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a b s t r a c t

In situ plugging hydrogels represent a promising strategy to combat wellbore instability in fractured 
formations. Despite their potential, they often fail due to unpredictable gelation kinetics and inadequate 
mechanical strength under downhole conditions. Here, we introduce an alginate-based hydrogel (Alg- 
gel) engineered with an acid-triggered, multi-crosslinking mechanism that constructs a biodegradable 
shield directly within fractures. This system integrates sodium alginate (SA) with hydroxypropyl guar 
gum (Hpg) to form a primary semi-interpenetrating network. The critical innovation lies in the syn
ergistic use of D-gluconic acid δ-lactone (GDL) and CaCO3, which enables precise, sustained release of 
Ca2+ ions. These ions subsequently coordinate with guluronate blocks in SA, establishing a secondary 
network that embeds residual CaCO3 as reinforcing scaffolds. This multi-network architecture results in 
a storage modulus increase by orders of magnitude and reduces filtration loss by up to 89.3% as gelation 
proceeds from 30 to 180 min. Structural evolution from a sparse framework to a densely interlocked 
lamellar assembly was directly visualized, validating the tunable nature of the complexation process. 
The exceptional plugging performance and controllable gelation kinetics position Alg-gel as a superior 
lost circulation material, with broader implications for profile  modification  and gas channeling 
mitigation.
© 2025 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Drilling serves as the fundamental conduit for accessing sub
surface oil, gas, and geological resources, yet its efficiency  is 
persistently compromised by lost circulation—a paramount tech
nical and economic challenge in petroleum engineering. This 
phenomenon predominantly originates from natural formation 
porosity and, more critically, from the propagation of pressure- 
induced fractures. Subsequent wellbore instability events, 
including stuck pipe, borehole collapse, and blowouts, can in
crease operational time by over 70% (Bai et al., 2023). The financial 

burden is substantial, with mitigation costs reaching $70–100 per 
foot (Kibikas et al., 2024), which constitutes 10%–20% of total well 
expenditure (Lin et al., 2024).

Conventional practice to enhance wellbore stability employs 
solid plugging agents, such as calcium carbonate, rubber particles, 
nut shells, and asphalt, which are incorporated into drilling fluids. 
Within this approach, coarse-grade particulates function by 
bridging fracture throats, while fine-grade fillers  subsequently 
pack the interstitial voids (Xu et al., 2023; Yan et al., 2024). 
Nevertheless, such physical packing materials are inherently 
limited by weak interparticle cohesion and insufficient  sealing 
integrity. Consequently, they remain vulnerable to mechanical 
disturbances, including pressure surges and hydraulic scouring, 
which can displace the packed particles and substantially degrade 
the sealing capacity and pressure-bearing performance (Zang 
et al., 2025).

Preformed particle gels (PPGs) have emerged as promising 
sealing agents due to their superior plugging capacity and 
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transport properties. Expandable PPGs, fabricated from pre- 
crosslinked polymers or shape-memory composites, can undergo 
designed volumetric expansion upon thermal or aqueous activa
tion downhole to seal fractures (Zhao et al., 2025a). However, the 
difficulty  in precisely controlling their activation kinetics and 
achieving optimal size matching with dynamic fracture networks 
hinders their widespread application. Alternative strategies, such 
as cementitious systems and stimuli-responsive hydrogels, pre
sent their own trade-offs (Kang et al., 2024). While cement slurries 
provide robust sealing across a wide aperture range, their unpre
dictable setting behavior and poor removability pose significant 
risks of permanent formation damage (Cui et al., 2021; Mirabbasi 
et al., 2022). In situ polymerizing hydrogels, which gel via mech
anisms like ring-opening polymerization (Liu et al., 2025a), or 
hydrophobic association (Pereira et al., 2022), offer excellent 
conformance to fracture geometry (Wang et al., 2023b). Never
theless, their gelation kinetics and final performance are critically 
dependent on specific  and uncertain reservoir conditions (e.g., 
temperature, ionic composition), making reliable deployment 
challenging. Consequently, a pressing need remains for a plugging 
material that combines controllable activation, self-adaptive 
sealing, and operational reliability under complex downhole en
vironments (Bai et al., 2021; Sun et al., 2023a).

Acrylamide-based hydrogels represent a mainstream chemical 
solution for lost circulation control. These systems are typically 
fabricated through free-radical copolymerization of monomers 
such as acrylamide and 2-acrylamido-2-methylpropane sulfonic 
acid (Ma et al., 2024; Sun et al., 2023c), crosslinked by covalent 
agents (e.g., phenol-formaldehyde resins, polyethyleneimine) 
(Chen et al., 2024) or multivalent metal ions (e.g., Cr3+, Fe3+, and 
Zr4+) (Bai et al., 2015). The resulting low-viscosity prepolymer 
solution is injected into the loss zone, where it undergoes a sol–gel 
transition in situ, forming a viscoelastic network that seals frac
tures via covalent bonding and ionic coordination (Guo et al., 
2024a). Despite their effectiveness, these hydrogels face growing 
regulatory and environmental concerns over the toxicity of re
sidual monomers and heavy metal crosslinkers (Bai et al., 2022a; 
Guo et al., 2024b). Consequently, the development of high- 
performance plugging materials that simultaneously achieve 
tunable gelation, robust pressure resistance, and full environ
mental compliance remains a critical unsolved challenge in field 
operations (Wu et al., 2024).

Natural polysaccharides (e.g., chitosan, alginate acid, carra
geenan, and cellulose) have emerged as sustainable and versatile 
platforms for engineering in situ polymerized hydrogels (Pan 
et al., 2023; Shariatinia and Jalali, 2018; Su et al., 2023; Wu 
et al., 2022). These biopolymers combine abundant availability, 
intrinsic environmental compatibility, and versatile chemical 
functionality, enabling the creation of densely crosslinked net
works with precisely tunable gelation dynamics and robust me
chanical properties (Dai et al., 2025). Despite forming effective 
crosslinked networks, conventional hydrogels often exhibit 
limited fracture toughness and insufficient mechanical strength 
due to the absence of a rigid structural framework. This inherent 
brittleness can lead to premature failure under downhole stress, 
compromising both fracture retention and long-term sealing 
integrity. To overcome these limitations, rigid particulates are 
frequently incorporated into the gel matrix, where they function 
as reinforcing scaffolds that enhance network density through 
physical bridging and skeletal support. The resulting composite 
materials, rigid particle-reinforced hydrogels, thus represent a 
promising approach to establishing a synergistic physicochem
ical barrier that combines superior pressure-bearing capacity 
with enhanced retention stability (Hamza et al., 2020; Zhai et al., 
2020).

Alginate acid, an anionic polysaccharide composed of β-D- 
mannuronic acid (M-block) and α-L-guluronic acid (G-block), has 
been widely employed in industrial and biomedical applications 
since the 1920s. Its sodium salt, sodium alginate (SA), is particu
larly valued for its gel-forming ability, biocompatibility, and sus
tainability (Liu et al., 2025b; Zhang et al., 2022), finding  broad 
utility in food preservation (Ming et al., 2025; Xie, 2024), phar
maceuticals (ElTatawy et al., 2024; Zhao et al., 2025b), agriculture 
(Bakhshizadeh et al., 2022; Wang et al., 2023a), and energy sys
tems (Gao et al., 2024; Ji et al., 2022). In drilling engineering, SA 
has been used to enhance fluid performance via adsorption onto 
bentonite surfaces (Wei et al., 2022), while potassium alginate (PA) 
has demonstrated effective shale inhibition through polymer film 
formation (Wei et al., 2024). More recently, SA-based self-healing 
preformed particle gels have been developed using hydrophobic 
copolymerization and Fe3+ coordination, showing promising 
fracture sealing performance (Bai et al., 2022c; Zhang et al., 2022). 
Nevertheless, the potential of SA to form in situ reinforced 
hydrogels through a combined strategy of polymer entanglement, 
ionic crosslinking, and rigid-particle scaffolding remains inade
quately explored, particularly the synergistic interplay between 
these mechanisms.

Inspired by previous work on dual-network polysaccharide 
hydrogels and the recognized limitations of single-mode cross
linking systems, we first selected several biopolymer candidates, 
including hydroxypropyl guar gum (Hpg), curdlan (Cur), carbox
ymethyl chitosan (Cmcs), pregelatinized cassava starch (Pgcs), 
agar, and gelatin—for their ability to form entangled networks 
with SA. Among these, the hydrogen bonding interactions formed 
by the combination of SA and Hpg are particularly significant, 
forming a tight primary network. Herein, we develop an alginate- 
based hydrogel featuring a multi-network architecture for lost 
circulation control. The primary network is established through 
hydrogen bonding between SA and Hpg, while the hydrolysis of 
glucono-δ-lactone (GDL) gradually releases Ca2+ from CaCO3, 
inducing a secondary “egg-box” coordination network. In this 
system, CaCO3 particles act both as reservoirs of Ca2+ for ionic 
crosslinking and as rigid skeletons that provide structural rein
forcement. Following formulation optimization for gelation ki
netics and plugging efficiency, the multi-crosslinking mechanism 
was systematically elucidated by morphological analysis, FTIR 
characterization, real-time pH monitoring, and Ca2+ release 
profiling.  Plugging performance and fracture adaptability were 
further validated in simulated porous formations with different 
pore structures. Owing to its high adaptability and sealing effi
ciency conferred by the multi-crosslinked architecture, the in situ 
SA-based hydrogel offers a promising high-performance alterna
tive to conventional lost circulation materials (LCMs) in drilling 
operations, with potential extensions to fracturing fluids and sand 
consolidation.

2. Materials and methods

2.1. Materials

SA (viscosity: 200±20 mPa‧s; M/G ratio: 1.0; Mw = 8.7 × 104 Da; 
99.7%) and D-gluconic acid δ-lactone (GDL, purity: ≥ 99%) were 
purchased from Aladdin Chemical Reagent Co., Ltd. (Shanghai, 
China). Pgcs (viscosity: 500±30 mPa‧s; Mw = 1.5 ×105 Da; purity ≥
98%) was obtained from Senruite Biotechnology Co., Ltd. (Shan
dong, China). Hydroxypropyl guar gum (Hpg, viscosity: 
1000±50 mPa‧s; molar substitution = 1.6; Mw = 2.0 × 105 Da; 
purity ≥ 98%) and Cur (viscosity: 30±1.5 mPa‧s; Mw = 4.0 × 105 Da; 
purity ≥ 98%) were supplied by Haiaosi Biotechnology Co., Ltd. 
(Shandong, China). The viscosity of Cur was determined in mildly 
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alkaline aqueous. Cmcs (viscosity: 60±3.0 mPa‧s; 
Mw = 2.4 × 105 Da; degree of carboxylation ≥ 85.0%), gelatin (type 
A, derived from porcine skin; Mw = 8.9 × 104 Da; gel strength: 250 
Bloom), and agar (gel strength: 1500 g/cm2; Mw = 4.3 × 105 Da; 
moisture content ≤ 10%; gelling temperature: 41.2 ◦C; sulfate 
content: 0.47%) were purchased from Sigma-Aldrich (Shanghai, 
China). All materials were powders, readily water-soluble, and 
used without further purification.  The viscosity was measured 
using a Brookfield LV viscometer (Model DV2, USA) at 25 ◦C with a 
polymer concentration of 1.0 wt%. Unless stated otherwise, 
compositional and molecular parameters were sourced from 
supplier analytical certificates.

Calcium lactate (CL, ≥ 98%), calcium chloride (CaCl2, ≥ 97%), 
and Eriochrome Black T (EBT, Ca2+ indicator) were obtained from 
Macklin Reagent Co., Ltd. (Shanghai, China). Calcium carbonate 
(CaCO3, 95%) with a range of particle sizes (1250, 1000, 800, 600, 
375, 200, and 100 mesh) was purchased from Lingshou Mining 
Processing Products (Hebei, China). Shale, basalt, and gravel cut
tings were collected from a drilling site in the Songliao Basin, 
China, and were oven-dried and crushed prior to use.

2.2. Methods

2.2.1. Preparation of Alg-gel
Alg-gel was prepared via acid-triggered in situ gelation by 

introducing GDL solution into a polymer suspension containing 
CaCO3 (Fig. 1). Briefly, 2.4 g of polymer (SA, Ppcs, Hpg, Cur, Cmcs, 
gel, or agar) was dissolved in 300 mL deionized water at 25 ◦C 
under constant stirring using a GJS-B12K overhead stirrer (Tianjin 
Hengxing Chemical Reagent Manufacturing Co., Ltd., China) at 
1000 rpm for 30 min. The solution was then sealed and hydrated 
for 12 h at ambient temperature. Next, 12 g of calcium source 
(CaCO3, CaCl2, or CL) was added and dispersed into the polymer 
solution at 2000 rpm for 30 min. CaCO3 with varying particle sizes 
(11.8–38.0 μm, ASTM standard) and concentrations (1.0–5.0 wt%) 
was employed to investigate their influence on gelation behavior. 
Detailed discussion of how particle size and dosage regulate Ca2+

release, gelation kinetics, and final performance is provided in the 
discussion section. Separately, GDL was dissolved in 100 mL 
deionized water and added to the suspension to initiate gelation. 
Real-time pH was monitored using a Seven Excellence S500-Basic 
pH meter (Mettler-Toledo, Switzerland), calibrated with pH 4.0 
and 7.0. Free Ca2+ release was quantified at 30, 60, 90, 120, 150, and 
180 min by classical EDTA titration with EBT as the indicator.

2.2.2. Characterization techniques
Alg-gel samples at designated gelation intervals were cut into 

1 cm3 cubes, rapidly frozen in liquid nitrogen, and lyophilized 
(freeze dryer ZLGJ-20, Huachen Instrument Co., Ltd., Zhengzhou, 
China) at − 60 ◦C and 0.1 mbar for 48 h. The freeze-dried specimens 
were sputter-coated with gold for 150 s and examined by a scan
ning electron microscope (SEM, Hitachi S-4800, Tokyo, Japan) at an 
accelerating voltage of 10 kV to visualize the internal micro
structure. For chemical characterization, dried hydrogel samples 
were finely ground and thoroughly mixed with potassium bromide 
(KBr) at a mass ratio of 1:100. The mixture was then compressed 
into transparent pellets and analyzed by Fourier transform 
infrared spectrometer (FTIR, Nicolet iS10, Thermo Scientific, USA) 
over 4000–450 cm− 1 with a resolution of 4 cm− 1.

2.2.3. Rheological measurements
Rheological behavior of Alg-gel at various gelation stages was 

measured on a rotational rheometer (DHR-2, TA Instruments, 
Waters LLC, New Castle, DE, USA) equipped with a 40 mm parallel 
plate geometry and a fixed gap of 1.00 mm. Prior to testing, gels 
were rested at ambient conditions for 6 h to release entrapped air 
and allow structural stabilization. To identify the linear visco
elastic region (LVR), amplitude sweep tests were performed from 
0.01% to 1000% at 1.0 Hz. Frequency sweep tests were then con
ducted within the LVR from 0.01 to 20.00 Hz to obtain the storage 
modulus (Gʹ) and loss modulus (Gʹ́ ). Each rheological measure
ment was repeated three times to ensure reproducibility. Addi
tionally, qualitative gel strength was assessed by the Sydansk 
bottle test, in which gels were visually graded from A to G based on 
settling behavior (Song et al., 2023), as illustrated in Fig. 2.

2.2.4. Plugging performance tests
To evaluate the time-dependent plugging performance of Alg- 

gel in porous and fractured media, simulated formations with 
porosities of 35.7%, 46.3%, and 57.1% were prepared using shale, 
gravel, and basalt cuttings, respectively. A total of 300 cm3 of dried 
and sieved cuttings were uniformly packed into a custom- 
fabricated transparent acrylic pressure vessel (inner diameter: 
8.0 cm; height: 90 cm) to simulate formation conditions. Alg-gel 
was injected into the packed column and subjected to an initial 
nitrogen pressure of 0.2 MPa. The pressure was controlled using a 
high-precision pressure regulator (Model YQY-12, Shanghai 
Zhenzhi Instrument Co., Ltd., China). After gel injection, the vessel 
was maintained under static conditions for a series of predefined 
gelation intervals (30, 60, 90, 120, 150, and 180 min). To ensure that 

Fig. 1. Preparation procedure of the Alg-gel.
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the observed plugging behavior originated from hydrogel gelation 
rather than viscosity or solid content alone, 150 mL of a control 
drilling fluid, formulated to match the apparent viscosity of pre- 
gelled Alg-gel, was employed as a reference. Following this, 
300 mL of a 3.0 wt% blue lnk solution was carefully layered onto 
the fluid surface to facilitate visual tracking of fluid penetration. 
Finally, the vessel was pressurized to 3.5 MPa using nitrogen, and 
the cumulative fluid  loss was continuously recorded to quantify 
the sealing efficacy of each hydrogel formulation.

3. Results and discussion

3.1. Adhesion and rheological properties of Alg-gel

While effective fracture sealing requires hydrogels with tunable 
rheology and gelation kinetics, simultaneously ensuring pump
ability and high mechanical strength remains a challenge (Qin 
et al., 2023). Here, we quantitatively investigate the effects of 
semi-IPN polymer composition, calcium source, and GDL con
centration on the in situ gelation kinetics, rheological properties, 
and structural strength of Alg-gel.

3.1.1. Influence of composite polymer on adhesion and rheological 
properties

Multi-network hydrogels leverage dense chain entanglement 
and energy dissipation mechanisms to enhance stretchability and 
fracture-sealing performance under hydrostatic stress (Norioka 
et al., 2021). In this study, six gel-forming polymers were inte
grated with SA to improve network density and stiffness via 
intermolecular hydrogen bonding. To assess adhesion perfor
mance, gravel cuttings (3.5–15.0 mm) were compacted into cy
lindrical molds (80 mm diameter × 170 mm height), and hydrogel 
precursors containing 0.6 wt% SA, 0.6 wt% auxiliary polymer (agar, 
Cur, Cmcs, gel, or Ppcs), 3.0 wt% CaCO3, and 0.03 mol/L GDL were 
injected into the molds and gelled in situ.

Control samples with 1.2 wt% SA alone developed macroscopic 
cracks (Fig. 3(a)), indicating that a mono-coordination network 
fails to achieve adhesion or sealing effect. Similarly, 1.2 wt% Hpg 
formed loose, collapsed gravel layers (Fig. 3(b)), indicating weak 
Ca2+-carboxyl coordination insufficient  for robust network as
sembly. Composite hydrogels containing 0.6 wt% SA with 0.6 wt% 
Cur, Cmcs, Ppcs or agar also yielded non-cohesive gels 
(Fig. 3(c)–(f)). This failure was attributed to the lack of covalent 
crosslinking between SA and auxiliary polymers, as well as a 
reduced density in Ca2+ chelation density, collectively hindering 
the formation of stable gel networks. In contrast, the SA/gel 
hydrogel (Fig. 3(g)) exhibited improved adhesion performance, 
attributed to the formation of a semi-interpenetrating network via 

electrostatic interactions between positively charged amino acid 
residues of gelatin and negatively charged carboxylate groups in 
alginate (Wang et al., 2021b). However, the resulting hydrogel 
remained soft and prone to disintegration, limiting practical 
applicability. Notably, the SA/Hpg hydrogel (Fig. 3(h)) formed a 
compact, crack-free sealing structure that effectively encapsulated 
the gravel layer. This enhanced mechanical integrity and adhesive 
performance are ascribed to the uniform interpenetrating polymer 
network and homogeneous Ca2+ crosslinking, which synergisti
cally promote energy dissipation and network stability (Wang 
et al., 2021a; Zhang et al., 2024).

Furthermore, the storage modulus (Gʹ) and loss modulus (Gʹ́ ) of 
the hydrogels after 180 min of gelation were evaluated using 
rheological measurements. As shown in Fig. 4(a), amplitude sweep 
tests (strain range: 0.01%–1000%, frequency: 1.0 Hz) indicated a 
linear regime up to 1% strain, beyond which Gʹ decreased and 
crossed Gʹ́ , indicating a transition from elastic to viscous behavior 
due to network disruption. Accordingly, a strain of 1% was selected 
for the subsequent frequency sweep experiments.

As shown in Fig. 4(b), all hydrogels exhibited solid-like 
behavior (Gʹ > Gʹ́ ) across the entire frequency range, confirming 
successful Ca2+ crosslinking. However, compared to pure SA, Gʹ in 
SA/Ppcs, SA/agar, SA/Cmcs and SA/Cur composites decreased from 
934.7 to 774.4, 487.0, 588.3, and 222.4 Pa, respectively, at 20 Hz, 
due to these polymers failing to form sufficiently  crosslinked 
networks with SA. This decline in Gʹ correlates with the weak and 
fragile structures observed in Fig. 3(c)–(f). Although Gʹ of SA/gel 
slightly increased to 1167.0 Pa, this enhancement remained inad
equate for structural plugging applications (Fig. 3(g)). Notably, the 
SA/Hpg composite exhibited a marked increase in Gʹ to 2396.3 Pa, 
representing a 156.4% improvement, consistent with its enhanced 
adhesion performance shown in Fig. 3(h). The results suggest that 
synergistic network formation in the SA/Hpg system, facilitated by 
uniform polymer interpenetration and efficient  Ca2+ chelation, 
substantially reinforces the hydrogel networks and improves 
fracture-sealing efficiency.

To identify an optimal polymer ratio, the influence of SA:Hpg 
ratios on rheological properties and gelation behavior was sys
tematically examined. As illustrated in Fig. 5(a), all samples 
exhibited typical viscoelastic characteristics with Gʹ consistently 
exceeding Gʹ́ , indicating the formation of solid-like network 
structure during gelation. Pure SA hydrogels exhibited a Gʹ of 
934.7 Pa at 20 Hz, whereas pure Hpg hydrogels showed signifi
cantly lower Gʹ of 196.6 Pa, reflecting  insufficient  structural 
integrity without SA. Introducing Hpg at SA:Hpg ratios of 9:1 and 
7:3 increased Gʹ to 1199.9 and 1658.0 Pa, respectively, indicating 
enhanced elasticity from synergistic polymer entanglements. 
Notably, the SA5/Hpg5 of a ratio of 1:1 yields the highest Gʹ of 

Fig. 2. Schematic illustration of the Sydansk bottle method.
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2396.3 Pa, demonstrating superior energy storage and resistance 
to deformation. Moreover, Gʹ remained frequency dependent, 
confirming sustained solid-like behavior. However, excessive Hpg 
content in SA3/Hpg7 and SA1/Hpg9 resulted in Gʹ declined to 1658.0 
and 222.4 Pa, respectively, due to insufficient  SA content for 
effective Ca2+ crosslinking. In conclusion, the interpenetrating 
polymer network formed at a 1:1 of SA:Hpg ratio significantly 
reinforces the chelated structure, offering promising potential for 
enhancing pressure-bearing performance.

To further explore the influence  of polymer composition on 
pumpability and sealing performance, the evolution of Gʹ and Gʹ́  
was tracked over different gelation intervals (Fig. 5(b)). Pure Hpg 
showed a slight increase in Gʹ from 35.5 to 191.7 Pa from 30 to 
180 min, reflecting  a loose network due to insufficient  Ca2+

chelation sites (Liu et al., 2024). Similarly, pure SA exhibited a 

modest Gʹ increase from 396.6 to 634.7 Pa, likely due to early- 
stage network densification  (at 30 min) that hindered subse
quent Ca2+ diffusion and crosslinking. Reducing SA content in 
SA9/Hpg1 and SA7/Hpg3 formulations moderate the chelation 
rate, promoting more uniform network development and 
yielding higher final  Gʹ of 1134.7 and 1658.0 Pa, respectively. 
Notably, SA5/Hpg5 exhibited a low initial Gʹ of 105.3 Pa at 30 min, 
indicative of a loosely entangled early-stage network that facili
tated Ca2+ diffusion and subsequent chelation with SA chains. 
This facilitated the formation of a homogeneous and mechani
cally robust hydrogel, achieving a peak Gʹ of 2396.3 Pa at 180 min. 
By contrast, further reducing SA content in SA3/Hpg7 and SA1/ 
Hpg9 led to insufficient  crosslinking due to the limited avail
ability of chelating sites, resulting in lower final  Gʹ values of 
1140.5 and 222.4 Pa, respectively.

Fig. 3. Photographs showing the gravel fragments attached with various hydrogel: (a) 1.2 wt% SA, (b) 1.2 wt% Hpg, (c) 0.6 wt% Cur + 0.6 wt% SA, (d) 0.6 wt% Cmcs + 0.6 wt% SA, (e) 
0.6 wt% Ppcs + 0.6 wt% SA, (f) 0.6 wt% agar + 0.6 wt% SA, (g) 0.6 wt% gel + 0.6 wt% SA, (h) 0.6 wt% Hpg + 0.6 wt% SA.

Fig. 4. Dynamic strain sweeps (a) and dynamic frequency sweeps (b) of hydrogel with different composite polymers.
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These results demonstrate that adjusting the polymer ratio, 
particularly by reducing the relative SA content, can effectively 
slow the Ca2+ chelation kinetics, promoting sustained ion diffu
sion and more uniform gelation. The 1:1 SA:Hpg ratio offers a 
favorable trade-off by combining lower initial Gʹ for pumpability 
with higher final  Gʹ for robust plugging, making it optimal for 
strengthening wellbore stability in practical applications. 
Accordingly, we adopted the 1:1 formulation for all subsequent 
experiments.

3.1.2. Influence of Ca2+ source on adhesive performance
To construct a homogeneous multi-network structure, different 

Ca2+ sources were employed to regulate the crosslinking process 
and improve network uniformity, hydrogels crosslinked with 
CaCl2 and CL were prepared as control formulations.

As shown in Fig. 6(a1) and (b1), both CaCl2 and CL triggered gels 
exhibited weak adhesion and displayed fragmented, porous mor
phologies (Fig. 6(a2) and (b2)), resulting from rapid, non-uniform 
Ca2+ chelation upon direct contact with alginate chains. Corre
spondingly, their LVR were narrow, with strain limits of only 0.4%, 
and Gʹ values of 620.9 and 776.1 Pa, respectively (Fig. 6(d)), indi
cating poorly structured networks. In contrast, the GDL–CaCO3 
strategy yielded a hydrogel with markedly improved adhesion and 
a smooth, crack-free surface (Fig. 6(c1) and (c2)), reflecting  the 
formation of a dense, cohesive microstructure. The Gʹ reached 
2396.3 Pa at 20 Hz, representing increases of 285.9% and 208.7% 
relative to CaCl2 and CL based gels, respectively.

This enhancement is attributed to the gradual Ca2+ release 
facilitated by GDL hydrolysis, which suppresses crosslinking het
erogeneity and promotes uniform network assembly.

3.1.3. Gelling time regulation of Alg-gel
The chelation rate of the GDL-triggered strategy is highly gov

erned by the particle size of CaCO3 microparticles (Hu et al., 2021; 
Lin et al., 2023). Smaller particle size with larger specific surface 
areas could accelerate acid-triggered Ca2+ release, thereby influ
encing gelation kinetics.

To investigate the effect of CaCO3 particle size on rheological 
characteristics and gelation time, particle size distribution analysis 
was first  conducted. As shown in Fig. 7(a), CaCO3 particles with 
mesh sizes of 375, 600, 800, 1000, and 1250 corresponded to 
median particle diameters (D50) of 38.0, 22.1, 16.8, 13.9, and 
11.8 μm, according to ASTM standards. All hydrogels exhibited 
typical viscoelastic behavior, with Gʹ consistently exceeding Gʹ́  
across 0–20 Hz, confirming  successful sol–gel transitions. The 

hydrogel prepared with 38.0 μm CaCO3 exhibited Gʹ of 789.51 Pa, 
which increased to 1593.14 and 2396.34 Pa as the D50 decreased to 
22.1 and 16.8 μm, respectively. Nevertheless, further reductions in 
D50 to 13.9 and 11.8 μm resulted in decreased Gʹ values of 2076.60 
and 1265.05 Pa, respectively, suggesting that excessively rapid 
gelation impeded subsequent Ca2+ diffusion and hindered the 
development of a dense three-dimensional network (Fig. 7(b)). 
The time-dependent evolution of Gʹ further supports these ob
servations. Hydrogels incorporating 38.0 and 22.1 μm CaCO3 
showed low initial Gʹ values (100.2 and 156.6 Pa at 30 min), 
gradually increasing to 789.5 and 1593.1 Pa at 180 min, respec
tively. Notably, the 16.8 μm group exhibited a moderate initial Gʹ of 
245.3 Pa but reached the highest final Gʹ of 2396.3 Pa, indicating an 
optimal balance between early-stage crosslinking and sustained 
Ca2+ migration. In contrast, hydrogels prepared with 13.9 and 
11.8 μm CaCO3 showed relatively high initial Gʹ values (601.90 and 
706.34 Pa at 30 min) but exhibited lower final Gʹ values of 2076.0 
and 1528.4 Pa at 180 min (Fig. 7(c)). This trend suggests that overly 
rapid crosslinking may cause local Ca2+ entrapment, impeding ion 
diffusion and compromising network uniformity.

In summary, CaCO3 particle size critically regulates gelation 
kinetics and final  mechanical strength. While finer  particles 
enhance Ca2+ release, excessive reactivity can induce premature 
gelation and structural heterogeneity. A D50 of 16.8 μm offered the 
best trade-off between pumpability and final  Gʹ, and was thus 
adopted in subsequent formulations.

To further investigate the influence of CaCO3 concentration on 
rheological characteristics at different gelation stages (Fig. 8), 
frequency sweep measurements were conducted across a range of 
CaCO3 contents (1.0–5.0 wt%).

At 30 min, Gʹ values were 207.6, 222.4, and 245.3 Pa in CaCO3 
concentrations of 1.0, 2.0, and 3.0 wt%. Further increasing the 
CaCO3 concentration to 4.0 and 5.0 wt% slightly elevated initial Gʹ 
to 293.5 and 373.0 Pa, suggesting that excessive CaCO3 did not 
substantially enhance the hydrogel network density at the early 
stage. By 90 min, the Gʹ of the 1.0, 2.0, and 3.0 wt% formulations 
increased modestly to 340.6, 572.0, and 793.7 Pa, while 4.0 and 
5.0 wt% samples exhibited sharp increases to 1518.8 and 2048.7 Pa, 
respectively, indicating accelerated gelation. However, this rapid 
early crosslinking may impede subsequent Ca2+ diffusion. At 
180 min, the Gʹ values in 1.0, 2.0, and 3.0 wt% groups continued to 
increase steadily, reaching 856.0, 1538.2, and 2396.3 Pa, respec
tively. In contrast, the 4.0 wt% group plateaued at 2451.5 Pa, while 
5.0 wt% declined to 2114.8 Pa, likely due to the premature for
mation of a dense and compact gel layer, which hinders further 

Fig. 5. (a) Dynamic frequency sweeps of hydrogel with different composite polymer proportions and (b) the variation of G′ over gelation time.
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Ca2+ migration and chelation, ultimately limiting full network 
development.

Taken together, our results show that both CaCO3 particle size 
and concentration exert a decisive influence  on the gelation 
behavior of the GDL-triggered system. Particle size governs the 
rate and uniformity of Ca2+ release: excessively fine particles (< 
14 μm) accelerate hydrolysis but promote premature local 
crosslinking and structural heterogeneity, whereas overly coarse 
particles (> 22 μm) delay gelation and limit network strength. 
Likewise, CaCO3 concentration sets the balance between early- 
stage gelation and long-term uniformity: contents ≥ 4 wt% 

steepen the initial Gʹ growth yet hinder sustained Ca2+ migra
tion, compromising network maturation. On this basis, we 
selected D50 = 16.8 μm at 3.0 wt% CaCO3 as the optimal trade-off 
between pumpability, gelation kinetics, and final  mechanical 
strength, and adopted these parameters for subsequent 
experiments.

Previous studies (Ben Djemaa et al., 2024) have highlighted 
the critical role of GDL in regulating Ca2+ release through GDL- 
CaCO3 strategy. To further elucidate this effect, hydrogels were 
prepared using GDL concentrations between 0.01 and 0.05 mol/L 
(Fig. 9(a)).

Fig. 6. Photographs of simulated gravel formations attached with hydrogels prepared using CaCl2 (a1), CL (b1), and the GDL-CaCO3 strategy (c1), along with corresponding SEM 
images (a2, b2, and c2), and dynamic strain sweep (d) and dynamic frequency sweep (e) results.
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At 30 min, the initial Gʹ values increased progressively from 
173.7 to 607.9 Pa as the GDL concentration increased, reflecting an 
acceleration of early crosslinking. By 90 min, Gʹ continued to rise 
steadily in the 0.01–0.03 mol/L groups (376.4–793.7 Pa), whereas 

sharp increases were observed for the 0.04 and 0.05 mol/L sam
ples, reaching 1785.4 and 1856.3 Pa, respectively. At 180 min, Gʹ 
reached 756.5, 1756.1, and 2396.3 Pa for 0.01–0.03 mol/L, con
firming  continuous network development. In contrast, the 0.04 
and 0.05 mol/L groups plateaued earlier (around 120 min), 
yielding final Gʹ values of 2412.4 and 2147.7 Pa. This suggests that 
excessive GDL caused overly rapid Ca2+ release, producing a dense 
outer layer that impeded further ion diffusion and network 
maturation.

Taken together, gelation kinetics and final rheological charac
teristics were strongly governed by Ca2+ release rate and could be 
effectively modulated by adjusting polymer composition, Ca2+

source, CaCO3 particle size and concentration, as well as the GDL 
content. Based on the above findings,  the optimized formulation 
that balances pumpability and plugging performance was identi
fied  as follows: 0.6 wt% SA, 0.6 wt% Hpg, 3.0 wt% CaCO3, and 
0.03 mol/L GDL.

3.2. Synergistic gelation mechanism analysis

3.2.1. FTIR spectroscopy
To further verify Ca2+ chelation with SA/Hpg chains and the 

formation of a multi network structure in Alg-gel, FT-IR spectra of 
Alg-gel, SA, Hpg and their binary blend (SA/Hpg) were analyzed 
(Fig. 10).

For Hpg, the broad absorption band at 3421 cm− 1 corresponds 
to O–H stretching vibrations, while the peak at 2926 cm− 1 arises 
from asymmetric C–H stretching (Lu et al., 2019). The band at 
1585 cm− 1 is assigned to H–O–H bending, and the peak at 
1413 cm− 1 corresponds to in-plane C–H bending vibrations (Yin 
et al., 2018). In SA, the O–H stretching band appears at 
3408 cm− 1, and the peak at 2950 cm− 1 is attributed to C–H 
stretching (Wang et al., 2022). Additionally, the characteristic 
–COO− asymmetric and symmetric stretching bands are observed 
at 1601 and 1395 cm− 1, respectively, originating from the 
saccharide backbone. In the SA/Hpg blend, the O–H stretching 
band of SA shifts from 3408 cm− 1 to a higher wavenumber 
(3455 cm− 1) with reduced intensity, indicating hydrogen bond 
formation between SA and Hpg. Moreover, the –COO− stretching 
bands shift from 1601 and 1395 cm− 1 to 1612 and 1423 cm− 1, 
respectively, which constitutes the formation of a hydrogen- 
bonded semi-interpenetrating network, constituting the first 
structural framework in Alg-gel. Compared with the SA/Hpg blend, 
Alg-gel exhibits a further reduction in O–H stretching intensity, 
attributed to the chelation between hydroxyl/carboxyl groups and 
Ca2+ (Lin et al., 2023). The substitution of Na+ with Ca2+ modifies 
the ionic environment, shifting the –COO- bands to lower wave
numbers at 1581 and 1388 cm− 1. Additionally, peaks at 709 and 
871 cm− 1, characteristic of CO3

2− , indicate the partial presence of 
unreacted CaCO3 particles.

Collectively, these spectral features confirm  the successful 
construction of a hierarchical multi-network structure, comprising 
a hydrogen-bonded semi-interpenetrating polymer network and a 
Ca2+-coordinated ionic crosslinking network. This multilevel ar
chitecture highlights the effectiveness of the GDL-triggered strat
egy in enhancing structural cohesion and mechanical integrity, as 
further corroborated by subsequent SEM observations.

3.2.2. Morphology analysis of Alg-gel
Fig. 11 illustrated the microstructural evolution of Alg-gel at 

different gelation intervals, together with the corresponding 
sol–gel conversion stages in the inverted bottle test, offering a 
convincing visual approach to evaluate adhesion performance over 
time (Bai et al., 2022b; Chen et al., 2024; Xie et al., 2021).

Fig. 7. Particle size distribution of CaCO3 (a) and the corresponding dynamic fre-
quency sweeps (b) as well as the dynamic time sweeps (c) of hydrogel.
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At 30 min, a loose filamentous matrix embedded with CaCO3 
particles formed a porous network, exhibiting minimal wall 
adhesion and insufficient cohesion. As gelation progressed to 60 
and 90 min, the network became denser, gradually filling  pore 

spaces and forming multilayered dendritic structures, which 
coincided with enhanced adhesion. At 120–150 min, smoother 
surfaces with CaCO3 protuberances and reduced filamentous fea
tures appeared, indicating polymer compaction. This stage coin
cided with stronger gel adhesion, evidenced by visible 
deformation and greater wall adherence in the inverted bottle test. 
After 180 min, Alg-gel formed a continuous, compact hydrogel 
barrier with high deformation resistance, reflecting the comple
tion of network crosslinking and structural integration.

This progression confirms that Alg-gel transitions from a loose 
polymer–CaCO3 composite into a densely crosslinked network via 
GDL-triggered Ca2+ release. CaCO3 particles function both as pH- 
responsive calcium reservoirs that sustain “egg-box” ionic cross
linking, and as rigid physical bridges embedded within the poly
mer matrix. These multiple roles collectively reinforce structural 
integrity and enhance plugging efficacy during the entire gelation 
process.

3.2.3. pH variation and Ca2+ concentration as a function of time
As discussed above, the gelation behavior of the GDL-triggered 

strategy is predominantly governed by acidification  kinetics, 
which regulate both pH reduction and the associated release of 
Ca2+ from CaCO3. To elucidate this mechanism, the temporal var
iations in pH and Ca2+ concentration of the optimized formulation 
were monitored using a pH meter and EDTA titration.

Fig. 8. (a) Dynamic frequency sweeps of Alg-gel with different CaCO3 concentrations; (b) the variation of Gʹ over gelation time.

Fig. 9. (a) Dynamic frequency sweeps of Alg-gel with different GDL concentrations; (b) Gʹ over gelation time.

Fig. 10. FTIR spectra of Alg-gel, SA, SA/Hpg, and Hpg.
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As illustrated in Fig. 12, the initial pH of water was 7.2. Upon the 
addition of 0.01, 0.02, and 0.03 mol/L GDL, the pH dropped to 3.9, 
3.6, and 3.3, respectively, after 90 min, owing to partial hydrolysis 
of GDL. Correspondingly, Ca2+ concentrations increased to 3.2, 3.6, 
and 4.0 mmol/L. At higher GDL concentrations (0.04 and 0.05 mol/ 
L), acidification occurred more rapidly, lowering the pH to 2.8 and 
2.6 and increasing Ca2+ concentrations to 4.7 and 5.0 mmol/L, 
respectively. At 180 min, the hydrolysis rate of GDL slowed, with 
pH values stabilizing at 3.4, 3.1, and 2.8 for the 0.01, 0.02, and 
0.03 mol/L groups, and Ca2+ concentrations rising modestly to 3.9, 
4.4, and 4.9 mmol/L, respectively. In the 0.04 and 0.05 mol/L 
groups, further acidification  decreased pH values to 2.3 and 2.2, 
with Ca2+ concentrations reaching 6.5 and 5.9 mmol/L, 
respectively.

These results confirm  that the GDL-triggered acidification 
process enables controlled Ca2+ release from CaCO3 through the 
gradual hydrolysis of GDL. This demonstrates that the approach 
provides a viable and controllable means of modulating gelation 
kinetics and improving the structural integrity of the hydrogel.

3.2.4. Multi network gelation mechanism
Fig. 13 illustrates the gelation mechanism of Alg-gel, which 

involves the cooperative action of a semi-interpenetrating 

network, Ca2+-mediated ionic crosslinking, and embedded 
CaCO3 particle reinforcement. At the molecular level, FTIR spectra 
confirmed  that intra- and intermolecular hydrogen bonding be
tween SA and Hpg chains formed a primary semi-interpenetrating 
polymer network, as evidenced by the shift of O–H and –COO−

stretching bands. These hydrogen-bonded interactions offered 
abundant coordination sites for Ca2+ crosslinking and provided the 
initial structural framework of the hydrogel. Subsequently, the 
gradual hydrolysis of GDL triggered controlled acidification, which 
was directly reflected in the measured decrease of pH and the 
concomitant increase in Ca2+ concentration over time (Fig. 12). 
This regulated release of Ca2+ from dispersed CaCO3 particles 
facilitated their chelation with the polymeric backbone, thereby 
inducing the formation of the secondary “egg-box” architecture. 
The kinetics of Ca2+ liberation ensured a progressive and 
controllable gelation process, allowing the network to densify 
gradually. SEM observations further corroborated this sequential 
mechanism by showing that the initial loose polymer–CaCO3 
composite progressively transformed into a compact and contin
uous hydrogel matrix. In this structure, CaCO3 particles not only 
acted as calcium reservoirs sustaining ionic crosslinking but also 
served as rigid bridges embedded within the polymer framework, 
thus enhancing structural integrity and plugging efficacy.

Fig. 11. SEM images of Alg-gel at different gel time (a) and their inverted photographs tested by sydansk bottle method (b).

Fig. 12. Variations in pH (a) and Ca2+concentration (b) at different gelation time intervals.
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Taken together, these results demonstrate that Alg-gel un
dergoes a stepwise gelation process in which hydrogen-bond- 
driven semi-interpenetrating networks are first  established, fol
lowed by GDL-mediated Ca2+ release that induces ionic cross
linking, and finally  reinforced by the physical embedding of 
residual CaCO3 particles. This hierarchical multi-network archi
tecture accounts for the enhanced cohesion, mechanical integrity, 
and plugging efficacy of Alg-gel, enabling it to function as a robust 
waterproof barrier that strengthens wellbore stability.

3.3. Plugging performance of Alg-gel

Alg-gel demonstrates superior adhesion and sealing perfor
mance by forming a compact barrier layer via multi-network 
crosslinking. To evaluate its practical plugging efficacy  under 
heterogeneous conditions, shale, gravel, and basalt cuttings were 
employed as formation analogs to simulate varying porosities. 
Fluid loss volumes were recorded at different gelation intervals 
using a high-pressure plugging apparatus maintained at a constant 
pressure of 3.5 MPa. For direct visualization of the plugging 
behavior, a transparent acrylic column was sequentially packed 
with cuttings and Alg-gel precursor, followed by the top-down 
injection of drilling fluid and dye solution.

As shown in Fig. 14(a) and (b), after 30 min of gelation in the 
simulated shale formation (porosity: 35.7%), almost all drilling fluid 
and dye solution leaked under pressure, resulting in a 60 min fluid 
loss volume of 508.0 mL, with minimal Alg-gel retention within the 
seepage channels. When the gelation time was extended to 60 and 
90 min, fluid loss volumes decreased slightly to 478.1 and 412.0 mL, 
respectively, indicating partial pore sealing due to limited hydrogel 
infiltration.  After 180 min of pressurization, final  loss volumes 
decreased slightly from 515.0 mL (30 min gelation) to 494.0 and 
443.0 mL, corresponding to reductions of 4.1% and 14.0%. In 
contrast, at gelation times of 120 and 150 min, a compact and 
cohesive Alg-gel layer visibly formed above the shale cuttings. This 
significantly reduced 60 min fluid losses to 186.9 and 85.0 mL, while 
final  loss volumes dropped to 302.2 and 182.6 mL, representing 
reductions of 41.3% and 64.5%, respectively. Notably, after 180 min of 
gelation, a continuous, shield-like hydrogel barrier was formed, 
lowering fluid losses to 39.4 mL (92.2%) and 55.1 mL (89.3%) at 60 
and 180 min of pressurization, respectively. These results clearly 
indicate that prolonged gelation time markedly enhances the 
plugging performance of Alg-gel by promoting sustained Ca2+

release and progressive network densification. The resulting robust 
hydrogel barrier effectively seals pores and significantly  improves 
wellbore stability under high-porosity and fractured conditions.

Fig. 13. Synergistic gelation mechanism diagram of Alg-gel.
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In the simulated gravel formation (porosity: 46.3%), Alg-gel 
exhibited limited plugging capability at 30 min of gelation, resem
bling the behavior observed in the shale analog. Upon pressurization, 
nearly all drilling fluid, dye, and hydrogel precursors leaked through 
the tube, resulting in a high loss volume of 517.0 mL (Fig. 14(c) and 
(d)). At gelation times of 60 and 90 min, small amounts of Alg-gel 
remained within seepage channels, but failed to establish effective 
barriers, with loss volumes decreasing only slightly to 445.2 and 
394.4 mL, representing reductions of 13.9% and 23.7%, respectively. 
At 120 and 150 min, a continuous Alg-gel layer progressively formed 
within the pore structure, substantially reducing fluid  loss to 
234.0 mL (54.7%) and 98.2 mL (81.0%), respectively. At 180 min, a 
dense, shield-like hydrogel layer was established atop the gravel 
cuttings, effectively sealing pores and fractures, further reducing the 
loss volume to 44.0 mL with 91.5% reduction.

A similar trend was observed in the simulated basalt formation 
(porosity: 57.1%), where plugging performance improved steadily 
with gelation time (Fig. 14(e) and (f)). Loss volumes declined from 
532.1 mL at 30 min to 505.2, 428.4, and 319.2 mL at 60, 90, and 
120 min, corresponding to reductions of 5.1%, 19.5%, and 40.0%, 
respectively. At 150 and 180 min, the development of a compact, 
continuous Alg-gel network led to substantial sealing, with fluid 
losses reduced to 104.0 mL (80.5%) and 22.4 mL (95.8%). These 
findings demonstrate that Alg-gel can effectively form integrated 
physical and chemical barriers within high-porosity media, 
significantly limiting fluid intrusion and enhancing wellbore sta
bility across a range of heterogeneous formation types.

Conventional LCMs demonstrate limited plugging efficacy  in 
formations with large pores or fractures, primarily due to inade
quate structural integrity (Sun et al., 2023b; Yang et al., 2019). In 
contrast, the consolidated images (Fig. 14(g)) reveal robust cohe
sive adhesion of Alg-gel across formations with varying porosities. 
To quantitatively assess pore-size adaptability, fluid loss volumes 
were compared after 180 min of gelation (Fig. 14(h)). In the shale 
analog (porosity: 35.7%), fluid loss increased rapidly from 25.0 to 
55.1 mL under pressurization from 30 to 180 min. By comparison, 
the gravel formation (46.3% porosity) exhibited reduced loss vol
umes, increasing from 13.0 to 44.0 mL over the same 

period—representing a 20.2% reduction relative to the shale case. 
Notably, the basalt analog (57.1% porosity) exhibited the lowest 
fluid loss, increasing only from 9.0 to 22.4 mL, representing a 59.3% 
decrease compared to shale.

These results demonstrate the superior sealing capability of 
Alg-gel. In contrast to conventional LCMs, its plugging perfor
mance improves with increasing formation porosity. This coun
terintuitive behavior is attributed to the more efficient diffusion of 
Ca2+ ions within larger pore channels, which promotes enhanced 
ionic cross-linking and the formation of a denser, more cohesive 
hydrogel network. Consequently, fluid  loss is markedly reduced, 
and wellbore stability is substantially reinforced.

3.4. Mechanical properties

The structural integrity of hydrogels under tensile and 
compressive loads fundamentally governs their pressure-bearing 
capacity in wellbore stabilization (Yang et al., 2022). Fig. 15 illus
trates the evolution of Alg-gel's mechanical behavior using 
representative stress–strain curves, toughness, and modulus 
across critical gelation stage (120–180 min). Data collected below 
120 min were below the detection threshold of our instrumenta
tion, indicating insufficient  network consolidation for reliable 
quantification.

At 120 min, the hydrogel exhibited a tensile strength of 1.60 kPa 
with 40.3% elongation at break, yielding a toughness of 0.41 kJ/m3 

and a modulus of 0.53 kPa. Extending gelation to 150 min elevated 
tensile strength 2.3-fold to 3.71 kPa while increasing elongation to 
48.27%, driving toughness to 1.06 kJ/m3 and modulus to 0.95 kPa. 
At 180 min, strength surged to 5.89 kPa with 57.89% elongation, 
producing 2.34 kJ/m3 toughness and 2.20 kPa modulus. 
Compression tests confirmed  consistent reinforcement, showing 
that compressive strength increased from 0.18 kPa (120 min) to 
3.12 kPa (180 min), while elongation rose from 29.78% to 51.09%. 
This translated to compressive toughness enhancement from 0.11 
to 0.97 kJ/m3 and modulus from 0.30 to 1.63 kPa.

These results suggest that extended gelation time promotes 
progressive network densification  through continuous 

Fig. 14. Images of plugging test and corresponding loss volume curves in shale (a, b), gravel (c, d), basalt (e, f) simulated formation, and comparative loss volume profile across 
formations (g) along with photographs of formation consoli (h) dated by Alg-gel.

Z.-J. Wei, Y.-L. Duan, M.-S. Wang et al. Petroleum Science 23 (2026) 1387–1401

1398



crosslinking, thereby enhancing energy dissipation capacity and 
mechanical robustness. This structural evolution aligns with the 
compact gel architectures observed in the SEM analysis.

4. Conclusions

In this study, we developed a multi-network in situ crosslinked 
hydrogel by integrating sodium alginate with Hpg, GDL, and rigid 
CaCO3 particles through an acid-triggered self-assembly strategy. 
This system synergistically integrates a semi-interpenetrating poly
mer network, Ca2+-mediated ionic coordination, and particle- 
reinforced scaffolding, therefore constructing a structurally robust 
hydrogel barrier. The gelation kinetics could be precisely tuned by 
adjusting CaCO3 particle size, concentration, and GDL dosage. Upon 
gradual hydrolysis, GDL lowered the pH and triggered sustained Ca2+

release, which promoted the formation of localized “egg-box” coor
dination zones. Meanwhile, the unreacted CaCO3 acted as embedded 
rigid fillers, reinforcing the hydrogel matrix and enhancing cohesion.

The hydrogel exhibited excellent water-blocking performance, 
achieving an 89.3% reduction in fluid loss after 180 min of gelation. 
Both tensile and compressive strengths showed time-dependent 

enhancement, consistent with the evolution of compact and 
cohesive network architecture. Compared with shale (35.7% 
porosity), fluid  loss volumes decreased from 55.1 to 44.0 mL in 
gravel (46.3%) and further to 22.4 mL in basalt (57.1%) after 180 min 
of gelation. This demonstrates that the combined effects of larger 
pore volumes and gradual Ca2+ release significantly enhance ion 
diffusion and promoted progressive network densification, thereby 
improving sealing efficacy under increasing formation porosity.

This GDL-triggered strategy, which integrates polymer entangle
ments, dynamic coordination, and rigid embedded skeletons, offers a 
promising approach for constructing high-performance hydrogels. 
Featuring strong adhesive interactions, tunable gelation, and 
porosity-adaptive sealing behavior, it represents a promising solution 
for mitigating wellbore instability in heterogeneous reservoirs.
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