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Abstract: SAGD (Steam Assisted Gravity Drainage) is used in Canadian fields where there are
interlayers that impede steam chamber development and thus impede production. Many experiments
have been conducted on the effect of interlayers on oil recovery. However, the swelling characteristics
of interlayers under different conditions, as well as the possible clay mineral transformation and
particle migration of clay particles at high temperatures, are rarely studied. In this paper, the swelling
characteristics of natural oil sands and artificial clay samples were studied by high temperature
hydration swelling experiments to obtain a better comparison. The effects of temperature, pressure
and solution type on the swelling rate of oil sand were studied. The uniaxial compressive strength of
the core in the presence of clay was studied by the scribe test. In addition, before and after the aging
test at 220 ◦C and 2.5 MPa, the clay mineral composition was studied by the X-ray diffraction method,
and the mineral transformation was proved. Finally, the impact of clay swelling on oil production is
investigated by simulating the particle migration effect while considering the swelling effect. The
results show that the swelling rate of oil sand increases with the increment of temperature and the
decrement of pressure. The swelling rate of an artificial clay sample in distilled water is the highest,
while a 1% KCl + 1% CaCl2 solution has the best swelling inhibition effect. This study aims to provide
new insights into reservoir damage research during SAGD development.

Keywords: oil sands; swelling rate; illite-montmorillonite mixed layer; mineral transformation;
particle migration

1. Introduction

SAGD (Steam Assisted Gravity Drainage, SAGD) is a method of injecting steam into
the oil reservoir from a vertical well or a horizontal well located above a horizontal produc-
tion well near the bottom of the oil reservoir. The heated crude oil and steam condensate
are removed from the reservoir [1]. SAGD is applied in the oil fields in Canada, and
geological testing has revealed the existence of interlayers which hinder the development
of steam chambers and affect oil production. The presence of interlayers will reduce the
overall permeability of the reservoir and hinder the growth of steam chambers [2–8], which
ultimately leads to a recovery reduction in heavy oil reservoirs. Numerical simulation and
physical simulation experiments have been used to study the influence of the position of
wells relative to barriers on the recovery factor in SAGD development [9–12]. The results
show that the barriers in the reservoir will affect the reservoir permeability, especially if
the barriers exist between the two horizontal wells. Geologically, the influence of tem-
perature and pressure on the elastoplastic deformation of oil sands is studied through
high temperature and high pressure triaxial experiments. Temperature has an important
impact on elastoplastic deformation of oil sands, leading to porosity and permeability
reduction [13–18]. High temperatures will improve the mobility of asphalt in pore and it
has a better effect of extracting asphalt when pressure exists [19].
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As stated above, many experiments and mathematical simulations regarding interlay-
ers’ impacts on oil recovery have been carried out. However, the swelling characteristics
of the interlayers, which are mainly composed of clay, under different conditions and the
possible clay mineral transformation under high temperatures are rarely studied. It has
been verified by other researchers that the swelling performance of clay will be affected by
temperature, and clay may also undergo mineral transformation at temperatures above
185 ◦C [20]. Montmorillonite with higher expansibility can be generated from kaolinite
and quartz in oil sands [21,22]. Clay swelling and possible mineral transformation at high
temperatures can cause a further decrease in porosity, which in turn affects recovery in
SAGD development. In the face of increasing energy demand, it is necessary to study the
swelling characteristics and mechanical strength of oil sands containing a certain amount
of swelling clay minerals.

In this paper, the illite-montmorillonite mixed layer was found by scanning electron
microscope experiments. The swelling ratio of natural oil sands was studied by hydra-
tion experiments. The artificial clay samples were prepared according to the core X-ray
diffraction results and used to study the effects of different temperatures, pressures and
different types of solutions on the clay’s swelling behavior. After one week of aging in a
closed container at 220 ◦C and 2.5 MPa, the mineral transformation of clay was studied by
comparing the mineral composition of the samples before and after aging. In order to study
the mechanical strength of oil sands, scribe tests were carried out and it was found that the
uniaxial compressive strength of the interlayers, which are mostly composed of clay, was
2.5 ksi lower than other parts of the core. The existence of clay in the core was identified
by thin slices of rock, and then the particle migration after mineral transformation, which
impacts oil production, was simulated and studied by numerical simulation technology.
This paper provides new attention for the development of oilfields with interlayers by
combining the experimental results of oil sand expansion characteristics with other experi-
mental results and proposes that K+ and Ca2+ can be added to the solution to inhibit the
expansion of clay particles.

2. Materials Methods
2.1. Materials

Oil sand samples were from the M oil block in Canada. It is found that kaolinite
mainly shows a leaf-like or worm-like morphology, and the illite-montmorillonite mixed
layer mainly appears as flocculent forms attached to the surface of particles under scanning
electron microscopy [23], as seen in Figure 1.
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Figure 1. Mineral morphology under scanning electron microscope. Where K is for kaolinite and I/S
is for illite-montmorillonite mixed layer.

The solution used in the hydration experiment was made based on the formation
water composition, as shown in Table 1. The types and contents of minerals in oil sand
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samples are shown in Table 2. X-ray diffraction experiments were carried out on oil sand
samples to determine the composition of clay minerals, as shown in Table 3.

Table 1. Ionic and chemical composition of formation water.

Ion Name Concentration (mg/L) Pharmaceutical Preparation

Na+ + K+ 2330.00 NaCl

Mg2+ 27.00 MgCl2·6H2O

Ca2+ 40.00 CaCl2

Cl− 2700.00

SO4
2− 600.00 K2SO4

HCO3
− 1800.00 NaHCO3

CO3
2− 70.00 Na2CO3

Total 7567.00 NaCl

Table 2. Types and contents of mineral in oil sand samples.

Core Number
Mineral Species and Content (%)

Total Clay Mineral (%)Quartz
(Clastic Quartz + Flint) Potash Feldspar Plagioclase Calcite Tron

Dolomite

1# 95.1 1 0.9 3

2# 93.2 1.8 1.1 0.4 3.5

Table 3. Relative content of clay mineral.

Core Number
Relative Content of Clay Mineral (%)

Mixed Layer Ratio, S (%)
S I/S I K C

1# 24 15 47 14 7

2# 42 13 34 11 8

3# 32 16 38 14 10

S: smectites; I/S: illite-montmorillonite mixed layer; It: illite; K: kaolinite; C: chlorite; /S: chlorite-montmorillonite
mixed layer.

Industry grade clay was used for preparing clay samples to achieve a better com-
parison effect, according to Table 3. Hydration swelling experiments were used to study
different influence factors on clay swelling performance.

2.2. Experimental Setup

The hydration device is HTP-C4 [24], as shown in Figure 2. The N2 bottle provides the
pressure required for the experiment through the Inlet 1 and also provides the pressure
for the solution injected into the test bench through the Inlet 2. The air duct is used to
maintain the experimental temperature, and the test solution flow controller is used to
control the flow rate of the test solution. The test bed controller controls the temperature
and switches of the experiment. The pressing sleeve is used to press samples. The data
collection system is used to collect the sample expansion rate during the experiment. The
precision of measurement is 1%.

2.3. Experimental Procedure
2.3.1. Sample Processing

First, the samples need to be processed, including natural oil sand samples and
artificial clay samples, and then experiments are carried out using a high temperature
hydration dilatometer [24].
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Since 2# sample has a high montmorillonite content and a relatively large swelling
factor, artificial clay samples are prepared according to the clay composition in the 2# core
as shown in Table 3. The artificial clay samples are named 2#a to differentiate them from 2#.
The contents of kaolinite, chlorite, montmorillonite, and illite are weighed based on a total
mass of 10 g (Table 4). Weighed clay is then placed into a plastic cup and stirred thoroughly.

Table 4. Mineral composition of artificial clay samples (2#a).

Clay Type Weight (g)

Illite 5.164

Kaolinite 3.400

Chlorite 1.100

Montmorillonite 0.336

Total 10.000

2.3.2. Aging Test

The specific steps are:
Put the oil sand debris after oil washing into a high temperature and pressure container;
Add enough formation water to the container to immerse the sample;
Place the container in a drying oven, set the reaction conditions to 220 ◦C, 2.5 MPa,

and the reaction time to 10 days.

2.3.3. Strength Test of the Core

The nature cores are placed in the core holder, and the compressive strength along the
rock scribed direction is obtained by scoring the rock surface [25].

2.3.4. Numerical Simulation Mechanism

CMG (numerical simulation software) is applied to mainly simulate the mineral
transformation of clay particles under high temperatures (kaolinite is transformed into an
illite-montmorillonite mixed layer) and the particle migration of illite-montmorillonite in
the rock core. The REACTION part of the STARS module was used. The main chemical
reaction is that part of the kaolinite is converted into montmorillonite at 185 ◦C (as shown in
Equation (1)). The injected steam fluid flows with the detachable montmorillonite particles
attached to the rock surface (as shown in Equation (2)), and is “captured” at the pore throat
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(as shown in Equation (3)), hindering the flow passage of fluid. The main reaction equation
that takes place in this process is [26]:

7Al2Si2O5(OH)4
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Montmorillonite

+ 7H2O + H2 (1)

Montmorillonite→ FreeMontmorillonite (2)

FreeMontmorillonite → CapMontmorillonite (3)

Under normal conditions, the porosity in the model is the ratio of the pore volume to
the total volume of the set grid, but this simulation considers the mineral reaction of the
solid phase of the rock, and the generated clay mineral particles migrate with the flow of
the fluid. Considering the change of the solid phase, the void porosity is used here.

The total volume of the simulated unit can be determined by Vr (rock matrix volume),
Vs (adsorbed solid volume), Vw (water phase volume), Vo (oil phase volume), Vg (gas phase
volume), consisting of:

V = Vr + Vs + Vw + Vo + Vg (4)

The total volume of fluid in the grid is Vf , which is mainly composed of water phase,
oil phase, and gas phase volume, namely:

Vf = Vw + Vo + Vg (5)

The void volume Vv in the grid is the difference between the total volume of the unit
and the volume of the solid rock matrix, namely:

Vv = V −Vr = Vf + Vs (6)

The simulated void porosity can be defined as:

Φv =
Vv

V
(7)

According to the above formula, the relationship between the porosity of pores and
the solid rock matrix volume can be deduced:

Φv =
Vv

V
=

V −Vr

V
= 1− Vr

V
= − 1

V
Vr + 1 (8)

3. Experimental Results and Discussion

The hydration swelling experiments are carried out for both oil sand samples and
artificial clay samples to better study the clay swelling behavior of oil sand. The test
solution used in the experiment is formation water.

3.1. Natural Oil sand Samples

In order to study the influence of the content of illite-montmorillonite mixed layer in
oil sands on its swelling characteristics, 1# (I/S: 24%) and 2# (I/S: 42%) cores are selected
for their obviously different content of illite-montmorillonite mixed layer. Experimental
temperatures are 100 ◦C, 120 ◦C, 140 ◦C, 160 ◦C, 180 ◦C, 200 ◦C, 220 ◦C, and pressure is
kept at 2.5 MPa.

From Figure 3, it can be found that the swelling rate of oil sands increases with the
increase in temperature. The swelling rate of 1# is 1.11% at 220 ◦C while 2# is nearly 4 times
that of 1#, reaching 4.2%. It should be mentioned that the total content of clay minerals
in 1# core is 3%, while 2# core is 3.5%. The content of the illite-montmorillonite mixed
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layer in the clays of 1# and 2# is 24% and 42% separately. The higher the content of the
illite-montmorillonite mixed layer in the oil sand, the higher the expansion ratio of the
oil sands.
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3.2. Artificial Clay Samples

Because the swelling rates for natural oil sands are low, only less than 5%. To guarantee
the same content of illite-montmorillonite mixed layer and for a more obvious comparison
effect, artificial clay samples whose mineral content is the same as clays in oil sand sample
2# are used to study influencing factors on swelling performance of oil sands.

3.2.1. Temperature Effect

Effects of different temperatures on hydration swelling of clay samples are investigated
at 100 ◦C, 120 ◦C, 140 ◦C, 180 ◦C, 200 ◦C, 220 ◦C, and pressure is 2.5 MPa.

It can be seen from Figure 4 that as temperature increases, the hydration swelling rate
of samples gradually increases. As the temperature rises, the swelling property of clay
increases, which on one hand causes its own expansion. On the other hand, it can cause
more water to enter the layers, further increasing its swelling rate. When the temperature
is higher than 180 ◦C, the swelling rate has a more significant increase. It is deduced that
the mineral transformation may happen during the transformation process, kaolinite reacts
to form montmorillonite [21], as will be verified later through aging test.

3.2.2. Pressure Effect

The effects of pressure on swelling rate are studied at a temperature of 180 ◦C. As
formation pressure is 3 MPa, and injected steam pressure on field is 2.5 MPa, so 0.1 MPa,
1.0 MPa, 1.5 MPa, 2.0 MPa, 2.5 MPa, 3.0 MPa are set for lab experiments. Results are shown
in Figure 5.
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It can be seen from Figure 5 that as pressure decreases, the swelling rate increases.
During the experiment, the temperature is first set to 180 ◦C and the pressure is set to 3.0
MPa. After the swelling rate stabilized, the pressure was decreased to 2.5 MPa, and then the
pressure was reduced to 2.0, 1.5, 1.0, and 0.1 MPa accordingly. On one hand, high pressure
promotes water molecules to enter into the clay interlayer, which leads to the promotion
of hydration. On the other hand, high pressure has a compaction effect on clay [27]. The
second effect is more obvious, so when pressure decreases, the compaction effect decreases
and the swelling rate increases.
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3.2.3. Effect of Different Types of Salt Solutions

Experiments were carried out under 180 ◦C, 2.5 MPa and different solutions were
used, including formation water, 2% KCl, 2% CaCl2 and 1% KCl + 1% CaCl2. Distilled
water was used for a baseline test.

It can be found from Figure 6 that sample has the highest swelling rate in distilled
water, and swelling rate of sample is the lowest in solution of 1% KCl + 1% CaCl2. Swelling
rate of sample is 20.17% with formation water. 2% KCl solution has a certain inhibition
effect on clay swelling, which has also been found by other researchers [28]. K+ has a
better inhibitory effect than Ca2+ and mixed 1% KCl and 1% CaCl2 solution have a best
inhibitory effect on clay swelling. Therefore, K+ and Ca2+ can be appropriately added to
steam injected on site to inhibit expansion of clay in formation.

Energies 2022, 15, x FOR PEER REVIEW 8 of 13 
 

 

3.2.3. Effect of Different Types of Salt Solutions 
Experiments were carried out under 180 °C, 2.5 MPa and different solutions were 

used, including formation water, 2% KCl, 2% CaCl2 and 1% KCl + 1% CaCl2. Distilled 
water was used for a baseline test. 

It can be found from Figure 6 that sample has the highest swelling rate in distilled 
water, and swelling rate of sample is the lowest in solution of 1%KCl + 1%CaCl2. Swelling 
rate of sample is 20.17% with formation water.2%KCl solution has a certain inhibition ef-
fect on clay swelling, which has also been found by other researchers [28]. K+ has a better 
inhibitory effect than Ca2+ and mixed 1%KCl and 1%CaCl2 solution have a best inhibitory 
effect on clay swelling. Therefore, K+ and Ca2+ can be appropriately added to steam in-
jected on site to inhibit expansion of clay in formation. 

 
Figure 6. Swelling rate of artificial clay samples with different salt solutions (2#a). 

3.2.4. Aging Test 
To study the mineral transformation at high temperatures, an aging test [29] was 

conducted for an artificial clay sample (prepared according to clay composition of another 
natural oil sand). Mineral composition was analyzed before and after aging the sample in 
formation water in a sealed container. Results are shown in Table 5. 

Table 5. Clay content before and after aging test. 

Sample 
Relative Content of Clay Mineral (%) 

Mixed Layer 
Ratio (%) 

S I/S It K C C/S I/S C/S 
Before aging 37  15 48  /  / 
After aging  72 28   / 40 / 

It can be found that after aging test, kaolinite is completely transformed into an illite-
montmorillonite mixed layer. It can be speculated that during SAGD, steam injected may 
cause the interlayer to swell, reduce formation porosity and thus affect oil production. 

3.3. Strength Test of the Core 
Scribe test is a new technology used to test rock strength [26]. The results are shown 

in Figure 7. 
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3.2.4. Aging Test

To study the mineral transformation at high temperatures, an aging test [29] was
conducted for an artificial clay sample (prepared according to clay composition of another
natural oil sand). Mineral composition was analyzed before and after aging the sample in
formation water in a sealed container. Results are shown in Table 5.

Table 5. Clay content before and after aging test.

Sample Relative Content of Clay Mineral (%) Mixed Layer Ratio (%)

S I/S It K C C/S I/S C/S

Before aging 37 15 48 / /
After aging 72 28 / 40 /

It can be found that after aging test, kaolinite is completely transformed into an illite-
montmorillonite mixed layer. It can be speculated that during SAGD, steam injected may
cause the interlayer to swell, reduce formation porosity and thus affect oil production.

3.3. Strength Test of the Core

Scribe test is a new technology used to test rock strength [26]. The results are shown
in Figure 7.
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The uniaxial compressive strength of the core is 1~2.5 ksi (1 ksi = 6.84 Mpa), and the
strength is low. In order to study whether the compressive strength of the argillaceous
lamina in the rock core can correspond to the above experimental results, the particle size
of the core was carried out, and it was found that the core with low compressive strength
contains relatively more argillaceous.

During the development process, the pressure generated by steam injection may affect
its overall structure, especially for the horizon containing argillaceous laminae. Steam
injection pressure that is too high may cause micro cracks in the rock stratum, which is
beneficial to the development, but for the shallow unconsolidated sandstone oil reservoir,
steam injection pressure that is too high may cause the formation to arch up and affect
the construction of the ground. Therefore, the pressure of steam injection needs to be
considered in the actual development process.

3.4. Clay Particle Migration
3.4.1. Rock Slice Identification

The existence and distribution of clay in the core are studied through the technology
of rock slice identification [25]. From Figure 8, the clay can be clearly found and its
distribution is uneven. It is no doubt that the porosity will decrease where the clay particles
are abundant, affecting the development of the steam chamber. In order to study the
clay particle migration, STARS module of CMG is used to simulate the migration of clay
particles in the core.

3.4.2. Simulation of Clay Particle Migration

Experiments related to particle transport have been demonstrated in our previous
studies [24] and will not be shown again here.

From equation 8, it can be seen that the void porosity is negatively correlated with
the rock matrix volume. The larger the rock matrix volume, the lower the void porosity.
As montmorillonite generated by the mineral transformation in each grid migrates, the
rock matrix volume in each grid changes, and the void porosity also changes. Through the
change of the void porosity, the particle migration in the rock can be indirectly analyzed.
The simulation results are shown in Figure 9.
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From Figure 9, it can be found that clay particles will migrate in the core. The
effect of particle migration on the daily oil production and cumulative oil production
within 2 months were then studied by numerical simulation and the results are shown in
Figures 10 and 11.
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By comparing the daily oil production under the two simulation conditions, with or
without considering particle migration, the daily oil production is higher than that in the
absence of the chemical reaction, but after that the daily oil production is lower than without
considering particle migration. In comparing the cumulative oil production, it is found that
the cumulative oil production without particle migration is 5713.43 m3, 23% higher than
that when considering particle migration, which is 4424.13 m3. The numerical simulation
results show that particle migration can affect the matrix distribution and effective porosity
inside the rock and ultimately reduce oil recovery.

4. Conclusions

In comparing the expansion rate of different samples, it is found that the higher the
content of the illite-montmorillonite mixed layer in the oil sand, the higher the expansion
ratio of the oil sands. Temperature and pressure have a great effect on the expansion rate of
clay containing. The expansion rate increases with the increase of temperature, while it
decreases with the increase of pressure. The experimental results show that the laboratory
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swelling ratio of artificial clay samples at 180 ◦C and 3 MPa is 23.28%, while the swelling
ratio of natural oil sands is less than 5% under comparative conditions. It is also found that
K+ and Ca2+ have a synergistic inhibitory effect on the swelling rate of the mixed layer,
and the 1% KCl + 1% CaCl2 mixed solution has a better inhibitory effect than the solution
containing K+ and Ca2+ alone. In addition, in the aging experiment at 220 ◦C and 2.5 MPa,
kaolinite transformed into a mixed layer of illite-montmorillonite. Through the scoring
test results, it can be found that the compressive strength of the core with a higher clay
content is lower, and the uniaxial compressive strength of the core is 1~2.5 ksi. Numerical
simulation results show that the presence of particle migration in the core reduces porosity
and ultimately leads to reduced recovery. Therefore, it is recommended to add a certain
concentration of K+ and Ca2+ to the SAGD steam, and the possible transformation of the
clay at high temperatures should be considered when designing the steam temperature of
the onsite development operation.

In order to improve the recovery of heavy oil production, it is necessary to further
study the clay swelling effect, and clay inhibitors should be considered to be added in
steam during SAGD development.
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