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a b s t r a c t

The double-network prepared with an in-situmonomer gel and a fast-crosslinked Cr(III) gel is introduced
to develop a thixotropic and high-strength gel (THSG), which is found to have many advantages over the
traditional gels. The THSG gel demonstrates remarkable thermal stability, and no syneresis is observed
after 12 months with high salinity brine (95,500 mg/L). Moreover, the SEM and XRD results indicate that
the gel is intercalated into the lamellar structures of Na-MMT, where the gel can form a uniform and
compact structure. In addition, the THSG gel has an excellent swelling behavior, even in the high salinity
brine. In the slim tube experiments, the THSG gel exhibits high rupture pressure and improves blocking
capacity after being ruptured. The core flooding results show that a layer of gel filter cake is formed on
the face of the fracture, which may be promoted by a high matrix permeability, a small aperture fracture,
and a high injection rate. After the gel treatment, the fracture can be completely blocked by the THSG gel.
It is found that a high incremental oil recovery (65.3%) can be achieved when the fracture was completely
blocked, compared to 40.2% if the gel is ruptured. Although the swelling of ruptured gel can improve oil
recovery, part of the injected brine may be channeled through the gel-filled fractures, resulting in a
decrease in the sweep efficiency. Therefore, the improved blocking ability by gel swelling (e.g., in fresh
water) may be less efficient to contribute to an enhancement of oil recovery. It is also found that the
pressure gradient and residual resistance factor to water (Frrw) are higher if the matrix is less permeable,
indicating that the fractured reservoir with lower matrix permeability may require a higher gel strength
for treatment. The findings of this study may provide novel insights on designing robust double network
gels for water shutoff in fractured reservoirs.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The oil recovery in fractured sandstone reservoirs is typically
low due to the unfavorable water channeling issues. Polymer gels
are usually applied for water-shutoff in fractured reservoirs, which
have been proven to be economically feasible to alleviate the
adverse effect of the heterogeneity of the fractured reservoir and
efficiently improve the sweep efficiency of the chase-floods (Demir
et al., 2008; Zhang and Bai, 2011; Imqam and Bai, 2015; Canbolat
and Parlaktuna, 2019; Wu et al., 2021, 2022).
y Elsevier B.V. on behalf of KeAi Co
A successful polymer gel treatment mainly depends on the
rupture pressure of the gel system (Ganguly et al., 2002; Brattekås
et al., 2016; Seright and Brattekås, 2021; Zhang et al., 2021). Pre-
viously, Sydansk et al. (2004) evaluated the mechanical strength
and performance of gels formulated with a combination of high-
molecular-weight and low-molecular-weight polymers. The re-
sults showed that brine started breakthrough from the gel in a
1 mm aperture fracture when the pressure gradient was 2 MPa/m
(88 psi/ft). Comparatively, the rupture pressure gradient of gel was
decreased to 0.84 MPa/m (37 psi/ft) and 0.57 MPa/m (25 psi/ft),
when the fracture aperture was increased to 2 and 4 mm, respec-
tively. Provided that the imposed pressure exceeds the gel rupture
pressure, the fluid would penetrate through the gel and generate
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certain new flow paths in the gel-filled fractures, which allow the
chase fluid flowing through these narrow paths.

The in-situ gel systems, such as the organically crosslinked
polymer gels and monomer polymerized gels, have more robust
and flexible structures, which can substantially improve the gel
strength and enable the gel to withstand high pressure gradients
during chase brine injection (El-Karsani et al., 2015; Chen et al.,
2019; Kang et al., 2021; Wu et al., 2022). However, one challenge
is that the gelant may be leaked off into the adjacent matrix during
the gel placement. Although the gel formed within the matrix (by
the leaked-off gelant) may provide a higher flow resistance, it
would also significantly reduce the permeability of the matrix,
especially under oil-wet conditions (Ganguly et al., 2002; Khamees
and Flori, 2018).

It is reported that using partially formed polymer gel (PFPG) can
effectively limit the extrusion of gel into the matrix. Since the
mature gel has a sufficiently robust gel structure, it would not be
substantially penetrated into the adjacent matrix (Seright, 2003;
Sydansk et al., 2005; Brattekås et al., 2015, 2016). However, the
blocking ability of these gels is generally poor, thus providing little
resistance to the chase floods, especially when the permeability
contrast between the fractures and the matrix is large (Brattekås
and Seright, 2018). Previous results have shown that the pressure
gradient causing the gel failure was almost the same as that for gel
to be extruded through the fracture (Seright, 2003). In addition, the
effect of the gel state during gel treatment was summarized by
Brattekås et al. (2015). The results indicated that the mature gel
demonstrated a higher rupture pressure than the immature gel
(gelant), and the rupture pressure of a majority of the mature gels
was approximately 0.34 MPa/m (15 psi/ft). The formed gel may be
dehydrated during its extrusion through a fracture, resulting in a
more concentrated gel. This would be beneficial for enhancing the
blocking ability of the gel during chase floods. For the immature gel,
the gelant normally formed a less concentrated gel due to disper-
sion of the crosslinkers, which, therefore, could be easily displaced
from the fractures during the chase brine injection (Ganguly et al.,
2002; Wilton and Asghari, 2007; Seright and Brattekås, 2021).
Consequently, the poor blocking ability has impeded the use of
theseweak gel systems for water shutoff in large aperture fractures.

Previous studies have shown that double network (DN) is one of
the most effective methods to enhance the gel strength as well as
mitigate the leakoff of the gelant (Zhang et al., 2009; Gong, 2010; Jia
et al., 2011; Du et al., 2019). The DN gels typically consist of two
highly asymmetrically crosslinked networks: a tightly crosslinked
network with monomer and a loosely crosslinked network with
polyacrylamide (Xin et al., 2013; Krakovský et al., 2019). The first
tightly crosslinked network is the major component and has a
significant effect on the strength of DN gel. It can be an organically
crosslinked polymer gel or a monomer polymerized gel. The second
network, designed to reinforce the first (tightly crosslinked)
network, is generally a weak and fast-crosslinking polymer gel
system, which plays an important role in stabilizing the structure of
the tight gel system (Jia et al., 2011). The fast-crosslinking gel may
be gelated during DN gel placement in fractures, which would
consequently limit the components of tight network gel from
leaking into the matrix (Du et al., 2019). It is also reported that the
strength of gel can be greatly enhanced by adding clays (Filippone
et al., 2008; Haque et al., 2012).

The salinity of injectionwater and the salinity of gel solvent have
significant impacts on the gel performance (Zhang and Bai, 2011;
Lenji et al., 2018; Alhuraishawy et al., 2018; Khamees and Flori,
2018; Brattekås et al., 2016). Recent studies have shown that the
gel prepared with higher salinity brine exhibited larger water
permeability reduction and higher oil recovery (Zhang and Bai,
2011; Brattekås and Seright, 2018). The gel may be swollen and
1006
re-block the flow paths even after it has been ruptured, thereby
improving its blocking capacity. This phenomenon would occur
when the salinity of the injected water is lower than the salinity of
the gel solvent (Seright and Brattekås, 2021). The swelling ratios of
the gels are usually decreased with increasing the salinity of in-
jection brine. Contrarily, the gels would shrink when the salinity of
surrounding brine is higher than the salinity of the gel solvent (Tu
and Wisup, 2011; Jamali et al., 2020; Mahon et al., 2020; Guo et al.,
2022). However, the gel prepared with high salinity water would
result in notable decreases in the gel strength and its long-term
stability (El-Karsani et al., 2015; Wang et al., 2016). Moreover,
most of the swollen gels may become too weak and brittle to sus-
tain the imposed pressure (Wang et al., 2012).

In this study, we developed a double-network gel system and
evaluated its potential for blocking the large aperture fractures. In
order to mitigate the leak-off of the gelant into the matrix, a fast-
crosslinking gel was introduced into the gel system, which is
composed of 0.2 wt% HPAM and 0.0125 wt% chromium acetate
(Cr(III)). The clay particles were also introduced into the gel system,
which endowed the THSG solution a good thixotropic property and
the THSG a good swelling ability. Previously, the rheological
properties of the THSG solution and the propagation of the gelant in
parallel-plate fractured models as well as in slim tubes have been
systematically investigated (Ge et al., 2022). In this study, we
focused on evaluating the potential of the THSG with high rupture
pressure for water shutoff in model fractures in porous media,
which could largely contribute to the success of gel treatment in
large aperture fractures generated by hydraulic fracturing. The
properties of in-situ monomer polymerization gel (IMPG) and the
fast-crosslinking gel system were studied, and the strengthen
mechanisms of the clay particles were investigated by XRD and
SEM measurements. The gel swelling behavior in brine of various
salinity was investigated, and the effect of swelling on gel perfor-
mance was discussed. Moreover, the rupture pressure of the gel in
different tubes was measured to determine the blocking capacity of
the gel. Finally, core flooding experiments were conducted to
evaluate the gel performance in fractured cores, including the
gelant injectivity, blocking capacity, and oil recovery improvement.

2. Experimental

2.1. Materials

THSG. The THSG was formulated by incorporating two asym-
metrically crosslinked network: a tightly crosslinked network of
IMPG, and a loosely crosslinked network of fast-crosslinking poly-
mer gel. The IMPG was prepared by acrylamide (AM), N,N0-meth-
ylene-bis-acrylamide (MBA), 4,40-azobis (4-cynovaleric acid)
(V501), and a retarder, i.e., the potassium ferricyanide (PF). V501 is
a water-soluble azo initiator. The fast-crosslinking polymer gel is
composed of 0.2 wt% partially hydrolyzed polyacrylamide (HPAM)
and 0.0125 wt% chromium acetate (Cr (III)). The HPAM has a mo-
lecular weight of 13 � 106e15 � 106 Da and 20%e25% degree of
hydrolysis, which is supplied by Jucheng Fine Chemicals Co. (China,
Anhui). Chromium (III) acetate (12.5 wt% aqueous solution) was
prepared by diluting the commercial solution (50 wt%) with
distilled water. The clay used in this study is sodium-based
bentonite, and the purity of montmorillonite is 80%e100% (Na-
MMT, from Halliburton Baroid).

Brine. The total dissolved solids (TDS) of brine were 95,500 mg/
L, and its composition is listed in Table 1. The brine was diluted to 1/
5 of its original salinity for preparing the gels. The swelling behavior
of the gel was studied in freshwater and different brine (1/3, 2/3
and 3/3 of its original salinity).

Oil. The mineral oil was employed for fractured core flooding



Table 1
Chemical composition of the brine.

Ion concentration, mg/L TDS, mg/L

Naþ Ca2þ Mg2þ Cl� SO2�
4

HCO�
3

22092 8762 680 63524 260 182 95500
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tests, and the properties of the oil are shown in Table 2.

2.2. Gelation performance

Bottle tests were applied to qualitatively determine the gelation
time and strength of the gel, which were also used to examine the
stability of the gel system. In these tests, the gelation time of the gel
is defined as the elapsed time when the gel sample does not flow
downward upon inversion of the bottle. The gel samples were
placed in the water bath at constant temperature, and their
strength and syneresis were examined regularly. In order to
investigate the effect of the fast-crosslinking gel on gelation time,
the viscosity of the samples at different time was measured at
60 �C. The shear rate was 10 s�1.

The elastic modulus (G0) of the gel was determined by a
rheometer (Antor Paar MCR 92) equipped with a parallel plate
geometry (the diameter is 25 mm, and the gap is 1 mm). These
measurements were conducted at 25 �C. The applied strain was in
the range from 0.1% to 200%, and the frequency was fixed at 1 Hz.

2.3. Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) measurements

The microstructure of gel was investigated by SEM equipped
with a Quorum PP3010T Cryo-SEM preparation system. Cryo-SEM
allows imaging of gel samples in a frozen state. These measure-
ments were conducted at 5 kV accelerating voltage and 5e10 mm
working distance.

XRD (X0 Pert Pro MPD, Holland Panalytical) was used to identify
the interplanar spacing (d) of clays at different conditions. The
diffraction angle (2q) was recorded in the range of 0�e167�. The
diffraction angles of clay particles, gelant with clay samples and the
gel with clay samples weremeasured, and then the Bragg's Law (Eq.
(1)) was used to calculate the interplanar spacing (diffraction
analysis).

2dsinq ¼ nl (1)

where q is the included angle between the X-ray and the corre-
sponding crystal plane; l is the wavelength; n is the diffraction
series. The value of n is taken as 1 in this study.

2.4. Gel swelling measurement

As discussed before, the gels were prepared with 19100 mg/L
TDS brine, which was diluted from the synthetic formation brine
(95,500 mg/L). The swelling ratio of the THSG was measured by the
gravimetric method (Lenji et al., 2018). After being aged at 60 �C for
Table 2
The properties of mineral oil.

API gravity, � Density (20 �C),
g/cm3

Viscosity
(40 �C),
mPa$s

Viscosity (60 �C),
mPa$s

38 0.834 12 3.8
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2 days, the gels were fetched from the ampoule, and the weight of
the initial gel samples (Wi) was measured. Then, the gel samples
were soaked in different brine at 60 �C for several months. The
weight of the swollen gel was recorded asWs, and the swelling ratio
(Rs) was calculated by Eq. (2).

Rs ¼Ws �Wi
Wi

(2)

2.5. Rupture pressure

Stainless steel tubes were utilized to investigate the rupture
pressure of the gels. The lengths of tubes are all 0.5 m, while the
diameters are varying (1, 2, 3, and 4 mm, respectively). The gelant
was firstly injected into the tubes, then the tubes were sealed and
aged in an oven at 60 �C for 5 days. After then, brine was injected to
impose a pressure gradient across the gel-filled tubes and to
determinate the blocking ability of the gels. The injection rate was
1 mL/min.

2.6. Core flood experiments

The experimental set-up is a typical one for fractured core
flooding studies, as shown in Fig. 1. It consists of an injection pump,
three transfer vessels, a core holder, a differential pressure trans-
ducer, pressure gauges, back pressure regulators and a temperature
control system. The pressure data were collected by a data acqui-
sition system connected to a computer. All the core flood experi-
ments were performed at 60 �C.

The core flooding tests were conducted to evaluate the gelant
injection pressure, blocking ability of the gel, matrix damage, and
oil recovery factor. The procedures are illustrated in the following.

Fractured core preparation. The core plugs are homogeneous
sandstones (Berea and Bentheimer) and low permeability carbon-
ates (Indiana limestone) from the outcrops, which were used to
study the placement of gelant and blocking ability of gel in frac-
tured core plugs. The pore volume of the core sample was
measured based on mass balance, and the initial permeability was
measured by 1.5 wt% NaCl brine. Subsequently, the core samplewas
dried in an oven before splitting lengthwise into two pieces. The
cutting surfaces were smoothed before the core was remounted
into the core holder, as shown in Fig. 2. The copper wires were used
to control the fracture width. The detailed properties of the core
samples are shown in Table 3.

Oil saturation. Firstly, the fracture of the core was blocked by a
soft silicone pad and the confining pressure was cautiously
controlled such that the permeability was the same as the initial
permeability without the fracture. In this study, the confining
pressure was kept at 3.5 MPa greater than the injection pressure.
Secondly, the core sample was vacuumed, and oil was injected into
the core at a rate of 2.0 mL/min. Thirdly, the core was dismounted
from the core holder, the silicone pad was then removed from the
fracture, and the copper wires were once again placed in the frac-
ture to control the fracture width. Fourthly, the core was reas-
sembled into the core holder, and oil was injected again to saturate



Fig. 1. Schematic of equipment for core flooding experiments (with vertical fractures).

Fig. 2. Fractured core samples.
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the fractures and compensate the loss of oil in the matrix. The core
was aged for 2 days before waterflooding. The initial oil saturation
for core O-1 and O-2 is assumed to be 100%.

First water floods. Brine was firstly injected into the fractured
core at 1 mL/min to displace the oil until no oil was produced. The
salinity of the brine was the same as that prepared for the gel
solvent.

Gelant placement. After waterflooding, the gelant was injected
Table 3
Properties of the core samples used in this study.

Core No. Core type Length, cm Diameter, cm Porosity f, %

M-1 Limestone 30.1 2.52 14.8
M-2 Berea 30.2 2.52 19.5
M-3 Bentheimer 30.05 2.53 24.3
I-1 (M-2) Berea 30.2 2.52 19.5
I-2 Berea 30.1 2.51 20.1
I-3 Berea 30.05 2.52 20.3
A-1 Berea 30.1 2.5 21.1
A-2 Berea 30.15 2.51 19.8
A-3 (M-2) Berea 30.2 2.52 19.5
A-4 Berea 30.1 2.51 20.2
O-1 Berea 30.2 2.52 20.6
O-2 Berea 30.3 2.52 20.4
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into the fractured core at 1 mL/min. After then, the core was shut-in
at 60 �C for several days to allow the gelation. The gelant was
immediately removed from the flow lines before the curing
process.

Chase water floods. After gelation, brine was injected into the
fractured core at 1 mL/min to evaluate the blocking ability of gel
and the oil recovery factor.

Matrix damage tests. The matrix permeability was measured
before and after the gel treatment. After the gel treatment, the
fractured core sample was unloaded from the core holder and the
gel was removed from the fracture. Then, the fracture of the core
was re-blocked by a soft silicone pad, and the core was remounted
into the core holder to measure the permeability of the matrix. The
matrix damage was characterized by Rm based on Eq. (3).

Rm ¼ ki
kd

� 100% (3)

where ki is the initial matrix permeability; kd is the permeability
after gel treatment.
Permeability kmatrix, mD Fracture aperture, mm Injection rate, mL/min

11 2 1
84 2 1
1860 2 1
84 2 1
85 2 2
88 2 4
92 0.5 1
86 1 1
84 2 1
90 3 1
87 2 1
91 2 1



Fig. 4. The schematic of gel network: (a) single network of IMPG; (b) double network
of THSG.
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3. Results and discussion

3.1. Formulation of THSG

3.1.1. Gelation performance of IMPG
The components of IMPG include a monomer (acrylamide), an

initiator, a crosslinker, and a retarder (an agent to control the
gelation time). The results have shown that the azo initiators have
many advantages over other initiators (Lowe and McCormick,
2007; Yang et al., 2010). Various water-soluble azo initiators with
10-h half-life in water at a temperature range from 44 to 88 �C are
commercially available (Eoff et al., 2001; Yang et al., 2010). In this
study, the 4,40-azobis (4-cynovaleric acid) (V501), a water-soluble
azo initiator with a half-life temperature of 69 �C, was applied.
An excess amount of initiator would increase the chain termination
reactions, leading to polymerization of low molecular weight
polymers. Thus, the concentration of initiator was controlled at less
than 0.1 wt%. The crosslinker (MBA) can provide more crosslinking
sites for the gel to form a 3-D network structure. In this study, the
concentration of MBA is 0.1 wt%.

Due to the short gelation time, the application of in-situ
monomer gels for water shutoff is limited in the reservoirs. More-
over, the initiation of polymerization is very sensitive to elevated
temperatures, which would limit its placement into the target re-
gions. When the temperature is slightly high, the reaction rate
would be significantly enhanced. However, it is found that potas-
sium ferricyanide (PF) is an effective retarder to slow down the
polymerization. Since the variable valence metal salt would un-
dergo electron transfer reactionwith free radicals, some active free-
radicals would be deactivated, thereby slowing down the rate of
polymerization. Varying the amount of the PF can easily and
accurately regulate the gelation time from a few hours to a much
longer time. The results in Fig. 3 show that the gelation time of
IMPG can be effectively controlled by adjusting the amount of the
PF, and the gelation time can be increased up to 48 h at 60 �C.
However, the IMPG, which is usually composed of unitary networks
between short chain polymers, is very brittle, as shown in Fig. 4a.
The brittleness of the gel may lead to a low blocking ability in
fractures. Moreover, it is found that adding the large-molecular
polymers can effectively improve the toughness of the gel, and
the results are shown in Section 3.1.2.
Fig. 3. Effect of PF content on the gelation time of IMPG and THSG at 60 �C, the
formulation of the IMPG is composed of 5 wt% AM, 0.05 wt% V501, and 0.1 wt% MBA.
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3.1.2. Effect of fast-crosslinking gel system
The fast-crosslinking gel system (also known as a weak gel

system) was introduced into the THSG system, and the former is
composed of 0.2 wt% HPAM and 0.0125 wt% chromium acetate (Cr
(III)). Moreover, Na-MMT particles were added to enhance the
strength of the gel. The Na-MMT can be well compatible with 1/5
(salinity) brine. The viscosity of the gelant during gelation is shown
in Fig. 5a. It can be seen that the viscosity was initially increased
due to the gelation of fast crosslinking gel system in THSG. The
results also show that the THSG gel strengthened with the weak gel
system and 1.5 wt% clay particles exhibits high gel strength and
long-term gel stability. The elastic modulus of gel samples is shown
in Fig. 5b. The storage modulus (G0) of gel was increased from 86 Pa
(IMPG) to about 240 Pa (THSG), after the samples were aged for 5
days. Actually, the high-strength gels have been widely reported in
the literature (Al-Muntasheri et al., 2008; El-Karsani et al., 2015). It
was reported that the G0 for the polyacrylamide/polyethyleneimine
((PAM/PEI) gel system was larger than 500 Pa, which yet only
induced a pressure gradient of 155.5 kPa/m, probably due to the
brittleness of the gel (El-Karsani et al., 2015). In this study, the fast
crosslinking gel system contributed to forming a double network
gel. The loosely crosslinked weak gel has a large effect on the gel
performances, which can reinforce the network of the tightly
crosslinked gel (IMPG) (Xin et al., 2013; Krakovský et al., 2019). In
addition, the toughness of the DN gel network may also be signif-
icantly improved, as shown in Fig. 4.

Moreover, the weak gel system and Na-MMT particles in the
IMPG system endow the THSG gel a prominent thixotropy, which is
beneficial for gel placement during the field application. In our
previous work, the shear-thinning, hysteresis and buildup behavior
of the gelant was systematically studied (Ge et al., 2022). It is found
that the shear-thinning behavior is beneficial for the thixotropic gel
to penetrate through the existing fractures with a relatively low
injection pressure. The high viscous force of the thixotropic gelant
would be favorable for filling the entire inclined fractures and
plugging the whole fractures with gel. In this study, the preferred
compositions of the THSG are 5 wt% AM, 0.05 wt% V501, 0.1 wt%
MBA, 0.4 wt% PF, 0.2 wt% HPAM, 0.0125 wt% chromium acetate (Cr
(III)), and 1.5 wt% Na-MMT.
3.1.3. The effect of clay particles on gel properties
It should be noted that the performance of the THSG is largely

determined by the clays used. There are many active groups on the



Fig. 5. Gel performances: (a) viscosity vs. time curve at a shear rate of 10 s�1; (b) strength of gel samples with different components after being aged at 60 �C for 5 days.

Table 4
The diffraction angle and the interplanar spacing of Na-MMT under different
conditions.

Samples 2q, degree d, nm

Na-MMT particles 5.08 1.74
THSG gel solution 4.66 1.89
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surfaces and interlayers of clays, which can form firm structures
with the chemical groups (hydroxyl, carboxyl, and aldehyde groups
in polymers) by covalent bonding, surface grafting, and interlayer
inserting (Filippone et al., 2008; Shibayama, 2011). Moreover, the
hydrogen bonds between the clays and water can improve the ratio
of the bound water. No syneresis was observed during the 12-
month period in the presence of clays. However, the interactions
between the clay particles and polymers would accelerate the
formation of the network. Thus, the gelation timewas shortened by
addition of the Na-MMN, as illustrated in Fig. 3.

The dispersion of Na-MMT in the THSGwas investigated by XRD
and SEM measurements, and the results are shown in Fig. 6. The
Na-MMT was pre-immersed in the IMPG solution, allowing the
chemical components to absorb, permeate and insert into the in-
terlayers of the clays. Fig. 6 shows that the angular locations of the
peeks in the gelant and the gel samples were decreased to lower
values, which indicated an increase in the interlayer spacing of the
clays. Based on the peak angle and the Bragg's law, the interlayer
Fig. 6. XRD patterns of 8 wt% clay particles in 1/5 brine (a), gelant with 1.5 wt%
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spacing (d) of these samples was calculated, and the results are
summarized in Table 4. The results show that the interlayer spacing
of Na-MMT in the THSG solution was increased to 1.89 nm
(compared to 1.74 nm in brine), which indicated that the gelant
may be intercalated into the Na-MMT layers. The SEM photographs
indicated that the gelant formed a stable network structure, and
the Na-MMTwas absorbed and inserted into the network structure.
After gelation, the interplanar spacing of Na-MMT was increased to
2.12 nm. These results revealed that the crosslinking network was
formed between the layers of Na-MMT, which led to an expansion
clay (b), and gel with 1.5 wt% clay (c); SEM images of gelant (d) and gel (d).

THSG gel 4.16 2.12
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of the Na-MMT layers. These micrographs indicated that the gel
formed a firm and uniform network structure, which contributed to
a high gel strength.

3.2. Swelling behavior of gels

The prepared gel samples were firstly immersed into brine with
different salinity to observe if the gel would be swollen in different
brine, and subsequently the gel strength was determined. Fig. 7a
shows the effect of brine salinity on the gel swelling behavior. The
results show that the gel sample soaked in fresh water exhibited
the highest swelling ratio (more than 1000%) after equilibrium.
Moreover, the gels soaked in brine of various salinity showed
similar swelling behavior. The swelling ratio of gels soaked in
different brine were approximately 400%. No shrinkage of the gel
was observed even in the brine whose salinity was much higher
than that used for preparing the gel solvent. The properties of the
swollen gels are of particular importance to the gel blocking ca-
pacity during subsequent water floods. It was also found that the
time needed for gel swelling was increased with increasing the
brine salinity. This may be due to the low osmotic pressure differ-
ence between the high salinity brine and the gels.

In addition, the strength of the swollen gel was also measured,
as shown in Fig. 7b. The results show that the gel strength (without
swelling) was increased with aging time. The strength of the gel
was more than 400 Pa after it had been aged for 180 days. For the
swollen gels, the gel strength was initially increased in the first 30
days, after then it started to decrease. Although the gel immersed in
fresh water showed a lower gel strength than those immersed in
high salinity brine, it still demonstrated a relatively high strength
and its G0 value was about 180 Pa after being soaked in the fresh
water for 180 days. This is probably because the swelling of gel in
water only expanded the volume of the gel and did not damage the
crosslinking chains (Wang et al., 2012).

3.3. Rupture pressure

A successful gel treatment depends heavily on the gel plugging
efficiency during chase water flooding. In order to systematically
evaluate the blocking performance of the gel, the slim tubes with
various diameters were used. In this study, the rupture pressure of
gel is defined as the peak pressure during brine injection at which
the gel was first breakthrough and the injected brine was flowing
Fig. 7. Swelling behavior of gel in brine: (a) swelling ratio; (b) strength. The strength of soa
60 �C for 2 days. The first black point is the strength of the gelant, and the second one is t
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out from the outlet (Wilton and Asghari, 2007).
Fig. 8a shows the rupture pressure of the THSG as a function of

the diameter of the gel-filled tubes. Several repeated experiments
were conducted, and the major occurrences of rupture pressure are
indicated by the box. The results show that the gel blocking ca-
pacity was decreased with increasing the diameter of the tube.
When the gel was placed in a 1 mm tube, it required at least
19.2 MPa/m pressure gradient for brine to firstly break through the
gel. In comparison, in a 4 mm diameter tube, the highest rupture
pressure gradient was found to be 8.4 MPa/m. After gel rupture,
brine was continuously injected and the injection pressure across
the gel-filled tube was recorded. The salinity of injected brine was
the same as that of the gel solvent. Fig. 8b shows the injection
pressure was drastically fluctuated, and the injection pressure was
even increased to a value that is higher than the gel rupture pres-
sure. This phenomenon may be associated with the gel swelling
behavior (Brattekås and Seright, 2018; Brattekås et al., 2016). After a
period of fluctuations, the pressure levelled off and kept relatively
stable at 1.65 MPa for a long period.

The swelling tests have shown that the THSG has a high swelling
ratio, and the gel still has a high strength after swelling. To further
investigate the effect of the injection brine salinity on the gel
blocking ability, two injection scenarios were applied. In the first
injection scenario, a high-salinity brine was injected after injection
of the freshwater, while in the second scenario, the high-salinity
brine was injected before the freshwater. The injected water was
changed after the pressure across the gel-filled tube was stable. The
rupture pressure of the gel measured by different brine was about
6.5 MPa, indicating that the initial salinity of brine had insignificant
impacts on the gel rupture pressure. This is mainly due to the fairly
short time needed for brine breakthrough the gel-filled tube at the
point of gel rupture.

However, the pressure during continuous water flooding is
largely dependent on the brine salinity. It can be seen from Fig. 9a
that during freshwater flood the injection pressure was even
temporarily higher than the gel rupture pressure. After the gel was
ruptured, water started to flow through the narrow paths, which
caused a significant swelling of the gel. The swollen gel would re-
block the flow pathway during chase floods. At the peak pressure
point, part of the gel was even squeezed out from the tube. After
400 tube volume (TV) of freshwater flooding, the pressure leveled
off and the value was approximately 1.7 MPa. Then, brine was
injected. The injection pressure was observed to be continuously
ked gel at the first point (0 day) was the initial strength of the gel after being aged at
he strength of gel after semi-gelation.



Fig. 8. Blocking ability of THSG. (a) Rupture pressure of THSG in tubes of different diameters. Six repeated experiments were performed, and the major results were shown in the
box; the red asterisk is the average rupture pressure. (b) Differential pressure during continuous water injection. The composition of the injected brine is the same as that of the gel
solvent.

Fig. 9. The effect of water salinity on blocking capacity of gel in 2 mm tubes: (a) high-salinity brine after freshwater; (b) first high-salinity brine then freshwater.
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decreased, possibly due to a shrinkage of the highly-swollen gel
during brine injection. For the second injection scenario,
completely different results were observed. As shown in Fig. 9b, the
injection pressure was increased immediately, when freshwater
flooding was begun. The results demonstrate that the swollen gel in
the tube exhibited an improved blocking ability. Moreover, the high
rupture pressure of the THSG gel would contribute to an effective
gel treatment in large aperture fractures.

3.4. Propagation behavior of gelant in fractured cores

3.4.1. Effect of matrix permeability on gelant propagation
Three different fractured cores (M-1, M-2, and M-3) were used

to investigate the effect of the matrix permeability on gelant
propagation. The fracture apertures were fixed at 2 mm, and the
injection rate was 1mL/min. The pressure gradients as a function of
the volume of gelant injected (in terms of the volume of fractures,
FV) were shown in Fig. 10. The pressure gradient increased rapidly
at the initial stage of gelant injection and then increased slowly
after 1 FV. After the fracture was filled with the gelant (1 FV), the
pressure gradient in core M-1 was leveled off with a relatively low
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pressure gradient (6 kPa/m), which is lower than a commonly
accepted pressure gradient in the field (22.6 kPa/m or equivalently,
1 psi/ft). The shear-thinning behavior of the gelant may contribute
to the low injection pressure. It is reported in several studies that, at
a fixed injection rate, the gel would propagate through a fracture in
a stable way, and the permeability of the matrix has litter effect on
the gel injection pressure (Seright, 2001; Sydansk et al., 2004; Bai
et al., 2015; Seright and Brattekås, 2021). Whereas, in this study,
the injection pressure was constantly increased with a slow rate
during continuous gelant injection. It is hypothesized that the in-
crease in the injection pressure was resulted from a formation of
the filter cake on the fracture face. Since the fast-crosslinking gel
system and Na-MMTcan form aweak network structure (as shown
in Fig. 6d), the formation of a weak gel filter cake during THSG
injection may be largely facilitated. Moreover, a fast formation of
the gel filter cake on the fracture surface can limit the leakoff of
THSG compositions into the matrix.

The picture in the upper left of Fig. 10 shows that a gel filter cake
was clearly formed on the fracture face, which would further
reduce the effective aperture of the fracture and consequently lead
to an increase in the gelant injection pressure. Moreover, it is



Fig. 10. Pressure gradient versus volume of gelant injected for core samples with
different matrix permeability.
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observed that the trend of pressure increase was more pronounced
if the matrix permeability is higher. For core M-2, the pressure
gradient was increased from 7 to 10 kPa/m during 6 FV gelant in-
jection (1-7 FV). For core M-3, the pressure gradient was increased
continuously to 12 kPa/m after 5 FV gelant injection (1-6 FV), before
being leveled-off after approximately 6 FV. The fracture connected
to higher permeability matrix has a rougher fracture surface. It may
be easier for the fast-crosslinking gel to be adhered onto the
rougher surface, consequently limiting the gelant leakoff. Thus, a
high permeability matrix adjacent to the fracture may promote the
formation of the gel filter cake.

After gel treatment, the matrix damage was evaluated. The re-
sults are summarized in Table 5. The permeability damage ratios for
cores M-1, M-2, M-3 were 13.6%, 9.5%, and 10.2%, respectively. The
results show that the core samples with a higher matrix perme-
ability (M-2 and M-3) exhibited relatively smaller matrix damage.
The result is consistent with the discussion above that a fast for-
mation of the gel filter cake on the fracture face would reduce the
extent of matrix permeability damage.

3.4.2. Effect of aperture fracture on gel treatment
Fig. 11 shows the effect of aperture size on gelant injection

pressure and the matrix permeability reduction after gel place-
ment. The results show that the gelant injection pressure gradient
was significantly increased as the aperture size was decreased. At
an injection rate of 1 mL/min, the pressure gradient was 20 kPa/m
in a 0.5 mm fracture, compared to 4 kPa/m in a 3 mm aperture after
1 FV of the gelant injection. Furthermore, the results showed that
the pressure drop was increased significantly in a smaller aperture
during continuous gelant injection. However, the pressure gradient
did not increasemuch in 3mm fracture aperture during continuous
gelant injection. The continuously increased pressure drop in a
smaller aperture might be due to the rapid formation of the gel
Table 5
Matrix permeability damage after gel treatment.

Core No. ki, mD kd, mD Rm, %

1 11 9.5 13.6
2 84 76 9.5
3 1860 1670 10.2
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filter cake on the fracture face, causing a reduction of the effective
size of the aperture.

The permeability reduction ratios of the matrix after gel treat-
ment are illustrated in Fig. 11b. The matrix damage ratios for cores
A-1, A-2, A-3 and A-4 were 6.5%, 7%, 9.5% and 7.8%, respectively. The
results indicated that a rapid formation of the gel filer cake in small
aperture could result in low matrix damage. However, for core A-4
(with the largest aperture fracture), a relatively lowmatrix damage
ratio was observed, which may be probably because the low in-
jection pressure limited the leakoff of the gelant into thematrix (Bai
et al., 2021). Thus, it can be concluded that a smaller aperture may
lead to a more rapid formation of the gel filter cake, which might
reduce the extent of matrix damage.

3.4.3. Effect of injection rate on gel treatment
Fig. 12 illustrates the effect of injection rate on the gelant in-

jection pressure and matrix permeability reduction in 2 mm
aperture fractures. The results show that the injection pressure was
significant increased with increasing the injection rate. For
example, at an injection rate of 4 mL/min, the pressure gradient
reached 32 kPa/m, and then was gradually increased during
continuous gelant injection. At 1mL/min, the pressure gradient was
as high as 7 kPa/m and then slightly increased as more gelant was
injected. It can be concluded from the above discussion that the
increase in injection pressure was a result of the formation of the
gel filter cake on the fracture face, and the formation of gel filter
cake can reduce the effective aperture size. Moreover, a more rapid
increase in the injection pressure implied a faster formation of the
gel filter cake. It also can be observed from Fig. 12a that a higher
injection rate may lead to a faster formation of the gel filter cake.

The matrix permeability of the fractured cores (I-1, I-2, and I-3)
was measured after the gel treatments. Fig. 12b illustrates the
matrix permeability before and after the gel treatment. The matrix
damage ratios were 9.5%, 8.2% and 11.4%, when the injection rates
were 1, 2, and 4 mL/min, respectively. The results showed that the
advantage of a fast gel filter cake formation at a high injection rate
was not such significant, which may be nullified by the simulta-
neously high injection pressure at a higher flow rate. At an injection
rate of 4 mL/min, some gelant may be initially leaked into the
matrix even before the gel filter cake was formed, resulting in a
high matrix damage ratio.

3.5. Blocking ability of gel in fractures

The effect of matrix permeability on gel blocking ability was
studied. The pressure across the fractured core was measured as a
function of the brine injected. Fig. 13 illustrates the pressure gra-
dients of fractured cores with different matrix permeability. The
peek pressure gradients for the fractured cores M-1, M-2 and M-3
were 4.2, 0.39, and 0.05 MPa/m, respectively. After several PV of
brine injection, the injection pressure was almost stable. It should
be noted that the pressure gradients would be 3.6, 0.37, and
0.03 MPa/m (1 mL/min), if core samples M-1, M-2 and M-3 were
not fractured. Moreover, due to the viscoelasticity and swelling
behavior of the gel, the injection pressure would be fluctuated
when brine flows through the gel-filled fractures. Thus, it is hy-
pothesized that most of the injected brine may be diverted into the
matrix, and the fracture may be completely blocked by the THSG
gel. The injection pressure for the fractured core after gel treatment
was still moderately higher than that for the matrix, which is
probably due to the formation of gel at the inlet and outlet of the
core faces, as shown in the pictures underneath Fig. 13.

The magnitude of the permeability reduction for fractured core
was extremely high, even after experiencing long periods of brine
flooding. After 12 PV of brine had been injected, the water residual



Fig. 11. Gelant propagation in different aperture fractures: (a) pressure gradient versus volume of gelant injected; (b) matrix permeability reduction ratios after gel treatment.

Fig. 12. The effect of injection rate on gelant propagation: (a) pressure gradient versus volume of gelant injected; (b) matrix permeability reduction ratio after gel treatment.

Fig. 13. Blocking ability of gel in fractured cores with different matrix permeability.
After gelant injection, the fractured cores M-1, M-2, and M-3 were aged at 60 �C for 3
days before blocking ability tests.
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resistance factor (Frrw) for cores M-1, M-2 and M-3 was about
97,000, 8,740 and 1,150, respectively. The results show that the
values of Frrw were significant increased with decreasing thematrix
permeability. The result is consistent with that reported by Seright
(2009), who pointed out that the fractures were less likely to be
channeled through by brine if the matrix permeability was higher.
Bai et al. (2015) also reported that the polymer gel demonstrated
better performance for water shutoff in fractured core when the
matrix permeability was higher. For a fractured core with high
matrix permeability, the gel would more likely resist a relatively
low-pressure gradient during chase brine flooding. Thus, for a
fractured core with lower matrix permeability, the gel should
provide a higher residual resistance factor to achieve a desirable gel
performance. It should be noted that the injection rate and aperture
fracture have almost no effect on the gel blocking ability for gel
treatment in Berea sandstone of similar matrix permeability. This
might be because the fractures were completely blocked by the gel,
and the injected water could only pass through the matrix.
Therefore, the flow behaviors are similar.



Fig. 15. Fractured core after gel treatment: (a) separating the fractured core; (b) core
O-1: oil-wormholes were formed by oil, no water flowed through the gel-blocked
fracture; (c) core O-2: water channels were formed in the gel treated fracture, but
the fractured core still had a high oil recovery after gel rupture. The model oil has been
colored to red in the experiments.
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3.6. Enhanced oil recovery test

Cores O-1 and O-2 were used for core flooding tests to deter-
mine the oil recovery and evaluate the wormhole formed by oil or
water. Initially, the cores were directly saturated with oil under
vacuum. After water flooding (WF), a certain amount of gelant was
injected (GI) into the fractured cores, then the core samples were
shut-in such that gel can be readily formed. After then, chase brine
was injected to evaluate the effectiveness of gel on improved oil
recovery. As discussed above, the THSG can withstand a high-
pressure gradient in the fracture, and the fracture could be
completely blocked by the THSG gel. In order to evaluate the effect
of gel swelling on oil recovery factor, the gelant in core O-2was only
aged for 30 h. In this case, the gel was not maturely formed in the
fractures.

The oil recovery factor, oil cut, and injection pressure at different
stages are shown in Fig. 14. The fluid injection rates during frac-
tured core test were kept constant at 1 mL/min. In these core
flooding tests, it is assumed that the oil in the fractures was firstly
swept. Therefore, the oil recovery factor by initial waterflooding,
gelant injection and the chase waterflooding were all based on the
amount of oil in the matrix in this study. The results show that the
oil recovery factor during the first stage of water flooding for cores
O-1 and O-2 was only 1.2% and 0.9%, respectively. Moreover, the
incremental oil recovery was 7.6% and 7.8%, respectively, for cores
O-1 and O-2 during the gelant injection. From the oil cut, it can be
seen that certain amount of oil was produced during injection of
the first FV of the gelant. The results indicate that the oil recovery
during gelant placement was limited. It was claimed that the
viscous effect of the gel was relatively small compared to the
plugging effect for gel treatments in a fractured porous media
(Alshehri et al., 2018).

For core O-1, the oil recovery was improved by 65.3% (with 2 PV
of brine) after the gel treatment. The peak pressure gradient was
approximately 467 kPa/m, and the pressure gradient was finally
stable at 400 kPa/m. No water path was detected in the gel-filled
fracture after the used core was split. As shown in Fig. 15b, only
some oil-wormholes were found in the gel. For core O-2, the gel in
the fracture was not completely gelated due to the short aging time,
therefore, the gel exhibited a relatively low strength. During the
chase waterflooding, it is found that the injected brine could break
through from the gel-filled fracture. A noteworthy peak pressure
was obtained before the injection pressure was significantly
decreased. The oil recovery factor was improved by 40.2% after 4 PV
Fig. 14. Oil cut, oil recovery factor, and injection pressure gradient for different period floodin
O-2 aged for 30 h.
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of chase water flooding. It can be clearly seen that water flow paths
were formed along the copper wire after splitting core O-2
(Fig. 15c). However, the pathway was still much narrower than the
aperture fracture. Therefore, the ruptured gel in the fracture still
has a high resistant factor to brine, and consequently the oil cut was
still higher than 10% after injecting 2 PV of brine. However, the
incremental oil recovery factor for core O-2 was small compared to
that of core O-1 (in which the fracture was completely blocked).

After no oil was produced from core O-2 during chase brine
flooding, freshwater was injected. As shown in Fig. 16, the injection
pressure was gradually increased and water cut was decreased at
the initial stage, when freshwater started to be injected. The in-
cremental oil recovery factor during freshwater injection was 7.1%,
which may be due to the improvement in the sweep efficiency or
(and) displacement efficiency. 8 PV of freshwater was also injected
into core O-1 after the chase water, and the oil recovery factor was
increased by 6.5%. The results show that the incremental oil re-
covery factor by fresh water for core O-1 was comparable to that of
core O-2, implying that the improved blocking ability by the
swollen gel has little effect on the sweep efficiency improvement.
4. Conclusions

Gel treatment is one of the most successful applications for
water-shutoff in fractured reservoirs, and its efficiency could be
g: (a) core O-1 aged for 3 days, and the fracture was completely blocked by gel; (b) core



Fig. 16. Pressure gradient and water cut during chase flooding after gel treatment in
core O-2.
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largely benefited from using a double network gel. The THSG was
formulated with two highly asymmetrically crosslinked network: a
tightly crosslinked network by monomer polymerization to build
the high-strength gel, and a loosely crosslinked network by fast-
crosslinked polymer gels to strengthen the first gel network and
mitigate the gelant leakoff. The THSG is quite robust and can be
tailored to a wide range of reservoir conditions, with programma-
ble gelation time, high gel strength, remarkable thermal stability,
and excellent swelling behavior. The merits of THSG for gel treat-
ment in fractures were verified by the rupture pressure tests and
core flooding tests. The main conclusions and findings of this study
are listed in the following.

(1) The double network of THSG endowed the gel a high rupture
pressure in tubes of various diameters. After the gel was
ruptured, a swelling of the gel would significantly improve
the gel blocking ability. The improvement was more pro-
nounced during low-salinity brine injection.

(2) A low injection pressure gradient was observed during the
gelant injection. The fast-crosslinking of the polymer gel and
Na-MMT resulted in a fast formation of the gel filter cake on
the fracture face. Moreover, a high matrix permeability
adjacent to the fracture would promote the formation of the
gel filter cake. The matrix permeability damage may be
mitigated by the formation of the gel filter cake on the
fracture face.

(3) After the gel treatment, the fractures of the core were
completely blocked by the THSG, diverting the subsequently
injected brine into thematrix. The fractured cores exhibited a
high residual resistance factor to water (Frrw) after the gel
treatment. For an effective gel treatment, the desired value of
Frrw would be significantly increased with decreasing the
matrix permeability. The results illustrated that a higher
strength gel would be required for treatment in fractures
connected to a lower permeability matrix.

(4) The swelling of the immature gel during chase water flood-
ing (through the gel-filled fracture) can improve the oil re-
covery. Compared to the completely blocked fractures,
however, the incremental oil recovery was less effective for
the weak gel.

(5) Even though the blocking ability of the weak gel can be
enhanced after being swollen in the presence of fresh water,
its effectiveness on improving oil recovery is still less
1016
prominent compared to an improvement in sweep efficiency
by injection of fresh water.
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