes that previously were in close contact but
have moved sufficiently far apart to be removed from the list”
[68—70]. Later, few researchers took this basis and idea to further
develop the code [71].

Other researchers investigated these techniques from a nu-
merical stand point and compared it with results from standalone
FEM and DEM [72—78]. Ning et al. [72] applied the techniques for
civil engineering applications such as wall retaining simulation and
footing. They revisit some conventional rock mechanics problems
using an innovative multi scale FDEM approach. This multi scale
techniques achieved by coupling between FEM and the DEM. The
approach was to solve the boundary condition problem using FEM
and then solve the grain to grain response according to boundary
condition using DEM. The work was conducted for soil behavior
which close to sand production as both are granular medium. Their
framework technique helps to overcome the phenomenological
constitutive which is required in the conventional modeling. While
working on a wellbore stability model, Rahmati [79] proposed to
study the near wellbore problem using a hybrid model i.e. a com-
bined Finite-Discrete Element Method. He said this combined
model will be more practical to solve field scale problem. His work
can be easily implemented for sand production.

4. Conclusions

Sand production can be controlled by reducing drawdown
pressure by controlling the surface choke, however this will have
impact on production rates. Therefore, modeling the onset failure
and severity (sand volume) is important to design an engineering
design whether we will opt to produce the sand, control it down-
hole with sand control techniques or avoid it by drawdown pres-
sure control or screenless completion such as oriented perforation
or frac and pack.

Sand production is complex phenomenon and required cus-
tomization based on type of reservoirs. For example, for heavy oil
production the wormhole creation is important thus the erosion
model should be enabled. Some of the erosion model given this
paper. As for poorly unconsolidated sandstone reservoir, as it may
be candidate for sand control then conducting as simple analytical
or semi analytical modeling is sufficient as sand volume not critical
as it will controlled at the borehole level. However, for a moderately
or strongly consolidated reservoir it is critical to evaluate the sand
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production risk and severity of sand volume. This will help to make

de
ad

cision on the needs whether the we can manage the risk or need
ditional investment for sand control. Thus, a numerical method is

required to accurately predict the sand production volume.

practitioners related to sand production experimental

Even with the abundant efforts has put by many researchers and
and

modeling work. There are still some significant gaps in knowledge
that require to be filled for modeling perspective. This paper is
focusing on the modeling methods as that is required by many oil

dan

d gas operators. rather than experimental works. After studying

the current projects reported in the literature, in our opinion, there
is still much that can be done to improve sanding models. Some are
listed below.

(1) Most of the conducted sand production research mainly
related to onset failure. There are few works done related to
sand volume in the lab experiment. However, it was using
outcrop rock or synthetic rock. It has been used for mathe-
matical modeling techniques validation as discussed in this
paper. There are many modeling works done for sand pro-
duction volume prediction. However, most of the work is in
the 2D domain and used plan strain and axisymmetric
assumption without considering grain to grain behavior
including rotation.

(2) Asdiscussed only few 3D numerical work conducted for sand
volume prediction and further improvement required in
them constitutive model selection and combine erosion
mechanism.

(3) Constitutive Model: Critical State base model honoring both
hardening and softening not attempted by any researchers,
which can provide more realistic representations of sand
production.

(4) DEM technique has big potential to solve sand production
volume analysis. However current DEM model calibration
procedure needs further research to determine micro ma-
terial parameters.

(5) FEM-DEM (hybrid) has not been attempted by any re-
searchers specifically for sand production but good effort has
been put in civil engineering work. This technique should be
explored in further detail for sand production volume in oil
and gas industry.

(6) Zero thickness FEM modeling techniques is one of the best
approach for sand volume prediction as it able to reproduce
grain disaggregation which only can be done with DEM at the
moment and DEM may not be suitable for larger volume of
rock as it required large amount on grain and increase the
computing time.
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