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ABSTRACT

Weakly consolidated reservoirs are prone to sand production problem, which can lead to equipment
damages and environmental issues. The conditions for sand production depend on stresses and prop-
erties of rock and fluid. Accurate sand volume estimation is, however, still a challenging issue, especially
for reservoirs in weak formations. The weak reservoirs containing viscous or heavy oil are mainly
discovered in shallow depths in Kazakhstan, with moderate temperature and pressure. Many prediction
models developed for open-hole completions where the reservoir materials usually possess certain
strength are not applicable for the local reservoirs where the materials are significantly weaker even if
casing is used to support the wellbore with oil produced through the perforation tunnels. In this context,
a prediction model was proposed where the volume of the produced sand was estimated as the volume
of the plastic zone of the failed materials surrounding the perforation tunnels. The model assumes an
evolving truncated conical shape for the damage zone and takes into account stress distributions and
shear failure in this zone. Then, the proposed model was used to estimate sand volumes in 20 wells
during oil production with sequential increase of flow rates. The predictions match well with the
measured sand volumes in a local oil field. Finally, a sensitivity analysis was conducted on the model
performance. It shows that the permeability of the plastic zone was the most significant controlling
factor in the prediction results.
© 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

was achieved as many wells had to be shut in for workover pro-
cesses to clean up the tubing every two to three weeks. For effective

Sand production is one of the major concerns associated with
shallow heavy oil reservoirs. The produced sands generated can
damage equipment which would not only increase the extraction
cost, but also affect the production schedule. Furthermore, the
produced sands should be treated and disposed properly to avoid
environmental and ecological problems. The production conditions
of weak sandstone reservoirs, for example in Kazakhstan, make the
problem worse as oil is usually produced above the critical flow rate
associated with sand production in order to achieve the target
economic benefits. Unfortunately, sand production is frequently
observed across several local oil fields. In this sense, although
different sand control strategies had been applied, limited success
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management of the reservoir, a reliable and quick method to esti-
mate the amount of sand produced beforehand is desirable.

There are two main stages in the sand production process. The
first stage involves rock matrix failure while the second stage en-
tails the detachment of sand grains and their transportation by fluid
flow. Under the initial undisturbed condition, the intact formation
will remain in its hydro—mechanical equilibrium state. Drilling and
perforation of the formation would redistribute the stresses around
the perforation tunnel. When the induced stress increases and
exceeds the failure strength, rock matrix will fail during the drilling
process. However, rock matrix failure may not always lead to sand
production as disaggregated particles can still be held by capillary
forces. These particles can be detached by the fluid at higher flow
rate if the flow energy is sufficient to overcome the forces holding
them together. Sand is produced through the erosion of these
particles from the rock matrix.

Extensive research has been conducted to predict sanding onset
based on the stress conditions at which failure occurs. There are
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two main failure mechanisms: tensile failure and shear failure (Fjaer
et al., 2008). Tensile failure occurs when effective principal stress ¢’
in the rock exceeds its tensile strength Ty, which is mostly appli-
cable in high-rate gas wells (Jin et al., 2011; Hayavi and Abdideh,
2017). The tensile failure criterion can be written as

7= —Tp (1)

Shear failure occurs when the tangential stress along the shear
plane 131 exceeds a critical value, which depends on the normal
stress o’:

|Tmax| = f(al) (2)

Various failure criteria in terms of the function f(¢’) have been
developed. For example, the Mohr-Coulomb, Mogi-Coulomb, Hoek-
Brown, Drucker-Prager, and modified Lade failure criteria are used
as the shear failure models for sanding onset (Bratli and Risnes,
1981; Risnes et al., 1982; Bradford and Cook, 1994; Yi et al., 2005;
Nouri et al.,, 2006; Al-Shaaibi et al., 2013; Papamichos and Furui,
2013).

Unconfined compressive strength (UCS) is also used as a simple
strength indicator of rocks in prediction of sanding onset (Nouri
et al., 2006; Araujo-Guerrero et al., 2014), but it does not take
into account the effect of confining stress and pore water pressure
as the UCS is formulated in terms of total stress. The sanding onset
condition is often specified in terms of critical drawdown, critical
wellbore pressure or critical flow rate, which are the production
conditions at which the failure criterion of the reservoir materials is
fulfilled, leading to erosion of these materials.

As the stresses around the cavity increase, the material will
transform from elastic to plastic state after failure. Bratli and Risnes
(1981) identified a plastic zone of the failed materials around a
cavity after shear failure. The work was extended by Risnes et al.
(1982) by investigating the stresses around open borehole and
cased-hole completions. It was found that the radius of plastic zone
dramatically decreases for the cased boreholes. Following these
works, the formation of plastic zone had been reported in several
experimental and numerical studies (Tronvoll and Fjer, 1994;
Goshtasbi et al., 2013). The shape of the plastic zone varies from
circular to elliptical in cross-section, but it does not change along
the borehole axis. To accurately predict sand production, it is
necessary to determine the volume of the plastic zone and the
discharge mechanism of the failed materials. Geilikman et al.
(1994) developed a sand production model to predict sand pro-
duction rate after well-startup for Canadian heavy oil reservoirs.
The prediction model used the Drucker-Prager failure criterion and
assumed erosion of a visco-plastic solid skeleton due to highly
viscous fluid flow in a vertical wellbore with open-hole completion.
The model did not consider the gravitational forces. van den Hoek
and Geilikman (2003) generalized the model to derive the sand
production rate for reservoirs of any strength and fluid viscosity.
The model utilized the UCS of the plastic zone in the prediction.
This model may not be suitable for weak sandstone reservoirs in
Kazakhstan as the UCS value of intact formation is very low and can
quickly drop to zero in the plastic state.

Gholami et al. (2016) developed an analytical model for sand
prediction in a carbonate reservoir. The shape of the wellbore’s
cross-section was considered to change from circular to elliptical
due to shear failure once the tangential stress at the vertex exceeds
the critical value. The volume of the plastic zone of the failed ma-
terials was estimated using three different failure criteria: Mohr-
Coulomb, Hoek-Brown, and Mogi-Coulomb, with the last
providing the best match with field data. This model was used for
open-hole completion and its applicability in weak reservoirs that

are usually cemented and cased to maintain wellbore stability has
yet to be determined.

Most of the existing prediction models consider open borehole
and employ poro-elastoplastic model to find the stress distribution
around the borehole. Once the borehole is cased and perforated, the
stress distribution around the perforation will be different and this
would affect the failure of the materials in this zone. Morita et al.
(1989) presented a parametric study for perforation tunnel stabil-
ity and formulated a cavity-failure envelope for the sanding onset
condition.

The reservoir sandstones in the oilfield of Ustuyrt-Buzachi
Sedimentary Basin in Kazakhstan are confined to shallow-marine
sediments of Lower Cretaceous Age at 200—500 m depth. Deltaic
depositional environment followed by sea transgression resulted in
fine grains of reservoir rock and weak clay cement (Worden and
Morad, 2003). The reservoir rock lithology varies with different
proportions of quartz, feldspars and clay minerals. One of the main
characteristics of the field is the high oil viscosity (200—800 mPa s).
For vertical wells, the producing zone is cased and perforated with
density of 16 shots per meter and phasing of 90°. The first fluid
produced often contained perforation debris and possible addi-
tional failed sand materials. By assuming the perforation tunnel as
an ideal circular pipe with dimensions obtained from the perfora-
tion gun passport, the volume of perforation debris can be esti-
mated. The estimation of the volume of the failed materials needs
further work as the initial sand burst is followed by reduction in
sand production rate until steady state is achieved. In the steady
state, the sand production can be zero for the given flow rate.
Increasing production often triggers new surge of sand. In this
context, we developed a prediction model to estimate the sand
volume produced from weak sandstone reservoirs in Kazakhstan,
where vertical wellbores are cased and oil is produced from hori-
zontal perforations. In this model, stress conditions around a hor-
izontal perforation tunnel are defined from the far-field stress
condition of the reservoir. Combining with a failure criterion, the
model determines the boundary conditions between the plastic
zone of the failed rock and the elastic zone of the intact rock around
a perforation tunnel. Perforation shape changes as the sand is
produced from the plastic zone. The model assumes that the
change of perforation dimensions would result in a long truncated
conical shape similar to natural wormholes. Tremblay et al. (1999)
studied the wormhole behavior during cold heavy oil production
with sand (CHOPS) for unconsolidated sandstone reservoirs in
Canada. The shape of the wormhole simulated in their laboratory
study is presented in Fig. 1, which shows that the wormhole is
enlarged towards the flow orifice. In this study, the wormhole
shape of the perforation tunnel is assumed as a result of shear
failure and stress distribution around the perforation. If the pre-
dicted results of the proposed model agree with field data, it would

Fluid
orifice

Fluid
inlet

Fig. 1. Shape of a wormhole simulated in the laboratory (Tremblay et al., 1999).
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be a convenient tool to estimate the sand volume when the pro-
duction condition changes at the site.

2. Development of a sand prediction model
2.1. Assumption

In the absence of major geological faults and impermeable shale
layers, the reservoir rock can be assumed to be isotropic and ho-
mogeneous. In addition, the well is assumed to be in its infancy. In
this early stage of the well development, water breakthrough can
be ignored and it is reasonable to assume full oil saturation of the
reservoir rock. As reservoir pressure is maintained by the injection
wells in the oilfield, steady-state flow conditions are assumed.
Furthermore, despite its simplicity, the Mohr-Coulomb failure cri-
terion has been effectively used in many models for the sanding
onset and it is also used herein. The assumptions in the model are
summarized as follows:

(1) Isotropic and homogeneous materials;
(2) Full saturation;

(3) Mohr-Coulomb failure criterion; and
(4) Steady-state flow conditions.

2.2. Boundary conditions

In the local oilfield, the producing zone of the vertical well was
cased and perforated with a density of 16 shots per meter and a
phasing of 90°, which results in a 0.25 m vertical distance between
two adjacent horizontal perforations. Fig. 2 shows a simplified
boundary condition in the field with two horizontal perforation
tunnels connected to a vertical wellbore. As the prediction model is
developed for sanding prediction from one perforation tunnel, half
of the vertical distance between the two tunnels is assumed as the
outer radial boundary of the tunnel considered in the model, i.e.

= 0.125 m. The dimensions of the perforation tunnels can be
estimated from perforation gun passport as follows: diameter
2R; = 0.013 m and length L = 2 m.

The wellbore radius is ry. Each of the perforation tunnels is
cylindrical in shape with initial radius R; and length L. The radial
distance from the perforation axis R can vary from R; to R,. The
distance along the perforation axis is r, where r = r, at wellbore
wall and r = ry + L at perforation tip.

2.3. Pore pressure distribution around perforation tunnel

Fluid pressure profile along the perforation axis is given by Dake
(1983) as follows:

Vertical wellbore ~ 1Wo horizontal
/ perforation tunnels

LY

0 r="ny

Fig. 2. Vertical wellbore with two horizontal perforation tunnels. The inset shows the
enlarged circular cross-section of the tunnels.

Qu
D = Pws +27'Ckh (11’1*4»5) (3)

where p is the fluid pressure at distance r from the wellbore wall;
pweis the fluid pressure on the wellbore wall; Q is the well flow rate,
Q = gN, in which N is the number of perforations and q is the flow
rate from a single perforation; u is the fluid viscosity; k is the
permeability of the reservoir; h is the thickness of the producing
zone; and S is the skin factor.

The pore pressure profile obtained from Eq. (3) is shown in
Fig. 3. On the cross-section plane perpendicular to the perforation
axis, the pore pressure is assumed to be constant, the value of
which depends on r, as given in Eq. (3). The pore pressure distri-
bution is shown in the inset of Fig. 3.

2.4. Stress distribution and failure condition around the perforation
tunnel

The poro-elastoplastic material model (Charlez, 1997)
employed to determine the stress distributions around the perfo-
rations. Stress transformation from a global to a local coordinate
system for an inclined cylindrical cavity is shown in Fig. 4. The
principal directions of the far-field stresses are given by the coor-
dinate system (x/, ¥/, z’) whereas (X, y, z) is the local coordinate
system of the perforation tunnel and z specifies the tunnel axis. The
model considers a vertical wellbore with horizontal perforation
tunnel aligned along the maximum horizontal stress oy and hence
we havei = 90° and a = 0°, where i and a are the rotational angles
from (X, y', Z) to (x, y, 2).

The local stress components ¢9 03,00 ffgy,r and 19, can be
calculated from the far-field stress components oy, oy, and gy using
the following equations (Fjer et al., 2008):

lyy = cosacosi (4)
lyw = —sina (5)
l;x = cosasini (6)
lyy = sinacosi (7)
lyy = cosa (8)
lpy = sinasini 9)

P/

Pri’

pwf

=1y

Fig. 3. Pore pressure profile along the perforation length and at cross-sections.
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Fig. 4. Stress transformation with different coordinate systems (Fjar et al., 2008).

00 = Boy + l,zcy, o + B0y (10)
09 = Byoy + Loy + B0y (11)
09 = Byop + 2,04 + 2,0y (12)
Ty = bolywon + by byy o + b lyz oy (13)

The local stress components can then be used to calculate the
cylindrical stress components distributed around the perforation
tunnel where it is assumed that the materials next to the tunnel
wall could be in a plastic state, whereas materials further away
from the wall are in an elastic state (Risnes et al., 1982; Fjer et al.,
2008). For the elastic zone, pore water pressure and flow properties
are taken into account, whereas it is assumed that the materials in
the plastic zone have failed and the stress conditions need to fulfill
the failure condition in this region. Stresses in the elastic zone can
be calculated as follows (Fjeer et al., 2008):

o] 0 2 0 __ 40 4 2
0r:0x+0'y <1_Ri>+0x gy <1+3R_i_4R_i)cos(2€)

2 R2 2

4 g2 7
+T;?y (] +3§24§12> sin(26) erwf%
(14)
0° + ¢© 2 o — 09 o
oy = Xz J <1+II§'2) - 2 . (1+31§:‘ cos(26)
(15)

R . R?
- Ty (1 +3 R11> sin(26) — prR—‘Z

2 2
Ga = 00 — vy {2 (ag - ag) %cos(zﬁ) + 41,%,% sin(26) (16)

where o, is the radial stress at distance R from the perforation axis, 6
is the azimuth angle around the perforation axis, v is the Poisson’s
ratio, gy is the tangential stress at distance R from the perforation
axis, and o, is the axial stress at distance R from the perforation axis.

For simplicity, the azimuth angle around the perforation axis is
considered to be § = 90° as stress variations for 0° < § < 180° are
negligible due to small perforation radius compared to its length.

Stresses in the plastic zone can be determined as follows (Risnes
et al., 1982):

B ng R 1 g R\'
Or = Dws +—21'thp lnE+? (250 tan « —ZTthp) [(ﬁ) 1

(17)
_ | Ry 1 1q
R t
Jern(g) -1 18
t+1)(g (18)
0y = 0y (19)

where q is the flow rate from a single perforation, u is the fluid
viscosity, k;, is the permeability of plastic zone, Sy is the inherent
shear strength (cohesion), « is the failure angle, and t = tan? o — 1.

The permeability in plastic zone, kp, is generally not known,
which is assumed to be less than that of the intact rock, k:

ky = nk (20)

In the current study, k and kp can be estimated using the
Kozeny-Carman equation (Eq. (21)), which depend on the particle
diameter and material porosity. The values of the porosity for the
intact material, ¢, and the failed material, ¢}, can be obtained from
the triaxial tests on the synthetic sandstone.

25 ¢
20 tangential
— —radial
----- axial
§15 -
o
210 |
)
—
5 ¢ '
“—-_-u-\.-.\- — ——
/
/
0o L2« : : : :
0 R; Ry 0.03 0.06 0.09 0.12

Distance along perforation radius, R, m

Fig. 5. Principal stresses around the perforation tunnel.
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1 P
=80 g (21)

where dg is the grain diameter. The relationship between the
permeability of the intact rock, k, and the permeability of the plastic
zone, kp, can be derived from Eq. (21) as follows:

3 2
1-—
k_#0-%) 1 22)
ke gp(1-¢)*

2.5. Plastic zone around the perforation tunnel

According to the model, the rock behaves elastically until the
failure criterion is fulfilled in a form of shear failure. The Mohr-
Coulomb failure criterion is used:

e = 250 tan & + o, tan® « (23)

where ¢/, is the effective maximum principal stress in the elastic
zone, and a’3pis the effective minimum principal stress in the plastic
zone.

After failure, the rock reaches a plastic state, and the stress
components in the failure criterion equation (Eq. (23)) are principal
stresses. Fig. 5 shows that the radial stress is the minor principal
stress and the tangential stress is the major principal stress in both
plastic and elastic zones in the local oilfield in Kazakhstan. Further
details of this field are discussed in the next section.

The failure criterion can be utilized to estimate the dimensions
of the failed rock zone. Eq. (23) is rearranged as X = Sp, where the
stressterm X = ¢7./(2 tana) — a’3p tan /2 is plotted in Fig. 6a and
b. Two surfaces are plotted in Fig. 6a: the stress term X = ¢,/
(2tan &) — 03, tan /2 and the rock strength Sp. For the region
above the plane, the stresses are higher than the rock shear
strength (i.e. ¢, /(2 tan «) —o’3p tan /2 > Sp) and failure occurs.
The surfaces intersect to form a line s. Projection of the line s onto
the L-R plane is shown in Fig. 6b, where s’ delineates the plastic
zone borders. The radius of the plastic zone changes from Ry,o at the
wellbore wall to Ry at the perforation tip. If the curved line s’ is
replaced by a straight line (Fig. 7) for simplicity of calculation, the
plastic zone around the perforation tunnel can be approximated by
a truncated cone shape with Ryp > Rpr. Volume of the produced
sand can be estimated from the volume of the truncated conical
plastic zone.

Fig. 7 shows the cross-section of the plastic zone along the
perforation tunnel, and Fig. 8 presents the plastic zone around the
tunnel on the cross-section perpendicular to the tunnel axis. As the
fluid enters the perforation from the reservoir and exits through the
orifice to the wellbore, the radius of the plastic zone at the perfo-
ration tip, i.e. at the fluid inlet, Ry, is less than the radius of the
plastic zone at the orifice, Ryo. The model calculates two sand
masses: Mperf — the mass from the perforation tunnel (grey), and

— the mass from the plastic zone (yellow). Example of sand
volume calculation using the proposed model is given in Section 3.

3. Case study
3.1. Validation of the prediction model

Production data of a vertical well in Kazakhstan are used to
calibrate the proposed prediction model. The well and field names

are confidential, and will be referred to as Well 1 and Field X,
respectively.

3 Shear strength envelope Sy

Perforation

Y YR =
Distanc . 08 vy <
8 ce along perforation radius, R, m

0.04
0 035
0.03

0.025

o X
)

Distance along pcrforation radius, R, m

05 1 15 2

Fig. 6. Stresses around the perforation tunnel: (a) Three-dimensional view; and (b)
Top view.

The effective thickness of the producing layer in Well 1 is 12 m at
277 m depth. Overburden gradient of 22.62 kPa/m results in the
vertical stress gy = 6.2 MPa at the outer boundary of the perforation
tunnel. Far-field horizontal stresses are assumed to be equal, i.e.
oy = op = 4.7 MPa. The initial reservoir pressure is 4 MPa, and the
bottom-hole pressure is 0.7 MPa. The average porosity is 0.33, and
the average permeability is 700 mD.

There is a lack of field data on the mechanical properties of the
reservoir rock. The low strength of the material makes coring
difficult and the quality of cored samples is very poor and cannot be

| — L
(weﬁboi%g TR TRpL (resen oir)
-

”~
r=L+n, r

Fig. 7. Plastic zone along the perforation tunnel.
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) Elastic zone
Perforation

Plastic zone

Fig. 8. Plastic zone on the perpendicular cross-section of the perforation tunnel.

used for direct mechanical testing. To address this problem, syn-
thetic sandstones were prepared to replicate real reservoir rock in
terms of composition, particle size distribution, and petrophysical
properties. The porosity and permeability values of the synthetic
sandstone are within the field data ranges. The mechanical prop-
erties of the failure angle, cohesion, and Poisson’s ratio are deter-
mined from triaxial tests on the synthetic sandstone. Fig. 9 shows
the Mohr-Coulomb failure envelope and the shape of sample at
failure for the synthetic sandstone. The cohesion and failure angle
of the synthetic sandstone agree with corresponding data of weak
sandstones in the literature and are presented in Table 1.

Fig. 10 shows the porosity change in triaxial shearing of the
synthetic sandstone. Assuming that the material is in intact state at
the beginning and the plastic state starts as soon as the sample
dilates, the values of ¢ and ¢, are found as 0.401 and 0.397,
respectively, from the curve in Fig. 10, and n = 0.95. This value was
applied to the reservoir permeability of 700 mD, and the plastic
zone permeability was estimated as 665 mD.

The fluid flow rate and associated sand production for the
period of the first 10 months of Well 1 are shown in Fig. 11. This well
produces oil with water cut value below 0.05, and hence water
presence is neglected and one phase flow is assumed. The field is
characterized with heavy oil production with average fluid vis-
cosity of 0.62 Pa s. The initial flow rate is around 200 bbl/d (Stage I, 1
bbl = 0.159 m?), followed by more than double increase of 505 bbl/
d (Stage II) at maximum. This production surge leads to a burst of
sand. The next small rise of flow rate (Stage III) results in some
additional sand production. Further fluctuation of fluid production
below the maximum value did not trigger new sand burst, and sand
production declined with time. As the model only considers a single
perforation, the total flow rate is divided by the number of perfo-
rations in order to calculate the fluid flow rate from one perforation.
Table 1 summarizes all the input data.

3.2. Sand prediction for Stage I

Prediction of the sand production for Stage I was conducted
according to the following procedures:

(1) Step 1. The sand mass from the perforation tunnels is
calculated as follows:

Mperf = WRizLPs(l —¢)N = 139Kkg

(2) Step 2. Using Egs. (15) and (17), the effective tangential
stresses a7, in the elastic zone and the effective radial stresses
07p in the plastic zone are calculated at various radial distances

around the perforation tunnel. Distribution of ¢}, and a7, will
also change along the perforation longitudinal length as the
pore pressure changes. The values of the radial distance at
which oy, and o7, satisfy Eq. (23) at each cross-section along
the tunnel longitudinal axis can be found. These radial values
correspond to the radii of plastic zone Ry, along the perforation
tunnel. For example, the radius of plastic zone changes from
Rio = 0.0186 m at the borehole wall to R}, =0.0177 m at the
perforation tip. Assuming that the plastic zone forms a trun-
cated cone with the larger and smaller radii equal to R{,O and
RLL, respectively, the mass of sand produced from the plastic
zone at q; = 2 cm for Stage I can be determined:

2 2
I T (pl I ol I
ml = {g{(Rpo) +RLRb, + (RPL) }L
- TcRizL}ps(l —¢)N =527 kg

(3) Step 3. The theoretical total sand mass is obtained:
Myga = Mperf + My, = 666 kg

(4) Step 4. The theoretically predicted sand mass was compared
with the sand mass obtained from field data, i.e. m'rf:639 kg.
The findings indicated that in the first stage, the model
overestimates the sand production by 4%, and for the current
flow rate, the sand production is still ongoing, i.e. not all the
sand from the plastic zone is produced.

3.3. Sand prediction for Stages II and IIl

Steps 2—4 in the Section 2 are repeated for the increased flow
rate. For q; = 4.6 cm?/s, the plastic zone extends from Rgo =
0.0291 m to RgL = 0.025 m. The sand mass produced from the
plastic zone at Stage Il can now be calculated as

2
= {5 () ol + (Rh) |- %[ (o)

I pl Y _ _ )
+RP0RPL+<RPL> LYp(1—¢)N = 815kg

If we assume that the remaining sand from Stage I, which can be
calculated as a difference between the total sand mass and real
sand mass for Stage I (ml .., —m!. = 666 kg —639 kg), is also pro-
duced with the increased flow rate, the total sand mass for Stage Il
will be

I I 1 1
Mioa = Mp + (mtotal - mrf) = 842 kg
Similarly, for g3 = 4.9 cm®/s, the plastic zone extends from R, =

0.031m to R{,”L = 0.0266 m. In this stage, the mass of produced
sand is calculated as

2 2 2
m_ )T /pl 11 plll | T (pll
o = {5 (o) "+ it + () J1- 5 (k)
RURL & (RUY LYo (1= )N = 198 1
+ RpohpL + ( ~pL ps( #N = Kg

All the calculated results are summarized in Table 2.
Table 2 shows that the proposed model predicts the sand pro-
ductions in Stages I and II relatively well. High error in the third stage
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Fig. 9. Cohesion and failure angle of synthetic sandstone: (a) Mohr-Coulomb failure envelope; and (b) Failed sample.

can be due to the expected significant changes in material strength
and other input parameters that are not considered in this study.

Similar procedure was conducted for 19 more wells in the same
field. Ranges of main characteristics of the wells are shown in
Table 3.

Fig. 12 shows the prediction performances for all the 20 wells.
The model can predict the sand produced from 10 wells in Stage I
within a maximum error of +5% and 8 wells in Stage II within a
maximum error of £5%. Six wells in the first two stages have higher
prediction errors of +50% and these wells are associated with
deeper producing horizons. The model has difficulties in predicting
the sand volume produced in Stage IIL In the third stage, only three
wells can be adequately predicted with the error within 20%. For
the rest of the 17 wells in the third stage, the prediction errors are
higher (at +£50%). This may be due to the fact that the rock prop-
erties in Stage IIl may have deteriorated and are no longer constant.
The increase in the water cut level in Stage Il might also contribute
to the estimation errors.

4. Sensitivity analysis of the prediction model

The proposed model is simple, but not all input data are known
or available. Values determined from laboratory experiments may
not always represent the real reservoir rock. Perforation di-
mensions were estimated based on the perforation gun passport
information. In addition, oil viscosity was determined at the surface
and converted to bottom-hole conditions. The fluid viscosity can
vary slightly from well to well. All these add uncertainties to the
accuracy of the input parameters, and their effect on the model
performance should be studied.

Investigation on the influence of 6 parameters when varying
each parameter value between 2 levels would result in 26 = 64
cases. In order to reduce the number of cases and at the same time
to keep the efficiency of the analysis, Taguchi method (Taguchi and
Rafanelli, 1993) is used. The method produces an orthogonal array
of cases with varying levels of each parameter. Factors selected for
analysis and their boundary values are shown in Table 4.

Fractional factorial design, developed by the Taguchi method,
for five parameters with two levels results in 8 cases, as tabulated in
Table 5. Level 1 corresponds to the values 50% less than the baseline
and level 2 corresponds to the values 50% more than the baseline
for all parameters. Sand volume during Stage I for each case is
calculated based on the proposed method. The resulting sand vol-
ume for each of the 8 cases is shown in Table 5.

Table 6 shows the range analysis. For each parameter, K; rep-
resents the amount of sand mass that could be produced under the
effect of level 1 of that input while the other inputs are varied in

different combinations, as shown in Table 5. Similarly, K> represents
the amount of sand mass that could be produced under the effect of
level 2 of the same input. Taking the parameter L as an example, the
K7 value is calculated based on the average sand mass produced in
cases 1—4, while K5 is based on the average sand mass of cases 5—8.
The range value D for each parameter is calculated as the ratio
between the larger K to the smaller K value between the two levels.
D is used to quantify the sensitivity of the parameter to the sand
mass, where higher D value shows that the input parameter pos-
sesses a stronger influence on the output results and vice versa.

On the basis of the sensitivity analysis results, it can be
concluded that the initial perforation dimensions and rock and
fluid properties with D values less than 2 have moderate impact on
the model performance. By contrast, the permeability of the plastic
zone is shown to be the most influential factor with its D value of
about 4.6.

The permeability of the plastic zone should depend on the
porosity and size distribution of the particles in the plastic zone and
these in turn depend on the local volume change and eroded par-
ticles, which are subjected to flow dynamics. This phenomenon is
highly complex and is not considered in this study.

5. Discussion

The sand prediction results of the 20 different wells show that
the model best predicts the sand production if the reservoir depth
does not exceed 280 m. The oilfield reservoirs are confined to three
main producing horizons with the maximum depths of the first,
second and third horizons as 280 m, 340 m, and 490 m, respec-
tively. It is expected that the strength and porosity of the formation
will vary with depth. On the other hand, single values of the
strength parameter S and the formation permeability k (k,) were
used in the proposed model. The model overestimated sand pro-
duction for deeper wells, which are not supported by the field data
observed for those wells. This overestimation of the sand produc-
tion at greater depth could be due to the underestimation of the
shear strength and overestimation of the hydraulic conductivity
assumed in the model.

For the 20 wells, we observed different formation lithologies
from pure sandstone layers to complex interbedded layers of
sandstone, shale, mudstone, siltstone and other minerals. However,
the model assumes homogeneous and isotropic rock with single
values of ¢ and k. As such, it cannot model the complex fluid flow
through the interbedded layers. The unaccounted uncertainty in
porosity and secondary permeability could attribute to the pre-
diction inaccuracy. The prediction accuracy is further affected by
the assumption of a constant flow rate with the steady-state flow
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Table 1
Reservoir and production data.

Item Parameter Stage | Stage 11 Stage III

Pressures Fluid pressure at outer boundary, p, (MPa) 4 4 4
Fluid pressure at borehole, p,y (MPa) 3 21 2.6
Vertical stress at boundary, g, (MPa) 6.2 6.2 6.2
Maximum and minimum horizontal stresses at boundary, oy = oy, (MPa) 4.7 4.7 4.7

Perforation dimensions Perforation radius, R; (m) 0.0083 0.0083 0.0083
Perforation length, L (m) 2 2 2
Radius of outer boundary, R, (m) 0.125 0.125 0.125
Number of perforations, N 192 192 192

Rock properties Permeability, k (D) 0.7 0.7 0.7
Porosity, ¢ 0.33 0.33 0.33
Poisson’s ratio, » 0.45 0.45 0.45
Compressibility ratio, 0.1 0.1 0.1
Cohesion, So (MPa) 0.1 0.1 0.1
Failure angle, « (°) 63 63 63
Grain density, ps (kg/m>) 2500 2500 2500

Plastic zone parameter Minimum permeability in plastic zone (D) 0.665 0.665 0.665

Fluid properties Fluid rate (cm?/s) 2 4.6 49
Fluid viscosity (Pa s) 0.62 0.62 0.62

condition and it does not take into account the complex transition

0419
between different flow regimes in an actual production process of a
well.
0414
Table 2
Results of sand prediction model for Well 1.
0409
c; Stage q(cm®/s) Ri(m) Rpo(m) Rp(m) mys(kg) Mol (kg) Error (%)
é\ 1 2 0.0083 0.0186 0.0177 639 666 4
‘@ 0.404 Il 4.6 0.0083 0.0291 0.025 870 842 -3
% - 11 4.9 0.0083 0.0252 0.0328 131 198 51
¢
0.399
¢p- Table 3
Ranges of characteristics for wells.
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Fig. 10. Porosity change in triaxial shearing of synthetic sandstone.
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Fig. 11. Production data.
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Fig. 12. Sand predictions in three stages for different wells.
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Table 4
Parameters for sensitivity analysis.

Case Perforation  Perforation Permeability =~ Cohesion, Fluid
length, radius, of plastic zone, So (MPa) viscosity
L (m) R; (m) kp (D) (Pa's)
Baseline 2 0.0083 0.665 0.12 0.62
Level 1 1 0.00415 0.35 0.06 0.31
(—50%)
Level 2 3 0.01245 1.05 0.18 0.93
(50%)
Table 5

Cases for sensitivity analysis.

Case L Ri kp So w Sand mass (t)
1 Level 1 Level 1 Level 1 Level 1 Level 1 159
2 Level 1 Level 1 Level 1 Level 2 Level 2 159
3 Level 1 Level 2 Level 2 Level 1 Level 1 13
4 Level 1 Level 2 Level 2 Level 2 Level 2 0.6
5 Level 2 Level 1 Level 2 Level 1 Level 2 0.5
6 Level 2 Level 1 Level 2 Level 2 Level 1 0.3
7 Level 2 Level 2 Level 1 Level 1 Level 2 159
8 Level 2 Level 2 Level 1 Level 2 Level 1 13

Table 6

Range analysis for sand volume.
Parameters Sand mass (t) D

Kq Ky

L 8.4 4.5 1.87
R; 8.2 4.8 1.71
kp 12.3 2.7 4.56
So 8.4 4.5 1.87
u 4.7 8.2 1.74

Darcy’s law for single-phase flow is used in the model, and as
such the model is only applicable to the wells with very low or very
high water cut level. The model validation using the field data from
a shallow sandstone reservoir in Kazakhstan showed that the
model could predict sanding behavior with maximum error of 5%—
20% at the early development stage of most wells, but fails at later
stage when the water cut value would change significantly and the
flow would be multiphase instead of single-phase flow as in the
original assumption. Despite the above limitations, the proposed
model would be yet valuable to assess the sanding potential for the
production from new wells in the local regions of Kazakhstan with
the shallow weak sandstone reservoirs and fairly homogeneous
rock structure as its performance has been proven in these
circumstances.

6. Conclusions

In this study, a prediction model was developed to estimate the
sand volume produced from weak sandstone formations in
Kazakhstan where the wellbores are cased and perforated. The
failure of the horizontal perforation tunnels was modeled by taking
into account stress distribution and shear failure and this defined
the boundaries of the plastic zone formed around the cavity. The
produced sand was estimated as the volume of the plastic zone in
the shape of a wormhole as it was also observed in other laboratory
studies on sand production in weak heavy oil reservoirs. The model
was simple but yet did not consider material strength degradation
with the sandstone that was assumed to be homogeneous and
isotropic. Nevertheless, it was successful in the prediction of sand
volume produced from a shallow reservoir in Kazakhstan. Sand

volumes produced in different stages with sequentially increasing
flow rates were predicted accurately within 5%—20% of the
measured sand volumes in the field. Sensitivity analysis results
indicated that the permeability of the plastic zone is the most
significant factor affecting the prediction results and this requires
further experimental studies on the phenomenon. The proposed
model can serve as a convenient and useful tool to assist in the
effective management of the local oilfields in Kazakhstan where
sand production has consistently been a challenging problem. It is
likely that the prediction tool can not only lead to better disposal
planning of the produced sand to prevent environmental problem,
but also assist in the maintenance organization to avoid drastic
interruption to the production schedule.
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Nomenclatures

a Transformation angle around the z-axis
D Range value for sensitivity analysis

h Thickness of producing zone

i Transformation angle around the y-axis

k Permeability of reservoir

kp Permeability of plastic zone

K1, Ko Average of four values of the sand volume for Levels 1 and
2, respectively

L Perforation length

ms Sand mass from fractured zone

mp Sand mass from plastic zone

Mperf Sand mass from perforations

myf Sand mass from real field data

n Coefficient for permeability of plastic zone

N Number of perforations

Do Fluid pressure at boundary

Dwf Fluid pressure at wellbore wall

q Flow rate

Te Radius of outer boundary

T'w Well radius

Re Radius of fractured zone

R; Radius of perforation tunnel

Ro Radius of outer boundary for perforation tunnel

Ry Radius of plastic zone

S Skin factor

So Inherent shear strength

o Failure angle

xz Stress term in Mohr-Coulomb failure criterion

0 Azimuth angle around borehole axis

u Fluid viscosity

Vi Poisson’s ratio

Ds Density of sand grains

7 Effective maximum principal stress

A Effective minimum principal stress

Oh Minimum horizontal stress

OH Maximum horizontal stress
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or Radial stress at distance r

o) Effective radial stress

g, 0y Principal normal stresses at outer boundary in x and y
directions, respectively

03 Axial stress

a? Axial stress at outer boundary

ap Tangential stress

% Tangential stress at outer boundary
Porosity of reservoir
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