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ABSTRACT

Sand production is, a challenging issue in petroleum industry, mainly associated with weak unconsoli-
dated formations. A novel testing procedure and a new apparatus were developed to conduct an inte-
grated experiment of diagenesis, perforation and sand production on a single large cylindrical artificial
sandstone specimen, where solid and fluid pressures can be independently controlled such that realistic
reservoir historical conditions can be well simulated in the laboratory. Fluid injection can be performed
in both radial and vertical directions, where both single- and two-phase flows can be implemented for
study of sand production behaviors at different reservoir’'s maturity stages. The equipment consists of an
intensive instrumentation system to monitor pressures, displacements and material states continuously.
The produced sand particles were filtered and monitored in real-time for the study of time-dependent
phenomena. The experimental results showed similar patterns to that observed in the field and pro-
vided valuable insight for the development of prediction methods for sand production of similar
materials.

© 2021 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

In many countries across the world, oil and gas energy con-
sumption pays a critical role in their economy. One of the chal-
lenging issues in oil and gas extraction is the sanding scenario
associated with ultra-weak and weak formations with compressive
strength values up to 3.5 MPa and 28 MPa, respectively (Wu et al.,
2016). Sand production is an undesirable process of producing sand
along with crude oil. When a well is drilled, cased and perforated, a
damaged zone is developed near the well wall due to stress
redistribution. When the oil flow is produced through this
damaged zone, particles can detach from the rock matrix and
migrate towards the wellbore, which leads to changes in the rock
properties near the wellbore region. The produced sands contribute
significantly to the erosion of downhole and surface equipment
during their interaction with the metal surface of structures,
causing additional operational costs. In the severe cases of massive
sand production, the wellbore may collapse, leading to well
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abandonment. Restoring the damaged zone and lowering oil pro-
duction to minimize sand production both cause an adverse impact
on the economic aspect of the operation. In order to minimize solid
production from the weak or ultra-weak formation, a strategy of oil
field development is required for proper sand management based
on reliable prediction methods of sand production.

In order to understand sand production pattern under different
conditions, laboratory experiments were conducted to investigate
controlling parameters in terms of fluid flow rate, pressure draw-
down, material properties and solid stress. The first scientific ex-
periments related to sand production started in the 1930s by
Terzaghi (1936), who first observed sand arch around a bottom
trapdoor in the box filled with sand. His experiment was improved
by Hall and Harrisberger (1970), who discovered a correlation be-
tween the formation of sand arches and the introduced fluid flow.
Later experiments (Tronvoll et al., 1993, 1997; Nicholson et al., 1998;
Papamichos et al., 2000; Fattahpour et al., 2012; Wu et al., 2016)
were conducted under different oil production parameters, and
sand production was found to be dependent of formation rock
material, saturation and injection fluid, stress anisotropy and stress
level.

The quality of the experimental work is dependent on the
reconstitution of real conditions in a controlled manner. Due to
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difficulty associated with retrieving rock cores, sand production
tests were usually conducted on artificial cores, which showed
good convergence with real cores in terms of mechanical behavior
(Tronvoll et al., 1997) in the regions where reservoir rock is known
to be weak, e.g. Adriatic sea and North sea. It is generally accepted
that in real reservoir conditions, rock is firstly deposited and un-
dertakes diagenesis, subsequently an oil well is drilled and then oil
is produced in this formation where it is found. If the formation is
shallow and weak enough, the well might start producing sand as
well — this chain of events demonstrates a continuous in situ
process on the same rock. Ideally, field conditions should be
reconstructed in the laboratory where the whole processes of
material consolidation, diagenesis, perforation, and sand produc-
tion should be conducted on the same specimen when the
boundary stress conditions could be controlled to simulate the real
stress (re-) distribution in the field. However, many previous
experiment designs of sand production usually separate the main
stages of specimen preparation, perforation, and sand production.
Unfortunately, the disturbance between these stages’ separation
causes the formation of cracks in the weak sandstone under stress
release condition due to the discontinuity of confinement between
these stages, as stated and investigated in the works by Holt and
Kenter (1992) and Alvarado et al. (2012). Therefore, the first
important feature of the newly developed apparatus presented
here should have limited disturbance to the material during the
transition between the main stages: specimen preparation
(consolidation and cementation), saturation, in situ perforation,
and sand production. For example, in the experiments by Tronvoll
et al. (1997), Nicholson et al. (1998), and Papamichos et al. (2000),
specimens were prepared in advance and then transferred to the
testing cell, which could have caused possible cracks before sand
production testing.

Another limitation of previous experiments was that the in situ
perforation was usually not considered. The sand production ex-
periments were mainly conducted using a prepared hollow cylin-
der specimen, and the hollow core was created by placing a metal
rod in the center of the cast molds and removed after the curing
process completion (Nouri et al., 2006). This method of specimen
preparation limits the damaged zone during the perforation
penetration, which significantly contributes to the severity of sand
production (Baxter et al., 2009). Therefore, the in situ perforation
should be incorporated in the apparatus design as a second
development advantage.

The advantage of the presented apparatus in the current study
can consider the complex fluid flow implementation since sand
production behavior also depends on fluid properties and fluid flow
(Nicholson et al., 1998; Papamichos et al., 2000; Wu et al., 2016).
Previous experiments were usually conducted with a single fluid
for one experiment, such as brine (Van Den Hoek et al., 2000; Al-
Awad, 2001; Zivar et al., 2019), paraffin oil (Papamichos et al.,
2000), diesel fluid (Fattahpour et al., 2012), water (Wang and Wu,
2001; Wu et al., 2016), and kerosene (Nicholson et al., 1998). In
the field, both single and multiphase flows occur and this can be
simplified in the experiment as a two-phase flow of water and oil to
study the effect of water cut in oil (and sand) production. Imple-
mentation of two-phase fluid flow is especially crucial for oilfields
where water flooding is used to maintain the reservoir pressure.
Water flooding causes more sand production after water break-
through and a distinct change in the water-to-oil-cut. The reservoir
pressure is usually maintained above the wellbore pressure such
that the reservoir fluid can enter the wellbore and be lifted verti-
cally to the surface. The vertical upward flow direction affects sand
production. For the case of an oil-water-sand system, depending on
the fluid drag force, the produced sand particles can either be
transported to the surface, suspending within the dispersed

system, or be deposited to the bottom hole, which is also difficult to
be predicted due to the unknown number and size of produced
sand clusters. For instance, the effect of gravity on the vertical
transportation of sand production is not accounted for in the
experiment setup with a bottom sand trap (Fig. 1) to catch the
produced sand from the specimen (Tronvoll et al, 1997;
Papamichos et al., 2000; Nouri et al., 2006; Fattahpour et al., 2012).
Flow direction was basically ignored in the past experiments, and
therefore a vertical direction is incorporated in the current study.

Many sand production experiments in the literature were con-
ducted on various specimens of different sizes and materials.
Tronvoll et al. (1997) conducted an experiment on a synthetic
sandstone specimen of 100 mm in diameter and 150 mm in height
to understand the effect of stress anisotropy on sand production.
Nicholson et al. (1998) experimentally studied four types of outcrop
sandstone specimens with 150 mm in diameter. Papamichos et al.
(2000) used a hollow cylinder apparatus accommodating sand-
stone specimens of 200 mm in diameter. In a recent work, Wu et al.
(2016) compared sand production from three synthetic sandstones
and four open-cut quarry specimens of 200 mm in diameter. In this
study, a large specimen of 300 mm in diameter provides up to 2.25
times larger surface area as compared to 200 mm specimen and 9
times larger area than the commonly used 100 mm specimen. The
size enlargement reduces the impact of boundary condition on the
perforation and sand production results.

A new apparatus (i.e. the high pressure consolidation system,
HPCS) and experimental process were developed in this context to
understand the sand production behavior from the weakly
consolidated reservoirs prone to sanding, particularly in Kazakh-
stani conditions. The tests were designed such that both the solid
and fluid pressures can be controlled throughout the processes of
specimen preparation (consolidation and diagenesis), perforation
and sand production under multiphase fluid flow conditions. The
reservoir materials are particularly weak, and no cores of sufficient
quality were retrieved for testing purpose and HPCS was used to
prepare a large artificial sandstone specimen, which was then used
for the study of perforation and sand production with the same
experimental setup to minimize disturbance to the weak material.
This paper discusses the design, construction, and function of HPCS,
testing procedure, and performance of the system in a sand pro-
duction experiment, with the following main advantages:

(1) Limited unintentional disturbance of the specimen and a
gradual transition between the main experimental stages
(specimen preparation (consolidation and cementation),
saturation, perforation, and sand production);

(2) Implementation of in situ perforation (with gun or drill);

(3) Single- or two-phase flow implementation;

(4) Upward outflow direction of produced fluid + sand mixture;
and

(5) Large size of the specimen: 300 mm in diameter.

2. Design of high pressure consolidation system (HPCS)

The weak sandstone reservoirs in Kazakhstan are of a typical
sand production problem, where no effective sand control can be
used to date. The produced sands are generally disposed on the
ground leading to a serious environmental problem. The reservoir
rock consists of shallow marine sandstones of Lower Cretaceous
age at depth of 200—500 m, which is characterized as porous,
permeable, and weak. The reservoir fluid has very high viscosity
(200—800 mPa s). The reservoir pressure is currently maintained at
3 MPa by water flooding, and oil is produced with high water cut
values greater than 60%. The equipment was designed to replicate
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Fig. 1. A typical sand production setup with sand trap located below the cell: (a) After Fattahpour et al. (2012) and (b) After Papamichos et al. (2001).
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Fig. 2. High pressure consolidation system: (a) Schematic diagram, (b) General view, and (c) Specimen cell in the loading position.

the field conditions for both the solid and fluid conditions where
material consolidation can be approximated by a vertical
compression of similar granular material. As the vertical stress is
developed to simulate the overburden stress during compression,
the horizontal stress increases due to the prevented lateral
expansion, which is similar to the stress condition in a Rowe Cell
apparatus (Rowe and Barden, 1966) in soil mechanics. As the target
overburden stress is reached, which is confirmed by the load
transducer, the vertical stress is maintained by the computer-
controlled loading system and the specimen is cemented inside
the rigid mold under zero lateral extension for 60 min. The locked-
in horizontal stress is proportional to the vertical stress, as similar

to that in a diagenesis process in nature. The specimen retrieved
after the test completion is homogeneous.

The HPCS is equipped with a servo-hydraulic compression load
frame with loading capacity of 5000 kN (Fig. 2) to apply vertical
compression force on a specimen with specified diameter placed
inside a rigid cylindrical mold. The specimen under vertical
compression is sandwiched between the detached top cap and the
bottom cap inside the rigid cylindrical wall. The bottom cap and the
wall form a hollow mold that is pushed up from the bottom by the
hydraulic cylinder of the load frame such that the specimen inside
is compressed by the top cap connected to the fixed top of the load
frame. The specimen is prepared by placing a mixture of a chosen
granular material with a cementing agent into the mold, which is



A. Kozhagulova et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 154—166 157

then subjected to vertical compression inside the load frame. The
compression process can be applied under a stress- or strain-
controlled manner following a specified rate until the target over-
burden stress is achieved. Cementation can be activated at any
selected stress level, and curing takes place when the boundary
stress condition is maintained. Natural specimens can be tested
when they are trimmed to the exact dimension of the mold,
although such specimens would require special extraction methods
in the field.

The schematic diagram and the general view of the apparatus
are shown in Fig. 2. The HPCS is fully computer-controlled for
applying solid and fluid pressures. As illustrated in Fig. 2, the
specimen cell is connected to the hydraulic actuator and the com-
puter. Once the specimen is set up properly within the system, an
operator only needs to specify the target vertical stress value, and
an increasing rate in the controlling software and the loading will
be carried out automatically. The cell is connected with the flow
system, which is situated between the fluid supply reservoir and
the outflow reservoir. The inflow is pressurized by the multiphase
pump unit and fed into the specimen through a series of ports
installed on the bottom and side of the specimen whereas outflow
is directed to the top and into the outflow reservoir. Flow into the
specimen can be manipulated using the valve operation unit to
simulate different flow directions. Fluid flow can be injected from
different ports on the cell wall and on the bottom plate such that
while the radial flow can occur from the wall ports, the vertical flow
can occur from the bottom ports toward the central vertical
perforation. Furthermore, the wall and the bottom ports can be
activated independently to allow for only one flow direction (radial
or vertical) or both directions. Different fluids can be supplied from
different reservoirs for the simulation of multiphase flow using the
HPCS. For the multiphase flow condition, the specimen can be
saturated with oil using the air/liquid pressure cylinder and the
separate high-pressure pump can be used to inject water into the
oil-saturated specimen during sand production. The high-pressure
pump can also support multiphase flow when different fluids from
different reservoirs can be mixed at the pump’s inlet for more
complex testing conditions. The outflow rate can be measured
continuously with a flow meter (cori-flow) assembly, and the
measurement can be used as the feedback information to the
multiphase pump unit to adjust the inlet pressure if a constant flow
is desirable in an experiment with long duration; otherwise, it
provides real-time flow rate in a fluid pressure-controlled test. The
produced sand particles are filtered and weighted in a sand mea-
surement unit, and water can be sent back to the water supply
system after the filtration is discarded.

The HPCS is made up of high-strength and anti-corrosive ma-
terials to maintain integrity under high-pressure testing conditions
and it can resist the abrasive materials of fine sands and aggressive
chemicals when brine and different crude oils are used in the
experiment.

2.1. Load frame and specimen cell

The most important feature of the designed equipment is the
specimen cell, with which material consolidation, diagenesis,
perforation, and sand production can be conducted without
removing the specimen from the cell temporarily and hence
loosing the confinement and creating disturbance to the specimen.
As the perforation diameter is measured as 10—20 mm, the spec-
imen diameter should be larger than that of damaged zone due to
perforation, which is assumed to be about 5 times that of the
perforation (Pucknell and Behrmann, 1991). Finally, the inner
diameter of the cell was created to be 300 mm. The oil-producing
horizons in the local reservoirs are located at around 500 m

depth; taking into account the specimen surface area, the load
frame of 5000 kN capacity was used to apply the maximum vertical
stress equivalent to around 3200 m depth of the reservoir.

The load frame is constructed by 4 rigid columns that provide
clearance for moving the cell in and out of the loading position
using a supporting frame. The dimensions of the load frame and the
cell allow a maximum initial specimen height of 240 mm.

The external position in Fig. 2b is used for specimen preparation
in the beginning. Perforation through the central conduit of the
loading structure after the specimen is cemented, and cleaned at
the end of experiment. The loading position (Fig. 2c) is used for
vertical compression of specimen to simulate the consolidation and
diagenesis in nature during sand production and to extrude the
specimen out of the cell at the end. Note that if the consolidation
stress represents the overburden stress, its removal during perfo-
ration may represent stress reduction during drilling of a horizontal
well and finally it can be set to an appropriate value during sand
production to reflect the real condition. Radial stress varies as a
function of vertical stress change as similar to the stress situation
around a vertical perforation of the horizontal well in the field.

The high pressure consolidation cell was designed for two
competing requirements, i.e. (i) the necessity for access to the top
surface of specimen during experiment for perforation penetration,
and (ii) a liquid sealing system that can sustain a maximum fluid
injection pressure of 7 MPa with the flow going toward the top
central exit port above the perforation tunnel.

The cylindrical wall of the cell is shown in Fig. 3a and b. There
are 8 pairs of fluid injection ports (a total of 16) installed at the
locations of 22.5°, 45°, 112.5°, 135°, 202.5°, 225°, 292.5° and 315°
along the circular circumference of the cell (Fig. 3c).

There are also two horizontal (radial) pressure transducers
installed at 0° and 180° locations on the wall, one pair of S-wave
ultrasonic sensors at 75° and another pair of P-wave ultrasonic
sensors at 105° locations (inset in Fig. 3a) to measure the wave
propagation properties of the material on the horizontal plane of
the installation. The top of the wall is threaded to attach it to the top
cap using a coupler as shown in Fig. 3a and b.

The total weight of top cap is measured 265 kg. Handling of the
heavy top cap to place it on top of the cell and align both parts of the
threads requires careful execution to avoid damage to such a deli-
cate thread system. A mobile crane is used to hook the top cap up,
and a spring-scale system is used in between the loading line for
weight compensation, as shown in Fig. 4a and b. After the first
contact between the threads of the coupler and of the cell is
established, the coupler is slowly screwed to the cell threads while
the spring is used to maintain a maximum of 75% the coupler
weight as shown on the scale. This installation procedure assures
that the applied weight cannot exceed the allowance for safe use of
the threads while maintaining the vertical alignment of the top cap.

The cross-section of the top cap in Fig. 5 shows that the spec-
imen is compressed by a guided loading column such that the
loading plate is prevented from rotation and the top surface of the
specimen is deformed in an equal-strain condition. There is a
conduit created at the center of the loading plate and the column
such that it provides an escape way for water to flow out from the
specimen. There is a tiny gap between the side of the loading plate
and the inner wall of the cell, where an O-ring is installed around
the loading plate such that it minimizes sand particles but allows
water to move through the gap. As water fills in the space between
the loading plate and the coupler, there are two drainage valves to
deplete air until the space is fully filled by water. It should be noted
that the final design was adapted from an earlier solution when the
loading plate is allowed to rotate, and this caused great frictional
contact between the side of the loading plate and the sidewall. The
top cap cannot be removed easily after the test as the applied force



158 A. Kozhagulova et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 154—166

P- and S-wave
. transducers
sensor

e -

Radial stress

Coupler

Injection ports

Fig. 3. High pressure consolidation cell with top cap: (a) General view, (b) Schematic orthogonal view, and (c) Schematic top view.

is as high as 5000 kN. Thus a new top cap with the coupler was
invented and the new threads were added on the top part of the
outside wall to satisfy the water sealing requirement.

The top cap consists of three coaxial components (Fig. 5): the
coupler at the outer part, the guidance at the middle part, and the
attached loading column and loading plate at the inner part. The
guidance rests on top of the cell’s wall and is pressed against the top
surface of the wall by screwing the coupler outside. The loading
column and loading plate form a reversed T-shaped structure that
slides freely inside the guidance. The whole cell wall with the
bottom plate, the guidance, and the coupler move up together and
compress the specimen inside against the loading T-shaped struc-
ture and then against the fixed top of the load frame.

The bottom plate is detachable but fixed to the cell wall during the
loading process. There is one pore pressure transducer installed and

mobile crane

two holes are remained available for future purposes, which are
occupied by dummies (Fig. 6a). Two fluid injection ports are created
on the side of the bottom plate, which are connected to 30 small holes
for even flow distribution during bottom fluid injection (Fig. 6b).

After the test, the top cap can be removed from the cell, and the
bottom plate is unscrewed from the wall such that the specimen
can be pushed up inside with the help of extrusion cylinders
(Fig. 7). The extrusion cylinders are placed below the cell one by
one along the specimen extrusion such that the whole specimen is
lifted and can be retrieved for further analysis.

2.2. Liquid flow system

A liquid flow system is needed to saturate the specimen and to
conduct the sand production test when multiphase flow is injected

ALl
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-
-
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Fig. 4. Weight compensation tool of high pressure consolidation cell: (a) Schematics and (b) General view.
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Fig. 5. High pressure consolidation cell schematics (after Wille Geotechnik, 2016).

from the boundary of the specimen in radial and/or vertical (from
the bottom) directions toward the central perforation tunnel to go
through the conduit embedded in the top loading structure to the
outside. Sometimes a liquid cementing agent, e.g. CIPS solution
(Kucharski et al., 1997), may also be used for cementation of
specimen. For sand production, a high flow regime is necessary
with a maximum flow rate of 5 L/min, or with a maximum injection
pressure of 7 MPa. In contrast, a lower flow regime is sufficient for
saturation and cement injection. The HPCS is equipped with two
liquid supply systems, where a high-capacity multiphase pump
(Fig. 8a) is.

For multiphase flow, there are two tanks of 1 m?> for water and
oil supply; together with the air/liquid pressure cylinder (Fig. 8b),
they are all connected to the pump unit, as shown in Fig. 8a. The
lower handle in Fig. 8a is used to switch between the two liquid

Fig. 7. Extrusion cylinders. Used for the full range flow regime, and an air/liquid
pressure cylinder system (see Fig. 8b) is used for only the low flow regime.

supply systems where the left position is used for the low flow
regime (no pump), and the right position is used for the high flow
regime with the pump. The upper handle, on the other hand, is
used with the pump, where the left position is used with supply
from the water tank while the right position is for the oil tank. The
larger liquid supply tanks provide longer flow conditions as the
flow rate can be as high as 5 L/min. There is also an operator panel
for manual control of the pump if necessary; otherwise sand pro-
duction is conducted completely automatically using the control
software at the computer terminal.

The pump unit is connected to a valve operation unit as shown
in Fig. 8c, which directs the flow to different injection ports on the
cell. “Drain” and “Fill” indicate flow direction into/out of the cell
from/to the liquid tanks, whereas the vertical position indicates a
closed valve. Note that the top valve was no longer used as we lost
access to the top injection ports with the change of the top cap to its
current form. There are four valves and hence injection lines for
radial flow, which can be connected to a maximum of 50% the radial
injection ports (4 out of 8 pairs in total). The bottom injection line
(valve) is for the pair of injection ports in the bottom plate and the
top line becomes redundant or can be used for a radial injection.
The radial injection is implemented via plastic tubings with 4.7 mm

Fig. 6. Bottom plate of high pressure consolidation cell: (left) Bottom and (right) Top views.
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Fig. 8. Liquid supply system: (a) Multiphase pump unit, (b) Air/liquid pressure cylinder, and (c) Valve operation unit.

inner diameter, which were designed for the high flow rate, high
pressure, and aggressive liquids in the study.

The fluid flow can be regulated automatically or manually us-
ing the computer or the control panel on the pump unit, inde-
pendent of applying vertical stress. The sand production
experiment can simulate a pressure drawdown condition when a
constant inlet pressure is set at the injection ports in the software
and collect a free flow at the outlet. In another case, a constant
flow rate target can be set for the output from the outflow meter
such that the computer will continuously adjust the pump to
attain the specified flow condition. In the latter case, we can
bypass the software and computer control to set a constant in-
jection flow rate using the control panel of the pump unit. The
fluid flows through the porous media of the specimen towards the
top exit, which continues to the solid filtration and collection and
finally to the fluid collection tank. As the specimen is subjected to
the coupled solid and hydraulic stresses during sand production,
plastic deformation may take place and create free particles to be

transported out with the flow. This dynamic process depends on
both the initial parameters and any further variation of the solid
and liquid phases during the test.

2.3. Instrumentation system

The instrumentation system was designed to allow extensive
monitoring of experimental condition in terms of solid stress,
specimen condition, fluid pressure, flow condition, and solid pro-
duction. The monitoring results can also be used as the feedback
information to adjust the operation of the load frame and the pump
to implement different experimental programs.

The HPCS is equipped with a vertical load transducer (Fig. 9a)
and a vertical displacement transducer (Fig. 9b) associated with the
hydraulic servo actuator of the load frame. The vertical stress is
calculated from the vertical load and the specimen area automat-
ically and displayed in the software with a measurement sensitivity
of 0.1 kPa. The vertical displacement transducer is a potentiometer
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Fig. 9. Instrumentation system: (a) Vertical load transducer, (b) Vertical displacement transducer, and (c) Ultrasonic transducer.

that has a measurement range of 0—100 mm with linearity of 0.15%.
The measurement from these sensors is used to drive the actuator
in either stress- or strain-controlled fashion. If the applied vertical
stress on the specimen is measured indirectly from the actuator, the
radial stress is measured directly by two radial stress sensors
installed opposite to each other on the cell wall such that there is
direct contact between the side of the specimen and the diaphragm
of the pressure sensor.

The condition of the specimen can be measured in terms of
ultrasonic pulse velocity by a pair of P- and S-wave transducers
(Fig. 9c¢) installed on the cell wall (Fig. 3a) as similar to the radial
stress transducer. The non-destructive measurement technique
allows calculation of compression and shear wave velocities from
the travel time and the distance between the transmitter and the
receiver of the sensor. The velocity values can be used to estimate
the elastic properties of the material, along with the porosity,
density and compressive strength of rocks (Rafavich et al., 1984;
Vernik and Nur, 1992; Yasar and Erdogan, 2004; Garia et al., 2019),
which is a common practice used in the oil and gas industry. The P-
and S-wave transducers have the frequency range of 0.5—1.5 MHz, a
nominal operating voltage of 60 V and a maximum operating
voltage of 300 V. Special mechanical design of the sensor allows for
an operating temperature in the range of —10 °C—60 °C and a
pressure resistance up to 10 MPa.

The behaviors of the porous soil and rock are dependent on the
pore pressure, which can be described in terms of effective stress as
the difference between the total solid stress and pore pressure for
the case of full saturation. Measurement of pore pressure is

Fig. 10. Fluid outflow direction.

important for the calculation of effective stress and for checking the
saturation of the specimen in no-flow condition as compared to the
inlet and outlet pressures. A piezoresistive pore pressure trans-
ducer was installed in the bottom plate of the cell to measure the
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pore pressure inside the specimen with a precision of 0.001% under
room temperature condition.

The outflow goes through the conduits inside the loading col-
umn of the top cap and continues to the outside via an elbow
fitting, as shown in Fig. 10, provided that sufficient hydrostatic head
is applied. Once the sand particles are produced with the flow, the
velocity needs to be higher than a critical velocity to uplift the
smallest particles in the slurry, which is similar to the well situation
in the field. The outflow line is extended, as shown in Fig. 11, which
includes, along the line, a bypass valve, a sand filter, an outlet
pressure transducer, a flow regulator, and a flow meter. Note that
flow rate data are also provided directly from the pump unit to the
software and two measured flow rates should be the same for a
steady-state flow. The sand filter is used to trap coarse solids larger
than 400 pm to protect the outlet pressure transducer in case they
are produced as bonded sand clusters that are out of the range of
the particle size distribution. The flow regulator can be used to
precisely adjust the outlet pressure to attain an exact pressure
drawdown between the inlet and outlet pressures. The bypass
valve is used when there is massive sand production that blocks the
filter and stops the flow in some cases. A summary of the technical
specification of the sensors is given in Table 1.

The mass of the produced sands is measured using a sand
measurement unit, as shown in Fig. 12. After passing through the
flow meter, the liquid together with the dispersed sand particles
flows inside a flexible plastic tube directly onto a fine mesh sus-
pended sieve (which captures the particles but not the liquid)
located near the bottom of the water tank (Fig. 12b and c). The sieve
is supported by an independent frame that can be placed on a scale
such that the sand mass can be measured as the difference in the
scale measurements between a no-sand and a sanding condition.
The liquid, on the other hand, is contained within the tank, which is
supported on an entirely different structure, and discharged when
the liquid reaches an upper level, as shown in Fig. 12a. This device
allows for the measurement of the produced sand in real-time
(with manual recording), which is similar to the design approach
by Fattahpour et al. (2012). The fluid flow going out of the unit can
be either discarded or sent back to the liquid supply reservoir. The

Fig. 11. Devices installed at the outlet.

produced sands can be collected from the sieve at the end of the
experiment for further analysis.

3. HPCS performance from the results of an integrated
experiment

3.1. Specimen preparation

The artificial sandstone can be prepared directly inside the cell.
To simulate the in situ cementation in the natural reservoir, two
cementing agents were implemented with the HPCS: the pro-
prietary calcite in situ precipitation system (CIPS) (Kucharski et al.,
1997; Ismail et al., 2000) and the silicate solution (Holt and Kenter,
1992; Holt et al., 1993; Tronvoll et al., 1993). In the presented case,
the specimen was prepared with the silicate solution method. First,
sand and sodium silicate solution were mixed thoroughly following
a10:1 sand to silicate solution ratio. According to the size of the cell,
the initial mixture was prepared with 23 kg sand and 2.3 kg sodium
silicate solution. We used a silica open quarry sand, which was
clean and poorly graded, with the mean grain size of 0.3 mm, co-
efficient of uniformity of 2 and coefficient of curvature equal to
0.89. The mixture was then placed into the cell in a sequence of 5
layers, and each layer was compressed lightly to ensure the even
distribution of the mixture. The fluid injection ports on the wall
were covered by filter paper to prevent the escape of fine sand
particles into the components that may cause leakage under high
fluid pressure application during the later experimental stages. The
discontinuity between different layers was minimized by scratch-
ing the surface of each layer before placing the next layer. After the
total mixture was placed (Fig. 13a), the top cap was attached to the
cell’s body, and the cell completely slid into the loading position
within the load frame using a special feeding plate that rides on a
railing system as shown in Fig. 1c.

The specimen was initially compressed vertically with zero
lateral expansion due to the rigid cell. The drainage valve in the top
cap was left open to deplete air out of the specimen. The specimen
was compressed until a target vertical stress of 1000 kPa and was
maintained in this condition until the recorded vertical settlement
ceased to change (Fig. 14).

The in situ cementation (Fig. 15) was then activated by injecting
carbon dioxide (CO,) from an industrial gas cylinder to the cell
through the injection ports and bypassed the pump using the lower
handle in Fig. 8a. Note that the CO, gas cylinder was used here
instead of the air/liquid pressure cylinder, which was reserved for
the case of a liquid cementing agent (i.e. CIPS). The CO, gas was
injected into the specimen at point 1 in Fig. 15 and percolated
through the specimen for 40—60 min, when the outlet valve was
left open, at a rate of 5 L/min and under a 500 kPa pressure. The
radial stresses increase from the values at the end of the consoli-
dation in Fig. 14, while the vertical stress does not change as it is
maintained by the computer-controlled loading system. The
cement bonds were created in the form of silicic acid that results
from the chemical reaction between the sodium silicate and the
CO; gas (Holt et al., 1993), which can be given as

N825i307 + 2H20 + 2C02 —’35102 . Hzo + 2NaHC03

The mole ratio of the sodium silicate solution and CO; is equal to
their mass ratio. Approximately 293 g or 148 L CO; is needed to
react with 2.3 kg sodium silicate solution mixed inside the spec-
imen, and that can be provided by maintaining the CO, gas pressure
injected into the specimen while the outlet valve was closed for
25—30 min between points 2 and 3 in Fig. 15. The radial stress
measurements fluctuated when the gas flow started and then was
switched off during the cementation process. A greater residual
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Technical specification of the sensors used in the HPCS.

A. Kozhagulova et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 154—166 163

No. Sensor

Transducer type

Specification

1

Pore water pressure,
pump inflow pressure
and outlet pressure

Piezoresistive

Output signal: 0
—10V, RS482
Pressure connection:

G1/4”
Electrical
connection: Binder
723/5-p
Supply: 13-32V
Error: 0.01%
FS@25 °C;
0.003%FS@10 °C-
40 °C
Force: 25 kN
Size of the sensor:
¢100 mm x 35 mm
Linearity hysteresis:
+0.05%FS
Supply: 0-28 V,
30 mA
Measurement range:
0—100 mm
Repeat accuracy:
2 pm
Linearity: 0.15%
Maximum supply:
42V
Output signal: 0
—10V, RS482
Pressure connection:
G1/4”
Electrical
connection: Binder
723/5-p
Supply: 13-32V
Frequency range:
1 MHz (0.5
—1.5 MHz)
Interface: BNC
Minimum sizes:
31.5 mm x 63.5 mm
Coriolis measurement Stainless steel pipes
principle for oil, water and Flow rate: 0.5—-5 L/
oil-water emulsions min
Precision: < 1%
Supply: +15-24 V
Output: 0—-100%
(digital RS-232),
0—10 V (analog)

2 Radial stress Strain gage piezoresistive

3 Vertical displacement  Potentiometer

4 Vertical load Piezoresistive

5 Ultrasonic waves Piezoelectric

propagation

6 Flow meter

Note: FS means the full-scale.

stress value was reached at the end of the cementation, which
could reflect a volume expansion tendency due to cementation.
Vertical stress, on the other hand, was constant throughout the
whole process as it was maintained by the control system of the
load frame. The cementation process was considered complete
when all readings became flat.

3.2. Specimen saturation and perforation

Once the cemented specimen was formed, the cell was removed
from the load frame such that the top cap could be lifted up to gain
access to the top surface of the specimen (Fig. 13b). The height of
the specimen was measured for successive void ratio calculation
based on the specimen dimension and its mass (Rocchi and Coop,
2014). A piece of donut-shaped filter paper was placed on the top
surface of the specimen, the top cap was closed again, and the
specimen returned to the loading position. Water was circulated
through the specimen by injecting it at a low flow rate from the

bottom to avoid disturbance to the weak porous material. The top
drainage valve was left open until the upper chamber in the top cap
was fully filled by water. The fluid circulation was kept until the
circulated volume exceeded two times the cell volume. The satu-
ration process started by closing the outlet valve and increased the
injection pressure as similar to the application of backpressure in
the triaxial test. Inlet pressure was increased in steps while moni-
toring the pore pressure and the outlet pressure readings. The
equilibration of injection, pore and outlet pressures would indicate
a full saturation; otherwise, the inlet pressure was maintained as
high as 700 kPa overnight.

The specimen was removed from the loading position so that it
could be perforated using a penetrometer that slid inside the
conduit of the top cap in Fig. 5. For simplicity, in this case, a long
drill bit of 14 mm in diameter was used instead of a penetrometer
to drill a central vertical hole along the full height of the specimen
to act as the perforation tunnel. The perforation damage hence was
minimized in the drilling as compared to a mechanical penetration
or a perforation gun in the field. The perforated specimen returned
again to the loading position and was ready for the stage of sand
production experiment. Note that during the saturation and
perforation stages, the specimen was removed multiple times from
the loading position, which could affect the initially applied over-
burden stress. The removal of overburden stress, however, also
occurs in the field during the drilling and cementing operations of a
horizontal well. The radial stress, on the other hand, was locked-in
due to the specimen cell as similar to the horizontal stress condi-
tion in the wall along the well’s axis. Once inside the load frame,
application of the vertical stress can be resumed according to the
experimental program.

3.3. Sand production under different flow rates

The perforated specimen was utilized to conduct the sand pro-
duction experiment where water was injected from the injection
ports on the cell such that water (together with sand) was produced
at the outlet under a specified pressure drawdown. The experiment
was divided into several stages of different vertical stresses applied
to simulate different producing horizons (depth) in the field. In
each stage, the pressure drawdown was applied and kept constant
when we measured the fluid flow rate and the amount of produced
sand (if any). The pressure drawdown was then increased to study
the effects of drawdown and flow rate on the sand production
behavior. A summary of the experimental stages is given in Table 2,
which includes the information of the applied vertical stress,
drawdown pressure, fluid flow rate, and sand production.

The fluid flow started with a small flow rate of 0.9 L/min to lift
up and remove the sand debris created during perforation before
the first sand production stage. In stage A, vertical stress of
1000 kPa was applied, and then a pressure drawdown of 100 kPa
was applied, which produced a steady-state fluid flow rate of 1.2 L/
min for around 20 min, but no sand was observed. The drawdown
pressure was increased to 400 kPa and subsequently to 800 kPa,
and the test continued in a similar fashion, but still no sand was
observed at 2.7 L/min flow rate. It is concluded that sand is not
produced at this overburden stress level and in this drawdown
pressure range, which is comparable to the field result. The flow
was ceased slowly and the vertical stress was increased to 2000 kPa
in the stage B. Different drawdown pressures were applied as
shown in Table 2, yet similarly no sand was collected for fluid rate of
2.6 L/min. The flow was again ceased and the vertical stress was
increased to 3000 kPa in stage C, during which 1.1 g sand burst was
first collected at 2.4 L/min flow rate and another sand burst of 0.8 g
was obtained when the flow rate was increased to 2.8 L/min. The
experimental results of stage C are shown in Fig. 16, and the
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Fig. 12. Sand measurement unit: (a) General view, (b) Schematic orthogonal view, and (c) Side view (after Wille Geotechnik, 2016).

Fig. 13. Specimen preparation: (a) Initial state, and (b) Cemented sandstone specimen.

produced sand pattern is similar to that usually observed in oil
fields, i.e. increase in flow rate leads to increase in the cumulative
sand production with the increment being smaller with each suc-
cessive increase.

The experimental results from the HPCS equipment can be used
for development of analytical models for prediction of sand pro-
duction (e.g. Kozhagulova et al., 2020a; Shabdirova et al., 2020).
Material properties of the same cemented sandstone obtained from
a set of triaxial tests (Kozhagulova et al., 2020b) were utilized to
predict the material failure. The results were combined with the
measurements of sand mass and sanding rate in the sand produc-
tion experiments to develop and calibrate analytical models for
prediction of sanding onset and sand volume for the ranges of fluid
flow rate, solid stresses, and pressure drawdown in this study.

Fig. 17 shows the extruded specimen after the test with some of
the filter papers still being remained in-place. The filter papers
were used to prevent the fine sand particles going into the ports
and causing leakage, and the top paper was used to prevent surface
erosion as observed in some tests. The produced sand hence came
from the perforation and the plastic zone around the cavity (Risnes
et al., 1982), due to the applied stress distribution and the inter-
action with the hydrodynamic forces of the fluid flow in this zone.
The retrieved specimen can be used for further analysis of micro-
structural change inside the specimen as the result of sand
production.
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Fig. 14. Distribution of vertical and radial stresses during consolidation.

4. Conclusions

A new apparatus and a novel experimental method were
developed to understand the sanding behavior in weak sandstone
reservoirs in Kazakhstan. Through replicating the realistic rock
diagenesis, perforation, and sand production processes in the field
using a single large artificial specimen, a comprehensive study of
the sand production phenomenon was conducted, where the solid
and fluid pressures and flows were entirely computer-controlled
and monitored during the whole experiment. The HPCS also al-
lows the study of both single and multiphase flows in porous media
at realistic reservoir pressures to simulate different scenarios in a
well’s life, for example, by implementing different depletion and/or
water-to-oil cuts. The results of the integrated experiment on an
artificial sandstone prepared with sodium silicate cementing agent
were presented in three successive steps of specimen preparation
with in situ cementation, perforation under a realistic boundary
stress condition, and sand production with ramp-up pressure
drawdown and flow rate. The observed sand production patterns in
the laboratory were similar to the actual sand production behavior
in the local fields where a critical flow rate is required to trigger
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Fig. 15. Distributions of vertical and radial stresses during cementation.

Table 2
Summary of sand production test stages.

Stage Vertical stress Drawdown pressure Fluid flow rate (L/ Produced sand

(kPa) (kPa) min) (g)
A 1000 100 1.2 —
400 19 -
800 2.7 -
B 2000 75 0.9 —
380 1.7 —
750 2.6 -
C 3000 55 0.6 —
360 1.5 —
560 2 -
730 24 1.1
950 2.8 0.8
3.5¢ 0.8 g sand
..... Flow rate collected 4 1400
3r 1.1 d A
Pressure drawdown -1 gsan ~——
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Fig. 16. Sand production behavior under successive increases of pressure drawdown in
stage C.

sand production and a subsequent increase above the critical flow
rate will create another, albeit smaller, sand burst. The material and
sand production studies provided valuable insight into the sand
production in the local weak sandstone reservoirs for development
of analytical models that can successfully predict the actual sand
production (Kozhagulova et al., 2020a; Shabdirova et al., 2020). The
study of multiphase flow effect on sand production is being carried
out, which will provide another critical development on the pre-
diction of sand production in the depleting reservoirs.

Fig. 17. The specimen retrieved after the test.
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