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a b s t r a c t

Lost circulation of drilling fluid is one of the most common engineering problems in the drilling process
of fractured formations. In this study, an oil-absorbing polymer gel synthesized using compound
monomers with rigid and flexible chains was applied to control the oil-based drilling fluid loss while
drilling. The microstructure, oil-absorbing performance, and plugging performance the gel was inves-
tigated. A large number of dense pores on the surface of the gel were observed, which allowed the oil
molecules to enter the internal space of the gel. The initial oil absorption capacity of the gel was fast, and
it increased with the increase in the temperature and decrease in the particle size, reaching 20.93 g/g at
140 �C. At a high temperature of 140 �C, the bearing pressure capacity of the gel formula containing
particles of different particle sizes reached 7.6 MPa for a fracture of a width of 3 mm, showing that the
oil-absorbing gel have excellent plugging performance at high temperature. Plugging mechanism of the
gel was investigated through visualized fracture plugging experiments. Results show that the dynamic
migration, particle-swelling, particle-bridging, particle-aggregation, deformation-filling, and
compaction-plugging contribute to the whole lost circulation control process, reflecting that the plug-
ging performance can be effectively enhanced by improving the aggregation and filling degrees of the gel
with different particle sizes.
© 2022 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

During various downhole operations such as drilling and
cementing, the working fluid in the wellbore enters the formation
under differential pressure. This situation resulting in the loss of the
working fluid is called lost circulation (Cui et al., 2021; Ezeakacha
et al., 2018). Lost circulation is one of the most common down-
hole complications in the oil drilling process (Wang et al., 2020a,b).
Based on the lost circulation channel type, lost circulation can be
classified as seepage lost circulation and fracture lost circulation.
The occurrence rate of lost circulation in the world is about 20%e
25% of the total drilling wells, and it causes a significant economic
loss to the global oil industry each year, as high as 40 � 108 US
neering, China University of
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dollars per year (Calçada et al., 2015; Feng et al., 2018). The
downtime caused by lost circulation accounted for more than 70%
of the total downtime caused by complicated drilling accidents
from 2017 to 2018, and the average annual economic loss caused by
lost circulation amounted to more than 40 � 108 CNY (Sun et al.,
2021). Severe lost circulation accidents often happen in fractured
formations, and the success rate of one-time job in fractured for-
mations is low. The success rate of one-time job is lower than 40% in
the Tarim Kuqa Piedmont region, and smaller than 20% in the
Permian Formation Khuff fractured formation of Ghawar oilfield,
Saudi Arabia (Lavrov, 2016; Sun et al., 2021). Therefore, severe lost
circulation occurring in fractured formations is difficultly
controlled and it has become an urgently-needed problem. There-
fore, the scientific and efficient management of lost circulation in
fractured formations is crucial for improving drilling efficiency and
reducing drilling costs.

Owing to the advantages of inhibition, high lubricity, and
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thermal stability, oil-based or synthetic-based drilling fluids can
better meet the drilling requirements inwater-sensitive formations
compared to water-based drilling fluids (Li et al., 2016; Jiang et al.,
2021, 2022). When the oil-based drilling fluid wets the fracture
wall, because of the high lubricity of oil compared with water, the
lost circulation materials are not easy to accumulate and stay in the
fracture, increasing the difficulty of lost circulation control. To solve
the lost circulation problem of drilling fluids, extensive studies have
been conducted over the years, and many types of lost circulation
materials have been developed, including bridging material, high
water-loss material, water/oil-absorbing swellable material, gel
material, and curable material, etc. (Sun et al., 2021; Pang et al.,
2022). In contrast, gel and curable materials are suitable for plug-
ging fractured formation with large loss, bridging, high water-loss,
and water/oil-absorbing swellable materials are applied to plug-
ging fractured formation with moderate or small losses. Moreover,
the water/oil-absorbing swellable material can be used to plug
fractures while drilling, other types of materials are mainly used
when drilling is stopped (Lavrov, 2016; Chen et al., 2021).

Compared with lost circulation materials for water-based dril-
ling fluid, there are fewer kinds of lost circulation materials suitable
for oil-based drilling fluid at present (Bai et al., 2021a). Oil-based
crosslinked gel, oil-absorbing swellable material, oleophilic resin,
surface-hydrophobic modified bridging material are mainly used
for oil-based drilling fluid (Tariq et al., 2022). In contrast, oil-based
crosslinked gel and surface-hydrophobic modified bridging mate-
rial (walnut shells, asphalt particles, and oleophilic graphite) are
suitable for plugging fractured formation with large and moderate
losses, respectively, oil-absorbing swellable material and oleophilic
resin are applicable to plugging formations with small loss while
drilling. Researchers have conducted large numbers of experi-
mental studies about lost circulation materials for oil-based drilling
fluids. Chen et al. (2021) designed and synthesized an amine
crosslinked polymer lost circulation material (ACP) by crosslinking
poly(maleic anhydride-alt-1-octadecene) with amine. The hyper-
crosslinked copolymer structure enabled the ACP polymer to
withstand a high temperature of 232 �C. Moreover, a mass con-
centration of 3% was sufficient to effectively reduce the lost circu-
lation of a drilling fluid. Li et al. (2020) synthesized a
styreneebutadiene resin/nanosilica composite emulsion as a lost
circulation material, which can be dispersed inwater and vegetable
oil to exert a lost circulation control effect. Qiu et al. (2022) syn-
thesized an oil-based gel lost circulation material with high struc-
tural strength and thermal stability using butyl methacrylate and
butyl acrylate as raw materials. The bearing pressure capacity of
this material for a fracture of a width of 6 mmwas 3.01 MPa with a
bearing pressure gradient of 0.602 MPa/cm. Currently, the combi-
nation of lost circulation control with drilling and bearing pressure
plugging for the lost circulation problem of oil-based drilling fluids
has been applied, and certain effects have been achieved.

Stress-cage theory and tight plugging mechanism are two main
mechanisms related to the lost circulation control in fractures (Sun
et al., 2021). Stress-cage theory was proposed by Aston et al. (2004)
for borehole reinforcement, which mainly suitable for plugging
fracture formations with small loss. This method requires the lost
circulation material have a certain amount of compressive strength
to form a plugging layer near the fracture entrance, block the
transfer of drilling fluid pressure and fluid medium, increase the
circumferential stress, form a stress cage, and then enhance the
bearing pressure capacity of the formation (van Oort et al., 2018).
The main connotation of tight plugging mechanism is that the lost
circulation materials form a stable and compact structure in frac-
tures. Kang et al. (2014) reported that the lost circulation material,
particle groups in the force chain network, and the plugging layer in
the fracture lost circulation channel constitutes the multiscale
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structure of the fracture plugging layer. Xu et al. (2021b) reported
that the microscopic force chain network is the intrinsic mecha-
nism of the structural evolution of the fracture plugging layer under
pressure. As to the formation mechanism of plugging layer, Yao
et al. (2014, 2020) reported that microspheres could undergo five
different migration and retention modes, such as surface deposi-
tion, smooth passage, direct interception, deformation migration,
and rigid plugging, inside porous media. Song et al. (2018) reported
that when the fracture width is smaller than or close to the particle
size, the particle gel migrates along the fracture like a piston.
Moreover, when the fracture width is larger than the particle size,
gravity dominates the migration of the gel. The above studies
mainly focus on the flexible particles in porous media and frac-
tures; however, there are limited studies on plugging layers formed
by water/oil-absorbing material, especially for lost circulation
control of oil-based drilling fluid.

Many previous works on oil-absorbing gels have been con-
ducted, but most of them focused on oil spill recovery or oily
wastewater treatment, not on lost circulation control. Gels used for
lost circulation control not only need to have good oil absorption
performance, but also need to maintain high gel strength after oil
absorption, while gels applied for treating oil spill and oily waste-
water only need to have high oil absorption capacity (Zhang et al.,
2019; Gautam et al., 2022). Although some oil-absorbing gels have
been studied for lost circulation control, they were prepared either
using rigid chain monomers to pursue gel strength or flexible chain
monomers to pursue gel flexibility. Zhong et al. (2018) prepared a
swellable polymer microgel using butyl methacrylate, methyl
methacrylate and lauryl methacrylate. The microgel exhibits good
deformability and compressibility after oil absorption, but it was
not suitable for plugging large-scale fractures. Qiu et al. (2022)
synthesized an oil-based gel with high structural strength and
strong thermal stability using methacrylate and butyl acrylate, but
its deformability was weak and it was not suitable for plugging
while drilling.

In this study, an oil-absorbing gel with good gel strength,
excellent flexibility, and oil absorption capacity for lost circulation
control while drilling in fractured formations was synthesized us-
ing rigid and flexible chain monomers simultaneously. Moreover,
the migration, accumulation, and filling mechanism of the oil-
absorbing gel in visualized three-dimensional fractures were
studied. Furthermore, the evolution characteristics of the strong
and weak force chains in gel plugging layer were clarified. This
work can provide a reference for future studies on lost circulation
materials and lost circulation mechanism for oil-based drilling
fluids in fractured formations.

2. Experimental

2.1. Materials

Butyl acrylate (purity�98%), sodium-p-styrenesulfonate (purity
�90%), polyvinyl alcohol (purity �98%), and ethyl acetate (purity
�99%) were purchased from Shanghai Aladdin Biochemical Co., Ltd.
Octadecyl methacrylate (purity �98%), benzoyl peroxide (purity
�90%), and divinylbenzene (purity �95%) were purchased from
Shanghai Macklin Biochemical Co., Ltd. Flexible polyamide fiber
with an average diameter of 66 mm, an average length of 3 mm, and
a melting point of 280 �C was provided by Guangzhou ES Fiber Co.,
Ltd. Diesel was purchased from Shandong Juxin New Material Co.,
Ltd., and its basic parameters are shown in Table 1.

2.2. Synthesis of oil-absorbing gel

The synthesis procedure for the oil-absorbing gel is shown as



Table 1
Basic parameters of diesel.

Appearance Density @ 20 �C, g/cm3 Kinematic viscosity @ 40 �C, mm2/s Flash point, �C Pour point, �C

Light, yellow, viscous liquid 0.845 3.8 81 4

Sediment content, wt% Water content, wt% Aromatics content, wt% Sulfur content, wt% Acid value, mg KOH/g

0 0 34.3 0.08 0.008
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follows: (a) Dispersion preparation: 0.3 g of polyvinyl alcohol
(dispersant) was added to 100 mL of deionized water, and the
mixture was heated to and kept at 85 �C under stirring until
complete dissolution. The mixture was then cooled to room tem-
perature (25 �C) to obtain solution A. (b) Preparation of mixed
monomer solution: 13 g of butyl acrylate (flexible chain monomer)
and 34 g of octadecyl methacrylate (flexible chain monomer) were
mixed in a beaker and stirred for 1 h at room temperature.
Thereafter, 0.15 g of divinylbenzene (crosslinker), 10 g of ethyl ac-
etate (pore-expanding agent), and 10.3 g of sodium-p-styrenesul-
fonate (rigid chain monomer) were subsequently added to the
mixture and stirred thoroughly to obtain solution B. (c) Bulk gel
preparation: Solution B was added to solution A and well-mixed
under stirring, and 0.3 g of flexible fiber (toughener) was then
added to themixture and heated to 60 �C under continuous stirring.
Thereafter, 0.1 g of benzoyl peroxide (initiator) was added to the
mixture and heated to 90 �C, and a gel was obtained after 8 h. (d)
Gel particle preparation: The gel was cooled to room temperature
and washed three times with deionized water to remove unreacted
chemicals. After that, the gel was dried under vacuum at 60 �C for
48 h. Then, it was crushed into the gel of different particle sizes and
screened by sieves.

2.3. Oil absorption capacity test

The oil-absorbing gel with the required particle size and mass
was dispersed in diesel, and left still for a certain time at a required
temperature. Then gel was taken out to remove the excess oil from
the surface, and the mass of the gel after oil absorption was
weighed. Then the oil absorption capacity was calculated with the
following equation to evaluate the oil absorption capacity of the gel.

Q ¼ðm2 �m1Þ=m1 (1)

wherem1 is the initial mass of the gel, g;m2 is the final mass of the
gel after oil absorption, g; Q is the oil absorption capacity of the gel,
g/g.

2.4. Microstructure characterization

The surface microstructure of the gel was observed with a
cryofield emission scanning electron microscope, and the micro-
structure was characterized under different magnifications using
the electron microscope. The infrared spectrum of the gel was
analyzed using the Fourier transform infrared spectroscopy (FTIS)
with the wavenumber varying from 500 to 4500 cm�1, the number
of scans is 4e32 times per millisecond.

2.5. Plugging performance test

A high-temperature and high-pressure fracture plugging simu-
lation device was used (Fig. 1) to evaluate the plugging perfor-
mance of the gel. The main experimental steps are as follows: (1)
The temperature of the simulator was adjusted to the required. (2)
A steel fractured core module with a certain fracture width was
placed in the core holder, and a confining pressure was applied. (3)
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The diesel was injected into the fractured core at a rate of 2 mL/min
until the fractured core was filled with diesel. (4) The oil-absorbing
gel with required particle size and concentration was dispersed in
the diesel to prepare the gel fluid. (5) The liquid was injected into
the fractured core at a rate of 2 mL/min, and the injection pressure
was recorded simultaneously. (6) When the flow of gel fluid from
the fracture outlet stopped, the diesel was injected into the frac-
tured core at the rate of 2 mL/min again while recording the in-
jection pressure. Furthermore, the maximum injection pressure
was determined as the bearing pressure capacity of the oil-
absorbing gel.

2.6. Visualized fracture plugging experiment

The migration, accumulation, and filling morphology of the oil-
absorbing gel in the fracture were observed using a visualized
fracture plugging simulation device (Fig. 2). The main experimental
steps are as follows: (a) A visualized fracture model as shown in
Fig. 3 with entrance and exit widths of 1 and 0.5 mm, respectively,
was fixed on the holder. (b) Diesel was injected into the model at a
rate of 0.5 mL/min to fill the fracture. (c) The gel with required
particle size and concentration was dispersed in the diesel to pre-
pare the oil-absorbing gel fluid. (d) The fluid was injected into the
model at a rate of 0.5 mL/min. Their migration, filling, and accu-
mulation states in the fracture were recorded in real-time using an
electron microscope. (e) After the fracture was completely filled by
the gel, it was left to stand for a certain time period for the gel to
completely absorb the oil and swell. (f) The gel fluid was placed
with the diesel, which was continuously pumped into the fracture
to observe the destabilization process of the gel plugging layer.

3. Performance evaluation of oil-absorbing gel

Oil absorption is one of the important properties of the oil-
absorbing gel. First, the microstructure of the oil-absorbing gel
was observed. Second, the effects of time, temperature, and particle
size on the oil absorption capacity of the gel were studied. Finally,
the plugging performance of the gel with combinations of different
particle sizes and concentrations was evaluated to study the
bearing pressure capacity of the gel for fractures of different widths.
This study provides a reference for lost circulation control using the
oil-absorbing gel in fractured formations.

3.1. Molecular structure characterization

The reaction mechanism of the oil-absorbing gel was analyzed
and the schematic diagram of crosslinking reaction is shown in
Fig. 4. The oil absorption capacity of the gel is mainly affected by
types and concentrations of monomer, crosslinker, and initiator.
The butyl acrylate, long chain octadecyl methacrylate with flexible
chains were used to enhance the hydrophilic properties of the gel.
The sodium-p-styrenesulfonate containing benzene ring groupwas
used as the rigid part of the molecular chain to enhance the
strength of gel structure. During the reaction, the butyl ester groups
in butyl acrylate reacted with the octadecyl ester groups in octa-
decyl methacrylate to generate a crosslinking structure. Under the



Fig. 1. High temperature and high pressure simulation device for fracture plugging.

Fig. 2. Visualized simulation device for fracture plugging.
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action of benzoyl peroxide, the sodium-p-styrenesulfonate and
divinylbenzene reacted with the butyl acrylate/octadecyl methac-
rylate crosslinking structure through the polymerization among
the methylene groups to form a three-dimensional network
structure. Ethyl acetate was added during the polymerization to
promote the formation of pores in the gel structure, which
increased the oil-absorbing properties of the gel.

The infrared spectrum of the oil-absorbing gel was achieved to
analyze its molecular structure with a wavenumber range of
500e4500 cm�1, and the result is shown in Fig. 5. The absorption
peak at 3403 cm�1 represents the stretching vibration of CeH on
unsaturated carbon (double bonds and benzene), the absorption
peak at 2933 cm�1 is the stretching vibration of CeH on saturated
carbon (methyl and methylene groups), the absorption peak at
1741 cm�1 is associated with the stretching vibration of C]O in
ester group (Du et al., 2018). Moreover, the absorption peaks at
2944
1451 and 1298 cm�1 represent the bending vibration in CeH plane
and the stretching vibration of CeO in ester group, and the peak at
1041 cm�1 is correlated with the characteristic in-plane rocking
vibration of CH2 in the long-chain alkyl group (octadecyl). In
addition, the peak at 625 and 549 cm�1 reflect themonosubstituted
benzene ring. Results show that butyl acrylate, sodium-p-styr-
enesulfonate, octadecyl methacrylate and divinylbenzene were
involved in the structure of the oil-absorbing gel.

3.2. Microstructure characterization

The microstructures of the oil-absorbing gel at different mag-
nifications are shown in Fig. 6. There are many pores with different
sizes on gel microstructure because not all groups or segments (e.g.,
eCH2eCH2e) on gel molecular chains can be crosslinked, and that's
what gels have in common (Sauerwein and Steeb, 2020). Pores



Fig. 3. Pictures of visualized fracture model. (a) Fracture entrance; (b) fracture top and bottom; (c) fracture exit.

Fig. 4. Schematic diagram of oil-absorbing gel synthetic reaction.

Fig. 5. Infrared spectrum of the oil-absorbing gel.
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serve to store oil molecules after oil absorption. The formation of
wrinkles on gel surface is attributed to different crosslinking re-
actions among components. The elastic structure of the gel is
formed by the reaction between flexible chain monomers such as
butyl acrylate and long chain octadecyl methacrylate, and reactions
between monomers containing benzene ring produce the rigid
structure of the gel. After the removal of tensile force, the self-
wrinkling on gel surface occurs because of the different modulus
of rigid structure and elastic structure (Lei et al., 2019). This effec-
tively enlarged the specific surface area of the gel and the contact
area between the gel and oil molecules. The microscopic image
with a magnification of 10,000 (Fig. 6f) reveals the presence of
many irregular lamellar structures on the gel surface. Moreover, the
pores were mainly distributed between the irregular lamellar
structures; hence, the oil storage space was significantly improved.
Meanwhile, the capillary force of micropores is conducive to
improving the absorption capacity, and the oil molecules do not
likely spill out after absorption, thereby exhibiting good oil storage
performance. Fig. 7 shows the schematic of the oil absorption
mechanism of the gel. First, the gel adsorbs oil molecules on the
surface through capillary force, and many oil molecules enter the



Fig. 6. Microstructure of oil-absorbing gel at different magnifications.

Fig. 7. Schematic diagram of oil absorption process of gel.
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internal space of the three-dimensional structure of the gel through
surface micropores. Thereafter, solvation effect occurs between the
molecular chain segments with lipophilic groups (e.g., long-chain
alkyl groups and benzene ring groups) and the oil molecules,
gradually stretching the molecular chain segments (Kundu and
Mishra, 2013; Yu et al., 2021). At the same time, the outer surface
2946
wrinkles and the large internal space have an excellent covering
effect on the oil molecules, which offers good oil absorption ca-
pacity to the gel (Zhang et al., 2017).
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3.3. Oil absorption capacity of gel

The gel absorbs oil and swells upon entering the drilling fluid
loss channel, thereby increasing the particle size to immediately
plug the formationwith lost circulation. The oil absorption capacity
of the gel is influenced by various factors such as time, temperature,
and particle size.

3.3.1. Effect of time
The oil absorption process of the gel is essentially the process of

adsorption and diffusion of small oil molecules on the porous
structure of the gel. Based on themechanism, the adsorption can be
divided into two categories: physical adsorption and chemical
adsorption. Physical adsorption is mainly induced by van derWaals
force, while chemical adsorption mainly includes chemical
bonding. To study the adsorption mechanism of oil molecules on
gel and explain the oil absorption capacity of the gel at different
times (Chen et al., 2020), a kinetic model was used to describe the
kinetic oil absorption behavior of the gel (Alves et al., 2017; Ho and
McKay, 1999).

3.3.1.1. Lagergren pseudo-first-order model. Lagergren pseudo-first-
order model assumes that the adsorption rate of oil molecules is
proportional to the number of unoccupied sites by oil molecules.
The kinetic equation is:

lnðQe � QtÞ ¼ lnQe � k1t

where Qe is the equilibrium oil absorption capacity, g/g; Qt is the oil
absorption capacity at time t, g/g; and k1 is the first-order oil
adsorption rate constant, min�1. The parameters Qt and k1 can be
obtained by plotting time t against Qe.

3.3.1.2. Lagergren pseudo-second-order model. According to the
Lagergren pseudo-second-order model, the adsorption rate de-
pends on the concentration of oil molecules and the active sites on
the gel. The physical interpretation of this model is that the driving
force of the adsorption process depends on the number of active
sites available. The kinetic equation of this model is:

t
Qt

¼ 1
k2Q2

e
þ t
Qe

where k2 is the second-order oil adsorption rate constant, g/(mg
min). The parametersQt and k2 can be obtained by plotting t against
Qe.

In this study, a certain mass of dry gel with an average particle
size of 0.3 mm was weighed and dispersed in diesel. The gel was
sampled every hour, and the excess oil was removed from the
surface using an oil-absorbing sheet. The oil absorption capacity of
the gel at different times was recorded, and the test was run for 7 h.
The variation in the oil absorption capacity of the gel was fitted
with the Lagergren pseudo-first-order and Lagergren pseudo-
second-order kinetic equations. The experimental and fitting re-
sults are shown in Fig. 8 and Table 2.

As shown in Fig. 8, the oil absorption capacity of the gel was fast
in the initial stage, reaching 2.9 g/g in 3 h. After 3 h, the oil ab-
sorption capacity of the gel gradually slowed down, and a peak
value of 4.34 g/g was achieved in 7 h. The oil molecules entered the
pores under the action of capillary force after meeting the gel, and
this molecular diffusion mainly determined the oil absorption ca-
pacity. At this time, only a small amount of oil molecules reached
the internal structure, and the polymer structural units with lipo-
philic groups were not fully stretched, thereby resulting in a slow
oil absorption capacity. With the increase in time, many oil
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molecules met the gel and entered the internal structure of the gel
through the pores. Under the action of the van der Waals force,
solvation occurred between the internal lipophilic groups and oil
molecules. In this case, the factor determining the oil absorption
capacity of the gel shifted from molecular diffusion to thermody-
namics. Moreover, solvation fully stretched the internal macro-
molecular chain segments, resulting in a rapid increase in the oil
absorption capacity of the gel (Deng et al., 2015; Rong et al., 2017).
As oil molecules continuously entered the gel internal structure and
filled the pore space, the diffusion coefficient of the oil molecules
gradually decreased. At this time, the oil absorption capacity was
mainly controlled by kinetics and decreased gradually. With the
accumulation of oil molecules, the three-dimensional network
structure of the gel stretched continuously. The stretching between
covalent bond crosslinking points reduced the conformational en-
tropy, and the retractive force generated at the crosslinking points
caused elastic retraction of the chain segments. Then, the mole-
cules reached thermodynamic equilibrium, and the oil absorption
capacity decreased continuously to reach the absorption equilib-
rium (Deng et al., 2020). The oil absorption capacity at different
time points was fitted with the Lagergren pseudo-first-order and
Lagergren pseudo-second-order models, and the fitting parameters
are shown in Table 1. The determination coefficient (R2) obtained
from the fitted curves of the first-order and the second-order ki-
netic equations were 0.99 and 0.98, respectively. Compared to the
fitting results obtained from the first-order equation, the theoret-
ical saturated oil absorption Qe determined by fitting the experi-
mental results with the second-order equation deviated more from
the experimental value, indicating that the Lagergren pseudo-first-
order kinetic equation is more suitable for describing the oil ab-
sorption capacity of the gel at different times.

3.3.2. Effect of temperature
The oil-absorbing gel with an average particle size of 0.3 mm

was dispersed in diesel and sealed at 25, 110, 120, 130, and 140 �C.
The reason for choosing 25e140 �C as experimental temperatures is
that the gel was degraded and the oil absorption capacity cannot be
determined at 150 �C. The effect of temperature on the oil ab-
sorption capacity of the gel was evaluated using the mass ratio
before and after oil absorption.

The fitting results of the oil adsorption kinetics of the gel at
different temperatures are shown in Fig. 9, and the model param-
eters are listed in Table 3. Results indicate that the absorption ca-
pacity of the gel was rapid in the initial stage under all
temperatures and gradually decreased after 3 h, and it gradually
approached the equilibrium level in approximately 7 h. Moreover,
the initial oil absorption capacity of the gel accelerated with
increasing temperature, accompanied by a gradual increase in oil
absorption capacity. The oil absorption capacity of the gel increased
up to 20.93 g/g at 140 �C, suggesting that higher temperatures are
favorable for the forward reaction (Sokker et al., 2011). The oil ab-
sorption process of gel is mainly driven by molecular diffusion and
thermodynamic driving force. In addition, the final oil absorption
capacity of the gel is mainly determined by the van der Waals force
between oil molecules and the gel structure and the gel cross-
linking density. With the increase in temperature, the oil molecules
became active gradually, the molecular diffusion coefficient
increased, and the solvation between oil molecules and the internal
lipophilic chain segments of the gel improved (Bai et al., 2018). At
the same time, higher temperatures result in faster diffusion of oil
molecules from the molecular surface into the gel structure. In
addition, temperature elevation leads to the destruction of the
crosslinking points formed via hydrogen bonds. The intermolecular
force is weakened and the number of hydrogen bond crosslinked
points inside the gel is reduced. Therefore, the crosslinking density



Fig. 8. Fitting results of Lagergren pseudo-first-order and second-order models of oil-absorbing gel at different times.

Table 2
Fitting results of adsorption kinetics of oil-absorbing gel in diesel at different times using Lagergren pseudo-first-order model and Lagergren pseudo-second-order model.

Model Fitting equation Equilibrium oil absorption capacity Qe, g/g R2

Theoretical value Actual value

Lagergren pseudo-first-order model Qe ¼ Qt � expðlnQt � ktÞ 4.40 4.34 0.99
Lagergren pseudo-second-order model Qe ¼ t=½ð1 =ðkQt

2ÞÞ þ t =Qt � 4.46 4.34 0.98

Fig. 9. Fitting results of adsorption kinetics of oil-absorbing gel at different temperatures. (a) Fitting result of Lagergren pseudo-first-order model; (b) fitting result of Lagergren
pseudo-second-order model.
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of the gel decreases, and the internal molecular lipophilic chain
segments stretch, leading to volume expansion and larger space
between molecular chain segments. Meanwhile, the movement
velocities of branched chains, side chains, and the whole molecules
are accelerated with increasing temperature because that the mo-
lecular chains are in the activated state (Yang et al., 2021). Upon
temperature elevation, the combined effects of the activated mo-
lecular chain and the increased movement velocity increased the
oil absorption capacity of the gel. It is specifically shown that when
the temperature increases, the oil molecules continuously enter the
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gel under the action of van der Waals force and fill the network
structure, the oil absorption capacity accelerates and increases, as
shown in Fig. 10. The theoretical saturated oil absorption Qe
determined by the Lagergren pseudo-second-order kinetic equa-
tion is very close to the experimental value with the determination
coefficient (R2) of 0.97e0.99, compared to that determined by the
Lagergren pseudo-first-order kinetic equation, indicating that the
Lagergren pseudo-second-order kinetic equation accurately de-
scribes the oil absorption capacity of the gel at different
temperatures.



Table 3
Fitting results of adsorption kinetics of oil-absorbing gel in diesel at different temperatures using Lagergren pseudo-first-order model and Lagergren pseudo-second-order
model.

Model Temperature, �C Fitting equation Equilibrium oil absorption capacity Qe,
g/g

R2

Theoretical value Actual value

Lagergren pseudo-first-order model 25 Qe ¼ Qt � expðlnQt � ktÞ 4.34 4.34 0.99
110 8.57 8.69 0.97
120 10.78 11.09 0.97
130 14.74 15.30 0.96
140 20.6 20.93 0.99

Lagergren pseudo-second-order model 25 Qe ¼ t=
h�

1=
�
kQ2

t

��
þ t=Qt

i
4.34 4.34 0.99

110 8.76 8.69 0.97
120 11.1 11.09 0.97
130 15.17 15.30 0.99
140 21.23 20.93 0.98

Fig. 10. Schematic diagram of oil absorption mechanism of oil-absorbing gel.
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3.3.3. Effect of pressure
The oil-absorbing gel with an average particle size of 0.3 mm

was dispersed in diesel and sealed in ageing cans at different
pressures of atmospheric pressure (0.1 MPa), 1.0, 3.0, and 5.0 MPa,
respectively. The effect of pressure on oil absorption capacity of the
gel was investigated and the data were plotted in Fig. 11. Results
show that although the oil absorption capacity of the gel continued
to increase with the extension of time, the effect of pressure on the
final oil absorption capacity (about 4.30 g/g) was slight under the
same conditions. However, the oil absorption process of gel is
different under different pressure conditions. At atmospheric
pressure, the oil absorption capacity reached 3.50 g/g after 5 h, it
decreased to 3.42, 3.33, and 3.21 g/g at 1.0, 3.0, and 5.0 MPa,
respectively. The internal and external pressures of the gel are the
same in a tight space with unlimited boundary, and the oil
adsorption process of the gel is mainly controlled by the properties
of gel itself, contributing to the final oil absorption capacity under
different external pressures. However, when the gel is placed in a
space with limited boundary such as pores or fractures, the final oil
absorption capacity decreases with the increase in external pres-
sures. Cohen and McMeeking (2019) studied the swelling induced
microstructure of gels by employing a Langevin-based microscop-
ically motivated model, and pointed out that two conditions were
required to achieve an equilibrium configuration of swelling gels in
a liquid solvent at given but different pressures. From the
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mechanical viewpoint, the gel must satisfy mechanical equilibrium
and comply with the mechanical boundary conditions, and from
the chemical viewpoint, the chemical potential of liquid solvent
molecules in gels and in external solvent must be equal. The
simulation results are consistent with the conclusion of this study.
3.3.4. Effect of particle size
Dried oil absorbing gel with particle sizes of 0.2. 0.3, and 0.6 mm

was dispersed in the diesel to evaluate the oil absorption capacity of
the gel with different sizes using the mass ratio before and after oil
absorption.

The change in oil absorption capacity and fitting results of the
gel with different particle sizes with respect to time is shown in
Fig. 12, and the model parameters are listed in Table 4. In the initial
stage, the oil absorption capacity of the gel with an average particle
size of 0.2 mm was the fastest. Thereafter, the oil absorption ca-
pacity slightly decreased in 1e2 h, reaching 4.38 g/g in 2 h. The oil
absorption capacity of the gel gradually stabilized in 2e6 h and
saturated to 4.78 g/g after 6 h. The gel with an average particle size
of 0.3 mm exhibited a fast oil absorption rate in 0e1 h, and the
corresponding oil absorption capacity after 2 h was 3.58 g/g. In the
time interval of 2e5 h, the oil absorption capacity of the gel
(0.3 mm) decreased continuously. The gel with an average particle
size of 0.6 mm also exhibited a rapid oil absorption rate in 0e1 h,
and the oil absorption capacity of the gel reached 3.07 g/g after 2 h.



Fig. 11. Effect of pressure on oil absorption property of oil-absorbing gel.

Fig. 12. Oil absorption capacity evolutions and fitting results of adsorption kinetics of oil-absorbing gel with different particle sizes. (a) Fitting result of Lagergren pseudo-first-order
model; (b) fitting result of Lagergren pseudo-second-order model.

Table 4
Fitting results of adsorption kinetics of oil-absorbing gel in diesel with different particle sizes using Lagergren pseudo-first-order model and Lagergren pseudo-second-order
model.

Model Particle size, mm Fitting equation Equilibrium oil absorption capacity Qe,
g/g

R2

Theoretical value Actual value

Lagergren pseudo-first-order model 0.2 Qe ¼ Qt � expðlnQt � ktÞ 4.68 4.78 0.99
0.3 4.58 4.78 0.99
0.6 4.50 4.78 0.98

Lagergren pseudo-second-order model 0.2 Qe ¼ t=
h�

1=
�
kQ2

t

��
þ t=Qt

i
4.79 4.78 0.99

0.3 4.68 4.78 0.99
0.6 4.58 4.78 0.99
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Thereafter, the oil absorption capacity slightly decreased in 2e6 h;
however, the overall oil absorption capacity still increased during
this interval. As shown in Fig. 12, the particle size significantly in-
fluences the oil absorption process of the gel. That is, as the particle
size increases, the oil absorption capacity of the gel becomes slow
2950
at first. This is because oil absorption is essentially the diffusion
process of oil molecules from the outer surface to the gel interior,
and different particle sizes result in different migration distances of
the oil molecules under the same conditions. The larger the particle
size, the longer is the migration distance from the gel surface to the
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interior. In addition, large particle gel forms a dense layer of oil
molecules due to surface expansion, resisting the oil molecules
from entering the interior of the gel (Bu et al., 2019). In contrast,
small particle gel has a large relative surface area; therefore, the
contact range between the oil molecules and the surface of the
particles is large, and the molecular diffusion is rapid. In summary,
the smaller the particle size, the faster is the oil absorption capacity
in the same time period. Upon entering fractured formation, small
particle gel can swiftly reach the absorbing equilibrium, and large
particle gel has appropriate absorbing volume, effectively bridging
and plugging the pores and fractures. The oil absorption capacity of
the gel with different particle sizes were fitted with the Lagergren
pseudo-first-order and Lagergren pseudo-second-order kinetic
equations. According to Table 3, the theoretical saturated oil ab-
sorption (Qe) determined by the Lagergren pseudo-second-order
kinetic equation is very close to the experimental value with all
the determination coefficients R2 above 0.99 compared to that
determined from the Lagergren pseudo-first-order kinetic equa-
tion, indicating that the Lagergren pseudo-second-order kinetic
equation can accurately describe the oil absorption capacity of the
gel with different particle sizes.

3.4. Plugging performance of gel

3.4.1. Plugging performance on porous media
To evaluate the plugging performance of the oil-absorbing gel,

porous media with an average porosity of 47.2% and an average
permeability of 28.6 mm2 were applied. According to the core
analysis, the average diameter of pores was about 0.6 mm. Because
the matching relationship between particle size and pore size of
plugging material is very important, many studied have been
conducted to explore the optimal particle size and concentration of
plugging material. The “one-third rule” (Abrams, 1997) is the
earliest and commonly used principle for pore plugging, but it is
mainly applicable to the temporary formation plugging with low
plugging capacity. The “one-half rule” (Li, 2013) was an extension of
the “one-third rule” and consider that the ideal packing effect can
be easily achieved based on this rule. The equal diameter bridging
rule has been also verified by many researchers (Xu et al., 2019; Li
et al., 2022) and our previous study (Lei et al., 2022) when plugging
large-scale pores and fractures. However, the above three rules
apply primarily to rigid particles instead of elastic particle gel. To
explore the matching relationship between elastic particle size and
pore size, three rules were referred to in this study and eight
formulae composed of the gel with particle size of 0.6, 0.3, and
0.2 mm, respectively, after oil absorptionwere applied based on the
“one-third rule”, “one-half rule” and equal diameter bridging rule.
The loss volume of liquids within 30 min was monitored at 100 psi
and 140 �C. After the plugging tests, the remaining fluid in the
simulation device was drained to obtain the filter cake, and actual
images were taken. Thereafter, the optimal amount of added gel
was determined, and the experimental results are shown in Figs. 13
and 14.

According to Fig.13, the gel fluidwas completely lost for formula
1#, formula 3#, formula 5#, and formula 7#. A fluid loss of 35, 46,
42, and 34 mL was recorded for combination formula 2#, formula
4#, formula 6#, and formula 8#, respectively. The lowest fluid loss
amount was 34 mL in the case of formula 8#, which is the best
plugging performance achieved among the combinations. Fig. 14
shows that small particle gel made gel filter cake smoother, and
the gel filter cake becomes thinner when a formula with low con-
centrations of the gel combination. Moreover, fluid loss data reflect
that to reduce the drilling fluid loss in porous media, the total
concentration of the gel with different particle sizes should exceed
3%. In addition, the combination of the gel with three different
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kinds of particle sizes is conductive to reducing fluid loss. As shown
in Fig. 14a, the particle gel flocculated, and the filter cake on the
surface of porous media became very loose, resulting in a higher
fluid loss volume. After compounding the gel of different particle
sizes (Fig. 14h), the particles progressively filled up the pores.
Moreover, the filter cake on the surface of porous media became
smooth and dense, thereby reducing the fluid loss volume. There-
fore, formula 8# was selected for subsequent testing.

3.4.2. Plugging performance on fractures
The high-temperature and high-pressure fracture simulator was

used to evaluate the plugging performance of the oil-absorbing gel
in fractures. Li et al. (2022) investigated the plugging effects of
single-particle bridging and double-particle bridging in fractures
and found that the double-particle bridging was more likely to fail
under the action of particle collision and fluid erosion compared
with the single-particle bridging. Xu et al. (2021) also reported a
similar phenomenon. Therefore, only the equal diameter bridging
theory was adopted to achieve the single-particle bridging in
fractures. During the experiments, the gel with average particle
sizes of 1.11, 2.16, and 3.80mm after oil absorptionwas injected into
the steel fractured cores (30 cm in length and 2.5 cm in diameter)
with average entrance and exit widths of 2e10 mm and 1e7 mm,
respectively. The gel concentration was 5%, and the bearing pres-
sure capacity of the gel in fractures was tested at 140 �C. As shown
in Table 5, the bearing pressure capacity of the oil-absorbing gel for
fractures with average entrance and exit widths of 2 and 1 mm, 3
and 2 mm, 5 and 3 mm, and 7 and 5 mm were 7.67, 7.13, 6.72 and
4.29 MPa, respectively, demonstrating excellent plugging perfor-
mance. However, with the entrance and exit widths increased to 10
and 7 mm, respectively, the bearing pressure capacity decreased to
only 1.91 MPa. Data indicate that the oil-absorbing gel has good
plugging performance on fractures with a width of less than 5 mm,
which can meet most of the requirements of oil-based drilling fluid
for lost circulation control while drilling.

To further prove the favorable properties of the oil-absorbing gel
prepared in the present study, a kind of oil-absorbingmaterial (ZDY,
Sichuan Dedao Industrial Co., LTD) applied in oilfields has been
used for comparison with this product. Oil absorption capacity and
plugging performance of ZDY have been conducted under the same
conditions with the oil-absorbing gel. Results show that the oil-
absorbing gel shows better absorption capacity and higher
bearing pressure capacity for porous media and fractures. Accord-
ing to the industrial product price of chemicals used to prepare the
oil-absorbing gel and other production inputs, the cost needed to
produce the gel is about 22,000 CNY per ton and its market price is
36,000 CNY per ton, which is obviously lower than that of ZDY of
44,000 CNY per ton.

3.4.3. Field test
The W-XXX well is a shale gas well in the Sichuan Basin. When

the diesel-based drilling fluid was used to drill into the Longmaxi
Formation with a temperature of 108 �C, the drilling fluid lost cir-
culationwith a loss rate of 14.6 m3/h occurred. According to logging
interpretation of adjoining wells, the Longmaxi Formation was
characterized by fractures ranging from 0.05 to 1.18 mm in width.
The oil-absorbing gel with an average size of 0.98 mm after oil
adsorption and a concentration of 5% was added into diesel-based
drilling fluid as the lost circulation material. After the drilling fluid
carrying the gel was circulated twice in thewellbore, the loss rate of
the drilling fluid decreased to 3.3 m3/h. Therefore, the gel was
added to the drilling fluid again to maintain its concentration at 5%,
and then the drilling fluid was continually circulated in the well-
bore. The lost circulation disappeared after twice circulation again
of the diesel-based drilling fluid, indicating a successful lost



Fig. 13. Plugging performance of oil-absorbing gel for porous media. (a) Concentration composition of gel with different particle sizes in formulas; (b) drilling fluid loss volume after
porous media plugging with the use of different gel formulas.

Fig. 14. Gel plugging layers formed by different gel formulas after porous media plugging. (a) Formula 1#; (b) formula 2#; (c) formula 3#; (d) formula 4#; (e) formula 5#; (f)
formula 6#; (g) formula 7#; (h) formula 8#.

Table 5
Bearing pressure capacity of oil-absorbing gel for fracture at 140 �C.

No. Width of fracture entrance, mm Width of fracture exit, mm Particle size, mm Bearing pressure capacity, MPa

Before oil adsorption After oil adsorption

1 2 1 0.457 1.112 7.67
2 3 2 0.957 2.164 7.13
3 5 3 1.680 3.809 6.72
4 7 5 1.680 3.809 4.29
5 10 7 1.680 3.809 1.91
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circulation control of the oil-absorbing gel for fractured formation.
4. Microscopic plugging mechanism of oil-absorbing gel

Many studies have been conducted to explore the selection rules
of types and particle sizes of lost circulation materials (Bai et al.,
2021b; Kang et al., 2019). However, these studies mainly focus on
optimizing lost circulation materials and investigating the corre-
spondingmechanisms of rigid lost circulationmaterials (Yang et al.,
2022). For fractured formations, there are limited studies on the
dynamic plugging process of oil-absorbing materials with combi-
nations of different particle sizes and on the structural instability
mechanisms of the plugging layer.
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4.1. Dynamic migration mechanism

To study the plugging process of oil-absorbing gel in fractures,
based on the equal diameter bridging rule, blue particle gels with
an average particle size of 0.5mm after oil absorptionwere selected
and dispersed in diesel with a concentration of 3%. Thereafter, the
gel fluid was injected at the rate of 0.5 mL/min from the left side
into the fracture visualization model with entrance and exit widths
of 1 and 0.5 mm, respectively. Because natural fracture surfaces are
normally rough surfaces and a completely smooth fracture surface
does not exist, the fracture wall surface was polished and ground to
simulate the real roughness. The migration pattern of the oil-
absorbing gel through the fracture was observed using an elec-
tron microscope. The macroscopic migration process of the gel in
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the fracture is shown in Fig. 15. The light-colored part of the image
is diesel, which is applied to simulate oil-based drilling fluid and
fills the fracture space at first, and the blue-part of the image is the
particle gels dispersed in diesel.

From the macroscopic point of view, owing to the large width of
the fracture, the migration of the gel in the fracture was affected by
various forces such as inertia effect, diffusion and deposition, and
gravitational settling (Feng and Gray, 2017; Kang et al., 2019). In the
initial stage of injection (Fig. 15a and c), the gel entered the fracture
as a suspensionwith the fluid from the inlet. The contact time of the
gel with oil was short, and their particle sizes remained small. The
settling velocity of the particles was slow under the action of the
fluid driving force, thereby the particles tended to disperse. With
the inlet as the baseline, the particles migrated forward and
expanded slowly to both sides (Wang et al., 2020a,b). The settling of
the particles was limited at the inlet under the action of the fluid
driving force. In themiddle stage of particlemigration, the gel could
freely pass in the fracture, completely pass through the fracture
under pressure, and migrate to the exit. At this stage, effective
plugging could not be achieved, and the fluid at the central baseline
flowed back to both sides due to friction. The back-flowing fluid
encountered the extended fluid on both sides and slowly extended
to both sides (Xu et al., 2018). During the entire process, the oil-
absorbing gel migrated toward low concentration, and the parti-
cles became more dispersed and loose in the fluid. At this time, the
collision between the particles was weakened, and the contact area
was small; thus, the particles were not subjected to deformation
and compression (Xu et al., 2019). In the final stage of particle
migration, the fluid driving force on the central baseline weakened,
leading to a reduced migration velocity of the particles and grad-
ually increased viscosity coefficient of the fluid. As a result, the
collision between the particles increased, and the particles aggre-
gated from dispersion and deformed gradually under extrusion
(Guo et al., 2015).

In a solideliquid two-phase flow, the migration process of a
single particle gel is determined by the fluid and the adjacent
particles. This migration process can be divided into the suspension
process under the action of the fluid and the mutual collision
process between the gel (Civan, 2016). The dynamic change process
of the gel in the microscopic perspective is shown in Fig. 16aed. In
the initial stage of entering the fracture, a diffused double layer was
formed on the surface of the particles after they met oil. This for-
mation of the double layer was due to a large number of lipophilic
groups on the particle surface. The contact time between the gel
and the oil was short; hence, the oil absorption capacity was low
Fig. 15. Macroscopic migration process of oil-absorbing gel in fracture. (a) Flow state at ear
fracture; (c) flow state at later stage of gel migration in fracture.
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and the particle size was small. The contact area between the gel
was small, and the particles could smoothly pass through the
fracture area with the fluid. At this stage, the gel was mainly gov-
erned by the combined effect of their own gravity Fg, fluid driving
force Fd, and wall friction Ff, as shown in Fig. 17. With the contin-
uous contact between the particles and oil molecules, a concen-
tration difference between the inside and outside of the polymer
network was generated. Under van der Waals force, osmotic pres-
sure difference, and capillary force, the oil molecules continuously
entered the polymer network. As a result, the gel swelled contin-
uously in the oil medium, and the particle size gradually increased.
The relative concentration of the gel in the fluid was low, and the
particles were hardly captured by the fracture wall and tended to
disperse in the fluid under continuous injection pressure (Hu et al.,
2018). As the oil molecules continuously entered the gel structure,
both the volume and concentration of the gel kept increasing. At
this time, the gel was subjected to the dragging force of the fluid
and the contact force between the gel. The contact force can be
further resolved into elastic and damping forces. One particle could
simultaneously collide with multiple particles, resulting in the
slowing down of the migration velocity of the particles under
continuous collision.

4.2. Plugging mechanism

The size of conventional bridging material is smaller than the
fracture width; thus, the material does not exert force inside the
fracture during migration with the drilling fluid. Therefore,
retaining the lost circulation material in fractures is difficult. Ac-
cording to the result of stressestrain test of the oil-absorbing gel,
the maximum elongation of the gel reaches 1680%, and the
maximum fracture stress is 159.3 kPa. Therefore, the oil-absorbing
gel belongs to deformation materials, and their sizes can change
from microns to the maximum width of the fracture because of
their superior elasticity. Therefore, the gel can be squeezed into the
fracture under pressure and can produce a large reaction force to-
wards the inner wall of the fracture; thereby, the particles are easily
retained in the lost circulation channels.

Under the action of combined forces inside the fracture, the oil-
absorbing gel is likely to single-particle bridging, double-particle
bridging, and multi-particle bridging. As shown in Fig. 18a, the
oil-absorbing gel continuously absorbed oil and swelled in the oil,
with their size exceeding the throat of the fracture channel. The gel
kept migrating forward under fluid driving force and deformed due
to their friction and extrusion with the fracture wall during the
ly stage of gel migration in fracture; (b) flow state at middle stage of gel migration in



Fig. 16. Microscopic migration process of oil-absorbing gel in fracture. (a) Gel just enters fracture; (b) gel migrates in suspension in fracture; (c) gel collides and aggregate in
fracture; (d) gel expands and deforms in fracture.

Fig. 17. Schematic diagram of force analysis of oil-absorbing gel in migration stage in fracture. Fd is the driving force of drilling fluid on oil-absorbing gel, Fg is the gravity of oil-
absorbing gel, Ff is the friction among oil-absorbing gel and fracture wall.

Fig. 18. Bridge plugging effect of oil-absorbing gel in fracture. (a) Plugging effect of single particle gel in fracture; (b) bridging effect of double particle gel in fracture; (c) plugging
effect of double particle gel in fracture; (d) plugging effect of multi particle gel in fracture.
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migration process. A single particle gel was stuck at the throat of
the fracture and led to a single particle bridging, forming the basic
skeleton plugging the loss channel and thereby reducing the orig-
inal fracture channel space. Under the action of pressure difference,
small size particles filled up the space progressively to form a dense
plugging layer (Alsaba et al., 2017). As shown in Fig. 18c, two par-
ticles smaller than the width of the fracture migrated with the fluid
to the throat. Furthermore, the particles extruded and deformed at
the throat, forming a double-particle bridging. The gel was signif-
icantly affected by gravity when migrating in the fracture, and they
were retained on the fracture wall (Xu et al., 2017). The probability
of collision between particles increased for the subsequent gel
entering the fracture; consequently, the migration resistance
increased. The particles then extruded and deformed under the
action of the fluid driving force, thus forming a double-particle
bridging. As the gel gradually migrated to the deep part of the
fracture, the fluid driving force on the particles gradually decreased
(Fig. 18d). In addition, the fracture surface was uneven and rough,
and the particles were easily trapped by the fracture after coming in
contact with the fracture surface (She et al., 2020b). Along with the
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increase in the number of multiple particles (particle size < fracture
width) migrating to the fracture throat with the fluid, the degree of
particle collision continuously increased. At this time, the gel
settled, accumulated, continuously absorbed the oil, and swelled,
thus forming a multi-particle bridging where small-size particle
gels continuously accumulated and filled to form a fracture plug-
ging layer. In addition to the bridging effect of particles in fracture
plugging, the progressive filling and accumulation of the particles
in the fracture are also important (Xu et al., 2020). Fracture plug-
ging is a bridging and progressive filling process. The particle gels
are mainly divided into three levels: (1) bridging particles, whose
particle sizes match the fracture width, (2) progressive filling par-
ticles, and (3) minimum filling particles, as shown in Fig. 19. The
progressive filling process determines the final permeability and
density of the plugging layer, which effectively enhances the
bearing resistance of the plugging layer.

Under a certain particle size combination, the gel has a syner-
gistic effect. These particles are extruded and closely combined
with each other, forming a stable force chain network in the pores
or microfractures to enhance the bearing pressure capacity of the



Fig. 19. Schematic diagram of bridge plugging effect of oil-absorbing gel in fracture. (a) Plugging effect of single particle gel in fracture; (b) plugging effect of double particle gel in
fracture; (c) plugging effect of multi particle gel in fracture.
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plugging layer (Yan et al., 2020). For fracture lost circulation, the
key to the lost circulation control is a particle gel bridging in the
fracture, which lays the foundation for the formation of a stable
plugging layer. According to the experimental results and analysis
of the actual circulation control process, the lost circulation mate-
rial is present in three states in the fracture: “sealing throat,”
“sealing waist,” and “sealing tail.” To further study the corre-
sponding processes, the accumulation and filling effects of the gel
at the entrance, internal space (top and bottom of the fracture), and
exit of the fracturewere investigated, and themechanism of the gel
forming a plugging layer in the fracture was analyzed.

4.2.1. Plugging behavior of gel at fracture entrance
The dynamic filling process of the oil-absorbing gel at the

entrance of the fracture model is shown in Fig. 20. In the initial
stage, the gel continuously entered into the fracture under the
driving force of drilling fluid and was suspended in the oil medium.
From the microscopic point of view, the gel was dispersed, and the
mutual contact force among the particles was small. With the
continuous injection of the liquid, the large particle gel was
extruded and deformed under pressure, forming a loose bridging
layer at the entrance of the fracture; while the small particle gel
was retained into the bridging layer (Fig. 20a and b). Under the
action of an external load, the gel extruded with each other,
resulting in different contact stresses. The contact force propagated
along the particles to form a weak force chain network structure
(Yan et al., 2021). Owing to the short oil absorption time, the
expansion and deformation extrusion stress between the particles
was small. With the continuous increase in the injection volume,
Fig. 20. Aggregation and filling process of oil-absorbing gel at different times at fracture entr
d) the loose bridging layer is destroyed and the gel shows a discrete disordered state; (e, f) g
compacted and dense plugging layer.
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the pressure at the entrance kept increasing, destabilizing the weak
force chain network structure at the entrance. Therefore, under the
action of the fluid driving force, the loose bridging layer was
destroyed, the particle gel slipped to the exit, and the solid-phase
particle aggregates gradually shifted to a discrete disordered state
(Fig. 20c and d). The weak force chain network was gradually
destroyed, and only the bridging particles remained in the fracture
(Alshubbar et al., 2018). As the gels kept absorbing oil continuously,
many particle gels aggregated again at the fracture entrance to form
the bridging layer (Fig. 20e and f). As a result, the original lost cir-
culation channel became narrow, small particles progressively fil-
led and compacted the bridging layer to form a dense plugging
layer, and a strong chain network structure was finally formed
(Fig. 20g and h). Upon the gradual formation of the plugging layer,
the internal particles were subjected to the driving force of drilling
fluid (Fd), the extrusion force of fracturewall (Fw), and the extrusion
force among the gel after expansion (Fe) generated by the contin-
uous absorbing of the gel (Fig. 21) (She et al., 2020a).

4.2.2. Plugging behavior of gel at fracture top and bottom
The dynamic filling process of the oil-absorbing gel at the top

and bottom of the fracture model is shown in Fig. 22aed. In the
initial stage, many discrete particle gels continuously migrated to
the exit of the fracture under the driving force of drilling fluid
(Fig. 22a). At this time, because the oil absorption time was short
and a bridge plugging was not formed, the gel was in a disordered
state and the contact stress among particles was small. Some of the
particle gels settled under centrifugal force and gravity and
aggregated on the upper and lower sides of the fracture model,
ance. (a, b) Large particle gel absorbs oil and expands to form a loose bridging layer; (c,
el aggregates again at the fracture entrance to form the bridging layer; (g, h) gel forms a



Fig. 21. Schematic diagram of force analysis of oil-absorbing gel after compaction and filling in fracture. Fd is the driving force of drilling fluid on gel, Fw is the extrusion force of
fracture wall on gel, and Fe is the extrusion force among gel after expansion.

Fig. 22. Aggregation and filling process of oil-absorbing gel at different times at fracture top and bottom. (a) Low concentration gel at discrete state by the driving force of drilling
fluid; (b) gel is deposited at fracture top and bottom; (c) gel aggregates at fracture top and bottom; (d) gel fills the fracture top and bottom and forms compacted gel plugging layer.
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forming an arc-shaped deposition with the entrance of the fracture
as the center (Fig. 22b). In addition, the gel continuously absorbed
the oil and swelled, the interaction force among particles gradually
increased, and the particles became gradually dense on both sides
of the fracture (Fig. 22c). The gel on the inner side overcame the
frictional force at the particle boundary and gradually migrated
toward the fracture exit under the fluid-dragging force. With the
continuous fluid injection, the bridging and filling of the particles
proceeded gradually at the upper and lower sides of the fracture
and continuously absorbed the oil and swelled, forming a plugging
layer with a certain bearing pressure capacity (Fig. 22d) (Zhang
et al., 2020). At this time, the particles were closely stacked and
extruded, generating contact stress of different magnitudes. The
shear resistance capacity of the gel enhanced significantly, and the
flow resistance gradually increased. Differently from the phenom-
enon that most of rigid particles remained at the fracture entrance,
the retention of the gel shifted gradually from fracture exit to
fracture entrance, thereby gradually forming a dense plugging
zone.
4.2.3. Plugging behavior of gel at fracture exit
The dynamic aggregation and filling process of the oil-absorbing

gel at the exit of the fracture model is shown in Fig. 23. The gel
entered the fracture with the fluid. The gel density in the fluid was
low, and the friction among particles and the fracture wall was
small; hence, the particle retention capacity was poor. Owing to the
pressure difference between the entrance and exit of the fracture,
the gel rapidly surged to the exit (Fig. 23a). As the particles
continued absorbing, the reaction force among the particle larger
than the fracture and the fracture wall was generated. Moreover,
the fluid driving force was lower than the gravitational force of the
2956
particles and the wall friction, forming particle bridging and
thereby reducing the space of the original lost circulation channel
at the exit (Fig. 23b). Under the continuous effect of the fluid
driving force, the gel gradually slid toward the bridging particles
and continuously accumulated at the bridging particles, forming
small linkages through extrusion under external load (Fig. 23c).
Meanwhile, the bridging particles supported each other to form a
stable aggregate (Nie et al., 2022). At this time, the flow resistance
at the exit gradually increased, and the small particles continuously
embedded in and filled the space between the bridging particles,
thus gradually forming a dense large-scale accumulation (Fig. 23d).
In additional to their progressive filling, the particles were densely
packed and extruded to form a plugging layer (Fig. 23e and f) (Fang
et al., 2020). Macroscopically, fine particles gradually filled the
space and stacked closely to form an arc-shaped accumulationwith
the exit of the fracture as the center. Microscopically, the particles
absorbed oil and swelled, producing different degrees of contact
stress through an extrusion, and forming force chain structures of
different strengths. The force chain structures then interlocked to
form a force chain network and penetrated the plugging layer.
5. Conclusions

An oil-absorbing gel with favorite oil absorption capacity and
plugging performance was prepared using rigid and flexible chain
monomers simultaneously, and the microscopic plugging mecha-
nism was investigated in detail.

(1) The oil absorption capacity of the gel was good. The oil ab-
sorption capacity of the gel reached 20.93 g/g at a high
temperature of 140 �C. It increased with the extension of



Fig. 23. Aggregation and filling process of oil-absorbing gel at different times at fracture exit. (a) Gel migrates by the driving force of drilling fluid; (b) gel bridges at fracture exit; (c)
gel aggregates at fracture exit; (d) gel aggregates at fracture exit in a large scale; (e) gel fills the fracture exit; (f) gel plugging layer is formed and compacted at fracture exit.
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time and the increase in temperature, and changed slight
with the pressure.

(2) The plugging performance of the oil-absorbing gel was
satisfactory. The optimal formula contains 2% gel with the
size of 0.6 mm, 2% gel with the size of 0.3 mm, and 1% gel
with the size of 0.2 mm, which can prevent the drilling fluid
loss in porous media. In addition, the bearing pressure ca-
pacity of the gel reached 6.72 MPa for a fracture with exit
width of 3 mm at 140 �C.

(3) The oil-absorbing gel can form a plugging zone in fractures
through oil absorbing, elastic deformation, bridging-
plugging, deposition-filling, and extrusion-accumulation.
Increasing the accumulation and filling degree of the gel
with different sizes effectively enhanced its plugging
performance.
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