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a b s t r a c t

Lost circulation, the significant  penetration of drilling fluid  into formations during drilling, leads to 
excessive fluid  consumption, non-productive time, and potential well control incidents. This study 
developed a tunable polymer gel system for plugging lost circulation zones of various scales. Its me
chanical properties can be controlled by adjusting the concentration, temperature, gelling time, and 
aging time. At 120 ◦C and 10 h gelling time, increasing concentration from 12% to 20% steadily enhanced 
mechanical properties: storage modulus rose from 750 to 3171 Pa, and tensile stress increased from 
20.03 to 67.8 kPa. However, under different temperature and time regimes, the mechanical properties of 
polymer gels first strengthened and then weakened or showed a trend of strengthening, weakening, and 
then strengthening again. For example, under gelling temperature 120 ◦C and 14% concentration, when 
the gelling time was increased from 4 to 10 h, the tensile stress of polymer gel increased from 4.103 to 
30.07 kPa, but when the gelling time was further extended from 10 to 12 h, the tensile stress was 
reduced from 30.07 to 11.33 kPa. With further extension of time to 14 h, the tensile stress increased 
again to 43.91 kPa. Comprehensive microstructural analysis revealed how these factors influence  gel 
properties. Subsequently, the simulated plugging experiments of fractures and sand-filled pipes were 
conducted using the polymer gel with a concentration of 14% and a temperature of 140 ◦C for 8 h, and 
the plugging strength was 5.8 MPa for the parallel fracture of 5 mm, and 10.06 MPa for the sand-filled 
pipe with a 3 mm fracture and an inner diameter of 3 cm in the outlet pipe, which indicated that the 
polymer gel system exhibited strong pressure-bearing plugging ability for both the fracture and the 
fracture/vuggy. The proposed polymer gel was applied in the field of HD29-H8 well in the Tarim Basin of 
Xinjiang, China, and successfully plugged the loss formation above 5000 m, which demonstrated that it 
can effectively plug high-temperature and high-pressure reservoirs.
© 2026 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

Polymer gel is a gel system composed of polymer substances, 
characterized by a three-dimensional crosslinking network 
formed through physical or chemical crosslinking. Physical cross
linking relies on non-covalent interactions such as hydrophobic 
associations, hydrogen bonding, electrostatic forces, and van der 
Waals forces. Gels formed by these reversible interactions have 

weaker strength but allow dynamic sol-gel transitions. In contrast, 
chemically crosslinked gels exhibit stronger structural stability 
and mechanical strength but lower degradability, raising envi
ronmental concerns. Compared with conventional gels, polymer 
gels display structural discontinuities that provide higher 
deformability, faster environmental responsiveness, and strong 
viscoelasticity (Bai et al., 2023). They also possess high porosity, 
reversible deformability, and excellent water absorption (Kwon 
et al., 2023). With oil and gas exploration expanding into deep, 
ultra-deep, and unconventional reservoirs, operational environ
ments have become increasingly harsh. Due to their mechanical 
deformability, polymer gels can penetrate loss channels of varying 
sizes, resist dilution by formation water or drilling fluid, and form 
high-strength plugs in fractures. Thus, they are widely used in loss 
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prevention, plugging, fracturing, cementing, profile control, water 
shutoff, and enhanced recovery (Pu et al., 2018; Sun et al., 2023; 
Zou et al., 2023). Existing polymer gel plugging materials mainly 
include underground crosslinking, ground pre-crosslinking, and 
non-crosslinking types, each with specific advantages and condi
tions (Bai et al., 2015a). For fractured formations, conventional 
bridging materials such as walnut shells, calcite, and rubber often 
suffer from size mismatch (Elahifar et al., 2023; Sun et al., 2019). 
Traditional guar and xanthan gum gels show low mechanical 
strength and poor thermal stability (Yang et al., 2024; Zhu et al., 
2021), resulting in reduced plugging efficiency and higher opera
tional costs. In contrast, polymer gels have controllable gelling 
time, high adaptability to fracture sizes, and tunable mechanical 
properties under various conditions (Feng et al., 2017; Xiong et al., 
2018; Vargas et al., 2020; Yun et al., 2021).

Characterizing the rheology and stress-strain behavior of 
polymer gels is essential for evaluating their mechanical proper
ties. Academician Luo Pingya proposed that gel rheology in frac
tures should have seven characteristics, “flowing into, not diluting, 
stopping, discharging, filling,  isolation, and resistance” (Wang 
et al., 2012). Recent studies have focused on optimizing gel 
structure and formulation to improve mechanical performance 
(Zhang et al., 2017; Bai et al., 2022). In addition, higher polymer 
concentration increases viscosity, while temperature changes may 
rearrange the gel structure and break crosslinking points. Greater 
crosslinking degrees enhance network density and connection 
strength (An et al., 2016; Cao et al., 2017; El et al., 2023; Ma et al., 
2024). Furthermore, the type of rheological modifier  and solid 
particle size distribution significantly  influence gel rheology and 
mechanics (Azimi et al., 2019; Smilek et al., 2019). For the high 
temperature stability of polymer gels, Qiu Zhengsongʼs team (Chen 
et al., 2018) prepared a high acid-soluble fiber  plugging agent 
resistant up to 150 ◦C, which improved fracture plugging when 
combined with other materials. Higher apparent viscosity and 
viscoelasticity enhance a gelʼs resistance to dissolution by drilling 
fluids or formation water, maintaining integrity within fractures, 
though reduced fluidity may hinder injection. To address this, re
searchers examined the relationship between apparent viscosity, 
elastic modulus, and time variation to determine optimal injection 
timing and predict gel strength (Lu et al., 2015; Dai et al., 2017). A 
polymer gel synthesized through hydrophobic bonding showed 
strong ductility and excellent linear viscoelasticity below 10% 
strain, with a tensile stress of 2.33 MPa at 300% elongation (Du 
et al., 2023). To address issues of short gelling time, weak 
strength, and poor stability, Bai et al. (2018) synthesized a high- 
strength, weakly thixotropic plugging agent using aluminum- 
magnesium layered double hydroxide and modified  clay for 
medium-low temperature fractured zones. Xie et al. (2021) found 
that optimized polymer concentration yielded shear strength of 
5000 Pa, and at 140 ◦C, the gel maintained high elasticity and gel 
strength. According to crosslinking methods, the tensile modulus 
of polymer gels varies in the order of covalently bonded, non- 
covalently bonded, and hybrid crosslinked gels (Liao et al., 2018). 
For non-covalent gels, higher synthesis temperature reduces 
effective crosslinking sites, weakening tensile performance and 
increasing elongation at break (Jiang et al., 2014).

Scholars worldwide have also investigated polymer gel mech
anisms in loss prevention, profile  control, flooding,  and water 
shutoff. Polymer microspheres with small, uniform particles and 
good dispersibility have been synthesized to achieve temporary 
plugging through multi-particle bridging, thereby improving deep 
formation flow regulation (Yao et al., 2015; Zhao et al., 2019; Lin 
et al., 2022). Regarding the mechanism of profile  control, water 
shutoff, and loss prevention, Ivan et al. (2002) proposed that 
crosslinked polymer bridge plugs create robust pressure-bearing 

barriers within fractures, isolating low-pressure formations from 
high-pressure wellbores by halting fracture propagation. 
Sweatman et al. (2004) demonstrated that the gel slug in forma
tion fractures causes a pressure drop from the wellbore to the 
formation, reducing the pressure at the fracture tip and preventing 
further expansion. Therefore, strengthening gel internal strength 
and its adhesion with fracture walls is crucial to increasing the 
pressure-bearing window. Bai et al. (2015b) found that successful 
plugging requires the sum of gel cohesion and viscous adhesion to 
exceed the pressure differential across the fracture; thus, 
enhancing adhesion between the gel and fracture wall is key to 
effective plugging.

Current research primarily focuses on developing new polymer 
gel systems and improving properties by modifying raw materials, 
optimizing formulations, or changing crosslinking methods. 
However, systematic studies on the combined effects of concen
tration, temperature, gelling time, and aging on mechanical 
properties remain limited. This study therefore investigates these 
factors by preparing gels under varied conditions, performing 
rheological and mechanical tests, and analyzing corresponding 
microstructural and morphological changes. Through laboratory 
fracture core and sand-filled pipe plugging experiments, as well as 
field evaluations, this work aims to clarify the mechanisms influ
encing gel mechanical behavior and provide insights for opti
mizing polymer gel performance under complex reservoir 
conditions.

2. Experiment

2.1. Experimental materials

The chemicals used to synthesize the polymer gel included 
polyacrylamide (PAM, 99.0%, Shanghai McLean Biochemical 
Technology Co., Ltd.), N-methylacrylamide (NMA, 98.0%, Shanghai 
McLean Biochemical Technology Co., Ltd.), tert-butyl hydroper
oxide (TBHP, 70% aqueous solution, Shanghai McLean Biochemical 
Technology Co., Ltd.), urea-formaldehyde resin (AR, Jinan Dahui 
Chemical Technology Co., Ltd.), silicate fiber  (Hebei Teyan Gold 
Trading Co., Ltd.), lithium-based bentonite (98%, Bayer, Germany), 
and deionized water was homemade in the laboratory.

2.2. Characterization of polymer gel properties

2.2.1. Infrared characterization
The polymer gelʼs chemical structure was examined using a 

Fourier transform infrared spectrometer (model: IRTRacer-100; 
SHIMADZU Corporation, Japan). Before testing, the polymer gel 
was washed with deionized water to eliminate unreacted mate
rials, then dried in a vacuum oven and ground into powder. 
Samples were made using the potassium bromide compression 
method. The infrared wavelength scanning range is 
4000–500 cm− 1 with 4 cm− 1 resolution and 50 times scans.

2.2.2. Microscopic morphology test
To obtain the microstructure of the polymer gel, the micro

structure was characterized using a scanning electron microscope 
(SEM; model Apreo 2S; THERMOFISHER, Germany). To prepare a 
freeze-dried polymer gel, the samples were first  frozen in liquid 
nitrogen and dried for 48 h at − 50 ◦C and 30 × 10− 3 mbar of 
pressure. Then the samples were fixed on the test platform with 
conductive tape, and gold powder was coated on the surface to 
enhance conductivity. Finally, the samples were put into the SEM 
sample chamber to obtain microscopic images with different 
magnifications at room temperature. To more clearly analyze the 
influence  of changes in component concentration, temperature, 
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gelling time and aging time on the microstructure, this study 
selected the same scale for comparison in the microstructure 
analysis of each influencing factor.

2.2.3. Rheological mechanical property test
A high-temperature and high-pressure rotational rheometer 

(model: HAAKE MARS 60; Thermo Fisher Scientific, Germany) was 
used for the test. A P35/Ti flat rotor with a 35 mm diameter was 
used in the experiment. The strain scanning test was conducted on 
the gel sample, with a fixed shear frequency of 1 Hz and a testing 
temperature of 20 ◦C. The changes in the storage modulus (G′) and 
loss modulus (G″) of the samples were tested in the strain range of 
0.1%–1000%. The gel sample underwent an angular frequency 
scanning test, with the shear strain fixed at 1% and the test tem
perature at 20 ◦C. The changes in the storage modulus (G′) and loss 
modulus (G″) of the samples were tested in the range of angular 
frequency from 0.1 to 100 rad/s.

2.2.4. Mechanical property test
The electronic universal testing machine (model: CMT4000; 

The New Sans Material Testing Company, Shenzhen, China) was 
used to conduct uniaxial tensile mechanical property testing on 
the polymer gels at room temperature. The laboratory environ
mental humidity is 40%. The gels were made into a dumbbell form 
and coated with a thin layer of silicone oil to prevent moisture loss 
during stretching, which could cause inaccurate test data. The 
tensile rate was set at 50 mm/min, and the stress-strain curves 
were recorded for the samples.

2.2.5. Test of polymer gel plugging performance
The gelʼs plugging ability was tested with a high-temperature, 

high-pressure fracture simulation device (Nantong Xinhua Cheng 
Scientific Instruments Co., Ltd., Nantong, China) (Fig. 1). We syn
thesized a polymer gel solution with 14% concentration, stirred 
well and poured into the high-temperature and high-pressure 
plugging instrument. The solution was injected into the vertical 
fractures and filled the fracture space. Then the temperature was 
increased to 140 ◦C, and after 8 h of gelling, the pressure-bearing 

plugging strength on the fracture was tested. In this experiment, 
parallel steel fracture with an inlet and outlet size of 
20 mm × 5 mm was used to simulate microfractures induced by 
formation stress, while sand-filled  steel pipes with an inlet and 
outlet line of 3 mm, an inner diameter of 3 cm and a length of 
20 cm simulated the plugging performance for loss-off scenarios 
through fractures connecting vuggy.

3. Preparation of polymer gel

3.1. Preparation method of polymer gel

The polymer gel was prepared through the following steps: (a) 
weighing a certain amount of polyacrylamide and N-hydrox
ymethacrylamide poured into deionized water, followed by 
continuous stirring to ensure complete and uniform dissolution of 
the polymer powder; (b) a specified  amount of lithium-based 
bentonite and urea-formaldehyde resin was added to the poly
mer solution from step (a), followed by continuous stirring to 
ensure uniform dispersion and dissolution of both components; 
(c) a measured amount of silicate fiber  was slowly added to the 
solution from step (b), with continuous stirring to achieve uniform 
dispersion; (d) a specified amount of tert-butyl peroxide initiator 
was then introduced into the mixture from step (c), followed by 
constant stirring to ensure full dissolution and mixing. The solu
tion was stirred until it reached a thick, uniform state without 
phase separation, forming the polymer gel system. The component 
contents of the polymer gel system are shown in Table 1.

The prepared polymer gel system with concentrations of 12%, 
14%, 16%, 18%, and 20% were heated in a roller furnace at 80, 100, 
120, and 140 ◦C for 2, 4, 8, 10, 12, and 14 h to obtain polymer gels. 
From the perspective of physical structure, the gel system of high 
molecular polymer can form a solidified  product with a certain 
toughness and three-dimensional network structure after gelling. 
Fig. 2(a) shows the process of acrylamide polymerization to 
generate high molecular polymer. For low concentration, low 
gelling temperature, and short gelling time, the polymer gel sys
tem remains in a dilute state. During the gelling process, the 

Fig. 1. High-temperature and high-pressure fracture plugging simulation device.
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individual molecular chains are separated and do not overlap, 
resulting in a dilute solution as shown in Fig. 2(b) (Kumaki et al., 
2015). With the increase of concentration, gelling temperature, 
gelling time, thermodynamics and other physical properties of the 
system change significantly. Molecular chains begin to cross, 
overlap and entangle with each other, forming a tangled network 
with a uniform distribution of chain segments as shown in Fig. 2(c) 
(Zhao et al., 2013). When the concentration, gelling temperature 
and gelling time are sufficiently high, the molecular chains of the 
polymer overlap and entangle extensively, forming a three- 
dimensional crosslinking network structure as shown in 
Fig. 2(d), which results in a macroscopic transition from viscous 
flow  to elastic state. The polymer solution thus loses its fluidity 
and forms a polymer gel (Son et al., 2022).

3.2. Polymer gel infrared spectroscopy analysis

To analyze the molecular structure, the Fourier transform 
infrared spectrum is shown in Fig. 3. The absorption peaks at 3183, 
2953, 2831, 1600, 1363, 1113, and 774 cm− 1 are very noticeable. The 
amino N–H stretching vibration is responsible for the broad ab
sorption peak at 3183 cm− 1; the C–H stretching vibration ab
sorption peaks are at 2953 and 2831 cm− 1; the C=O stretching 
vibration absorption peak is at 1600 cm− 1; the C–N stretching vi
bration absorption peak is at 1363 cm− 1; the NH2 plane vibration 
peak of acrylamide polymerization into polyacrylamide is at 
1113 cm− 1; and the C–H bond out-of-plane bending vibration is at 
774 cm− 1. These absorption peaks are representative features of 
polyacrylamide gel, indicating that the target products of the 
polymer gel system were obtained after synthesis.

4. Effect of component concentration on gel properties

4.1. Effect on pheological mechanical properties

To investigate the impact of concentration on gelʼs rheological 
properties, the changes in storage modulus and loss modulus under 
strain and angular frequency changes were systematically investi
gated by adjusting the concentration of the polymer gels (12%–20%) 
under gelling temperature of 120 ◦C and gelling time of 10 h. As 
shown in Fig. 4(a), the storage modulus of polymer gel started to 
change at strain γ = 100%, which decreased sharply. Therefore, the 
gelʼs linear viscoelastic region lay in the range of strain less than 
100%, beyond which the polymer gel started to undergo gel phase 
transition. In the case of strain condition γ = 10%, the polymer gel 
with concentration increased from 12% to 20%, its storage modulus 
rose from 43 to about 3171 Pa, and the loss modulus grew from 41 to 
about 285 Pa. To investigate how angular frequency influences the 
rheological behavior of polymer gels at varying concentrations, 
angular frequency scanning was conducted on different concen
trations of polymer gel under constant strain γ = 1% (Fig. 4(b)). 
When the angular frequency was 0.1–1 rad/s, the storage modulus 
and loss modulus increased significantly, and then grew slowly. The 
overall increase in loss modulus was less than that of storage 
modulus. When the polymer gel concentration was increased from 
12% to 20%, its storage modulus eventually stabilized at around 113 
and 1582 Pa, and its loss modulus eventually stabilized at around 
120 and 640 Pa. This indicates that the storage modulus of the 
polymer gel increases with angular frequency, demonstrating 
enhanced elasticity of its internal network structure. In combination 
with the physical images in Fig. 5(b–f), this reveals that as the 
concentration increased, the gelling effect of the gel became better, 
and the physical appearance of the polymer gel with a concentra
tion of 20% was intuitively denser than that of the polymer gel with 
a concentration of 16%. According to the scanning electron micro
scope image analysis of Fig. 5(g) and (h), it was observed that the 
microstructure appeared less wrinkled and smoother. This is due to 

Table 1 
Component content of polymer gel system.

Material PAM NM Urea-formaldehyde resin Lithium-based bentonite Silicate fibers TNHP

Mass percentage, wt% 15 0.6 0.5 2.5 1.5 0.01

* Deionized water was added based on the concentration of the polymer gel system. 
* The following experiments and field applications were all conducted using this formulation.

Fig. 2. (a) Chemical equation for polymerization reaction of acrylamide to produce 
polymer; (b) schematic microstructure of dilute solution before gelling; (c) schematic 
microstructure during the gelling process; (d) schematic microstructure of the gel 
after gelling.
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the increase of crosslinking points of molecular chains under high 
concentration conditions, forming a more compact crosslinking 
network structure as shown in Fig. 5(a), significantly enhancing the 
gelʼs energy storage capacity. Meanwhile, the nonlinear increase in 
loss modulus is due to the tight crosslinking of molecular chains 
with the increase in polymer gel concentration, and the enhance
ment of their interactions leads to the enhancement of friction loss 
inside the gel at high concentration.

4.2. Effect on mechanical properties

Adjusting the concentration altered the gelʼs deformation 
behavior (Fig. 6), directly impacting its tensile strength and elon
gation at break. Experimental results (Fig. 7) indicated that higher 
concentrations led to a marked increase in tensile strength, 
accompanied by a decrease in elongation at break. When the 
concentration was adjusted of the polymer gel from 12% to 20%, 
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the tensile stress of the polymer gel increased from 20.03 to 
67.8 kPa, and the elongation at break decreased from 1003.93% to 
240.28%. This variation was due to the polymer gel exhibited a 
higher storage modulus as the concentration increased, leading to 
the formation of more crosslinking points between molecular 
chains, effectively preventing the sliding and relative displace
ment of molecular chains, and constructing a denser network 
structure. This denser structure enhances the overall structural 
strength, causing the tensile stress of the polymer gel to increase 
with increasing concentration. However, as the concentration 
increased, the loss modulus also increased, the internal structure 
of the gel became more compact at high concentration, and the 
molecular chains were more densely crosslinked, which made it 
difficult to deform and stretch during tension, resulting in easier 
fracture as the stress increased. The polymer gel gradually 
exhibited brittleness, even though it performed well in strength, 
the deformation that occurred in the gel at the limit of the force 
was relatively small. Therefore, when designing and selecting 
polymer gels for oilfield field plugging, factors like the needed gel 
strength, fracture breadth, and depth must all be carefully taken 
into account. By adjusting the concentration of the polymer gel, its 
strength, ductility, and deformation ability can be altered to meet 
the requirements of specific field applications.

5. Effect of temperature on gel properties

5.1. Effect on rheological mechanical properties

As a key parameter for polymer gels preparation, the effect of 
gelling temperature on the rheological behavior of gels is of sig
nificant  research value. Under the conditions of a gelling time of 
10 h and a concentration of 14%, the storage modulus and loss 
modulus were found to exhibit a complex trend with increasing 
gelling temperature based on rheological experiments. When the 
temperature was raised from 80 to 100 ◦C under a strain condition 
of γ = 10%, the polymer gelʼs storage modulus increased from 
around 0.9 to 870 Pa and its loss modulus increased from 1.93 to 
525 Pa. When the temperature was further rose from 100 to 140 ◦C, 

the storage modulus decreased to around 335 Pa, and the loss 
modulus decreased to about 102 Pa. These data show that the 
storage modulus and loss modulus were the smallest from 0.1% to 
1000% strain at 80 ◦C. However, when the gelling temperature 
increased to 100 ◦C, although both the storage modulus and loss 
modulus reached maximum, the gel could not maintain stable 
performance under external strain conditions, suggesting an un
satisfactory gelling effect at that temperature (Fig. 9(b)). As the 
gelling temperature increased to 120 ◦C, the storage modulus and 
loss modulus gradually exhibited better elasticity. However, when 
the gelling temperature increased to 140 ◦C, the storage modulus 
decreased slightly, while the loss modulus remained comparable to 
that at 120 ◦C. This suggests that in the range from 120 to 140 ◦C, the 
elasticity of the polymer gel decreased, and its rheological proper
ties began to deteriorate (Fig. 8(a)). As shown in Fig. 8(b), angular 

Tensile

Fig. 6. Schematic diagram of structural changes of the gel before and after stretching.
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frequency scanning of gels prepared at different gelling tempera
tures was performed at a constant strain of γ = 1%. At angular fre
quencies ranging from 0.1 to 100 rad/s, when the gelling 
temperature of the polymer gel was increased from 80 to 140 ◦C, the 
storage modulus eventually stabilized at around 22 and 646 Pa, and 
the loss modulus stabilized at about 25 and 348 Pa. Both storage 
modulus and loss modulus increased initially and then decreased 
with increasing gelling temperature. When the gelling temperature 
was 120 ◦C, the storage modulus reached its maximum, stabilizing 
at 1927 Pa, while the loss modulus remained relatively low, stabi
lizing at 310 Pa. These findings demonstrate that the gelling tem
perature significantly affects polymer chain arrangement and the 
degree of crosslinking. At low gelling temperatures, polymer chains 
tend to form disordered structures, and the resulting pore surfaces 

are rough, leading to poor viscoelasticity (Fig. 9(e)). At higher gelling 
temperatures, the gel exhibits no honeycomb, pits, wrinkles, or 
other morphologies, and its microstructure is smoother and denser 
(Fig. 9(f)). This results from the temperature rise, which enhances 
the degree of crosslinking, making the chain arrangement more 
orderly and forming a denser structure, effectively improving the 
viscoelasticity of the gel. However, excessive temperature may 
cause water loss and hardening of the gel due to combined thermal 
and shear effects, resulting in decreased elasticity. This demon
strates that the gelling temperature plays a significant  role in 
regulating the internal microstructure of the gel. In the context of 
the experimental polymer gel system, the gel prepared at a gelling 
temperature of 120 ◦C exhibits the highest storage modulus and the 
smallest loss modulus, with the best gelling effect, so it has a better 
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stability under the long-time shear in the process of well loss 
plugging, which is of practical significance for the application in the 
field of well loss plugging.

5.2. Effect on mechanical properties

At low gelling temperatures, such as 80 and 100 ◦C, the polymer 
gel exhibited a low crosslinking density, and the storage modulus 
and loss modulus were comparable. The entire system exhibited 
viscous flow macroscopically, as shown in Fig. 9(a) and (b), indi
cating fewer connections between the molecular chains and 
resulting in poor mechanical strength and toughness. Fig. 10 shows 
the stress-strain curves of the polymer gels prepared at gelling 
temperatures of 120 and 140 ◦C. As the gelling temperature 
increased, the thermal motion of the molecular chains intensified, 
leading to more frequent collisions and entanglements between 
chains, which in turn resulted in a gradual increase in crosslinking 
density. The tensile stress prepared at a gelling temperature of 
120 ◦C was 30.07 kPa and the strain was 539.54%. Under external 
tensile stress, the molecular chains were able to adjust their 
lengths to maintain network balance and avoid stress concentra
tion. Additionally, the ordered arrangement and dense cross
linking of molecular chains enhanced the gelʼs toughness and 
improved its mechanical properties. When the gelling tempera
ture was increased to 140 ◦C, the tensile stress of the prepared 
polymer gel decreased from 30.07 to 8.145 kPa, and the strain 
decreased from 539.54% to 445.11%. This result indicates that a 
higher gelling temperature does not necessarily yield better me
chanical performance. At elevated temperatures, the gel loses 
water and becomes hard, with increasing gelling temperature, the 
long molecular chains in the gel struggle to reorganize into an 
ordered network structure, losing their ability to undergo phase 
transitions. Moreover, the density and effectiveness of intermo
lecular crosslinking are significantly reduced, as is the number of 
effective crosslinking sites per unit volume. As a result, inefficient 
network structures develop, which do not contribute to the me
chanical strength of the gel and ultimately lead to a decline in 
overall mechanical performance. Jiang et al. (2014) concluded that 
increasing the synthesis temperature accelerates the movement of 
water molecules and polymer chains, which weakens the hydro
phobic interactions that are critical to the formation and stability 
of polymer gels. Therefore, the loss of hydrophobicity during gel 

formation at high temperatures also adversely affects gel perfor
mance. These factors demonstrate that the mechanical properties 
of polymer gels decline significantly  as the gelling temperature 
continues to increase beyond an optimal threshold.

6. Effect of gelling time on gel properties

6.1. Effect on rheological mechanical properties

Gelling time directly influences  pumping, transporting, and 
plugging behavior of the gel during lost circulation control and 
significantly affects its rheological and mechanical properties. As 
shown in Fig. 11(a), under a gelling temperature of 120 ◦C, a con
centration of 14%, and a strain of γ = 10%, when the gelling time 
was extended from 2 to 8 h, the storage modulus rose from 121 to 
320 Pa, while the loss modulus dropped from 202 to 140 Pa. At this 
time, the polymer gel system exhibited soft and viscous charac
teristic as shown in Fig. 12(a–c). Its rheological behavior was 
similar to viscous fluids.  Through scanning electron microscopy 
(Fig. 12(g)), it can be observed that the microstructure surface of 
the polymer gel at the gelling time of 4 h has a lot of bumps and is 
relatively rough. Between 8 and 10 h of gelling time, under the 
strain condition of γ = 10%, the storage modulus increased from 
320 to 375 Pa, and the loss modulus decreased from 140 to 104 Pa. 
This change results from the development of a completer and 
more stable network, as prolonged gelling time allows polymer 
chains to generate more crosslinking points. At the macroscopic 
level, a clear transition occurs from a viscous flow state to a highly 
elastic state (Fig. 12(c) and (d)). This network structure plays a 
decisive role in the rheological properties of polymer gels, and its 
rheological behavior gradually approaches that of elastic solids, 
which make the polymer gel gradually become more ductile, and it 
can better resist deformation and store energy. Therefore, the 
storage modulus of the gel increases with the gelling time, while 
the loss modulus tends to decrease. Sun et al. (2021) also 
confirmed through their research on the mechanical state transi
tion mechanism of polymer materials. Angular frequency scans 
were performed on polymer gels with different gelling times at a 
constant strain γ = 1% (Fig. 11(b)). When the gelling time of the 
polymer gel increased from 2 to 14 h, its storage modulus ulti
mately stabilized at around 512 and 1136 Pa, and the loss modulus 
finally  stabilized at around 551 and 476 Pa. However, when the 
gelling time became excessive, such as 10–14 h, the molecular 
chains in the polymer gel became more tightly entangled. The 
microstructure of the gel at 14 h (Fig. 12(g)) gelling time exhibit 
fewer protrusions and a smoother surface compared to those 
formed at 12 h (Fig. 12(h)). This structural refinement results from 
tighter molecular cross-linking induced by prolonged gelation. 
However, excessive crosslinking may limit chain mobility, leading 
to reduced rheological performance. In this case, the loss modulus 
begins to rise again with prolonged gelling time.

6.2. Effect on mechanical properties

Gelling time is a critical parameter in the preparation of poly
mer gel, as it significantly influences their mechanical properties. 
For lost circulation control, the plugging material must possess 
sufficient  toughness to withstand downhole mechanical stress. 
However, gelling time did not exhibit a linear correlation with the 
mechanical properties of polymer gels (Fig. 13). In the early stage 
of gel formation, when the gelling time was 2 h, the polymer gel 
system remained in a dilute solution state as shown in Fig. 12(a), 
which did not reflect its mechanical properties. When the gelling 
time was increased from 4 to 10 h, the polymer gel exhibited softer 
and more deformable characteristics as shown in Fig. 12(b–d). 
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During this period, the tensile stress of the polymer gel increased 
from 4.103 to 30.07 kPa, while the strain decreased from 532% to 
368.63% and then increased to 539.54%. This behavior suggests 
that within this time range, the extension of gelling time allowed 
polymer chains to form a more complete and stronger network 
structure through crosslinking effects, resulting in gradually 
increased tensile stress. However, after a certain period of time, 
the gel structure reached a certain saturation point, and further 
increasing the gelling time did not continue to strengthen the 
structure but instead led to structural relaxation, resulting in 
increased strain. When the gelling time was increased from 10 to 
12 h, the internal structure of the polymer gel became more 
compact as the temperature continues to rise, and the density of 
effective crosslinking points per unit volume dropped signifi
cantly. The tensile stress of the gel decreased from 30.07 to 
11.33 kPa, and the strain decreased from 539.54% to 493.88%. With 
the further extension of time to 14 h, the gel network underwent 
secondary evolution. Through additional crosslinking and 

structural rearrangement, the overall tensile stress of the gel 
increased again to 43.91 kPa. However, due to overly dense 
crosslinking, the molecular chains lost flexibility, making it diffi
cult for deformation and elongation to occur during stretching. As 
a result, the strain continued to decrease to 374.62%. This 
nonlinear relationship indicates that the degree of crosslinking 
varies in a complex manner with gelling time. Therefore, appro
priately extending the gelling time enables the preparation of 
polymer gels with enhanced strength and toughness, thereby 
improving the mechanical performance of plugging materials for 
field applications.

7. Long-term stability of gel at high temperature

7.1. Effect on rheological mechanical properties

Polymer gel was aged with a concentration of 14% at 120 ◦C for 
3, 7, 10, 15, 20, and 30 days to evaluate their thermal resistance and 
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to further assess the structural stability of the gel. The storage 
modulus and loss modulus of the gel were measured using a 
rheometer to investigate the influence of aging time on its rheo
logical behavior. As shown in Fig. 14(a), both the storage modulus 
and loss modulus initially increased and then decreased with the 
aging time, as the aging time increased from 3 to 7 days, the 
storage modulus increased from 1651 Pa to a maximum of 1907 Pa. 
As the aging time was further extended to 30 days, the storage 
modulus decreased to 1049 Pa; When the aging time was extended 
from 3 to 10 days, the loss modulus increased from 128 Pa to a 
maximum of 312 Pa. As the aging time extended to 30 days, the 
loss modulus decreased to 137 Pa. These changes in the rheological 
properties of polymer gels had a great relationship with the 
extension of the aging time to affect the internal crosslinking 
network structure. During the initial aging stage of 3–7 days, 
additional crosslinking reactions occurred between molecular 
chains, forming a denser network structure, which enhanced the 
gelʼs storage modulus and structural stability. Fig. 15(h) shows that 
the scanning electron microscope image of the polymer gel after 7 
days of aging exhibits a very dense and smooth structure, with no 
honeycomb-like pores or depressions. However, as the aging time 
continued to increase, the molecular chain breakage and 

degradation occurred (Fig. 15(a)), resulting in a looser internal 
network with visible depressions (Fig. 15(i)) and a subsequent 
decline in modulus values. The storage modulus also decreases 
accordingly. At the same time, with increasing angular frequency, 
the storage modulus and loss modulus of the polymer gel first rose 
sharply and then tend to stabilize. When the aging time was 
extended from 3 to 7 days, the storage modulus finally stabilized at 
around 1810 and 1888 Pa. When the aging time was extended to 30 
days, the storage modulus finally stabilized at 1251 Pa; When the 
aging time was extended from 3 to 10 days, the loss modulus 
eventually stabilized at around 358 and 583 Pa. With aging time 
prolonged to 30 days, the loss modulus eventually stabilized at 
456 Pa. Throughout the aging period, the storage modulus 
consistently exceeds the loss modulus, suggesting that the gel 
system maintains good mechanical strength and exhibits stable 
behavior under high-temperature conditions. These results 
confirm  the gelʼs suitability for long-term applications in deep, 
high-temperature reservoirs.

7.2. Effect on mechanical properties

To be effective in downhole applications, polymer gels must 
retain long-term stability under complex pressure and thermal 
environments. Consistent with the rheological results, the gelʼs 
tensile strength shows an initial increase followed by a decline as 
aging time progresses. As shown in Fig. 16, when the aging time 
was extended from 3 to 7 days, the tensile stress increased from 
29.52 to a maximum of 38.07 kPa. As the aging time was extended 
to 30 days, the tensile stress gradually decreased to 21.62 kPa, and 
the strain of the polymer gel also increased from 237.61% to 
351.78%, and then decreased to 298.14% as the aging time 
continued to increase. These trends are attributed to structural 
changes occurring during the aging process. In the early stages of 
aging, the gel becomes more plastic, allowing easier deformation 
and leading to increased strain. Simultaneously, crosslinking be
tween molecular chains intensifies,  enhancing mechanical 
strength. The resulting increase in crosslinking density improves 
the gelʼs resistance to stretching and shearing, allowing it to better 
withstand external stress. However, as aging time continues to 
increase, the molecular chains gradually break down with the 
extension of time, resulting in the destruction of the internal 
structure, leading to the loss of continuity and reduction of me
chanical strength. Nevertheless, after aging for 30 days, the poly
mer gel still maintained a good elastic solid state (Fig. 15(g)), 
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compared with that after 3 days of aging, the tensile stress 
decreased to only 7.9 kPa, while the strain increased by 60.53%. 
These results clearly demonstrate that the polymer gel system 
developed in this study exhibits excellent thermal stability and 
mechanical robustness, making it highly suitable for use in high- 
temperature, high-pressure reservoir environments.

8. Polymer gel plugging experiment

We synthesized a polymer gel solution and injected it into the 
high-temperature and high-pressure fracture plugging simulation 
device to evaluate its pressure-bearing plugging performance in 
both fractures and sand-filled  pipes. The gel was formed under 
conditions of 14% polymer concentration and a gelling time of 8 h 
at 140 ◦C.

In the first  experiment, the 14% polymer gel system was 
injected into a parallel fracture with an inlet and outlet width of 
20 mm × 5 mm. After reacting at 140 ◦C for 8 h, slurry water was 
injected at a rate of 5 mL/min using an advection pump. As the 
fluid was injected into the parallel fractures, the fluid pressure in 
the parallel fractures gradually increased. When the pressure 
dropped from 5.8 to 4.2 MPa within 2 s after reaching the peak, it 
indicated that the gel had been damaged under the driving pres
sure at that point. The maximum breakthrough pressure of the gel 
was recorded as 5.8 MPa, demonstrating effective plugging per
formance (Fig. 17(a)). From Fig. 17(b–d), the gel exhibited strong 
adhesion ability after gelling and was able to effectively fill  and 
plug the inlet and outlet of the fracture.

In the second experiment, the same 14% polymer gel system 
was injected into a sand-filled pipe with a 3 mm fracture in the 
inlet and outlet pipelines, an inner diameter of 3 cm, and a length 
of 20 cm. After reacting for 8 h at 140 ◦C, the slurry was injected by 
an advection pump at a water injection rate of 5 mL/min, while the 
piston pump was used for stepped pressurization. The pressure 
was first increased to 3 MPa and held static for 10 min to observe 
pressure stability. Then, the pressure was increased in 2 MPa in
crements, again with 10-min holding intervals. After reaching 
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Fig. 15. (a) Schematic diagram of the internal network structure of polymer gels with different aging times; (b–g) physical images of gels with a gelling temperature of 120 ◦C and 
a concentration of 14% at different aging times: (b) aged for 3 days; (c) aged for 7 days; (d) aged for 10 days; (e) aged for 15 days; (f) aged for 20 days; (g) aged for 30 days; (h–i) 
SEM images of gels with a gelling temperature of 120 ◦C and a concentration of 14% at different aging times: (h) aged for 7 days; (i) aged for 20 days.
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7 MPa, the pressure was increased in 1 MPa increments, with 10- 
min static intervals at each stage. After the polymer gel applied a 
pressure of 10.06 MPa to the sand-filled  pipe with an inner 
diameter of 3 cm for 6 min, the polymer gel underwent break
through, and 16 mL of the gel mixture was discharged from the 
outlet (Fig. 18(a)). Compared with the pressure of 8.593 MPa 
achieved by the wood cellulose hydrogel reported in previous 
studies conducted in sand-filled  pipes (Jiang et al., 2024), these 
results demonstrated that the polymer gel system possesses 
strong pressure-bearing capacity and could effectively plug frac
tures and fracture-vuggy loss formations.

9. Field test of polymer gel plugging

The HD29-H8 well is an exploration well located in the Tarim 
Basin of Xinjiang, China. Due to the presence of fractures, micro- 
fractures, and weak formations, the well is prone to severe loss 
circulation and other engineering complications during drilling. 
The geothermal gradient is 2.575 ◦C per 100 m. When drilling 
reached a depth of 5440 m, the formation temperature was 140.1 

◦C. Lost circulation occurred at a displacement of 30 L/s, a pump 
pressure of 22 MPa, and a loss rate of 10 m3/h, with a cumulative 
loss of 30.4 m3 of drilling fluid at a density of 1.32 g/cm3. These 
data did not meet the requirements for safe operations, necessi
tating immediate plugging measures. Initially, a total of 20 m3 of 
plugging slurry was injected into the well twice for downhole 
plugging, but both times were ineffective.

The polymer gel proposed was subsequently applied to plug the 
fractured formation and stabilize the wellbore (Fig. 19). As shown 
in Fig. 19(a–d), the polymer gel plugging slurry prepared on the 
field successfully formed a high strength gel after gelling at 140 ◦C 
for 12 h. According to the actual well conditions of HD29-H8 well 
(Fig. 19(e) and (f)), it is determined that the loss layer section was 
identified  in the Silurian System from 5440 to 5618 m. We pre
pared polymer gel plugging slurry using domestic water from the 
HD29-H8 well site, totaling 51 m3. In the section of 5440–5618 m 
loss layer, 49.5 m3 of polymer gel plugging slurry was pumped 
first,  followed by 47 m3 of displacement fluid.  Then, 2 m3 of 
annulus was back-extruded, and the loss rate was reduced to 0 m3/ 
h after shutting down the wells for 12 h. After polymer gel 
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plugging slurry was used to plug the section of 5440–5618 m loss 
layer, the loss rate did not increase after the plugging gate material 
was reamed from the gel plugging surface (5320 m) to the well 
section below 5618 m, indicating that the polymer gel effectively 
plugged the loss zone. These field  results demonstrate that the 
polymer gel system developed in this study can be effectively 
applied for plugging fracture formations under high-temperature 
and high-pressure conditions, providing a reliable solution for 
lost circulation control in deep and complex reservoirs.

10. Conclusions

In this paper, the effects of different preparation conditions 
including concentration, gelling temperature, gelling time, and 
aging time on the rheological and mechanical properties of poly
mer gels were systematically investigated and analyzed. Com
bined with microscopic scanning electron microscopy 
observations, the internal crosslinking mechanism of the gels was 
elucidated, providing a theoretical basis for optimizing gel 
formulation to enhance mechanical performance. In addition, this 
paper investigated the plugging strength of polymer gel on frac
tures or fracture/vuggy structures through plugging experiments, 
and fully proved the plugging effect of polymer gel on the for
mation through field application in the Tarim Oilfield in Xinjiang. 
The main conclusions are summarized as follows:

(1) Polymer gels with different concentrations were prepared at 
different gelling temperatures and gelling times using 
polyacrylamide as the polymerizable, N-methyl
olacrylamide as the crosslinking agent, urea-formaldehyde 
resin and silicate fiber  as the toughening agent, lithium- 
based bentonite as the flow regulator, tert-butyl hydroper
oxide as the initiator.

(2) Under gelling temperature of 120 ◦C and gelling time of 10 h, 
the mechanical properties of the polymer gel significantly 
improved as the concentration increased from 12% to 20%. 
The gel formed under high concentration conditions had a 
storage modulus of 3171 Pa and a tensile stress of 67.8 kPa. 
As the concentration increased, the gel became denser 
macroscopically, and the microstructure showed fewer 
wrinkles and smoother surfaces. However, excessive 

concentration could lead to increased brittleness. Therefore, 
the appropriate adjustment of polymer gel system concen
tration can be applied to different strength plugging 
materials.

(3) At the gelling time of 10 h and the concentration of 14%, the 
gelling temperature was increased from 80 to 140 ◦C. The 
optimal gelling temperature was 120 ◦C, at which the gel 
exhibited superior rheological and mechanical properties, 
with a storage modulus of 374 Pa, loss modulus of 103 Pa, 
and tensile stress of 30.07 kPa. Microstructural analysis 
showed that low gelling temperature resulted in lower gel 
crosslinking density, while high temperature formed an 
ordered and dense structure. However, excessively gelling 
temperature of 140 ◦C reduced the number of effective 
crosslinking points. Therefore, the gelling temperature 
should be balanced between the polymer chain arrange
ment and the degree of crosslinking to achieve stability in 
the process of plugging lost circulation.

(4) Gelling time directly affected the processes of pumping, 
transportation, and plugging of the gel, and had a significant 
effect on the rheological mechanical properties. At a gelling 
temperature of 120 ◦C and a concentration of 14%, extending 
the gelling time from 2 to 8 h increased the storage modulus 
and decreased the loss modulus, indicating the formation of 
a more complete internal network. However, excessive 
gelling time of 14 h limited polymer chain mobility, result
ing in reduced rheological performance and structural 
brittleness. Therefore, it is necessary to select an appro
priate gelling time to improve the compressive, shear, and 
tensile properties of the plugging material.

(5) The long-term stability properties of the gel at high tem
peratures were investigated experimentally. Results showed 
that during the aging process from 3 to 30 days, the rheo
logical and mechanical properties of polymer gels increased 
and then decreased. Initially, the gel maintained better 
elasticity and stable structure, and excessive aging led to the 
late molecular chain breakage and decrease in gel strength, 
but the storage modulus remained higher than the loss 
modulus, and the gel always maintained better elasticity 
and long-term stability in complex underground 
environment.
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(6) At a concentration of 14% and gelling conditions of 140 ◦C for 
8 h, the polymer gel achieved plugging strength of 5.8 MPa 
in parallel fracture with an inlet and outlet size of 
20 mm × 5 mm, and 10.06 MPa in a sand-filled pipe with a 
3 mm fracture, 3 cm inner diameter, and 20 cm length. Field 
application in Tarim Oilfield  in Xinjiang showed that the 
polymer gel had achieved certain plugging effect for the loss 
formation. These findings  demonstrated that the polymer 
gel system developed in this study was highly suitable for 
plugging high-temperature, high-pressure oil and gas 
reservoirs.
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