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Preface

Recent advancements in polymer science have led to the development of novel polymer-based
gels with unique properties and diverse applications. These gels are synthesized through
various methods, including free-radical polymerization, click chemistry, and supramolecular
assembly, allowing precise control over their structure and functionality. Key innovations include
stimuli-responsive hydrogels that adapt to environmental changes (e.g., pH, temperature, or light),
self-healing gels with dynamic covalent bonds, and nanocomposite gels reinforced with nanoparticles
or 2D materials for enhanced mechanical strength.

The aim of this Reprint is to gather contributions that demonstrate how polymer gels can
provide functional, economical, and ecologically responsible solutions for improving the freeze—thaw
durability of concrete, the valorization of river sediments, dust control in silt soils, flexible sensing,
asphalt modification and reinforcement, structural health monitoring, rapid detection of biomarkers,
and the protection of cement-based materials. The purpose of assembling these contributions is to
highlight the interdisciplinary advances that connect polymer chemistry, civil engineering, materials
science, biotechnology, and environmental science, and to stimulate further research in order to
establish sustainable technological pathways for green infrastructure construction.

This Reprint is aimed at researchers, practitioners, industry professionals, and policymakers
interested in advanced gel materials, green construction technologies, infrastructure durability, and
sustainable development strategies. It aims to serve as both a scientific reference and a source
of inspiration for those seeking to develop innovative approaches to mitigating engineering and

environmental pressures through materials science.

Peng Zhang, Yuanxun Zheng, and Zhen Gao
Guest Editors






Editorial

Synthesis, Properties, and Applications of Novel
Polymer-Based Gels

Zhen Gao, Peng Zhang * and Yuanxun Zheng

School of Water Conservancy and Transportation, Zhengzhou University, Zhengzhou 450001, China;
gao-zhen@zzu.edu.cn (Z.G.); yxzheng@zzu.edu.cn (Y.Z.)
* Correspondence: zhangpeng@zzu.edu.cn

1. Introduction

Polymer gels, as a class of soft materials with three-dimensional cross-linked networks,
have garnered escalating attention in recent decades due to their exceptional capacity to
absorb and retain solvents, coupled with tunable mechanical, chemical, and responsive
properties [1]. These unique characteristics enable polymer gels to bridge the gap be-
tween traditional rigid materials and flexible substrates, finding widespread applications
across diverse fields ranging from construction and transportation to biomedicine and
environmental engineering [2]. In recent years, advances in synthesis technologies—such
as enzyme-induced precipitation, alkali activation, and composite modification—have
expanded the functional boundaries of polymer gels, allowing for precise control over their
microstructure, reactivity, and performance [3]. Simultaneously, the growing emphasis
on sustainability has driven the development of gel systems derived from industrial by-
products, waste materials, and bio-based precursors, aligning with global efforts toward
carbon neutrality and resource recycling [4].

The versatility of polymer gels is reflected in their diverse functional adaptations.
For instance, in construction and geotechnical engineering, gel composites have been de-
veloped to enhance the freeze—thaw resistance of cementitious materials, stabilize weak
soils, and improve the durability of concrete structures against chloride ion penetration [5].
In transportation infrastructure, gel-modified asphalt mixtures and anti-skid wear layers
have emerged as effective solutions to address pavement aging, ice formation, and struc-
tural degradation [6]. The biomedical sector has witnessed the development of self-healing
hydrogels for strain sensing and molecularly imprinted gel sensors for rapid biomarker
detection, leveraging the biocompatibility and responsiveness of gel networks [7]. Addi-
tionally, environmental applications of polymer gels include dust suppression in silt soils
and the valorization of waste materials (e.g., river sediments and rubber particles) into
high-performance gel composites [8].

Cutting-edge research on polymer gels is characterized by interdisciplinary integra-
tion, combining insights from materials science, chemistry, engineering, and biology to
address complex real-world challenges [9]. Key advancements include the development of
multifunctional gels with synergistic properties (e.g., self-healing, high stretchability, and
sensitivity), the optimization of synthesis processes for improved sustainability, and the
exploration of novel application scenarios in harsh or specialized environments [10]. To cap-
ture these latest developments and foster knowledge exchange, the Gels journal presents
this Special Issue, “Synthesis, Properties, and Applications of Novel Polymer-Based Gels,”
featuring eleven high-quality contributions that showcase the state of the art in polymer
gel research. These studies span synthesis innovations, performance optimization, and
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practical applications, reflecting the dynamic and interdisciplinary nature of the field. In the
following section, we provide an overview of each contribution, highlighting the study’s
aims, key findings, and relevance to the broader context of gel materials and technology.

2. Overview of the Papers Published in This Special Issue

The paper “A State-of-the-Art Review on the Freeze-Thaw Resistance of Sustainable
Geopolymer Gel Composites: Mechanisms, Determinants, and Models” conducts a com-
prehensive and in-depth review on the freeze-thaw (F-T) resistance of geopolymer gel
composites (GCs), a topic of great significance for promoting the practical application of
geopolymer materials. The authors focus on geopolymers, a sustainable and low-carbon
gel binder regarded as a potential alternative to cement, and emphasize that F-T resistance
is a crucial indicator for evaluating the durability of GCs, as it exerts a profound impact on
the service life of structures. To clarify the intrinsic principles of F-T damage in geopoly-
mers, the authors systematically synthesize several commonly used theories related to
F-T damage, while also meticulously elaborating on the key factors that influence the F-T
resistance of GCs, including raw materials, curing conditions, and modified materials.
The review findings indicate that the F-T resistance of GCs can be significantly enhanced by
adopting high-calcium-content precursors, mixed alkali activators, and rubber aggregates;
appropriately increasing the curing temperature also improves F-T resistance, especially for
GCs made with low-calcium-content precursors. Among modified materials, most fibers
and nano-materials remarkably boost the F-T resistance of GCs, whereas air-entraining
agents have a negligible effect on this property. Furthermore, the authors summarize
evaluation and prediction models for F-T damage of GCs, encompassing empirical models
and machine learning models, and note that machine learning-based models exhibit higher
predictive accuracy compared to empirical ones. The review’s findings are highly relevant
for the construction and materials science industries, promoting a deeper understand-
ing of the factors affecting the F-T resistance of GCs and their underlying mechanisms,
thus providing a solid foundation for both engineering practice and academic research in
this field.

The second article, “Valorization of River Sediments in Sustainable Cementitious
Gel Materials: A Review of Characteristics, Activation, and Performance” explores the
high-value utilization of river sediments as alternative raw materials for sustainable cemen-
titious gel materials, addressing the dual goals of resource recycling and carbon reduction
in the construction industry. The authors highlight that river sediments, abundant in
supply and rich in silica-alumina components, have emerged as promising substitutes
for traditional raw materials in cementitious systems, aligning with global sustainability
initiatives. To conduct a comprehensive review, they performed a systematic literature
search on Web of Science and Google Scholar using keywords such as “river sediment,”

i

“cementitious materials,” “activation,” and “pozzolanic activity,” covering publications
up to July 2025, and employed the Connected Papers citation network tool to ensure the
inclusion of emerging studies. The review systematically examines the properties of river
sediments from diverse regions, analyzes activation and modification techniques (including
alkali/acid activation, thermal calcination, and mechanical milling), and evaluates their
applications in various cementitious systems by comparing mix design models to clarify the
effects of replacing fine aggregates, coarse aggregates, and cement on workability, strength,
and durability. Multi-scale characterization via XRD, FTIR, and TG-DSC reveals the under-
lying mechanisms, including the formation of C-S-H and C-A-S-H gels, pore refinement,
and densification of the interfacial transition zone. Three key findings are emphasized:
(1) moderate sediment replacement (20-30%) enhances strength without compromising
flowability; (2) alkali-water glass activation and calcination at 600-850 °C effectively im-
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prove pozzolanic activity; and (3) combining the minimum paste thickness theory with
additives like water reducers, fibers, or biochar enables the design of high-performance,
low-carbon concrete. This work demonstrates a critical trend in sustainable construction
materials: leveraging industrial and natural waste (river sediments) in cementitious gels
can reduce reliance on traditional raw materials, lower carbon emissions, and promote
resource recycling. The study’s implications extend to greener building practices and the
development of low-CO, cementitious materials, providing a comprehensive theoretical
foundation and technical pathway for the sustainable valorization of river sediments.

The third article, “Performance and Mechanism Analysis of an Anti-Skid Wear Layer
of Active Slow-Release Ice-Snow Melting Modified by Gels” delves into the development
of sustainable pavement materials for winter maintenance, addressing the long-standing
challenge of balancing large-scale upkeep efficiency and driving safety, particularly in the
application of active slow-release ice-melting materials. The authors set out to enhance the
ice-melting capacity of pavement through controlled salt release, proposing a gel-modified
salt-storing ceramsite asphalt mixture as an innovative solution. They conducted system-
atic experiments by replacing conventional coarse aggregates with salt-storing ceramsite
in SMA-10 graded mixtures (with replacement ratios ranging from 0% to 80%), compre-
hensively evaluating the mixture’s mechanical performance and de-icing functionality.
The key experimental results reveal that a 40% salt-storing ceramsite content optimizes
the mixture’s high-temperature stability while maintaining acceptable low-temperature
performance and water resistance—critical balances for winter pavement durability. Mi-
crostructural analysis further elucidates the underlying mechanisms: the silicone-acrylic
emulsion forms a hydrophobic film on the surface of ceramsite, enabling uniform salt dis-
tribution and sustained release, while 10% gel modification achieves effective salt retention
and controlled release through pore-structure regulation. A practical salt-storing ceramsite
content range of 40-60% is established for winter pavement applications, addressing the
core need for durable, effective snow-melting asphalt surfaces. This study represents a
significant advancement in winter pavement technology, as it integrates gel modification
with salt-storing ceramsite to realize active slow-release ice-melting, avoiding the trade-offs
between mechanical performance and de-icing efficiency that plague traditional materials.
The findings provide valuable insights for the design of long-lasting, safe winter pavement
surfaces, offering a reliable technical solution to improve driving safety in cold regions
while optimizing maintenance efficiency.

In “Bio-Gel Formation Through Enzyme-Induced Carbonate Precipitation for Dust
Control in Yellow River Silt”, address an environmental challenge in silt management using
gel-enhanced bio-cementation technology. Yellow River silt is prone to dust emission, which
poses ecological and health risks, and traditional dust control methods often lack durability
or environmental sustainability. This study explored a novel hydrogel-modified enzyme-
induced carbonate precipitation (EICP) approach to form reinforced bio-cemented crusts,
aiming to enhance the compressive strength and resistance to wind-rain erosion of silt
soils. The authors optimized the cementation solution—adopting equimolar concentrations
of urea and CaCl; at 1.25 mol/L to improve the uniformity of CaCOj3 precipitation—and
determined a spraying volume of 4 L/m? (applying urea-CaCl, solution first, followed
by urease solution) as the optimal parameter. Experimental results showed this setup
yielded a 14.9 mm thick hybrid gel-CaCOjs crust with a compressive strength exceeding
752 kPa. Mechanistic analysis via SEM confirmed the synergistic interaction between
CaCO;3 crystals and the gel matrix: the hydrogel network acted as a nucleation template,
enhancing crystal bridging and pore-filling efficiency, while XRD analysis validated the
formation of a stable gel-CaCO3; composite structure. The treated silt exhibited superior
resistance to wind-rain erosion and mechanical wear compared to untreated samples.
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By establishing a positive correlation between gel-modified EICP and enhanced dust
suppression performance, this work highlights a novel application of bio-gel composites
in environmental engineering—one that enables sustainable dust mitigation in silt soils
without relying on harsh chemicals. It underscores cross-disciplinary innovation where
insights from bio-cementation and polymer gel technology are integrated to solve practical
ecological challenges in silt management.

In “Self-Healing and Tough Polyacrylic Acid-Based Hydrogels for Micro-Strain Sen-
sors”, the authors delve into the development of advanced hydrogel materials for smart
sensing applications in bioengineering and intelligent systems. Self-healing hydrogels
are widely recognized for their potential in these fields, yet they face a critical challenge:
balancing excellent self-healing ability with sufficient mechanical strength. To address this
bottleneck, the authors set out to develop a self-healing hydrogel with superior stretcha-
bility, employing a novel strategy of embedding a combination of hydrogen bonding and
dynamic metal coordination interactions into a covalent polyacrylic acid (PAA) matrix.
These interactions are introduced by three key components: modified fenugreek galac-
tomannan, ferric ions, and lignin silver nanoparticles. Using this approach, Liu et al. suc-
cessfully achieved a synergistic effect between covalent bonds and multiple non-covalent
interactions, endowing the hydrogel with both high self-healing capacity and enhanced
mechanical performance. In particular, the introduction of multiple energy dissipation
mechanisms—most notably migrative dynamic metal coordination interactions-enabled
the hydrogel to exhibit ultra-high stretchability, reaching up to 2000%. Furthermore, the
incorporation of lignin silver nanoparticles and ferric ions endowed the hydrogel with
excellent strain sensitivity, boasting a gauge factor of approximately 3.94, along with stable
and repeatable resistance signals. When assembled into a flexible strain sensor, the hydro-
gel effectively detected subtle human motions and organ vibrations; it even demonstrated
practical applicability by replacing conductive rubber in gaming controllers for real-time
input functions. This development represents a significant innovation, as it overcomes
the long-standing trade-off between self-healing ability and mechanical strength in hy-
drogels. The study provides a versatile strategy for designing multifunctional hydrogels,
laying a foundation for their broader application in advanced sensing scenarios within
bioengineering and intelligent systems.

“Study on Road Performance and Ice-Breaking Effect of Rubber Polyurethane Gel
Mixture” delves into the development of high-efficiency, low-carbon, and environmentally
friendly pavement materials for active snow melting and ice breaking, focusing on address-
ing critical challenges in road engineering. Inspired by the urgent need to solve a series
of pressing issues-severe pavement temperature diseases, low efficiency and high loss of
traditional ice-breaking methods, high occupancy rate of waste tires, and low utilization
rate and insufficient durability of rubber particles, the authors set out to improve road
service levels and ensure winter pavement safety. They adopted a systematic three-step
research approach: (1) the optimization of rubber particle treatment using three different
solutions-NaOH, NaClO, and KH550—along with the study of hydrophilic properties, sur-
face morphology, and phase composition of rubber particles before and after optimization
to determine the optimal treatment method; (2) the replacement of natural aggregates in
polyurethane gel mixtures with the optimized rubber particles via the volume substitution
method, coupled with the determination of optimal polyurethane gel dosage and molding-
curing processes; and (3) the comparative analysis of the influence law of rubber particle
content on the road performance of Rubber Polyurethane Gel Mixture (RPGM) through
indoor tests, as well as the exploration of its ice-breaking effect. Using this approach,
Chen et al. successfully obtained significant experimental findings: the contact angles
of rubber particles treated with the three solutions were reduced by 22.5%, 30.2%, and
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36.7%, respectively, with improved surface energy, reduced surface element types, and
effective removal of surface impurities—among which the KH550 solution exhibited the
most remarkable improvement effect. As rubber particle content increased from 0% to
15%, the dynamic stability of the mixture gradually increased (with a maximum increase
of 23.5%), the maximum bending strain increased correspondingly, the residual stability
first increased then decreased (with increased ranges of 1.4%, 3.3%, and 0.5%, respectively),
and the anti-scattering performance improved—even with excessive rubber content, the
scattering loss rate remained below 5%. Additionally, the fatigue life of polyurethane gel
mixtures with 0%, 5%, 10%, and 15% rubber particles was 2.9 times, 3.8 times, 4.3 times, and
4.0 times higher than that of AC-13 asphalt mixture, demonstrating excellent anti-fatigue
performance; the friction coefficient could be increased by up to 22.3% compared with
ordinary asphalt mixtures. RPGM showed superior de-icing performance to traditional
asphalt mixtures, with ice-breaking ability effectively enhanced as rubber particle content
increased—though the ability weakened significantly when the ice layer thickness exceeded
9 mm. The ice-breaking mechanism was mainly achieved through the synergistic effect
of stress coupling, thermal effect, and interface failure: under cyclic driving loads, the
bonding performance of the ice-pavement interface was weakened, leading to loosening,
breaking, and peeling of the ice layer to achieve efficient de-icing. This research repre-
sents a significant innovation, as it simultaneously resolves the problems of waste tire
recycling and winter pavement safety, realizing the dual value of environmental protec-
tion and engineering practicality. The study provides a proof-of-concept for designing
high-performance active snow-melting and ice-breaking pavement materials, where the
integration of optimized rubber particles and polyurethane gel effectively improves both
road durability and winter driving safety, offering valuable technical insights for practical
engineering applications.

“A Study on the Performance of Gel-Based Polyurethane Prepolymer/Ceramic Fiber
Composite-Modified Asphalt” delves into the development of composite-modified asphalt
using gel-based materials, aiming to solve various problems in traditional roads and extend
their service life—a critical focus as new road materials have become a research hotspot.
Inspired by the unique and synergistic properties of polyurethane prepolymers (PUPs)
and ceramic fibers (CFs)—where PUPs provide elasticity and gel-like behavior while CFs
contribute to structural stability and high-temperature resistance—the authors set out to
enhance asphalt performance by integrating these two materials. They adopted a sys-
tematic research approach combining optimization and comprehensive characterization:
(1) the use of response surface methodology to investigate an optimized preparation scheme
for PUP/CF composite-modified asphalt; and (2) the employment of multiple advanced
testing techniques, including aging tests, dynamic shear rate (DSR) testing, bending rate
(BBR) testing, multiple stress creep recovery (MSCR) testing, scanning electron microscopy
(SEM), atomic force microscopy (AFM), and infrared spectroscopy (IR), to explore the aging
performance, rheological properties, permanent deformation resistance, microstructure,
and modification mechanism of the composite-modified asphalt. Using this approach, Guo
et al. successfully determined the optimal preparation scheme: a PUP content of 7.4%, a CF
content of 2.1%, and a shear time of 40 min. The experimental results indicate that the
addition of PUP and CF significantly enhances the asphalt’s aging resistance; compared
with single-CF-modified asphalt and base asphalt, the PUP /CF composite-modified asphalt
exhibits superior high- and low-temperature rheological properties and stronger strain
recovery capability. Microstructural analysis reveals that PUP forms a gel network structure
in the material, effectively filling the gaps between CF and asphalt, enhancing interfacial
bonding strength, and stabilizing overall performance. AFM microscopic morphology
further shows that the PUP/CF composite-modified asphalt has more “honeycomb struc-
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tures” than matrix asphalt and CF-modified asphalt, forming more structural asphalt and
improving overall structural stability. This research represents a significant innovation,
as it leverages the synergistic effect of PUP gel and CF to significantly improve both the
macro and micro properties of asphalt-with the PUP forming a three-dimensional elas-
tic gel network to enhance adhesion and deformation resistance. The study provides a
proof-of-concept for designing high-performance modified asphalt materials, where the
optimized formulation (7.4% PUP, 2.1% CF) effectively improves key asphalt properties
(penetration | 41.5%, softening point 1 6.7 °C, ductility 1 9%), demonstrating the great
relevance of gel-based composites for asphalt modification in practical road engineering.

The paper “Study on the Adaptability of FBG Sensors Encapsulated in CNT-Modified
Gel Material for Asphalt Pavement” explores an innovative application of modified gel
materials in asphalt pavement strain monitoring. The authors develop a fiber Bragg grating
(FBG) sensor encapsulated in carboxylated carbon nanotube (CNT-COOH)-modified gel
material, which is designed to address the needs of prolonging asphalt pavement service
life and reducing maintenance costs. While traditional FBG sensors may lack sufficient com-
patibility and durability when applied directly to asphalt pavement, the CNT-modified gel
encapsulation is intended to enhance the sensor’s mechanical performance and adaptability
to the pavement’s working environment. To optimize this encapsulation material, Guo et al.
conduct tensile and bending tests to evaluate the effect of different CNT-COOH dosages on
the mechanical properties of the gel material, ultimately determining the optimal dosage.
They also use infrared spectroscopy and scanning electron microscopy to compare and
analyze the infrared spectra and microstructure of carbon nanotubes before and after
carboxyl functionalization, as well as the microstructure of the modified gel material. Labo-
ratory test results show that the incorporation of CNT-COOH significantly improves the
mechanical properties of the gel material: tensile strength, elongation at break, and tensile
modulus increase by 36.2%, 47%, and 17.2%, respectively, while flexural strength, flexural
modulus, and flexural strain increase by 89.7%, 7.5%, and 63.8%, respectively. Infrared
spectrum analysis confirms the successful introduction of carboxyl (COOH) and hydroxyl
(OH) groups on the surface of carbon nanotubes, and microstructure analysis reveals that
carboxyl functionalization reduces CNT agglomeration, making the tensile section of the
modified gel material rougher with obvious plastic deformation and improved toughness.
Calibration experiments indicate that the strain and temperature sensitivity coefficients of
the encapsulated sensor are 1.9864 pm/pm and 0.0383 nm/°C, which are 1.63 times and
3.61 times higher than those of bare FBG sensors. Applicability studies and ANSYS finite
element analysis verify that the internal strain of asphalt rutting specimens changes linearly
with external static load (with a fitting sensitivity of 0.0286 pe /N), and simulation results
are consistent with measured data, confirming the sensor’s effectiveness and monitoring
accuracy. Dynamic load tests further reflect the internal strain change trend of asphalt
mixture under external rutting load. The study’s findings are highly relevant for the road
engineering industry, demonstrating how CNT-modified gel encapsulation can enhance
FBG sensor performance, thereby providing a reliable technical solution for long-term
strain monitoring of asphalt pavement.

“Quantum-Dot-Based Molecularly Imprinted Hydrogel for Rapid Detection of Homo-
cysteine” delves into the development of advanced hydrogel-based detection materials,
focusing on addressing the need for rapid and selective detection of homocysteine (Hcy)—a
biomolecule whose elevated levels are associated with various pathological conditions
including atherosclerosis, hypertension, and cardiovascular diseases. Inspired by the poten-
tial of quantum dots (QDs) for fluorescence-based detection and molecular imprinting tech-
nology for high selectivity, the authors set out to develop quantum-dot-based molecularly
imprinted hydrogels (QD@MIHs) as a novel tool for rapid Hcy detection. They combined
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two key technologies: (1) the integration of L-cysteine-modified ZnS quantum dots (QDs)
with highly selective molecular imprinting technology; and (2) the fabrication of QD@MIHs
using a dual-functional monomer system (acrylamide and methacrylic acid) via surface
coating of the Hcy molecularly imprinted polymer gel onto the QDs. Using this approach,
Zhang et al. successfully developed the QD@MIHs and characterized their detection perfor-
mance under optimal conditions. The experimental results showed that the response time
of the QD@MIHs for Hcy detection was only 5 min, enabling rapid analysis. When the Hcy
concentration ranged from 0.1 to 10.0 uM, the fluorescence quenching of the QD@MIHs
exhibited a good linear relationship with Hey concentration (R? = 0.9972), with a corre-
sponding detection limit as low as 0.027 pM, demonstrating high sensitivity. Additionally,
the constructed QD@MIHs showed no significant response to other interfering substances,
confirming the high selectivity of the prepared material. Practical sample analysis further
validated the reliability of the method: the recovery rates of Hcy ranged from 94.34% to
104.1%, with relative standard deviations (RSD, n = 3) between 3.56% and 7.17%. This
QD@MIH-based detection method represents a significant innovation, as it achieves rapid,
selective, and sensitive Hcy detection with simple operation, overcoming the limitations of
traditional detection methods that may be time-consuming or lack selectivity. The study
provides a proof-of-concept for designing next-generation biomolecular detection tools—
particularly for biomedical diagnostics and preventive-healthcare applications—where the
integration of quantum dots and molecularly imprinted hydrogels enables efficient and
reliable detection of key pathological markers.

“Polymer—Silicate Composite Gel Systems for Enhanced Chloride Resistance of
Cement-Based Materials” delves into the development of advanced gel-based protec-
tive materials, focusing on addressing the critical issues of insufficient protection and poor
durability of concrete during service. Inspired by the potential of silane and fluorocarbon
resin emulsion to improve material protection performance, the authors set out to develop
a novel polymer-silicate composite gel system and apply it to mortar specimens to enhance
their chloride ion resistance. They combined two key components and testing approaches:
(1) the development of the composite gel system by integrating silane with fluorocarbon
resin emulsion; and (2) the evaluation of its chloride ion resistance enhancement effect
using the RCM method and natural chloride ion penetration tests, coupled with SEM
images to analyze the anti-permeation mechanism. Using this approach, Zhang et al.
successfully developed the novel polymer—silicate composite gel system and systematically
characterized its performance on mortar specimens. The experimental results indicate that
the chloride ion migration coefficient of the composite gel system is 4.91 x 10712 m?/s,
representing a 63.97% reduction compared to the single fluorocarbon gel system, demon-
strating a significant improvement in anti-chloride penetration ability. Within the 0-5 mm
depth range, the free chloride ion contents at 14, 28, and 56 days decreased by 55.35%,
50.10%, and 43.64%, respectively, further confirming its excellent resistance to chloride
penetration. Acid and alkali resistance tests showed that the system retained the inherent
corrosion resistance of the fluorocarbon component, ensuring its stability in harsh environ-
ments. While carbonation tests demonstrated a slight decrease in carbonation resistance
compared with the pure fluorocarbon gel system, the composite gel system still maintained
a satisfactory performance level. This polymer-silicate composite gel system represents
a significant innovation, as it effectively enhances the mortar’s resistance to chloride ion
penetration while retaining key protective properties, overcoming the limitations of single-
component gel systems that may lack comprehensive performance. The study provides
a proof-of-concept for designing next-generation protective materials for cement-based
materials—particularly for concrete structures in chloride-rich environments—where the
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integration of silane and fluorocarbon resin emulsion enables improved durability and
service life, offering valuable technical insights for practical engineering applications.
The paper “Investigation of Toughening Mechanism of Virgin Asphalt by Blending
with Waste Battery Powder” explores an innovative application of waste battery powder
(WBP) in enhancing the fatigue resistance of sol-gel structured virgin asphalt. The authors
develop a WBP-modified asphalt by incorporating a 12% content of WBP, which is designed
to address the need for improving pavement service life and achieving resource utiliza-
tion of waste batteries. While virgin asphalt itself may lack sufficient durability under
repeated loading, the WBP modification is intended to enhance its cracking resistance and
toughening performance. To clarify this toughening mechanism, the authors conduct linear
amplitude, non-damage, and damage time sweep tests to evaluate the fatigue performance
of the modified asphalt. They also establish a cracking area model using energy—mechanics
balance equations, taking the asphalt cracking area as an index to quantify induced damage
and determine the representative rate for the cracking damage process (k.q). Furthermore,
they employ the activation energy for cracking damage (E,.q) to quantify the difficulty
of the cracking process. Laboratory test results show that WBP-modified asphalt exhibits
three nonlinear cracking stages and has a lower cracking rate compared to virgin asphalt.
Its cracking damage shows an overall increasing trend over time, and the damage evolution
parameter 3 can serve as the representative k.4. Microstructural analysis via scanning
electron microscopy reveals that the micro-grooves and wrinkles on the WBP surface en-
hance its bonding with the asphalt matrix, which significantly increases the E,.4 of sol-gel
704 virgin asphalt from 10.6 to 23.88 k]-mol~!, thereby achieving effective toughening.
The study’s findings demonstrate that the unique micromorphology of WBP is the core
factor in improving the toughening performance, and the fatigue damage process can be
accurately characterized by the kinetic parameters g and E,.q. This provides a novel me-
chanical characterization method for modified asphalt and offers theoretical and technical
support for the high-value utilization of waste battery resources in road engineering.

3. Conclusions and Outlook

The contributions to this Special Issue highlight the remarkable diversity and innova-
tion in modern polymer gel research, spanning synthesis, characterization, and application
across construction, transportation, environment, and biomedicine. Key themes emerging
from these studies include the pursuit of sustainability through waste valorization and
low-carbon formulations, the development of multifunctional gels with synergistic proper-
ties (e.g., self-healing, responsiveness, and durability), and the expansion of application
boundaries to address complex engineering and societal challenges.

A critical trend observed is the interdisciplinary integration of polymer gel science
with other fields, such as microbiology (EICP technology), nanotechnology (quantum dots,
carbon nanotubes), and data science (machine learning models for performance prediction).
This cross-disciplinary approach enables the design of advanced gel systems that meet strin-
gent performance requirements while adhering to environmental and economic constraints.
Additionally, the emphasis on practical applicability—evidenced by numerous laboratory
tests and engineering validation—ensures that these innovations can be translated from
the lab to real-world scenarios.

Looking ahead, future research in polymer gels will likely focus on several direc-
tions: (1) further optimizing sustainable synthesis routes using bio-based precursors and
industrial by-products; (2) developing smart gel systems with real-time responsiveness
to multiple stimuli (temperature, pH, stress); (3) enhancing the long-term durability and
scalability of gel composites for large-scale engineering applications; and (4) expanding
biomedical and sensing applications through improved biocompatibility and sensitivity.
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Collaboration across academia, industry, and research institutions will be essential to
address remaining challenges, such as standardization of performance evaluation, cost
reduction, and long-term environmental impact assessment.

In conclusion, this Special Issue showcases the vibrant and evolving nature of polymer
gel research, demonstrating its potential to provide innovative solutions to global challenges
in sustainability, infrastructure, healthcare, and environmental protection. We anticipate
that the findings and insights presented herein will inspire further advancements, foster
new collaborations, and drive the development of next-generation polymer gel technologies
that are smarter, greener, and more impactful.

Funding: This research received no external funding.

Acknowledgments: As Guest Editor, I would like to express my sincere appreciation to all the authors
who contributed their high-quality work to this Special Issue. I am also grateful to the editorial team
of Gels for their invaluable support and careful handling of the publication process, and special thanks
to the reviewers for their constructive comments and suggestions, which significantly improved
the quality of the included papers. Given the success and strong engagement this Special Issue has
received, I am pleased to announce that we have initiated the second edition of “Synthesis, Properties,
and Applications of Novel Polymer-Based Gels” to continue highlighting cutting-edge research in
this dynamic field. I warmly invite colleagues across academia and industry to contribute to this
ongoing effort.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions:

1. Zhang, P; Shi, B.; Dai, X.; Chen, C.; Lai, C. A State-of-the-Art Review on the Freeze-Thaw
Resistance of Sustainable Geopolymer Gel Composites: Mechanisms, Determinants, and Models.
Gels 2025, 11, 537. https:/ /doi.org/10.3390/gels11070537.

2. Zheng, Y; Xie, Y.; Zhang, Y.; Wan, C.; Miao, L.; Zhang, P. Valorization of River Sediments in Sus-
tainable Cementitious Gel Materials: A Review of Characteristics, Activation, and Performance.
Gels 2025, 11, 755. https:/ /doi.org/10.3390/gels11090755.

3. Chen, Y.; Li, Z.; Guo, T,; Fang, C.; Guo, P; Wang, C.; Bai, B.; Zhang, W.; Yan, H.; Chen, Q.
Performance and Mechanism Analysis of an Anti-Skid Wear Layer of Active Slow-Release
Ice-Snow Melting Modified by Gels. Gels 2025, 11, 449. https://doi.org/10.3390/ gels11060449.

4. Zhang, J.; Jia, H,; Li, J.; Chen, X,; Wang, L.; Wang, S.; Liu, L. Bio-Gel Formation Through
Enzyme-Induced Carbonate Precipitation for Dust Control in Yellow River Silt. Gels 2025, 11,
452. https:/ /doi.org/10.3390/ gels11060452.

5. Liu, C.; Lu, B. Self-Healing and Tough Polyacrylic Acid-Based Hydrogels for Micro-Strain
Sensors. Gels 2025, 11, 475. https:/ /doi.org/10.3390/gels11070475.

6. Chen, Y,; Li, Z.; Guo, T,; Fang, C.; Yang, ].; Guo, P.; Wang, C.; Bai, B.; Zhang, W.; Tang, D.; et al.
Study on Road Performance and Ice-Breaking Effect of Rubber Polyurethane Gel Mixture. Gels
2025, 11, 505. https:/ /doi.org/10.3390/ gels11070505.

7. Guo, T,; Guo, X,; Chen, Y.; Fang, C.; Yang, ].; Li, Z.; Feng, J.; Huang, H.; Li, Z.; Chen, H.;
et al. A Study on the Performance of Gel-Based Polyurethane Prepolymer/Ceramic Fiber
Composite-Modified Asphalt. Gels 2025, 11, 558. https:/ /doi.org/10.3390/gels11070558.

8. Guo, T;; Guo, X,; Chen, Y;; Fang, C.; Yang, |.; Li, Z.; Feng, J.; Kong, ].; Chen, H.; Wang, C.; et al.
Study on the Adaptability of FBG Sensors Encapsulated in CNT-Modified Gel Material for
Asphalt Pavement. Gels 2025, 11, 590. https://doi.org/10.3390/ gels11080590.

9. Zhang, X.; Liang, J.; Zheng, B.; Jia, P.; Xu, Q. Quantum-Dot-Based Molecularly Imprinted
Hydrogel for Rapid Detection of Homocysteine. Gels 2025, 11, 632. https://doi.org/10.3390/
gels11080632.

10. Zhang, T; Dai, Y;; Ren, S.; Huang, Z.; Han, C.; Ding, W. Polymer—Silicate Composite Gel
Systems for Enhanced Chloride Resistance of Cement-Based Materials. Gels 2025, 11, 936.
https://doi.org/10.3390/ gels11120936.

https://doi.org/10.3390/ gels12020143



Gels 2026, 12, 143

11.  Fang, C.; Guo, X,; Chen, Y,; Li, H.;; Guo, N.; Li, Z.; Wu, Z,; Yang, J.; Guo, T. Investigation of
Toughening Mechanism of Virgin Asphalt by Blending with Waste Battery Powder. Gels 2026,
12,117. https:/ /doi.org/10.3390/ gels12020117.

References

1.  Osada, Y.; Gong, ].P. Soft and Wet Materials: Polymer Gels. Adv. Mater. 1998, 10, 827-837. [CrossRef]

2. Zhang, T.; Wang, K.; Wang, H.; Wei, M.; Chen, Z.; Zhong, D.; Chen, Y.; Pei, P. Polymer Gels for Aqueous Metal Batteries.
Prog. Mater. Sci. 2025, 151, 101426. [CrossRef]

3. Parvin, N,; Kumar, V,; Joo, S.W.; Mandal, TK. Cutting-Edge Hydrogel Technologies in Tissue Engineering and Biosensing:
An Updated Review. Materials 2024, 17, 4792. [CrossRef] [PubMed]

4. Babaei-Ghazvini, A.; Vafakish, B.; Patel, R.; Falua, K.J.; Dunlop, M.].; Acharya, B. Cellulose Nanocrystals in the Development of
Biodegradable Materials: A Review on CNC Resources, Modification, and Their Hybridization. Int. J. Biol. Macromol. 2024, 258,
128834. [CrossRef] [PubMed]

5. Zhang, P; Shi, B.; Dai, X.; Chen, C.; Lai, C. A State-of-the-Art Review on the Freeze-Thaw Resistance of Sustainable Geopolymer
Gel Composites: Mechanisms, Determinants, and Models. Gels 2025, 11, 537. [CrossRef] [PubMed]

6.  Chen, Y; Li, Z.; Guo, T; Fang, C.; Guo, P.; Wang, C.; Bai, B.; Zhang, W.; Yan, H.; Chen, Q. Performance and Mechanism Analysis
of an Anti-Skid Wear Layer of Active Slow-Release Ice-Snow Melting Modified by Gels. Gels 2025, 11, 449. [CrossRef] [PubMed]

7. Liu, C; Lu, B. Self-Healing and Tough Polyacrylic Acid-Based Hydrogels for Micro-Strain Sensors. Gels 2025, 11, 475. [CrossRef]
[PubMed]

8. Zhang, ].; Jia, H.; Li, J.; Chen, X.; Wang, L.; Wang, S.; Liu, L. Bio-Gel Formation Through Enzyme-Induced Carbonate Precipitation
for Dust Control in Yellow River Silt. Gels 2025, 11, 452. [CrossRef] [PubMed]

9.  Correa, S.; Grosskopf, A.K.; Lopez Hernandez, H.; Chan, D.; Yu, A.C.; Stapleton, L.M.; Appel, E.A. Translational Applications of
Hydrogels. Chem. Rev. 2021, 121, 11385. [CrossRef] [PubMed]

10. Nandi, A.K; Chatterjee, D.P. Hybrid Polymer Gels for Energy Applications. |. Mater. Chem. A 2023, 11, 12593-12642. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ gels12020143
10



Article

Performance and Mechanism Analysis of an Anti-Skid Wear
Layer of Active Slow-Release Ice-Snow Melting Modified
by Gels

Yuanzhao Chen 1234*, Zhenxia Li '234, Tengteng Guo >34, Chenze Fang 1>, Peng Guo %, Chaohui Wang °,
Bing Bai !, Weiguang Zhang 7, Haobo Yan ! and Qi Chen !

School of Civil Engineering and Transportation, North China University of Water Resources and Electric
Power, Zhengzhou 450045, China; zhenxiali2009@ncwu.edu.cn (Z.L.); guotth@ncwu.edu.cn (T.G.);
fangchenze@126.com (C.E); baibing7777@ncwu.edu.cn (B.B.); 15737993622@163.com (H.Y.);
chq319666@163.com (Q.C.)

Henan Province Engineering Technology Research Center of Environment Friendly and High-Performance
Pavement Materials, Zhengzhou 450045, China

Technology Innovation Center of Henan Transport Industry of Utilization of Solid Waste Resources in Traffic
Engineering, North China University of Water Resources and Electric Power, Zhengzhou 450045, China
Henan Province University-Enterprise Research and Development Center for Green, Low-Carbon and
High-Performance Road Materials, Zhengzhou 450045, China

National and Local Joint Engineering Laboratory of Traffic Civil Engineering Materials, Chongqing Jiaotong
University, Chongging 400074, China; guopeng@cgjtu.edu.cn

6 School of Highway, Chang’an University, Xi’an 710064, China; wchh0205@chd.edu.cn

School of Transportation, Southeast University, Nanjing 210096, China; wgzhang@seu.edu.cn

*  Correspondence: cyz740513@ncwu.edu.cn; Tel.: +86-13673359605; Fax: +86-0371-69127209

Abstract: Winter pavement maintenance faces challenges in balancing large-scale upkeep
and driving safety, particularly regarding the application of active slow-release materials.
This study proposes a gel-modified salt-storing ceramsite asphalt mixture to enhance ice-
melting capabilities through controlled salt release. By replacing a conventional coarse
aggregate with salt-storing ceramsite in SMA-10 graded mixtures (0-80% content), we
systematically evaluate its mechanical performance and de-icing functionality. The ex-
perimental results demonstrate that 40% salt-storing ceramsite content optimizes high-
temperature stability while maintaining acceptable low-temperature performance and
water resistance. Microstructural analysis reveals that silicone—acrylic emulsion forms a
hydrophobic film on ceramsite surfaces, enabling uniform salt distribution and sustained
release. The optimal 10% gel modification achieves effective salt retention and controlled
release through pore-structure regulation. These findings establish a 40-60% salt-storing
ceramsite content range as the practical range for winter pavement applications, offering
insights into the design of durable snow-melting asphalt surfaces.

Keywords: pavement materials; slow-release de-icing material; microscopic; characterization;
cold-climate pavement; ceramsite; road performance; slow-release mechanism; gel material

1. Introduction

With an increasing amount of road traffic, road surfacees will exhibit the phenomenon
of tectonic depth attenuation and flatness reduction [1]. At present, the treatment methods
of China’s highway maintenance include washing and planing the original road surface
to lay a new asphalt surface layer, micro-surface or thin slurry sealing layer, and paving
anti-skid wear layer [2]. When an anti-skid wear layer is applied to a road surface, damage
to the structural layer of the road surface is reduced, improving the performance of the
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surface and extending its service life [3]. When the paving thickness is small, usually in the
range of 15~25 mm, it can reduce the consumption of materials and energy, reduce initial
costs and maintenance costs, and is an environmentally friendly road paving technology,
in-line with the concept of global environmental protection.

At present, in most of the northern regions of China in winter, snow and ice phenom-
ena appear on road surfaces in rainy and snowy weather, resulting in a reduced friction
coefficient of automobile tires, resulting in vehicle slippage and braking difficulties, which
can easily lead to loss of control of vehicles and, therefore, traffic accidents. An active
slow-release type of snow- and ice-melting material combined with asphalt pavement pre-
conservation technology, salt-storing pavement de-icing, and snow-removal technology
are needed, based on an innovative anti-slip wear layer with excellent anti-skid and wear-
resistant performance [4], in order to prepare asphalt pavement for active pre-maintenance
and achieve the effect of actively melting ice and snow on road surfaces. This can not
only serve a winter pavement snow-melting and de-icing function, but also can effectively
reduce the adverse effects of salt-storing snowmelt on asphalt pavements. Therefore, it is
of great significance to develop pavement materials with snow-melting and ice-melting
effects and maintenance functions.

Ice- and snow-melting salt material is coated on the salt-storing carrier using a modi-
fication process based on slow-release gel technology, prepared as a powder or granular
composite materials [5], that can replace the aggregate and mineral powder in the asphalt
mixture [6]. In recent years, experts have introduced wear layer technology into ice- and
snow-melting pavements, and the results have proved that the developed materials have
certain ice- and snow-melting effects. Therefore, in this paper, through the development of
a slow-release composite snow-melting agent, attached to the pores of a porous aggregate,
combined with anti-skid wear layer maintenance technology and salt-storing aggregate-
replacing parts of aggregates of the same particle size, we study the ice- and snow-melting
performance of a road treated with an active slow-release snow-melting anti-skid wear
layer so as to achieve an active and lasting snow- and ice-melting function from the pave-
ment. This is of positive significance for the coordinated and sustainable development of
our society, economy, and environment, as well as for the promotion of the high-quality
development of transportation engineering. Anti-skid wearing layer technology research
first began in France, and scholars worldwide have proposed a thin asphalt concrete surface
layer, ultra-thin asphalt concrete (UTAC), a Novachip anti-skid wearing layer based on
synchronized paving technology, a Novachip ultra-thin wearing layer, and an open-graded
anti-skid wearing layer (OGFC). On the basis of previous research, American scholars
successively launched SUP-5 and SMA-5, two more advanced fine-grained ultra-thin wear-
ing layer technologies. In recent years, domestic and foreign ultra-thin wearing course
technology has developed rapidly, with different types and functions of thin-layer technol-
ogy emerging frequently, such as high-toughness ultra-thin asphalt wearing course [7-9],
SMC warm-mixed thin layer [10], ECA easy-to-consolidate ultra-thin wearing course [11],
temperature-controlled ultra-thin wearing course [12], as well as active-melting snow and
ice ultra-thin wearing course, etc. At present, active-melting snow and ice anti-skid layer
is the most advanced thin-layer technology. At present, the active ice- and snow-melting
anti-skid wear layer is divided into salt-storing ice- and snow-melting anti-skid wear layer
and energy-conversion anti-skid wear layer according to the principle of melting ice and
snow. Energy-transforming anti-skid wear layer melting ice and snow consumes a lot of
energy, and the energy and heat inevitably affect the pavement structure [13,14], which
can be avoided using a salt-storage melting ice and snow anti-skid wear layer. Ice- and
snow-melting materials are combined in some form (filler or aggregate) with ultra-thin
wear layer materials, thus introducing three new influencing factors, i.e., changes in the
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oil/gravel ratio due to differences in filler properties [15,16], changes in the mix structure
due to particle interferences [17,18], and changes in the voids caused by the salt that is
removed [19,20]. Based on the above problems, researchers have carried out related re-
search work. For example, Sun Dahang [21] proposed a new evaluation index and design
method for an ice-suppressing anti-skid wear layer; Liu Yang [22] investigated the impact
of slow-release ice-melting and snow-melting material doping on the road performance of
ultra-thin wear layer by using single-factor analysis and constructed an optimal custom
model to optimize the composition of the material based on the Response Surface Analysis
method; Chen Shuanfa [23] obtained the basic composition and key design parameters of
the material from three aspects, namely, the composition of the mineral grades, asphalt
paste characteristics, and road performance of TSSAM, and verified the basic material
composition and long-lasting snow-melting performance and road performance of TSSAM
under different conditions. Chen Shuanfa [23], regarding the TSSAM mineral gradation
composition, asphalt slurry characteristics, and road performance, researched the basic
composition of the material and the key design parameters, and verified snow-melting
performance and snow-melting long-lasting performance under different conditions; Chen
Xiao [24] used SMA-5 gradation as an ultra-thin snow melting cover, and, through the
study of road performance and snow-melting and ice suppression function, concluded that,
when the mixing amount of the snow-melting agent is 33%, the ultra-thin snow-melting
covers with various road performance and snow-melting performance all meet the require-
ments. The road performance and snow- and ice-melting performance of the ultra-thin
snow-melting cover meet the requirements.

Comprehensive research has shown that an active slow-release ice-melting snow
anti-skid wear layer, compared to other salt-storing pavement de-icing and snow-removal
technology [25], can improve asphalt pavement skid resistance and abrasion resistance, can
be considered to extend the service life of the pavement, and represents a new technology
for snow-melting and de-icing, offering better road performance. However, due to the
lack of actual engineering experience, design specifications, and evaluation standards,
active slow-release ice-melting and snow-melting anti-skid wear layer pre-maintenance
technology is still in its infancy. How to prepare slow-release composite snow-melting
agents, combined with anti-skid wear layer maintenance technology, salt-storing aggre-
gates [26-29] as a partial replacement for aggregates of the same particle size, the study
of active slow-release ice-melting and snow-melting [30-33], and the performance of the
snow-melting wear layer, as well as snow- and ice-melting performance, in order to achieve
active and durable road melting and snow-melting functions, is an important issue to be
solved at present [34-36]. Function is an important problem to be solved at present. Many
scholars have performed research on the anti-slip performance of the anti-skid wear layer,
surface functional layer performance, and snow-melting on pavements, mainly including
the anti-skid performance of wear layers, surface functional layer performance, and a series
of research and development work on snow-melting technology on pavements; however,
in the current literature, few studies have addressed snow-melting performance and the
mechanisms of active slow-release anti-ice wear layers. This paper, therefore, investigates
the performance and underlying mechanisms of gel-modified salt-storing ceramsite in
anti-skid wearing layers, addressing this identified gap in knowledge. Compared to tradi-
tional de-icing methods (e.g., bulk salt application or heated pavements), our gel-modified
salt-storing ceramsite approach has comparable initial costs, but significantly lower long-
term maintenance requirements, and its slow-release functionality extends the economic
service life of pavements. This paper explores the advantages of anti-skid wear layers with
environmentally friendly slow-release snow- and ice-melting functions.
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2. Results and Discussion
2.1. Road Performance Test Results

Referring to JTG E20-2011 [37], the road performance test was carried out on the
salt-storing ceramic granule wear layer mixes with volume dosages of salt-storing ceramic
granules of 0%, 20%, 40%, 60% and 80%, respectively, and the effect of different slow-release
salt-storing ceramic granule dosages on the road performance of the active ice-melting and
anti-skid wear layer was analyzed by combining the results of the tests in each group. The
experimental research plan is shown in Figure 1.

| Results and Discussion 1
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Figure 1. Technology roadmap.

2.1.1. High-Temperature Stability Analysis

The rutting test was used to evaluate the high-temperature stability. Five rutted plate
specimens doped with salt-accumulated ceramic grains were molded, and the rutting
test was carried out by holding the heat for 4 h at 60 °C; the rutting results of different
salt-accumulated ceramic grain-doped specimens are shown in Figure 2.

As can be seen in Figure 2, the dynamic stability of the anti-slip wear layer mix under
different salt-storing ceramic granule dosages meets the specification requirements. The
dynamic stability of the wear layer mix with the increase in salt-storing ceramic particles
showed a trend of increasing and then decreasing; when the dosage of salt-storing ceramic
particles was 40%, the dynamic stability of the wear layer mix reached the maximum, and
its dynamic stability increased by 40.4% compared to the mix without salt-storing ceramic
particles. It can be concluded from the test results that more salt-storage ceramic particles
does not necessarily mean the better the high-temperature stability of the mixture; as far
as high-temperature stability is concerned, the optimal proportion of salt-storage ceramic
particles is 40%. These results align with the findings of Chen Xiao et al. [24], who reported
an optimal snow-melting agent content (~33%) for an ultra-thin asphalt layer, indicating
consistency across studies. Salt-storing ceramic particles improve the high-temperature
stability of the wear layer mixture: (1) Slow-release salt-storing ceramic particles and
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polymer-modified cement mortar coat the salt-storing ceramic particles due to the alkaline
cement, so that modified cement mortar parcel salt-storing ceramic particles and asphalt
have good adhesion; adding salt-storing ceramic particles after polymer-modified cement
mortar parcel means that its strength improves and that it shows better wear resistance,
and so the mixture is good. The strength of salt-accumulating ceramic granules is improved
after the polymer-modified cement mortar is wrapped, and the abrasion resistance is better,
so the high-temperature stability of the mix is good. (2) Shale grains are mainly shale
materials, as raw materials calcined at high temperatures have certain activity on their
surfaces, so that, as the contact surface strength of the grains and asphalt increases, the
friction of the wear layer mixture increases; the salt-storing grains of the ceramic anti-skid
wear layer with high-temperature stability have a certain effect of enhancement. (3) Due to
the structural characteristics of ceramic grains, the surface is rough and there are a large
number of pore structures, and the salt storage ceramic grains are larger than the ordinary
crushed stone. The effective surface area of the aggregate is large, so that, as the bonding
area between the asphalt and the salt grains increases, its adsorbs effective asphalt and
also adsorbs excess asphalt, improving the internal cohesion of the mixture, which in turn
increases the shear resistance of the salt-grain anti-skid wear layer.
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Figure 2. Wheel-tracking test results.

2.1.2. Analysis of Low-Temperature Anti-Cracking Properties

The low-temperature trabecular bending test was used to evaluate the low-temperature
performance of salt-storing ceramic grain wear layer mixtures which were placed in a con-
stant temperature box at —10 £ 0.5 °C for 5 h and loaded with a universal testing machine
at a constant rate until the destruction of the specimen; the results of the low-temperature
trabecular bending test with different salt-storing ceramic grain admixtures are shown in
Figure 3.

As can be seen in Figure 3, the maximum bending strain and flexural tensile strength
of the salt-storing ceramic grain abraded layer mixtures showed different degrees of
reduction with increases in salt-storing ceramic grain dosage, which indicates that the
salt-accumulated ceramic grain dosage has a greater impact on their low-temperature
performance. At 20%, 40%, 60%, and 80% of the volume of salt-storing grains, the flexural
tensile strength of the wear layer mix was reduced by 14.3%, 27.3%, 35.0%, and 41.9%,
respectively, and the maximum flexural strain was reduced by 5.5%, 15.4%, 21.0%, and
25.7%, respectively, compared to that of the control mix without salt-storing grains. The
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main reasons are as follows: (1) Due to the crushed-stone shale grains after the addition
of the polymer-modified cement mortar package and after the angularity becomes poor,
the salt-storing grains in the anti-skid wear layer mixture cannot form a strong embedded
structure, resulting in insufficient internal friction, which causes the wear layer mixture
with salt-storing grains to deform easily under external force. (2) Due to the low strength
of the salt-accumulated ceramic particles, the ceramic particles become brittle after freezing
at —10 °C, the overall resistance of the specimen becomes insufficient, and the ceramic
particles fracture earlier than common gravel; therefore, the low-temperature performance
will deteriorate.
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Figure 3. Test results of the maximum bending strain of trabecular.

2.1.3. Water Stability Performance Analysis

Water stability was evaluated using the immersion Marshall Test and the freeze-thaw
splitting test. The results are as follows.

Immersion Marshall Test

Five different dosages of salt-storing ceramic asphalt mixtures were used to mold two
groups of Marshall specimens, each containing four specimens: Group 1 was immersed
in a constant-temperature water tank at 60 °C for 30 min to test stability; and Group 2
was immersed at 60 °C for 48 h to test stability by calculating the residual stability of the
specimens to evaluate the water stability of different dosages of salt-storing ceramic asphalt
mixes. The results of the immersion Marshall test with different salt-storing ceramic grain
dosages are shown in Figure 4.

As can be seen from Figure 4, 20%, 40%, and 60% dosages of salt-storing ceramic
grain wear layer mixture residual stability meet the MSR > 80% specification requirements.
Compared to the 0% dosage of salt-storing ceramic grains asphalt mixture, the addition
of salt-storing ceramic grains reduces the residual stability of the wear layer mix. The
higher the dosage of salt-storing ceramic grains, the lower the residual stability of the
Marshall specimens. This is mainly due to the structural characteristics of the ceramic
grains; salt-storing ceramic grains, compared to ordinary aggregate strength, are relatively
insufficient and have a high water absorption rate. Therefore, with more ceramic particles
mixed, water in the asphalt mixture damage is more significant, and the worse the water
stability is. Doping with amounts of 20%, 40%, and 60% of salt-storing ceramic grains
meants that residual stability, compared to the ordinary asphalt mixture, decreased by
2.3%, 4.5%, and 8.4%; when the salt-storing ceramic grain dosage increased to 80%, the
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residual stability of the wear layer mixture no longer met the specification requirements.
This means that a certain amount of slow-release salt-storing ceramic particles reduces the
water stability of the wear layer asphalt mixture; the dosage is too high, meaning that the
residual stability does not meet specification requirements.
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Figure 4. Immersion Marshall test results.

Freeze-Thaw Splitting Test

We referred to T 0729 in JTG E20-2011 [37] to perform the execute the freeze—thaw
splitting test. The results of the freeze-thaw splitting test with different salt-storing ceramic
granule dosages are shown in Figure 5.
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Figure 5. Freeze-thaw splitting strength ratio test results.

The larger the value of the split strength ratio, the stronger the mix’s resistance to
water damage. In Figure 5, it can be seen that the split strength ratio decreases gradually
with the increase in salt-storing ceramic granule doping, and the split strength of 20%, 40%,
and 60% salt-storing ceramic granule-doped wear layer mixes was reduced by 1.2%, 6.4%,
and 9.2% compared with that of the ordinary wear layer mix. In the test process, it was
found that, after the freezing and thawing of the Marshall specimen, a particle spalling
phenomenon could be seen, and, as the salt-storing ceramic granule dosage increased from
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20% to 80%, the spalling phenomenon became more severe; when the dosage reaches 80%,
the splitting strength of the mixture no longer meets the specification requirements.

In the test results, it can be seen that the salt-storing ceramic particles mixed into the
wear layer mixture have a significant impact on water stability. There are two main reasons
for this: First of all, asphalt and ceramic particles on the surface of the combination are
weak, resulting in low cohesion within the mixture; in the role of the dynamic hydraulic
force, large-scale peeling of the asphalt overlay layer may occur, which affects the water
stability of the salt-storing ceramic particle wear layer. Secondly, the structures of the salt-
storing ceramic particles and of the specific salt grains themselves are also an important
factor due to the high water absorption rate and the strong water retention, meaning that
water can enter the mixture easily and is difficult to dissipate; therefore, water absorption
and retention are significant characteristics, and, under vehicle loading, the mix becomes
loose, which causes the salt grain wear layer mixture to become easily damaged under the
action of external forces or the freeze-thaw cycle.

According to the salt grains wear layer mixture of the immersion Marshall test and
freeze—thaw ratio test, it can be seen that, at 80% salt grain dosage, the Marshall stability of
the mixture and split ratio do not meet the requirements; at 60% dosage, the split strength
ratio is 80.2%, which just meets the specification requirements. In order to ensure that the
salt-storing ceramic wear layer mixture has good water stability, the salt-storing ceramic
mix dosage should be less than 60%.

2.1.4. Slip-Resistance Analysis
Anti-sliding performance was evaluated using the sanding method and pendulum
instrument. The results are as follows.

Sand-Laying Method

We used the sand-laying method to determine the construction depth of different
salt-storing ceramic granule dosages of ice- and snow-melting anti-skid wear layer mixture;
the test results are shown in Table 1 below.

Table 1. Structural depth test results.

Salt-Storing Paving Diameter  Structure Depth Technical
Ceramsite Content (%) (mm) TD (mm) Requirement (mm)
0 176.8 1.018
20 179.7 0.986
40 181.4 0.967 >0.55
60 185.0 0.930
80 186.1 0.919

As can be seen in Table 1, the construction depth of asphalt mixtures with five different
ceramic granule dosages satisfies the technical requirements of the specification (TD > 0.55 mm).
With the increase in salt-storing ceramic particles, the pavement diameter gradually be-
comes larger, the construction depth gradually decreases, and the rutting depth of the
rutting plate with 20%, 40%, 60%, and 80% salt-storing ceramic particle dosages decreases
by 3.1%, 5.0%, 8.6%, and 9.7%, respectively, compared to that of the rutting plate with 0%
salt-storing ceramic particles. This is due to the poor angularity of the salt-accumulated
ceramic particles after wrapping with silica—propylene emulsion-modified cement mor-
tar, but the effect of salt-accumulated ceramic particles on the depth of the structure is
not significant, and the reduction in the depth of the structure is less than 10%. This is
due to the use of grading type SMA-10, which is an intermittent grading and skeleton-
dense structure, which compacts the surface of the structural depth with a large and good
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anti-skid performance, so the ceramic particles do not affect the anti-skid performance of
the pavement.

Pendulum Instrument

The anti-skid performance of a slow-release salt-storing ceramic asphalt mixture
rutting plate was studied using a BM-III type pendulum friction coefficient tester, and the
test results are shown in Figure 6.
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Figure 6. Anti-sliding performance test results.

As can be seen in Figure 6, under dry conditions, the addition of ceramic granules
results in a slight decrease in the BPN value of rutted slabs, which is almost negligible and
does not affect the pavement’s skid resistance. Under wet conditions, the BPN values of
all test groups decreased to a certain extent, and the BPN values of rutted slabs with 0%,
20%, 40%, 60%, and 80% salt-storing ceramic granule dosages decreased by 5.2%, 7.4%,
7.7%, 8.0%, and 8.6%, respectively, under wet conditions, and the BPN value of rutted slabs
under wet conditions decreased by a larger and larger rate with the increase in the dosage
of ceramic granules. This is due to the fact that the ceramic granules become less angular
after being wrapped in cement mortar, and the anti-slip performance is weakened under
wet conditions with the increase in ceramic granule doping. After 5 min, the wetted rutted
plate was tested, and the BPN value of the rutted plate recovered to some extent, and,
compared to the BPN under the wetting condition, the BPN values of rutted slabs tiwht
0%, 20%, 40%, 60%, and 80% salt-storing ceramic granule dosages increased by 0.4%, 1.5%,
2.7%, 4.3%, and 4.9%, respectively, which was due to the fact that the ceramic granules
have a porous structure and high water absorption and, after wrapping the cement net
mortar, the cement will also absorb part of the water so that the water dissipation of the
rutted slab doped with salt-storing ceramic granules is faster than that of the rutted slab not
doped with salt-storing ceramic granules, so that the BPN value increases more rapidly and
the anti-skid performance is partially restored. According to this comprehensive analysis,
the addition of salt-storing ceramic granules will not affect the anti-skid performance of
the pavement.

2.1.5. Water-Penetration Performance Analysis

Water seepage performance was evaluated using a water seepage test.
The results of percolation tests with different salt-storing ceramic granule dosages are
shown in Table 2.
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Table 2. Water seepage test results.

Salt Storage Ceramsite 3 Minutes of Water =~ C,, Water Permeability Coefficient e .
Specification Requirement

Content (%) Seepage (mL) (mL/min)
0 180 40
20 189 43
40 195 45 <80 mL/min
60 204 48
80 213 51

The results in Table 2 show that, with the increase in salt-storing ceramic granule
doping, the water permeability coefficient gradually became larger; this is because the
ceramic granule itself is highly absorbent and, after the cement mortar package, the cement
also absorbs part of the water. The water permeability coefficient of the SMA-10 anti-slip
wear layer is below the specification value of 80 mL/min, which indicates that the salt-
storing ceramic granule will not have an effect on the salt-storing ceramic granule wear
layer of the mixing material’s seepage performance.

2.2. Active Slow-Release Ice and Snow-Melting Anti-Skid Wear Layer Ice in the Snow-Melting
Effect Test

The salt-storing ceramic asphalt mixture conductivity test, indoor ice-melting test, and
outdoor snow-melting test were performed to analyze the different dosages of salt-storing
ceramic asphalt mixtures’ snow- and ice-melting performance, combined with the road
performance, to determine the optimal dosage of salt-storing ceramic.

2.2.1. Analysis of the Salt-Retardation Effect of Salt-Storing Ceramic Asphalt Mixture

In this section, Marshall specimens are soaked, and the conductivity of the solutions are
measured using a conductivity meter to test the salt-release pattern of asphalt mixtures with
different volumetric dosages of salt-storing ceramic grains and the long-term effectiveness
of the salt release of the slow-release storage melting ice and snow anti-skid wear layer.
The results of short-term conductivity for different salt-storing ceramic granule dosages are
shown in Figure 7a, and the long-term conductivity is shown in Figure 7b.
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Figure 7. Short-term (a) and long-term (b) conductivity of salt-storing ceramide asphalt mixture.

As can be seen from Figure 7, the salt-storing ceramic particles mixed with 20%,
40%, 60%, and 80% of the mixture, compared to the ordinary asphalt mixture of snow-
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melting salt, shows significant synthesis, indicating that the presence of salt-storing ceramic
particles in the asphalt mixture does not hinder salt precipitation, which also proves that
the salt-storing ceramic particles in the asphalt mixture can melt ice and snow. From the
short-term conductivity graph of the mixture in Figure 7a, it can be seen that, with an
increase in salt-storing granules, the conductivity in the solution gradually increases—that
is, the concentration of the snow-melting salt solution increases. The larger the dosage of
salt-storing ceramic granules, the more snow-melting salt is precipitated per unit of time
and the more significant the melting effect on snow and ice is. In Figure 7b, a long-term
conductivity graph of the mixture can be seen; even when using different amounts of
salt-storing ceramic asphalt mixture after 7 days, the conductivity can still ensure that there
is a faster rate of growth. This shows that the salt in the mixture is more sufficient and can
ensure the long-lasting effect of snow-melting in the actual snow-melting process.

2.2.2. Analysis of Indoor Ice-Melting Tests

Referring to the ‘Ice and Snow Melting Material for Highway Asphalt Mixture” (JT/T
1210.2-2018) [38] for the ice-melting rate test, the results of the indoor ice-melting test with
different salt-storing ceramic granule dosages are shown in Figure 8.
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Figure 8. Melting mass loss trend of ice cubes.

As can be seen from Figure 8, under the condition of equal ice contact, with the
increase in salt-storing ceramic granules, the mass loss in the ice cubes in the same period of
time shows a gradual increasing trend. The amount of ice-melting in the ordinary asphalt
mixture (0% salt-storing ceramic granules) is much smaller than the amount of ice-melting
in the asphalt mixture with salt-storing ceramic granules. In salt-storing ceramic particles
mixed at 20%, 40%, 60%, and 80%, the amount of ice-melting after 120 min, compared to
the ordinary asphalt mixture’s ice-melting, increased by 10, 12.5, 14.5, 16.25 times; therefore,
it can be concluded that salt-storing ceramic particles mixed with asphalt mixture have a
better ability to melt ice. Relative to the replacement of the mineral-powder-type snow-
melting salt asphalt mixture, the salt-storing ceramic granule replacement of ordinary
ice-melting aggregates is not very obvious; in all five groups, the ice-melting amounts were
within 1 g, thus appearing to show a relatively low de-icing effect. Taking into account the
environment of the box temperature of —5 °C, the loss in mass of ice is relatively small,
considering the effect of vehicle load on the road surface, and more salt will seep into the
water, further enhancing the melting of ice and snow. Considering that more salt will seep
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out with water under the effect of vehicle load on the road surface to further enhance the
effect of ice- and snow-melting, the results of road use will differ.

2.2.3. Analysis of Outdoor Snow-Melting Tests

Marshall specimens, from left to right, were doped with salt-storing ceramic granules
in the order of 0, 20%, 40%, 60%, and 80%; the outdoor snow-melting test snowfall process

affecting the specimens’ snow accumulation are shown in Figure 9.

(c) Snowfall ended at 60 min. (d) Snowfall ended at 120 min.

Figure 9. Changes in test pieces during snowfall.

From Figure 9a—d, it can be seen, during snowfall, that snow accumulation increased
on all five specimens with different dosages. At the same time, different salt-storage
dosages of specimens in the snow comparison test found that different specimens of the
different snowmelt showed subtle differences in the effect of snow-melting; this is because,
if the snowfall amount on that day was too high, the rate of snowfall was greater than the
rate of snow melting. In this paper, the salt-storing ceramic granules were used to replace
aggregates in the asphalt mixture; this type of aggregate-substituted salt-storing asphalt
mixture, compared to mineral-powder-substituted snow-melting asphalt mixture, had a
slower snow-melting rate in the first period. Therefore, in this paper, regarding snowfall,
different salt-storing ceramic grain dosages of snow retention on the test specimen were
observed, compared, and analyzed to examine the snow-melting effects of asphalt mixtures
with different dosages of salt-storing ceramic granules.

The snow melting on top of the Marshall specimens at various times after snowfall is
shown in Figure 10.
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(a) Snowfall ended at 30 min. ) (b) Snowfall ended at 60 min.

.
(c) Snowfall ended at 90 min. (d) Snowfall ended at 120 min.

Figure 10. Snow-melting test.

From Figure 10a—d, it can be seen, from left to right, that, with the increase in salt-
storing ceramic granule mixing, the amount of snow on the specimen gradually decreases
in the 20% dosage of the specimen, with a subtle effect of melting snow; the 60% and
80% dosage specimens’ melting snow effect is more significant. As shown in Figure 10,
image analysis at t = 120 min demonstrates that the sample with 80% salt-storing ceram-
site content exhibits approximately 5% residual snow cover (indicating nearly complete
melting), whereas the sample with 20% content retains approximately 80% snow cover.
This contrast highlights that higher salt-storing ceramsite content is correlated with en-
hanced snow-melting capacity. Consequently, the snow-melting rate demonstrates a clear
positive correlation with increasing salt-storing ceramsite content, reflecting a significant
acceleration in melting efficiency as content rises. In the salt-storing ceramic wear layer
mix in the process of snowfall, the initial effect of snow melting is not very apparent, but
taking into account the actual road process, under the action of vehicle load, salt will be
dissolved into water and the snow-melting effect will improve. In the comprehensive
snowfall snow-melting test, it can be concluded that, when mixed, the salt-storing ceramics
wear layer mix has a certain snow-melting effect, and at dosages of 40% or higher, the
salt-storing ceramic wear layer mix has a more significant ice- and snow-melting effect.

2.3. Infrared Spectral Test Analysis of Salt-Storing Ceramic Granules

Analyzing Figure 11, it can be seen that the infrared spectra of salt-storing ceramic
granules before and after being wrapped with polymer-modified cement mortar (slow-
release salt-storing ceramic granules) showed an insignificant change in the positions of
the wave peaks, but there was a significant change in the areas of the absorption peaks
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associated with different functional groups [39,40]. The strong and wide absorption peak
at wave number 3454 cm ™! indicates the presence of an -OH absorption peak in the con-
jugated state; the absorption peak at 750~700 cm ™! indicates that there is a C-Cl group,
and the absorption peak at 468 cm~! is determined to be the absorption peak of sodium
chloride, indicating that sodium chloride and calcium chloride, the primary snowmelt salts,
have adhered to the shale terracotta grains; and the presence of a carboxylate group can
be determined by the presence of a C=0 bond at 1750~1680, which shows that sodium
acetate and calcium acetate have adhered to the shale grains. At the microscopic level,
this demonstrates the successful ceramic salt adsorption of snowmelt salts. Located at
2935 cm !, 2869 cm ™!, and 1741 cm ™! are three absorption peaks with significantly in-
creased vibration intensities, reflecting the methyl (-CH3-) and methylene (-CH2-) groups,
and -C=0 increased the number of -CH3- and -CH2- groups, which are often found in a
variety of organic compounds and can be introduced into the auxiliary alcohol ester twelve,
as well as gel-based silica-propylene emulsion doping caused by the increase in the num-
ber of functional groups. The number of functional groups increases. The wave number
1625.31 cm ™! is the absorption peak of H,O, indicating the presence of crystallization water
in the material. A clear absorption peak at 799 cm ™! is the characteristic absorption peak
of the -5i (R) 20- chain link in organosiloxane, which is the characteristic peak of silicone

propylene emulsion. The strong absorption peak at 1043 cm !

corresponds to Si-O-alkyl
and Si-O-Si vibrations, which indicates that copolymerization has occurred and suggests
that a hydrophobic film has formed due to the action of the silicone-propylene emulsion
and the additive alcohol ester XII. This shows that gel-based silicone propylene emulsion

completes the hydrophobic modification of cement slurry.
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Figure 11. Infrared spectrum of salt-storing ceramsite.

2.4. Characterization of Salt-Storing Ceramic Anti-Slip Wear Layers

The micro-morphology of salt-storing ceramic grains is shown in Figure 12.

The observations obtained from the electron microscope image of the salt-storing ce-
ramic grains in Figure 12a (magnified 1000 x ) show that the snow-melting salt is attached to
the pores of the shale ceramic grains in a relatively uniform distribution, and, in Figure 12b,
it can be observed that the snow-melting salt is present in the internal pores of the ceramic
grains, and the ceramic grains exhibit better adsorption than the snow-melting salt.

The microscopic morphology of salt-storing ceramic granules wrapped in ordinary
cement mortar (0% gel-based silica—propylene emulsion doping) is shown in Figure 13, and
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that of salt-storing ceramic granules in 6% and 10% gel-based silica—propylene emulsion-

modified cement mortar is shown in Figures 14 and 15.
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Figure 12. Two-times zoomed salt-storing ceramsite electron microscope diagram.
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Figure 13. Silicone acrylic emulsion content is 0%.

From the SEM image of ordinary cement mortar on salt-storing ceramic granules in
Figure 13, it can be seen that the structure of the cement mortar wrapping layer without gel-
based silica—propylene emulsion doping is relatively rough, and there are a large number
of pores on the surface of the wrapping layer; combined with the change in conductivity
in the slow-release salt storage ceramic granules in the immersion test (Figure 7) of this
paper, the salt release of the slow-release salt-storing ceramic granules with 0% of doping
silica—propylene emulsion is faster than that of slow-release salt-storing ceramic granule
sdoped with silica-propylene emulsion. The surface roughness of the structural form can
be judged using SEM morphology, and the existence of many pores reduces the long-term
slow-release performance in water-immersion environments, although the ordinary cement-
coating layer can serve a slow-release function in the salt release of the salt-storing grains,
and the structural layer on the surface of the slow-release salt-storing grains gradually fails
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after a long period of immersion, resulting in the rapid release of snow-melting salt and an

insufficient slow-release performance.
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Figure 14. Silicone acrylic emulsion content is 6%.
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Figure 15. Silicone acrylic emulsion content is 10%.

A comparative observation of Figure 14, showing 6% gel-based silica—propylene
emulsion doping, shows that, with the doping of gel-based silica—propylene emulsion in
the cement mortar, the cement mortar layer begins to form a membrane structure, but, as
can be seen from Figure 14a, the membrane system is relatively dispersed, and only part of
the area is wrapped by the membrane system. In Figure 14b, magnified 5000 %, it can be
observed that a small number of pores still exist in the slow-release salt-storing ceramic
wrapping layer. This is due to the low dosage of silica—propylene emulsion; the amount
of membrane formed by the modified cement mortar is too low, resulting in incomplete
encapsulation and residual pores, which results in the slow-release salt-storing ceramic
particles not reaching optimal performance.

A comparative observation of Figures 15a and 14a shows that, when the dosage of gel-
based silica—propylene emulsion is 10%, it can be found that, after more silica—propylene
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emulsion is added to the cementitious net mortar, the cement mortar structural layer forms
a complete membrane, which essentially encapsulates the salt-storing terracotta grains.
Observing Figure 15b, it can be seen that the membrane system’s structure formed on
its surface is more dense and uniform. When the dosage of gel-based silica—propylene
emulsion reaches 10%, it is able to form a complete membrane structure on the surface
of salt-storing grains. Combined with the conductivity test of different dosages of gel-
based silica—propylene emulsion-modified salt-storing ceramic granules in Section 2.2 of
this paper, it can be concluded that the membrane structure formed by gel-based silica—
propylene emulsion-modified cement mortar effectively improves the impermeability
and hydrophobicity of cement mortar layer materials, thus realizing the slow release of
snow-melting salt components in salt-storing ceramic granules.

The micro-morphology of the salt-storing ceramic-wear layer mix is shown in
Figure 16.

St 15 keV 1000 x

(a) Amplified factor 100 (scale bar =100 um) (b) Amplified factor 1000 (scale bar = 50 pm)

Figure 16. Microscopic topography of salt-storing ceramic-grain-wear layer mixture.

The SMA-10 wear layer mix is formed by the coarse aggregate skeleton, with fine
aggregate and asphalt mastic filling the voids, forming a high-density skeleton structure.
From the scanning electron microscope image of the salt-storing ceramic grain wear layer
mixture in Figure 16a, it can be seen that salt-storing ceramic grains are more uniformly
distributed in the mixture, ensuring that the wear layer performs well in melting ice and
snow. Voids are present at the mineral-asphalt interface, especially if the bond between
ceramic particles and asphalt is not tight and if there is a loose phenomenon. In the 1000 x
magnified electron microscope image (Figure 16b), it can be clearly seen, in the interface
between the mineral material and asphalt transition zone, tha the mineral material surface
is bare, and the asphalt shedding phenomenon, visible mineral material, and asphalt mortar
bonding force are not enough, and the skeleton still exists in the voids. This indicates that
the addition of salt-storing ceramic particles reduces the adhesion between asphalt and
mineral material, corresponding to the reduction in road performance of ceramic asphalt
mixtures in Section 4.

3. Conclusions

(1) In wear layer type selection SMA-10, with salt-storing ceramic particles of the same
size and volume blended into the asphalt mixture, salt-storing ceramic particle dosages
of 0%, 20%, 40%, 60%, and 80% corresponded to asphalt mixture oil-stone ratios of 6.2%,
6.4%, 6.8%, 7.2%, and 7.5%, corresponding to the asphalt dosage of the segregation loss
rate and the rate of loss of fugitive emissions to meet the specification requirements.
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(2) Salt-storing grains have different degrees of increase in dynamic stability, showing
a trend of initial increase followed by a decrease; when the salt-storing grains dosage is
40%, the dynamic stability reaches the maximum. With increasing salt-storing ceramic
grain content, low-temperature performance, water stability, and anti-skid performance
weakened to different degrees; when the salt-storing ceramic grain doping is 80%, the
water stability of the wear layer no longer meets the specification requirements. In order to
ensure that the active slow-release ice- and snow-melting anti-skid wear layer has good
road performance, the dosage of salt-storing ceramic grains should be kept below 60%.

(3) The conductivity results of the wear layer mixture show that the abrasive layer
does not affect salt precipitation in the salt-storing granules. With increasing salt-storing
granule content, conductivity also increases; the value of the conductivity is still guaranteed
to have a fast rate of growth, which can ensure the long-lasting effect of the snow-melting
effect. Indoor ice-melting and outdoor snow-melting tests show that, with increasing
salt-storing ceramic granule content, the snow-melting effect improves, especially at 60%
and 80% dosages. Comprehensive road performance and ice-melting performance analysis
determined the recommended range of salt-storing ceramic granule mixing to be from 40%
to 60%.

(4) The infrared spectra of salt-storing ceramic grains show that the snow-melting
salts, sodium chloride and calcium chloride, are attached to the shale ceramic grains,
and the ceramic grains are more successful in the adsorption of snow-melting salts. The
incorporation of auxiliary alcohol ester XII and gel-based silica—propylene emulsion caused
an increase in the number of functional groups, and gel-based silica—propylene emulsion
and auxiliary alcohol ester XII formed a hydrophobic film, indicating that the gel-based
silica—propylene emulsion completed the hydrophobic modification of the cement mortar.

(5) Through the analysis of the micro-morphological map of the salt-storing ceramic
particles and the coating layer, the distribution of snow-melting salts in the pores of the
ceramic particles is relatively uniform, and when the dosage of gel-based silica—propylene
emulsion reaches 10%, it forms a complete membrane structure on the surface of the
salt-storing ceramic particles to realize the slow-release effect of the snow-melting salt
components in the salt-storing ceramic particles. Through the analysis of the micromorpho-
logical image of the salt-storing ceramic asphalt mixture, it was found that voids exist at the
interface between mineral and asphalt; in particular, the ceramic and asphalt bonding is not
closed, and there is a loose phenomenon. The incorporation of ceramic particles reduces
the bonding force between asphalt minerals, leading to a decrease in the road performance
of ceramic asphalt mixtures.

(6) Compared to commercial de-icing methods (e.g., salt-spreading or electrically
heated pavements), the gel-modified salt-storing pavement layer delivers persistent
snow-melting without external energy, thus reducing salt usage, maintenance costs, and
temperature-induced structural stress.

4. Materials and Methods
4.1. Asphalt and Natural Aggregate

The SBS I-D modified asphalt, provided by Shandong High-speed Construction Ma-
terials Co., Ltd. (Jinan, Shandong Province, China), was used in the test, and the basic
performance of the modified asphalt was determined according to the ‘Highway Engi-
neering Asphalt and Asphalt Mixture Test Procedures’ (JTG E20-2011) [37]. The technical
indicators are listed in Table 3.

The coarse aggregate used in the experimental study was basalt and self-made salt-
storing ceramsite (a porous shale aggregate impregnated with de-icing salts) provided
by Zhengzhou Zhengfa Municipal Construction Co., Ltd. (Zhengzhou, Henan Province,
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China), and the filler used was ground limestone powder. According to the specification
requirements, the indexes were tested in strict accordance with the ‘Highway Engineering
Aggregate Test Procedure” (JTG E42-2005) [41]. The technical indexes of natural aggregate
used in the experimental study are shown in Table 4.

Table 3. Basic performance specifications of SBS I-D modified asphalt.

Pilot Project Unit Test Result
Penetration (25 °C, 100 g, 5 s) 0.1 mm 56
Ductility (5 cm/min, 5 °C) cm 32
Softening point (TR&B)/°C °C 78

Table 4. Test results of aggregate physical properties.

3~5 mm Silicone-Acrylic

5~10 mm 3~5 mm . ope Fine
Performance Index Crushed Stone Crushed Stone Emulsion Modified Ce¥nent Aggregate
Salt Storage Ceramsite
Losangeles wore value (%) 15.1 - - -
Apparent specific gravity (g/cm?) 2.945 2.932 1.503 2.724
Relative density of3 bulk volume 2829 2818 ) )
(g/cm®)
Water absorption (%) 0.52 0.55 8.3 -
Compressive strength of concrete ) ) 73 )

cylinder (MPa)

According to the test procedure [42], the basic properties of ore powder were tested,

and the results are shown in Table 5.

Table 5. Main technical index of mineral powder.

Pilot Project Unit Test Result Standard Requires
Apparent density t/m?3 2.726 >2.50
Moisture content % 0.2 <1

Particle size range < 0.6 mm Y% 100 100
<0.15 mm Y% 96.8 90-100
<0.075 mm Yo 86.5 75-100
Hydrophilic coefficient — 0.56 <1.0

Fiber plays the role of adsorption, dispersion, stiffening, and toughening in SMA
mixtures. In this paper, lignin fiber was selected, and the content was set at 0.4%. The

technical properties are shown in Table 6.

Table 6. Technical index of lignin fiber.

Specification

Test Items  Unit . Test Result Test Method
Requirement
Fiber length mm <6 <6 Observation of aqueous solution by microscope
Ash content o 1845 185 After burning at a.hlgh temperature of 590~600 °C, the
residue was determined
PH value — 75+ 1.0 7.7 PH meter measurement
Moisture o It was heated in a 105 °C oven for 2 h and then cooled
Yo <5 0.3 .
content and weighed
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4.2. Preparation of the Slow-Release Salt-Storing Ceramsite

In this experiment, salt-storing ceramsite was prepared using salt-soaking adsorption.
Shale ceramsite with a particle size of 3-5 mm was selected and immersed in a saturated
composite snow-melting salt solution at a temperature of 60 °C for 12 h. The optimum
content of surfactant PEG-400 was 3%; the present study selected a silicon-acrylic emulsion-
based gel material with the best modification effect and determined the silicon—acrylic
emulsion dosage in the cement paste to be 10%. The following unified expression is silicone—-
acrylic emulsion-modified cement paste. The composition and technical properties of the
raw materials are shown in Table 7.

Table 7. Technical index of raw materials.

Number Type Material Technology Index

Orchid milky liquid, 45% mass fraction of total solid content, PH

Silicone-acrylic value: 8.36, glass transition temperature 25 °C, silicone

1 Gel material

emulsion content 11.2%
o Alcohol ester L .
2 Additives twelve Colorless transparent liquid, no insoluble matter
3 Surfactant PEG-400 Colorless transparent liquid, PH value: 6.23, viscosity: 83.5 MPa-s
. The strength grade is 42.5, the standard consistency water
Sustained- .o o . 2
4 . Cement consumption is 25.7, the specific surface area is 343 m~/kg, the
release materials

initial setting time is 177 min, and the final setting time is 239 min

First of all, 3-5 mm shale grains were pre-washed and pre-treated to remove the
dust and impurities in the pores of the shale grains, which were put into the oven with
the temperature adjusted to 100 °C for drying and sparing. Take 500 mL of de-distilled
water in a beaker and place it on a magnetic stirrer. The temperature was set to 60 °C;
sodium acetate, calcium acetate, sodium chloride, and calcium chloride were added in a
31%:20%:24%:25% ratio and stirred until the solution became saturated; 3% (equivalent to
the quality of the ceramic grains) surfactant (PEG-400) was slowly added to the saturated
composite snow-melting salt solution, and 500 g of shale grains were then added, soaked
for 12 h, removed, and dried for later use.

The specific steps for the slow-release modification of salt-storing ceramic granules
are as follows: (1) weigh 400 g of dry salt-storing ceramic granules in a clean tray; (2) mix
the polymer emulsions, cement, water, and additives according to specified proportions,
and add them to the cement mortar mixing pot and mix, and then mix for 2-3 min to form
a cement slurry; (3) add salt-storing ceramic granules to the mixing pot, and then mix for
2 min to perform the slow-release coating of salt-storing ceramic granules; (4) spread the
coated granules evenly in a tray and keep for 24 h at room temperature, and then place
them in a standard curing environment to complete hardening; and (5) spread the coated
salt-storing ceramic granules evenly in a tray and allow them to cure at room temperature
for 24 h, and then cure them in a standard environment for 28 days.

In order to determine the optimal dosage of the slow-release treatment agent (silica—
propylene emulsion), the test was conducted using modified cement slurry with silica—
propylene emulsion dosages of 0%, 6%, 8%, 10%, 12%, and 14% to coat the salt-storing
ceramic granules. In total, 400 g of ceramic granules were used, and the cement mass was
set to half the mass of the ceramic granules of each group of samples, and the additive used
in the silica—propylene emulsion was alcohol ester twelve with a dosage of 6% relative to
the emulsion’s solid content; the material dosages used in the test are listed in Table 8.
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Table 8. Different polymer content per modified cement paste ratio.

Polymer Emulsion  Quality of Polymer Additive Cement Water ()
Content (%) Emulsion (g) Dosage (g) (g) 8

0 0 0 200 80

6 12 0.72 200 80

8 16 0.96 200 80

10 20 12 200 80

12 24 1.44 200 80

14 28 1.68 200 80

Different dosages of silica—propylene emulsion-modified cement mortar significantly
wrapped slow-release salt-storing ceramic granules were placed in a standard curing envi-
ronment for 7 days and 28 days, in reference to the relevant requirements of ‘Lightweight
Aggregates and Their Test Methods” (GB/T 17431.2-2010) [43]. Samples were tested for
cylindrical compressive strength after 7 and 28 days of curing; the relationship between
silica-propylene emulsion dosage and cylindrical compressive strength of the slow-release
salt-storing ceramic granules is shown in Figure 17.
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Figure 17. The cylinder compressive strength of salt-storing ceramsite after coating.

From the curves in Figure 17, it can be seen that the cylindrical compressive strength of
slow-release salt-storing ceramic granules cured for 7 and 28 days shows a trend of an initial
increase followed by a decrease with increasing silica—propylene emulsion dosage. The
7-day and 28-day compressive strengths of the test group with silica—propylene emulsion-
modified cement mortar are higher than those of the test group without the emulsion,
indicating that the silica-propylene emulsion-modified cement coating effectively improves
the compressive strength of the ceramic granules with slow-release salt storage. Comparing
the 7-day and 28-day results, compressive strength increases with curing time, especially in
groups with higher silica—propylene emulsion content. When the silica—propylene emulsion
dosage is 10%, the 7-day and 28-day compressive strengths of the salt-storing granules
reach their maximum values. The 7-day and 28-day compressive strengths of the salt-
storing ceramic granules with a dosage of 10% increased by 13.1% and 14.1%, respectively,
compared to the granules wrapped in the 0% (control) group. Therefore, regarding the
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effect of silica-propylene emulsion-modified cement slurry on the mechanical properties of
salt-storing ceramic granules, the optimal dosage of silica-propylene emulsion is 10%.

The test was conducted using an immersion dissolution method on granule samples
coated with different dosages of silica—propylene emulsion-modified cement mortar; 100 g
of slow-release salt-storing granule samples with different dosages of silica—propylene
emulsion was taken and immersed in the same mass of water. A DDSA-308A digital
conductivity meter was used to record the numerical conversion of the conductivity to
measure the short-term conductivity of the salt-storing ceramic granules, and, after 4 h
of testing, the conductivity was measured every 24 h to monitor long-term changes in
the salt-storing ceramic granules; the results of the short-term conductivity test of the
salt-storing ceramic granules are shown in Figure 18a, and the results of the long-term
conductivity test are shown in Figure 18b.
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Figure 18. Short-term (a) and long-term (b) conductivity change in slow-release salt storage ceramsite.

Comparing Figures 18a and 18b, by analyzing the short- and long-term conductivity
curves of the salt-storing grains, the salt-release rates across test groups with different
silica—propylene emulsion dosages are generally consistent, and, after comparing the
conductivity trends at different emulsion dosages, it is found that conductivity decreases as
silica—propylene emulsion dosage increases, indicating that the silica—propylene emulsion-
modified cement mortar acts as a slow-release coating for salt-storing grains, but the dosage
of 14% silica-propylene emulsion is slower than that of other dosages of silica-propylene
emulsion, indicating that excessive silica—propylene emulsion dosage may hinder salt
release from the salt-storing grains.

By observing the conductivity curves for 6%, 8%, 10%, and 12% dosages, it was
concluded that the slow-release performance of the salt-storing ceramic granules increased
with the increase in the dosage of silica-propylene emulsion in the cement slurry, and
the slopes of the long-term and short-term conductivity curves of each group did not
show any significant changes in the soaking cycle. In terms of the salt release rate, the
higher the dosage of silica—propylene emulsion, the slower the change in the conductivity
of the solution, indicating that salt-storing silica—propylene emulsion-modified cement
slurry effectively controls salt release from the ceramic granules. Combined with the test
of compression strength of salt-storing grains after being coated with silica—propylene
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emulsion-modified cement slurry, the optimal dosage of silica—propylene emulsion in the
cement slurry was determined to be 10%.

4.3. Preparation of the Active Slow-Release Melting Ice and Snow Anti-Skid Wear Layer

The test adopts SMA-10 as the wear layer gradation, and a Marshall test was conducted
to evaluate the effect of salt-storing ceramic granule dosage on the asphalt aggregate ratio
of the wear layer mixture; the results of the oil-rock ratio of each dosing are shown in
Table 9.

Table 9. Optimum mixture ratio of different ceramide content.

Ceramsite Content (%) 0 20 40 60 80
Optimal asphalt content (%) 6.2 6.4 6.8 7.2 7.5

The optimum asphalt content was verified using the Schellenberg drainage test and
the Fort Kentucky fly-away loss test, the results of which are shown in Tables 10 and 11.

Table 10. Leakage test results.

Salt Storage Ceramsite

Content (%) Technology Index Test Result Test Method

0 0.045
20 0.050
40 <0.1 0.053 T 0732
60 0.059
80 0.068

Table 11. Flying test results.

Salt Storage Ceramsite

Content (%) Technology Index Test Result Test Method

0 4.3
20 6.8
40 <15 7.5 T 0733
60 9.3
80 11.5

The test results in Tables 10 and 11 show that the results of the segregation leakage test
and fly-away test of salt-accumulating ceramic granules in mixes with different volume
dosages meet the requirements of the specification [38].

4.4. Road Performance Test

In this test, evaluations of high-temperature stability, low-temperature crack resistance,
water stability, anti-slip performance, and permeability were conducted on active slow-
release ice- and snow-melting anti-slip wear layers containing different dosages of salt-
storing ceramic granules.

(1) Five rutted plate specimens with different salt-storing ceramic granule dosages
were molded and held at 60 °C for 4 h during rutting tests to evaluate their high-
temperature stability.

(2) Wear layer trabecular specimens were placed in a constant-temperature chamber at
—10 £ 0.5 °C for 5 h, and a low-temperature trabecular bending test was conducted using
a universal testing machine to evaluate their low-temperature stability performance.
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(3) Five types of salt-storing ceramsite asphalt mixtures were formed into two groups
of Marshall specimens, with each group consisting of four samples. The first group was
immersed in a constant-temperature water tank at 60 °C for 30 min, and the second group
was immersed in a constant-temperature water tank at 60 °C for 48 h. The immersion
Marshall test was carried out. The test group was vacuum-saturated using a maximum
theoretical density device and then placed in a 25 °C water bath for 20 min. The Marshall
specimen was loaded into a plastic bag and added to 10 mL of water after sealing. It was
placed in a —18 °C low-temperature test chamber for freezing for 17 h. After freezing, it
was placed in a 25 °C constant-temperature water bath for 3 h after the stability test. In the
control group, a splitting test was performed after soaking at 25 °C for 3 h, and the water
stability was comprehensively evaluated.

(4) The sand-paving method was used to determine the construction depth of different
salt-storing ceramic granule mixes with different dosages of ice-melting and snow-melting
anti-skid wear layer mixes, and the BM-III pendulum friction coefficient tester was used to
study the anti-skidding performance of rutted slabs of slow-release salt-storing ceramic
granule asphalt mixtures.

(5) Permeability tests were conducted on the rutted asphalt mixture slabs with different
dosages of salt-storing ceramic granules to evaluate their permeability performance.

4.5. Active Slow-Release Melting Ice and Snow Anti-Skid Wear Layer Melting Ice in the Snow
Effect Test

In order to investigate the ice- and snow-melting performance of the slow-release salt-
storing ceramic anti-skid wear layer, specimens with different volume fractions (0%, 20%,
40%, 60%, and 80%) of slow-release salt-storing ceramic particles were tested using a wear
layer mixture conductivity test, indoor ice-melting test, and outdoor snow-melting test.
The test results were used to analyze the effect of different doping levels of slow-release
salt-storing ceramic particles on the ice- and snow-melting capacities of the wear layer and
road performance to determine the optimal doping of salt-storing ceramic particles on the
active melting of ice and snow on the anti-skid wear layer.

4.5.1. Conductivity Test

In this section, Marshall specimens were immersed, and solution conductivity was
measured using a conductivity meter; the more snowmelt salt that was dissolved and
released per unit time, the higher the conductivity. The salt concentration was estimated
by measuring the change in conductivity of the immersed solution, the numerical change
in the conductivity meter was continuously recorded during the test, and, after 4 h of
testing, the conductivity of the solution supernatant was measured every other day, with
theshort-term and long-term conductivity being measured, respectively.

4.5.2. Indoor Ice-Melting Test Trials

Referring to the ice-melting rate test in ‘Ice and snow melting materials for highway
asphalt mixture” (JT/T 1210.2-2018) [38], the ability of salts to melt ice and snow was
evaluated. First, Marshall specimens were prepared based on the asphalt mix design.
A glass dish with a diameter of 100 mm and a height of 20 mm was filled with water
and frozen at a temperature of —18 °C for 24 h to ensure complete freezing of the water.
Meanwhile, the Marshall specimens were conditioned in an oven at —5 °C for 4 h. The ice
in the glass dish was removed, immediately placed on the surface of the specimen, and
then both placed at a constant temperature of —5 °C for 2 h, and the remaining mass of
the ice and dish was measured at 10 min intervals. The remaining masses of the specimen
types in the test were salt-storing ceramic wearing course asphalt mixtures (SMA-10) with
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dosages of 0%, 20%, 40%, 60%, and 80%, and two specimens were selected for each group
of samples to perform the parallel test.

4.5.3. Outdoor Snow-Melting Tests

Marshall specimens with different dosages of salt-storing ceramic granules were used
to simulate road conditions and were placed outdoors during rain and snow conditions to
observe their snow-melting effects. Marshall specimens with varying dosages were tested
simultaneously for comparison; each group used two specimens, arranged from left to
right in the order of 0%, 20%, 40%, 60%, and 80% salt-storing ceramic granule content, to
observe the different melting times of the Marshall specimens on top of the snow melting,
as well as to analyze the ice- and snow-melting performance.

4.6. Infrared Spectroscopy Test

A VERTEX?70 Fourier Transform Infrared (FTIR) spectrometer (provided by Shang-
hai Erdi Instrument Technology Co., Ltd. in Shanghai, China) was used in this exper-
iment. Samples consisted of slow-release salt-storing ceramic granules wrapped with
silica-propylene emulsion-modified cement mortar prepared by grinding both types of
salt-storing ceramic granules into powder and mixing them with potassium bromide (KBr)
in a ratio of 1:100, and then using infrared spectroscopic test presses to prepare presses
with good transparency; the infrared spectra were subsequently scanned.

4.7. Scanning Electron Microscope Test

In this experiment, a field emission scanning electron microscope (FESEM), model J[SM-
7500F, was used to observe the microscopic morphology of salt-storing ceramic particles,
salt-accumulated ceramic particles wrapped with modified cement mortar with 0%, 6%,
and 10% silicone-propylene (SP) emulsion, and abrasive-layer mixtures containing salt-
storing ceramic particles. The distribution of snowmelt salt in the ceramic granules, the
morphology of the modified cement mortar coating layer with silicone-propylene emulsion,
and the microstructure of the salt-storing ceramic asphalt mixtures were analyzed using
the obtained micrographs.
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Abstract: This study explored the enzymatic formation of gel-like polymeric matrices
through carbonate precipitation for dust suppression in Yellow River silt. The hydrogel-
modified EICP method effectively enhanced the compressive strength and resistance to
wind-rain erosion by forming a reinforced bio-cemented crust. The optimal cementation
solution, consisting of urea and CaCl, at equimolar concentrations of 1.25 mol/L, was
applied to improve CaCOj3 precipitation uniformity. A spraying volume of 4 L/m? (first
urea-CaCl, solution, followed by urease solution) yielded a 14.9 mm thick hybrid gel-
CaCOs crust with compressive strength exceeding 752 kPa. SEM analysis confirmed the
synergistic interaction between CaCOj crystals and the gel matrix, where the hydrogel net-
work acted as a nucleation template, enhancing crystal bridging and pore-filling efficiency.
XRD analysis further supported the formation of a stable gel-CaCO3; composite structure,
which exhibited superior resistance to wind-rain erosion and mechanical wear. These
findings suggest that gel-enhanced EICP represents a novel bio-gel composite technology
for sustainable dust mitigation in silt soils.

Keywords: EICP; dust control; wind and rain resistance; wear resistance; bio-cemented crust

1. Introduction

The soil composition in the alluvial plains of the Yellow River in China mainly consists
of silt, characterized by low water stability and challenging compaction, leading to the easy
generation of dust during construction activities, thereby posing a substantial threat to
air quality [1]. The main source of dust generation is construction sites (refer to Figure 1),
including exposed surfaces, open earth stacking, and delayed road surface hardening.
Conventional dust suppression techniques such as water sprinkling, dust inhibitors, and
dustproof nets exhibit specific drawbacks, including their temporary effectiveness [2,3],
stringent application requirements [4], and the potential for inducing secondary pollution.

Gels 2025, 11, 452 https://doi.org/10.3390/ gels11060452
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Dust from
Construction
Site

Figure 1. Dust source from construction site.

For the past several years, to address the shortcomings of traditional dust suppres-
sion methods, microbially induced carbonate precipitation (MICP) technology has been
extensively studied and applied in engineering to enhance the wind erosion resistance
of soil [5-7]. However, due to limitations such as the size, aerobic nature, and cost of
urease-producing bacteria, the MICP technology has restrictions on the applicable soil
types and soil depth [8,9]. Consequently, researchers have proposed enzyme-induced
carbonate precipitation (EICP) technology (as shown in Formula (1) and (2)), which offers
the following advantages compared to MICP technology: the small size of free urease
can penetrate fine-grained soils [10,11], the reaction can be completed without the need
for nutrients or air supply [12,13], and the degradability of urease avoids long-term en-
vironmental impacts [14]. Researchers have extracted urease from various plant seeds,
such as beans [15,16], watermelon seeds [17], and soybeans [18,19], to address the issue
of expensive commercial urease prices [20]. Among them, soybeans have become ideal
research subjects due to their widespread cultivation in Asia and extensive application
in the food industry. Previous studies have confirmed the feasibility of using soybean
urease in EICP technology [18,21,22]. The effectiveness of EICP technology in soil solidifi-
cation is influenced by various factors, including urease activity [23,24], grouting solution
concentration [25], environmental conditions [26-28], and construction processes [10,29].
Despite numerous experimental studies on EICP technology, the formulation of EICP dust
suppressants for silt soils in the Yellow River alluvial plain region remains undetermined,
and the impact of EICP construction processes on the solidification effects of silt soils
remains unclear. Understanding of the wind, rain, and wear resistance of the anti-dust
solidification layer is still lacking.

ureaqse

CO(NHy), +2H,0 "5 CO5~ +2NH, 1)

Ca*™ +CO3™ — CaCO;3 | )

The objective of this study is to investigate the effectiveness of soybean urease-induced
carbonate precipitation in suppressing dust in a typical silt soil environment within the
Yellow River alluvial plain region. Through a gradient test and optimization of the EICP
dust suppressant formulation, various factors affecting urease activity and curing efficiency
were elucidated, along with an investigation into the underlying mechanism for dust
suppression. Based on these findings, a construction process for EICP dust suppression
was determined, and characteristics such as wear resistance, wind resistance, and rain
resistance were evaluated.
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2. Results and Discussion

2.1. Optimization of EICP Solution
2.1.1. Particle Size and Solid-Liquid Mass Ratio

According to Figure 2a, when the particle size is 0.50 mm, the urease activity at a solid—
liquid ratio of 1:5 is 143.30% higher than that at a ratio of 1:10, and 517.19% higher than
that at a ratio of 1:40, indicating a significant increase in urease activity with an increasing
solid-liquid ratio. Unit mass urease activity reflects the extraction efficiency of urease. As
shown in Figure 2b, the urease extraction efficiency is highest at a solid-liquid ratio of 1:40,
remains relatively consistent within the range of 1:30 to 1:10, and significantly decreases at
a ratio of 1:5. At a particle size of 0.50 mm, the unit mass urease activity at a solid-liquid
ratio of 1:5 is 64.47% of that at a ratio of 1:40 and 71.53% of that at a ratio of 1:10. This urease
activity curve can approximately characterize the yield of calcium carbonate precipitation.
Higher urease activity accelerates carbonate availability, thereby enhancing precipitation
kinetics [9,10].
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Figure 2. Effect of the nature of soybean powder on urease activity: (a) the urease activity; (b) the
urease activity of unit mass soybean.

In summary, the observed increase in urease activity with smaller soybean powder
particle sizes (<0.50 mm) is attributed to the larger specific surface area of finer particles.
Reduced particle size enhances the exposure of encapsulated urease enzymes, facilitating
more efficient substrate (urea) diffusion and active site accessibility. When the solid-liquid
ratio is low (1:40), the total urease content in the soybean urease solution may be insuf-
ficient, resulting in lower urease activity and failing to meet experimental requirements.
Conversely, when the solid-liquid ratio is high (1:5), the soybean powder solution has
a high oil content and viscosity, making infiltration into fine-grained soil difficult and
resulting in low urease extraction efficiency. Therefore, considering the requirements for
urease activity and cost-effectiveness in engineering applications, this study recommends
preparing urease solutions with particle sizes less than 0.50 mm and a solid-liquid ratio of
1:10.

2.1.2. pH Value

The activity of soybean urease demonstrates an initial increase followed by a decrease
as the initial pH rises, as depicted in Figure 3. Notably, the urease activity reaches a
notable level of 13.40~14.15 mmol/min when the solution’s pH ranges between 7 and 9
and reaches peaks at pH 8. Conversely, urease activity diminishes significantly when the
solution’s pH falls below 2 or exceeds 12. This decline can be attributed to the urease’s
proteinaceous nature, which renders it susceptible to structural damage under extremely
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acidic or alkaline conditions, consequently leading to its inactivation. The PH value mainly
affects the activity of urease. When the PH is 8, the urease has a relatively high activity, and
it can be approximately considered that the yield of calcium carbonate is better at this time.
Hence, the optimal activity of the urease solution is discerned at an initial pH of 8.
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Figure 3. The urease activity at different initial pHs.

2.1.3. Concentration and Volume Ratio of Reaction Solution

Unconfined compressive strength tests were conducted on silty soil samples treated
with different concentrations of cementation solutions. Portions of soil samples from the
fractured surfaces were taken to measure the calcium carbonate content; the experimental
results are shown in Figure 4.
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Figure 4. Influence of concentration of CS on solidification effect: (a) UCS; (b) the content of CaCOs.

From Figure 4a, it can be observed that the unconfined compressive strength of the
soil sample increases with the curing age. When the concentration of the cementation
solution was 1.25 mol/L, the unconfined compressive strength of the sample cured for
3 days was 240 kPa, which was 83% of the strength at 7 days and 78% of the strength at
14 days. A gradual increase in the unconfined compressive strength of the soil sample was
observed when the concentration of the cementation solution increased from 0.25 mol/L to
1.25 mol/L. However, the unconfined compressive strength of the soil sample decreases
when the concentration of the cementation solution exceeds 1.25 mol/L. The UCS value
approximately indirectly reflects the precipitation content of calcium carbonate. The higher
the value, the higher the precipitation yield of calcium carbonate. From Figure 4b, it can
be seen that as the concentration of the cementation solution increases from 0.25 mol/L
to 1.25 mol/L, the content of CaCOj3 in the soil sample gradually increases, reaching a
maximum at a cementation solution concentration of 1.25 mol/L, accounting for 0.63% of
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the total mass of the soil and the conversion rate of Ca?* reaching 77.61%. The presence of
excessive plant proteins in the crude soybean urease solution can impede the precipitation
of CaCOj3. Therefore, a moderate increase in the concentration of the cementation solution
will increase the content of CaCO3. However, as the concentration of the cementation
solution further rises, the elevated levels of calcium ions therein suppress the activity
of soybean urease and diminish the efficacy of urea hydrolysis [30]. This conclusion is
consistent with the research results of Carmona et al. [31].

The Impact of the volume ratio of urease to cementation solution on the EICP effect
was examined by measuring the unconfined compressive strength (UCS) of soil samples at
various curing stages. Subsequently, soil samples taken from the fractured surfaces after
UCS testing were analyzed for calcium carbonate content. The experimental findings are
presented in Figure 5.
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Figure 5. Influence of volume ratio on solidification effect: (a) UCS; (b) the content of CaCOs.

As shown in Figure 5, at a 3-day curing age, there was a linear increment in UCS as
the volume ratio of urease solution to cementation solution increased. Conversely, over the
7- and 14-day curing ages, UCS initially rose with the volume ratio and then decreased.
Based on the literature [32], it is evident that as biochemical reactions progress, urease
in the soil will gradually lose its activity, reducing the production of CaCOj3. Therefore,
considering solidification effectiveness and economic factors, the optimal concentration of
the cementation solution should be set at 1.25 mol/L, and the volume ratio of urease to
cementation solution was 1:1.

2.2. Construction Technology

Spraying solution is the most cost-effective and practical method for mitigating dust
issues on sites with silty soil. This approach leverages the solution’s penetrating ability in
the soil to promote calcium carbonate precipitation among the silty soil particles, leading
to the formation of a solidification layer aimed at achieving effective dust control.

2.2.1. Influence of Spraying Scheme on Solidification Effect

Figure 6a illustrates the solidification performance of silt specimens subjected to vary-
ing spraying volumes and spraying methods. Initially, with a small spraying volume, the
EICP solution failed to penetrate the soil thoroughly, thereby resulting in the formation of a
thin solidification layer on the surface and limited curing effect of the silt. As the spraying
volume increased, the solution penetrated the silt more effectively, promoting the formation
of bio-gel materials through EICP that subsequently enhanced the compressive strength of
the specimens. Notably, at a spraying volume of 4 L/m?, the surface compressive strength
of the samples increased to 752.20 kPa, with a solidification layer thickness of 14.97 mm,
demonstrating the effective gelation capacity of EICP-generated cementitious materials.
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Nevertheless, further increases in spraying volume led to marginal improvements in sur-
face compressive strength and solidification-layer thickness. This phenomenon could be
attributed to the formation of calcium carbonate precipitation and subsequent bio-gel
network development among soil particles on the surface as the EICP solution volume
increased, hindering additional penetration and reaching a critical solidification value. As
a result, a spraying volume of 4 L/m? was deemed optimal for subsequent experimental
spraying procedures.
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Figure 6. Influence of spraying scheme on solidification effect: (a) different spraying volumes on
solidification effect; (b) different spraying methods on solidification effect.

Working conditions W1, W2, and W3 are shown in Table 1. From Figure 6b, it can
be seen that the solidification effects of W1 and W3 were both unsatisfactory. In these
conditions, both urease and urea solution were pre-mixed, which means that the hydrolysis
reaction of urea had already begun before the EICP solution was sprayed onto the soil
surface. This premature formation of CaCOj3 created a dense bio-gel layer that binds
with soil particles, hindering the penetration of the solution into deeper layers of the silt.
In contrast, the EICP solution demonstrates optimal permeation and diffusion into the
deep silt in condition W2. After the urease solution was injected, the controlled gelation
process allowed the hydrolysis and precipitation reactions to proceed gradually, resulting
in a uniform bio-cemented gel matrix with a thicker solidification layer (14.97 mm) and
higher soil compressive strength (752.20 kPa) compared to other working conditions.
This sequential spraying strategy optimized the in situ gel formation, demonstrating
the effectiveness of EICP-generated cementitious materials. Therefore, in subsequent
experiments, the practice of initially spraying a mixture of calcium chloride and urea
solutions followed by urease solution was maintained.

Table 1. The design of mixing sequences.

Spray Bottle I Spray Bottle II
Working Calcium Calcium
Conditions Urea Chloride Urease Urea Chloride Urease
Volume/mL Volume/mL Volume/mL Volume/mL
Volume/mL Volume/mL
Wi 30 0 60 0 30 0
W2 30 30 0 0 0 60
W3 30 30 60 0 0 0

2.2.2. Reaction Time

Figure 7 shows the relationship between time and solidification. The solidification
effect increases rapidly in the initial stage of the reaction due to the rapid formation of
bio-gel structures through EICP-induced CaCOj precipitation. The solidification effect
can reach 80% at the 15 h mark and further increase to 90% within 24 h, with the surface
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strength of specimens cured for 72 h serving as the reference benchmark. As the reaction
progresses, a bio-cemented gel layer composed of calcium carbonate and silt develops on
the specimen surface, whose dense gel-like microstructure halts the further penetration
of the EICP solution into the deep silt. The incompletely reacted solution in the deep
layers of the silt further precipitated to form CaCOj until the reaction reached completion,
demonstrating the self-limiting nature of EICP gelation. Consequently, the reaction exhibits
rapid progress in the initial stage, with a gradual decrease in the reaction rate over time
as the bio-gel network matures and stabilizes. In practical engineering applications, the
reaction time can be adjusted according to the desired curing effect and time requirements
to optimize the balance between gelation efficiency and material penetration depth, thereby
achieving optimal benefits.
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Figure 7. Influence of reaction time on solidification effect.

2.3. Curing Effect
2.3.1. Macro Appearance

Spraying EICP solution onto the surface of silt soil can increase the calcium carbonate
content and induce the formation of a soil crust through bio-gel bonding, thereby enhancing
the cohesion among soil particles and improving surface strength. As depicted in Figure 8,
a calcareous layer, namely a bio-cemented gel layer with a dense microstructure, developed,
and its thickness serves as one of the evaluation indicators for assessing curing effects.
Using a vernier caliper, as illustrated in Figure 8, measurements were taken to determine
the thickness of the soil crust, with its maximum value reaching 15.01 mm, demonstrating
the structural stability of the EICP-derived gel matrix.

Solidification layer

Thickness

Figure 8. Soil crust induced by EICP.
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2.3.2. Micro Analysis
The SEM and XRD results of the soil sample after EICP treatment are shown in

Figure 9.
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Figure 9. Micro analysis results: (a) SEM image of specimen after EICP treatment; (b) XRD pattern of

silt specimens.

1. SEM

Figure 9a reveals spherical or globular aggregates of irregular size induced by soybean
urease. The interaction between soil particles and crystals can be categorized into three
types: D film covering, where crystals cover the surface of soil particles, increasing particle
volume and surface area without contact with other soil particles; @) cementation, where
crystals primarily precipitate and aggregate near contact points of particles, acting as
a bonding agent; (3) bridging, involving the precipitation and aggregation of crystals
between neighboring particles to ultimately link them together. These three modes of
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crystal cementation effectively reduce soil porosity and permeability, while the structural
durability and strength rely on crystals that perform cementation and bridging functions.
The results confirm the positive effect of EICP on silt solidification.

2. XRD

The distribution of phase composition in silt specimens treated with EICP is depicted
in Figure 9b. As the spraying volume increased, there were discernible shifts in the
diffraction peak values of crystals, indicative of changes in the relative content of crystal
components. Notably, the peak intensities associated with the crystal faces of quartz (SiO,),
such as (100), (012), (101), (021), (112), (202), and (023), have all decreased. Particularly, at a
diffraction angle of 26.7°, the peak intensity of the crystal face (101) decreased from 3985 at
a spraying volume of 0 L/m? to 1434, 339, and 717 at spraying volumes of 3, 4, and 5 L/m?,
respectively. Moreover, in crystal faces representing vaterite (111), (012), (211), and calcite
(110), (200), the corresponding diffraction peak intensities increased to varying degrees with
the increase in spraying volume. Compared to the untreated silty soil samples, it is evident
that the silty soil samples treated with EICP technology exhibit distinct diffraction peaks of
calcite and chondraronite. Calcite, being the most thermodynamically stable mineral phase
in calcium carbonate polycrystalline form, possesses good mechanical strength capable of
cementing silt particles, thereby enhancing the structural stability of silt. Consequently, the
compressive strength of silt samples significantly improves after EICP treatment.

2.4. Dust Control Effect
2.4.1. Wind-Rain Resistance

As shown in Figure 10, significant morphological changes occurred in the untreated
soil sample within 30 min under wind erosion, resulting in substantial soil particle loss
and extensive exposure of the mold bottom. The soil sample treated with deionized water
exhibited continued soil particle loss, primarily evidenced by the widening of surface
cracks. Furthermore, this sample experienced substantial soil particle loss during rain
erosion, leading to notable alterations in surface morphology. The specimens treated
with EICP showed minimal morphological alterations following wind erosion due to
the bio-gel-reinforced crust formed through CaCOj crystal networking. After 60 min of
rain erosion, the gel-like cementation matrix resulted in relatively minor morphological
changes. Comparing the morphological alterations among the specimens indicates that
the EICP-generated bio-cement gel exerts a discernible inhibitory effect on dust emission
in silt.

Figure 11a,b illustrate the results of wind and rain erosion tests on EICP-treated and
untreated soil specimens. After 60 min of wind erosion at a wind speed of 15 m/s, the
EICP-treated specimen exhibited a wind erosion coefficient of 0.14%, resulting in a mass
loss of 8.54 g.

Figure 11c shows the mass loss and erosion coefficients of silt specimens treated with
EICP under different working conditions, as listed in Table 1. In the first round of wind
erosion tests with wind speeds of 60 min, the bio-gel-reinforced specimens exhibited mass
loss less than 8.54 g (accounting for <0.2% of total mass), demonstrating the cohesive
strength of the CaCOs-gel composite matrix. After rainfall erosion tests for 60 min, the gel-
stabilized samples showed mass loss below 83.50 g (~1.2% of total mass), attributed to the
water-resistant nature of the bio-mineral gel network. Following drying, the persistent gel-
phase cementation maintained dust suppression ability, with second-round wind erosion
mass loss not exceeding 16.66 g per group. These results indicate that the EICP-derived
gel-cemented layer can resist Beaufort scale 7 winds (51-61 km/h) and 40 mm/h rainfall
rates, where the self-healing gel architecture prevents crack propagation under cyclic
wet-dry conditions.
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Figure 10. Morphology analysis of wind and rain erosion: (a) untreated specimens; (b) deionized
water treated specimens; (c) EICP treated specimens. In contrast, the untreated specimen experienced
a significantly higher mass loss of 2459.38 g under similar conditions. For rainfall erosion, after
60 min at a rate of 40 mm/h, the EICP-treated soil specimen showed a rain erosion coefficient of
1.39%, with a resulting mass loss of 83.50 g. In comparison, the untreated soil specimen lost 1095.63 g
in mass under the same rainfall conditions.

These findings align closely with Sun et al. [11], who demonstrated that EICP-PVAc
(50 g/L) treatment achieved surface strengths exceeding 500 kPa and near-zero soil loss
under extreme rainfall (300 mm/h). Field tests by Sun et al. revealed CaCOjs crystallization
within 10-27 mm thick cemented layers, corroborating the cohesive mechanism docu-
mented in the present study. While Sun et al. focused on slope-scale stabilization under
high-intensity rainfall, the current investigation extends these insights by quantifying the
resistance of EICP-gel composites to cyclic wind and rainfall stresses. This advancement
builds upon previous methodologies through the systematic evaluation of long-term dura-
bility under combined environmental stressors, addressing a critical gap in prior EICP
applications focused solely on static hydrological conditions.
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Figure 11. Test results of wind and rain erosion: (a) mass loss of wind erosion test; (b) mass loss of
rain erosion test; (c) mass loss of different working conditions.

2.4.2. Wear Resistance

Figure 12 demonstrates that the soil crust remains intact under specific conditions: at
80 kPa pressure with revolution numbers below 30 circles, or at 53.3 kPa pressure with
revolution numbers below 50 circles. The maximum values for mass loss and wear depth
were 33.67 g and 5.4 mm, respectively, under each condition. The maximum wear rate
recorded was 0.670 g/cm?. Exceeding these critical friction conditions compromises the
solidification layer. Here, the insufficient strength of the unconsolidated silt beneath the soil
crust fails to resist the abrasion from the rubber friction head, resulting in a rapid increase
in wear depth and mass loss. The experimental findings indicate that the soil solidification
layer withstands repeated abrasion from fully loaded trucks for 30 cycles and unloaded
trucks for 50 cycles.

@Mass loss (g)
M Wear deph (mm)

(a) (b)

Figure 12. Wear erosion result of EICP treated specimens. (a) mass loss and wear depth; (b) wear
rate.
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3. Conclusions

This investigation into the potential of enzyme-induced carbonate precipitation (EICP)
to reduce wind erosion of Yellow River silt revealed significant results. The bio-gel forma-
tion through EICP was found to enhance the bearing capacity, wind—rain erosion resistance,
and wear resistance of the silt through the in situ generation of a mineral gel matrix. The
level of improvement was notably affected by the concentration of the cementation solution
and the spraying volume.

(1) The optimal cementation solution, consisting of equal concentrations of urea and
CaCl, (1.25 mol/L) applied at 4 L/m?, enabled controlled gelation through sequential
spraying (first urea-CaCl, solution, then urease).

(2) This protocol produced a 14.9 mm thick bio-cemented gel layer with compressive
strength exceeding 752 kPa, where CaCOj crystallization created a self-reinforcing
gel architecture.

(3) The gel-stabilized crust maintained integrity under Beaufort scale 7 winds (51-61 km/h),
resisted 40 mm/h rainfall erosion, and endured 30 cycles of fully loaded truck abrasion.

These findings establish EICP as a novel bio-gel technology that strengthens silt via
natural gel-phase cementation, providing an effective biological solution for dust mitigation
in the Yellow River region.

Limitations and Future Work:

(1) Our tests focused on short-term performance; long-term durability under freeze-thaw
cycles and microbial degradation needs validation.

(2) Field-scale cost analysis (USD 0.32/m? for lab trials) should be conducted to assess
economic viability.

(3) Combining EICP with biopolymers may further improve erosion resistance in
high-shear environments.

4. Materials and Methods
4.1. Materials
4.1.1. Yellow River Silt

The silt used in this experiment was collected from Zhengzhou City in the central
Yellow River alluvial plains, Province of Henan, China. The Dy, D5y, and Dy values of
the silt are 75 um, 91 um, and 158 um, respectively. Figure 13a presents a depiction of
the distribution of particle sizes in the soil that was utilized. X-ray diffraction analysis
identified quartz as the predominant mineral and SiO, as the compound within the silt, as
shown in Figure 13b. Detailed physical properties of the soil can be found in Table 2.

10
2l 100
) ¥ J =
< 8 : TS
S : 80 5
] g LI & £
2 6t b ! | E
E S oA ; 60 2
é —s=— Particle size distribution ¥ g
B 4} = Volume distribution 3 | K =
E 40 b < ® Quartz 0 Vaterite ® Calcite
= 5 2 s
S : [ E= I .
2+ g H E 5 t=| sas|z gas~a
g oL 1% E| E8°%|cS 228538 : 3
-p¥ H i - - o v:/: S o, =
0 .-.-HHH—I—"M LI 0 | 4 2oef 3 3O M
01 ! 1020 75100 1600 10 20 30 40 50 60 70 80
Particle size (um) 20 (°)
(a) (b)

Figure 13. Particle size and microscale identification of the test silt: (a) particle size distribution and
grain gradation; (b) microscopic view of the silt with the XRD and SEM images.
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Table 2. Basic properties of test silt.

Water Content  Void Ratio = Maximum Dry Density  Specific Gravitys  Permeability Coefficient

. . _3
Density p/g-cm Wop/% e plg-cm 3 Gg/g-cm—3 Kt/cm-s—1

1.39 10.34 1.14 1.26 2.7 25x 1074

4.1.2. EICP Solution

The EICP solution consists of soybean urease solution (US) and cementation solution
(CS). The bean powder was sifted into various particle sizes: 1.5, 1.0, 0.75, 0.5, 0.25, and
0.075. Subsequently, the powder was mixed with PBS liquid at mass ratios of 1:40, 1:30,
1:20, 1:10, and 1:5. After thorough stirring, the mixture was centrifuged at 3000 rpm
for 15 min, and the clear liquid at the top was collected to obtain the soybean urease
solution. These solutions were then adjusted to pH levels ranging from 1 to 13 and stored
at temperatures of 4 °C and 25 °C for urease activity analysis. The selection of 4 °C and
25 °C reflects standard enzymatic storage (4 °C) and application (25 °C) conditions, where
25 °C represents a practical ambient baseline for activity comparison, while 4 °C minimizes
enzymatic degradation without inducing freezing damage, as validated in prior soybean
urease studies [9-11]. The cementation solution primarily consists of urea and calcium
chloride, with concentrations maintained between 0.25 mol/L and 1.5 mol/L. The soybean
urease solution and cementation solution are combined in ratios of 1:2, 1:1.5, and 1:1 to
create the EICP solution, as depicted in Figure 14.

Upper clear
liquid

solution

EICP solution

Figure 14. Schematic steps for preparing EICP solution: (a) soybean powder; (b) initial solution;
(c) urease solution; (d) chemical agent; (e) cementation solution; (f) EICP solution.

4.1.3. Specimens

This EICP solution comprises urease, urea, and calcium chloride solutions, which
were sprayed onto the silt surface in varying volumes and sequences. Subsequently, the
disk-shaped specimens, with a diameter of 200 mm and a height of 30 mm, and square
disk-shaped specimens, with a side length of 300 mm and a height of 40 mm, were placed
in a constant temperature box with curing at 25 °C. In order to meet the requirements of
rainwater infiltration, square specimens should be prepared by drilling holes in the bottom
of the mold and laying geotextiles.
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4.2. Test Methods
4.2.1. Urease Activity Measurement

Since the changes in the amount of conductivity of the urease solution are directly
proportional to urea hydrolysis, the urease activity can be determined using the amount
of hydrolyzed urea conductivity method. Specifically, 3 mL of urease solution was mixed
with 27 mL of urea solution at a concentration of 1.11 mol/L. The changes in conductivity
of the solution were then monitored for the initial 30 min at 25 °C. The urease activity can
be obtained based on the conductivity change using the following equation proposed by
Whiffin [33]:

Ao
=k—F
u At 3)

where U is the urease activity (mmol/min); Ac is the difference in conductivity

L.min~1); At is the time (min); F is the dilution factor of urease solution, taken

(ms-cm™
as 10 in this experiment; k is the relationship between solution conductivity and moles of

ammonium ions, taken as 11.11 based on reference [34].

4.2.2. CaCOj3 Content and Conversion Rate Measurement

In this experiment, the urease activity was measured using the conductivity meter
method, and the CaCO3 content of the samples was determined via EDTA titration method.
First, the treated soil specimen was rinsed with deionized water to remove the residual
soluble substances. After that, the specimen was dried and placed in an excess amount
of hydrochloric acid (HCI) solution with a concentration of 1 mol/L to dissolve all the
generated CaCOj precipitates. The Ca?* content dissolved in the hydrochloric acid solution
was measured using titration method. Then, the CaCOj3 content in the specimen can be
determined based on the measured Ca%* content. CaCOj; conversion rate was defined as
the ratio of actual CaCOj3 production to theoretical CaCOj3; production.

4.2.3. Spraying Scheme

The recommended spraying volume of dust suppressor in sandy soil ranges from
3.66 to 4.00 L/m? [11]. Since silt particles are smaller than sand particles, it is necessary to
determine the appropriate spraying volume for silt sand in Zhengzhou. For this experiment,
the designed spray volume of EICP solution for this experiment was as follows: 1 L/m?,
2 L/mz, 3 L/mz, 4 L/mz, and 5 L/m?2.

The curing effect of EICP dust suppressor solution for silt soils will be influenced by
the order of mixture and spraying. In the test, the order of spraying was, therefore, divided
into three types, namely working conditions W1, W2, and W3, as shown in Table 2.

@ Urease solution and urea solution first, followed by calcium chloride solution (W1);
@ Calcium chloride solution and urea solution first, followed by urease solution (W2);
(® Direct mixing and spraying (W3).

4.2.4. Performance Tests

Performance tests include the unconfined compressive strength test, wind-rain resis-
tance test, and friction test of plate samples.

1.  Wind-rain resistance test

The wind force is typically classified into 13 levels, ranging from 0 to 12. Based on the
wind data for Zhengzhou between 2011 and 2023, it can be observed that the prevailing
wind conditions were predominantly at level 3, which corresponds to a wind speed of
approximately 5.4 m/s. In order to simulate realistic wind erosion in this experiment, this
experiment set the wind speeds at three different levels: 5 m/s (level 3), 10 m/s (level 5),
and 15 m/s (level 7). Each experiment will last for a duration of 60 min.
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According to data from the Central Meteorological Bureau, Figure 15 illustrates the
monthly average rainfall and number of rainy days in Zhengzhou. The annual average
precipitation in the city ranges from 477.08 to 1167.30 mm, with monthly averages of rainy
days varying between 1.3 and 14.6 days. July and August have the highest precipitation
levels, with recorded amounts of 146.2 mm and 138.9 mm, respectively. Therefore, a rainfall
level of 40 mm is considered relatively high in the Zhengzhou area. This experiment
simulated three different intensities of rainfall: 7 mm/h, 15 mm/h, and a heavy downpour
at a rate of 40 mm /h for a duration of one hour.

=e= Rainy days

150
120
90
60

30

Average monthly precipitation /mm

1 2 3 4 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 & 9 10 11 12
Month

(a) (b)

Figure 15. Precipitation date from Zhengzhou: (a) average monthly precipitation; (b) average
rainy days.

This experiment involves a cyclic erosion process with wind-rain-wind action lasting
1 h each. The wind speeds were 5, 10, and 15 m/s (equivalent to Beaufort scale 3, 5, 7),
while the precipitation rates were set at 7, 15, and 40 mm/h (representing heavy rain,
rainstorm, and heavy rainstorm). Working conditions WR1 to WR3 represent increasing
values of wind speed and precipitation rates from low to high. The untreated silt and
specimens sprayed with deionized water were set as the control group, and the design plan
is provided in Table 3.

Table 3. The design of wind-rain erosion test.

Rotation 1 Rotation 2 Rotation 3
Working Wind Speed Rainfall Wind Speed
Conditions Ind Spee . : ainfa . . ind Spee . .
Vy/ms—1 Time t{/min Ry/mm-h-1 Time f/min Va/mos-1 Time t3/min
WR1 5 60 7 60 15 60
WR2 10 60 15 60 15 60
WR3 15 60 40 60 15 60

A self-designed wind-rain erosion test device was utilized (Figure 16), comprising a
blower, a water reservoir, a sample disk, an atomizing nozzle, a slope-adjusting platform,
and a water-collecting tank. The atomizing nozzle is connected via the catheter, diaphragm
pump, and flow meter to simulate various levels of rainfall intensity during testing. The
water storage tank is positioned beneath the bottom plate for rainwater recycling purposes.
Externally to the device, the blower and anemometer are employed to regulate different
wind speeds.
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Figure 16. Self-designed wind-rain erosion test.

2. Friction test

In evaluating the abrasion resistance of the solidification layer by EICP, this study
utilized the UMT-2 micro friction tester to simulate the friction caused by truck rubber
tires on the ground. The UMT-2 (Universal Mechanical Tester-2, Bruker Corporation,
Billerica, MA, USA), a tribological testing system, was employed to simulate rubber tire-
ground friction under controlled loads and rotational speeds. Its reciprocating ball-on-disk
configuration mimics real-world abrasion mechanisms, aligning with ASTM G133-22
standards [1]. The UMT-2’s precision (£+0.1% load accuracy, =1 rpm speed control) ensures
reliable quantification of the solidification layer’s wear resistance.

According to the site conditions, the maximum pressure exerted by fully loaded trucks
on the road surface through tires is 80 kPa, equivalent to applying a load of 16.07 N on the
lever arm of the micro friction tester. Meanwhile, the maximum driving speed of vehicles
is 5 km/h when entering and leaving the factory or the production site, corresponding to a
rotational speed of 2.19 r/s on the micro friction wear tester. Therefore, the rotate speed
was set to 120 rpm, and the loads were 5 N, 10 N, and 15 N, with 10, 30, and 50 cycles for
the wear tests, respectively. The details of the wear test design can be found in Table 4.

Table 4. The design of wear test.

Working Conditions Load (N) Pressure (kPa) Revolution (1)
L5-r10 5 26.7 10
L5-r30 5 26.7 30
L5-r50 5 26.7 50
L10-r10 10 53.3 10
L10-r30 10 53.3 30
L10-r50 10 53.3 50
L15-r10 15 80 10
L15-r30 15 80 30
L1550 15 80 50

4.3. Microscopic Evaluation

In this study, the Hitachi Regulus 8230 field-emission scanning electron microscope
(Hitachi Corporation, Japan, Tokyo) was used to observe the morphological characteristics
of mineral precipitates in the silt after EICP treatment at different magnifications. The
samples were ground into a fine powder using a mortar and pestle, and the crystalline
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phases of the powder were identified using the Malvern Panalytical Empyrean X-ray
diffractometer (Global Headquarters, Malvern Panalytical, Malvern, UK), with a diffraction
angle range from 10° to 80° and a scan rate of at least 10° /min.
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Abstract: Self-healing hydrogels hold promise for smart sensors in bioengineering and
intelligent systems, yet balancing self-healing ability with mechanical strength remains
challenging. In this study, a self-healing hydrogel exhibiting superior stretchability was
developed by embedding a combination of hydrogen bonding and dynamic metal coordina-
tion interactions, introduced by modified fenugreek galactomannan, ferric ions, and lignin
silver nanoparticles, into a covalent polyacrylic acid (PAA) matrix. Synergistic covalent and
multiple non-covalent interactions enabled the hydrogel with high self-healing ability and
enhanced mechanical property. In particular, due to the introduction of multiple energy
dissipation mechanisms, particularly migrative dynamic metal coordination interactions,
the hydrogel exhibited ultra-high stretchability of up to 2000%. Furthermore, with the
incorporation of lignin silver nanoparticles and ferric ions, the hydrogel demonstrated ex-
cellent strain sensitivity (gauge factor ~ 3.94), with stable and repeatable resistance signals.
Assembled into a flexible strain sensor, it effectively detected subtle human motions and
organ vibrations, and even replaced conductive rubber in gaming controllers for real-time
inputs. This study provides a versatile strategy for designing multifunctional hydrogels for
advanced sensing applications.

Keywords: high strength and toughness; self-healing; micro-strain; sensing

1. Introduction

Flexible and wearable micro-sensors have attracted significant attention in recent years
due to their vast potential in applications such as health monitoring, human-machine inter-
faces, and soft robotics [1-4]. To realize their full potential, the development of advanced
sensing materials must seamlessly integrate mechanical flexibility with high sensitivity,
ensuring reliable performance under dynamic and complex deformation conditions [5,6].
Hydrogels are three-dimensional (3D) network structures of chemically or physically
crosslinked polymers with high water content, excellent flexibility and stretchability, mak-
ing them potential candidates for bioengineering, expandable skin sensors, medical health
monitoring, and soft robots [7-10]. However, conventional hydrogels often suffer from
limitations such as poor mechanical robustness, low stretchability, and irreversible dam-
age upon mechanical failure, which severely restrict their practical use in dynamic and
demanding environments.

To address these challenges, recent research has focused on the development of
tough and highly stretchable hydrogels with self-healing capabilities. Such hydrogels can
maintain mechanical integrity under large deformations and autonomously restore their
structure and functionality after damage without external stimuli, significantly enhancing
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device durability and lifespan [11,12]. This ability enables long-term, sustainable sensor
operation, extends its service lifespan, and maintaining its strain sensitivity [13-15].

In recent years, non-covalent interactions, including metal-ligand, host-guest [16],
hydrogen bonding [17], and hydrophobic interactions [18], have been introduced into
the synthesis of self-healing hydrogels. In this context, metal-ligand interaction is an
important dynamic non-covalent interaction and can be used as a physical cross-linker
to prepare high-strength hydrogels. Through the dynamic ionic bonding and migration
of metal ions, metal-ligand interactions can automatically heal, thereby preparing self-
healing hydrogels [19,20]. Nevertheless, most previously reported self-healing sensors
usually have difficulty in combining ideal mechanical properties, self-healing ability, and
micro-strain sensing ability, which greatly limits the practical application of hydrogel
sensors. Modified fenugreek galactomannan (OFG) is a natural polysaccharide derived
from fenugreek seeds, chemically modified to enhance its solubility, water absorption, and
mechanical properties [21,22]. When incorporated into hydrogels, OFG forms hydrogen
bonds and dynamic non-covalent interactions with other components, such as PAA and
metal ions, enabling the hydrogel to self-heal and improving its mechanical strength
and flexibility.

In addition to mechanical resilience, the electrical sensitivity of hydrogels—particularly
their resistance changes in response to mechanical stimuli—is critical for sensor perfor-
mance. High gauge sensitivity allows for accurate and real-time monitoring of strain,
pressure, and motion, which is essential for micro-scale sensing systems [23,24]. There-
fore, developing multifunctional hydrogels that simultaneously integrate high toughness,
large stretchability, self-healing ability, and pronounced piezoresistive responsiveness is of
great significance.

In this study, a self-healing PAA /OFG-Fe>" hydrogel (SPH) with excellent mechan-
ical properties was developed by introducing multiple non-covalent interactions into a
covalently crosslinked PAA network. Uniform and extensive H-bonding occurred between
OFG, the PAA network, and lignin silver nanoparticles (Ag-NPs). In particular, dynamic
metal coordination interactions played a key role in the development of the hydrogel,
with Fe®* forming coordination bonds with the carboxyl groups on the PAA /OFG matrix.
The slippable dynamic metal coordination interactions allowed the hydrogel to achieve
autonomous self-healing and exceptional mechanical strength (stretchability up to 2000%,
fracture strength > 130 kPa). Furthermore, with the incorporation of conductive Ag-NPs
and Fe®*, the hydrogel demonstrated excellent strain sensitivity (gauge factor ~ 3.94), along
with repeatable and accurate resistance signal responses. Leveraging these advantages, the
hydrogel was successfully assembled into a flexible strain sensor capable of monitoring
subtle human motions and vocal vibrations of organs. This work offers a promising strategy
for enriching the design and application of multifunctional hydrogels.

2. Results and Discussion
2.1. Characterization Results of the Hydrogel

The preparation mechanism of the hydrogel proposed in this paper is shown in
Figure 1. A hydrogel with uniform texture and good performance was prepared by a
one-pot polymerization method. The acrylic acid (AA) monomers undergo free radical
polymerization under the action of the initiator ammonium persulfate (APS) and cross-
linker N,N’-methylenebisacrylamide (MBA) to form covalent PAA network. The abundant
carboxyl groups (-COOH) existing in PAA and OFG chains and hydroxyl (-OH) contributed
to numerous H-bonds.
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Figure 1. Synthesis and self-healing mechanism of the hydrogel. (a,b) Synthesis of the hydrogel.
(c,d) Schematic diagram of the self-healing process of the hydrogel.

Meanwhile, the -COOH functionalities in the PAA and OFG chains engaged in dy-
namic and reversible coordination interactions with Fe** ions. Owing to the higher bonding
energy compared to hydrogen bonds, metal coordination interaction can enhance the me-
chanical strength and performance stability of self-healing hydrogels. The self-healing
ability and tensile properties of the hydrogel were studied by using hydrogels of different
colors and observing their tensile images after recovery. As shown in Figure 2a, the dyed
and undyed hydrogel samples were cut into two halves and then brought into contact
with each other. After 24 h, the two pieces of hydrogel healed automatically, and the cut
disappeared. During the self-healing process, the dye diffused from one piece of hydrogel
to the other, resulting in a blurred contact interface between the two pieces of hydrogel,
and the healed cut did not break after stretching Figure 2b.
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Figure 2. Characterization of PAA-Fe3* and SPH. (a) Self-healing process of the hydrogel. Two
hydrogels of different colors were placed at room temperature for 24 h. (b) The healed hydrogel
being stretched. (c) FTIR. (d) Storage modulus (G’) and loss modulus (G”). (e) Distribution of
Young’s modulus.
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As shown in Figure 2c, the absorption peak of the stretching vibration of the free
carboxylic acid O-H is located at 3550 cm~!. Due to the formation of the dimer, the
carboxyl peak shifts to a lower wavenumber, forming a broad and dispersed peak in the
range of 32002500 cm~!. The formation of the dimer also affects the C=O stretching
vibration of the free carboxylic acid, shifting it from 1760 cm~! to 1715 cm ™. A peak at 920
cm ™! is observed, which is a characteristic peak of the out-of-plane rocking vibration of the
two-molecule association of the O-H group. The absorption band at 3424 cm ! is attributed
to the symmetric stretching vibration of the O-H stretching peak of the hydrogel, while
the O-H stretching peak of SPH shifts to a lower wavenumber of 3400 cm~!. According
to previous reports [19], the obvious shift in the absorption band to a lower wavenumber
indicates the formation of hydrogen bonds between PAA and OFG. Compared with PAA-
Fe3*, there is no obvious position change in SPH, indicating that the introduction of OFG
does not significantly change the structure of the hydrogel. Figure S1 shows the X-ray
diffraction pattern of the hydrogel. The X-ray diffraction spectrum of the hydrogel does
not show an obvious crystalline phase, and there is a broad peak at about 20°, which is
caused by the overall crystallinity of the hydrogel skeleton.

By comparing the rheological data of PAA-Fe®* and SPH, the storage modulus G’ of
both hydrogels is higher than the loss modulus G” during the rheological test (Figure 2d),
and the loss factor is appropriate, indicating that their molecular chains have a certain
degree of rigidity and flexibility, and an effective cross-linked network is formed between
the molecular chains. The cross-linked structure may be relatively regular, enabling the
material to exhibit good elasticity under dynamic stress. The dense entanglement of PAA
and OFG chains around the cross-linking points of the SPH provides the mechanical
strength for the hydrogel. The G’ of SPH is significantly higher than that of PAA-Fe3*, and
its stress—strain data is discussed and analyzed in the following paragraphs. The change
in Young’s modulus of the hydrogel surface before and after the addition of OFG was
measured by AFM (Figure 2e). The Young’s modulus of the hydrogel after the addition
of OFG increased significantly, which is consistent with the rheological data. Figure S2
shows the scanning electron microscope (SEM) images of the freeze-dried PAA-Fe®* and
SPHs; both hydrogels are composed of a cross-linked network and a uniform microporous
structure, with a pore size range of 10-100 um. However, the pore structure of the SPH
network is more complex and the pore size is smaller, indicating that the structure of the
hydrogel is denser. This is attributed to the formation process of the hydrogel; the strong
hydrogen bonds between the functional groups and the metal-ligand interaction between
Fe®* and OFG increase the pore density of the hydrogel.

2.2. Mechanical Properties of the Hydrogel

We described a rationally designed topological molecular network. PAA and OFG
chains are interconnected and entangled through abundant intermolecular hydrogen bonds,
electrostatic interactions, and metal coordination interactions, serving as sacrificial con-
formations for energy dissipation during the deformation of the hydrogel (Figure 3a). As
illustrated in Figure 3b, the fabricated hydrogel exhibits outstanding tensile properties,
demonstrating the ability to undergo significant deformation, including uniaxial stretching,
twisting under tension, and knotting while stretched, with an elongation exceeding ten
times its original length. By comparing the rheological data (Figure 2c) and the tensile
data (Figure 3), the hydrogel has a relatively high storage modulus and an appropriate loss
factor during the rheological test, and the tensile Young’s modulus conforms to Hooke’s
law, indicating that its molecular chains have a certain degree of rigidity and flexibility. In
order to further explore the influence of the addition amount of each component in the
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preparation of the hydrogel on its mechanical properties, this paper discussed the influence
of the addition amounts of OFG, Fe3*, APS, and MBA on the stress—strain of the hydrogel.

Figure 3. Tensile properties of the hydrogel. (a) A stretchable topological network structure composed
of cross-linked molecular chains and entangled molecular chains. (b) The hydrogel can withstand
different forms of stretching (knotting, crossing, and twisting). (c,d) Influence of the addition of OFG
on the mechanical properties of the hydrogel. (e) Influence of the addition of APS on the mechanical
properties of the hydrogel. (f) Influence of the addition of MBA on the mechanical properties of
the hydrogel.

Figure 3c—f show the influence of different components on the mechanical properties
of the hydrogel to evaluate the optimized content of each component. Firstly, the influence
of the OFG content on the mechanical properties of the hydrogel was explored (Figure 3c).
As the OFG content increased from 0 to 1.5%, the hydrogel exhibited a peak strain at 0.3%
OFG, with a maximum breaking strength and elongation of 120 & 10 kPa and 1000 & 53%
(n =5), respectively. The highest stretchability and corresponding fracture strength reached
1450 + 85% and 100 = 13 kPa (n = 5). The mechanical strength of the SPH improved
with increasing OFG content, likely due to enhanced hydrogen bonding and metal-ligand
coordination. However, beyond 0.3% OFG, the elongation decreased, attributed to excessive
non-covalent interactions restricting polymer chain mobility, thereby reducing flexibility
and ductility.

Fe3* ions coordinate with -COOH groups on PAA and OFG chains, forming a cross-
linked network. Moderate Fe>* addition increases cross-linking density, enhancing the
hydrogel’s strength and toughness by promoting uniform stress distribution. However,
excessive Fe®* leads to overly dense networks and possible aggregation, reducing chain
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mobility, increasing brittleness, and creating stress concentration points. As shown in
Figure S3, PAA /OFG-Fe®*0.10 shows the best mechanical performance.

Within a suitable range, increasing APS content promotes initiator decomposition,
generating more free radicals that accelerate acrylic acid polymerization and enhance the
cross-linking degree of the hydrogel. A higher cross-linking density contributes to a denser
network, improving the hydrogel’s strength, elasticity, and toughness (Figures 3e and S3c).
However, excessive APS leads to an overly rapid reaction and high radical concentration,
causing issues such as local overheating, uncontrolled polymerization, and structural de-
fects. Moreover, an excessively cross-linked network may become too rigid, compromising
flexibility and overall mechanical performance. Residual initiator may also negatively
affect the hydrogel’s properties.

Within a suitable range, increasing MBA content enhances the cross-linking density of
the polyacrylic acid hydrogel, forming a denser three-dimensional network that improves
stress transfer and restricts molecular chain slippage, thereby enhancing strength, hardness,
and elastic modulus. Moderate MBA addition significantly improves tensile strength
and deformation resistance (Figures 3f and S3d). However, excessive MBA leads to an
overly rigid network, limiting chain mobility, reducing flexibility and toughness, and
increasing the risk of brittle fracture. Additionally, a high MBA concentration may cause
rapid gelation and uneven polymerization, resulting in local stress concentrations and
compromised mechanical properties.

Overall, this study obtained an optimized formulation for the preparation of the
hydrogel: (m (AA) 6.5 g, m (OFG) 0.09 g, m (FeCl3) 0.10 g, m (APS) 8 mg, m (MBA) 2 mg),
with stress and strain of 137 4 17 kPa and 2076 4 50% (n = 5), respectively. The excellent
mechanical properties of SPH are derived from its COO~ /Fe®* coordination network,
H-bonding, PAA covalent network, high network density, and chain entanglement.

2.3. Self-Healing Properties of the Hydrogel

The hydrogel exhibits excellent self-healing capability, primarily attributed to its flexi-
ble polymer network and dynamic non-covalent interactions. On the one hand, the polymer
chains possess intrinsic flexibility, allowing for rearrangement and entanglement after dam-
age, which serves as a form of physical cross-linking to partially restore the network and
mitigate further failure. On the other hand, dynamic and reversible interactions, such
as hydrogen bonding between carboxyl groups and Fe?* coordination, play a key role in
healing. Upon fracture, these interactions dissociate at the damaged interface, generating
active sites that can re-form under appropriate conditions through chain migration and
reorientation. The synergistic effect of hydrogen bonding and metal-ligand coordination
significantly enhances healing efficiency and network reconstruction, enabling the hydrogel
to rapidly recover its structure and mechanical performance after damage.

In this study, the self-healing process of the hydrogel cut was observed using an
inverted microscope. As shown in Figure 4a, the hydrogel sample was cut into two halves
and then brought into contact with each other. After 24 h, the two pieces of hydrogel
healed automatically, and the contact interface of the hydrogel became blurred. When
stretching the hydrogel (Figure 4b), no cracks were observed, and the rupture site did
not coincide with the wound healing site, indicating that the gel had been completely
repaired. Generally, the area of the hysteresis loop represents the energy dissipation per
unit volume during the deformation process. To evaluate the self-healing performance of
SPH, loading and unloading tests were carried out on the prepared hydrogel. As shown in
Figure 4c, the hysteresis loops of the hydrogel before and after self-healing were similar,
further demonstrating that the hydrogel has remarkable self-healing properties.
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Figure 4. Self-healing properties of the hydrogel. (a) Optical microscope images show the changes in
the cuts of two pieces of hydrogel over time at room temperature. (b) Tensile stress—strain curves of
the original hydrogel and the self-healed hydrogel. (c¢) Compressive stress-strain curves and energy
loss efficiency of the original hydrogel and the self-healed hydrogel. (d) The self-healing properties
of the hydrogel are verified by measuring continuous step strains (10% strain—100% strain—10%
strain—100% strain—10% strain).

The rheological experiment demonstrated that the hydrogel has stable mechanical
strength and self-healing properties. Within a fixed time interval of 200 s, the hydrogel
was subjected to alternating step strain tests (frequency = 1.0 Hz, strain = 10% or 100%),
as shown in Figure 4d. The SPH oscillated under a small amplitude (frequency = 1.0 Hz,
strain = 10%), with G’ being approximately 10.0 kPa, G” being approximately 0.24 kPa
(Tand = G” /G’ = 0.02); when a large-amplitude oscillating force was applied to the hy-
drogel (frequency = 1.0 Hz, strain = 100%), the value of G’ decreased from 10.0 kPa to
approximately 8.7 kPa, and tand increased from 0.02 to 0.24. It can be seen from the rheo-
logical experiment that the mechanical stability of the hydrogel was somewhat lost, but the
hydrogel system still existed, which was attributed to the stability of the hydrogel network
structure. When the amplitude of the oscillating force was reduced (frequency = 1.0 Hz,
strain = 10%), the G’ and G” of SPH could immediately return to their original values, which
means that the internal network and mechanical properties of SPH were quickly restored.

2.4. Sensing Properties of the Hydrogel

Due to the presence of Fe3* and lignin-Ag NPs, as well as the tensile strength and
compressibility of PAA/OFG, it is speculated that the SPH can be used as a strain sensor.
There is a correlation between the resistance change in the SPH and the mechanical strain,
so a quantitative study was carried out on this sensor. As shown in Figure 5a, the addition
of lignin—Ag NPs can improve the strain sensitivity of the hydrogel, and when the strain
is 1200%, the gauge factor is 3.94. Ag NPs can construct nanoscale electronic conduction
pathways, and lignin assists in electron transport through conjugate structures and interfa-
cial interactions [22,25]. The Fe3* dynamic network collaboratively regulates ion—electron
mixed conductivity, breaking through the limitation of traditional hydrogels that only rely
on ionic conduction, and providing a theoretical basis for the design of highly conductive
and multifunctional intelligent soft materials. As shown in Figure 5g, the relative resistance
change in the SPH can be intuitively observed by evaluating the change in the brightness
of the LED light. An LED lamp, hydrogel, and external power supply are connected in
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series on a breadboard to form a complete conductive path. When the hydrogel deforms,
dynamic adjustments in the conductive network structure, charge transport pathways, and
interfacial interactions make the resistance positively correlated with the strain, thereby
causing the brightness of the LED lamp to change in real time with the different stretching
lengths of the hydrogel. As the strain increases, the resistance of the hydrogel increases, and
the LED light gradually dims. Generally speaking, compared with traditional rigid strain
sensors, stretchable strain sensors have the advantages of conformability and stretchability,
solving the problem of mechanical mismatch between electronic devices and the human
body. Although the sensitivity of SPH is lower than that of metal-based strain sensors, they
still exhibit a large strain sensing range. Ten cycles of tensile loading—unloading measure-
ments were carried out under different strains and speeds to evaluate the robustness of the
sensing performance of SPH. The resistance response was stable in all cycles (Figure 5b,c),
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Figure 5. Sensing properties of the hydrogel. (a) Strain sensitivity of the hydrogel. (b) Curves of
the relative resistance change under different strains. (¢) Curves of the relative resistance change at
different stretching speeds. (d) Monitoring the multi-angle movement of the finger. (e) Variation in the
relative resistance over time when the human Adam'’s apple is speaking. (f) Comparison of the gauge
factor between the sensor in this study and previously reported sensors [19,26-29]. (g) The brightness of
the LED light changes with the deformation of the hydrogel. (h) The hydrogel replaces the conductive
adhesive in the buttons of the game controller and successfully controls the computer game.
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Since the prepared SPH have high tensile strength and self-healing ability, they were
directly used as strain sensors to identify joint movements and vocalizations of organs, so
as to construct wearable strain sensors. The SPH sensors were connected to wires, and
an electrochemical workstation was used to record the corresponding signals. Figure 5d,e
show that the PAA-based sensors are used to detect finger movements and Adam’s apple
movements. When the finger connected to the hydrogel sensor bends from the straight
state to 0°, 30°, 60°, 75° and 90°, the relative resistance change rate presents a stepped curve
(Figure 5d). This indicates that the PAA-based sensor can also be used for data collection
and storage of finger movements. At the same time, when the volunteer successively
pronounced different Arabic numerals, including “one” to “nine” and “zero”, the hydrogel
sensor was able to detect the vibration of the vocal cords (Figure 5e). These results show
that the PAA-based hydrogel sensor has excellent micro-strain sensing potential and can be
used for precise observation of human movements with a rapid response. To further explore
and expand the application field of the hydrogel, the game controller was modified, and the
hydrogel was used to replace the conductive adhesive in the controller buttons. After the
modification, the game controller can still work normally without delay, further confirming
the feasibility of the hydrogel as a conductive material (Figure 5h and Video S1). In addition,
the preparation of the multifunctional self-healing hydrogel sensor was compared with
the previously reported hydrogel sensors [19,26-29] in terms of the GF (Figure 5f), which
indicates that the PAA hydrogel has superior performance and has great potential in human
activity monitoring and personal health diagnosis.

3. Conclusions

In summary, a PAA-based hydrogel with superior stretchability and self-healing prop-
erties was synthesized by constructing a polymer network incorporating both covalent and
multiple non-covalent interactions. The hydrogel demonstrates remarkable mechanical
properties, including a stretchability of up to 2000% and a fracture strength of 130 kPa, fa-
cilitated by dynamic and reversible metal-ligand coordination interactions. In addition, the
reversibility (dissociation and reconstruction) of various non-covalent bonds (H-bonding
and metal coordination interaction) endows the hydrogel with excellent self-healing prop-
erties (approximately 100%). Furthermore, the incorporation of Fe3* and Ag NPs imparts
ionic conductivity, enabling the hydrogel to sense various human movements, including fin-
ger gestures and subtle vibrations from the Adam’s apple, and to function as a conductive
adhesive in gaming controllers for computer interface control. Therefore, PAA hydrogels
exhibit application potential in multiple fields due to their excellent mechanical strength,
self-healing ability, and micro-strain sensitivity: in biomedicine, they can serve as advanced
wound dressings to monitor healing in real time; in soft robotics, they are suitable for man-
ufacturing high-precision actuators to reduce maintenance requirements; in environmental
monitoring, they can be made into highly sensitive sensors adaptable to harsh conditions;
and in wearable electronics, they enable the creation of comfortable skin-friendly devices
for accurate physiological signal tracking. In the future, further optimization of their
properties and functional integration can expand their application prospects.

4. Materials and Methods
4.1. Materials

AA, FeCl3-6H,0, APS, and MBA were all purchased from Aladdin Reagent (Shanghai)
Co., Ltd. (Shanghai China), with analytical-grade purity. Modified fenugreek galactoman-
nan (OFG) and lignin—-Ag NPs (Ag NPs) were prepared according to the methods described
in our previously published articles [21,22]. Deionized water was used as the solvent in
this study.
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4.2. Preparation of Hydrogels

The synthesis of PAA/OFG-Fe>" hydrogels involved in situ radical polymerization of
AA monomer within an aqueous OFG suspension, using MBA and Fe®* as cross-linkers,
and APS as the initiator. Initially, OFG was dissolved in deionized water under room-
temperature stirring to form a homogeneous solution with a 0.3% mass fraction. Subse-
quently, 3.25 g of AA, 0.11 g of FeCl3, and 8 mg of APS were added and mixed until uniform.
Following this, 2 mg of MBA cross-linker and 200 pL of Ag NPs solution (25 mg/mL) were
introduced, and the mixture was rapidly stirred. Oxygen was purged with nitrogen for
1 min before the solution was injected into a custom-made mold composed of two glass
plates separated by 2 mm rubber gaskets. The molds were then subjected to polymerization
at 50 °C for 2 h to yield the composite hydrogels.

To optimize the influence of various factors on the mechanical properties of hydrogels,
different compositions of hydrogels were prepared. In the experiment, the prepared
composite hydrogels were named PAA/OFGa (“a” representing the mass percentage
of OFG), PAA/OFG-Fe*b (“b” represents the mass content of FeCls), SPH-APSc (“c”
represents the mass content of APS), and SPH-MBAJ (“d” represents the mass content of
the MBA). The total volume of the solution mixture was fixed at 30 mL with deionized
water. Tables S1-54 (Supplementary information) list the detailed components.

4.3. Characterization

A Fourier Transform Infrared Spectrometer (FI-IR, Model: Bruker Optics Ltd., Ettlin-
gen, Germany) was employed for qualitative analysis of chemical structure changes in
PAA-Fe** and SPH, with the spectral range set at 400-4000 cm ~!. X-ray diffraction (XRD)
patterns of PAA-Fe3* and SPH were obtained using a Bruker D8 ADVANCE diffractometer
(Ettlingen, Germany) under operating conditions of 80 mA and 60 kV, with the diffraction
angle (20) scanned from 5° to 60°. Young’s modulus data were acquired via a Bruker Icon
atomic force microscope (AFM, Bruker Corp., Ettlingen, Germany). The surface morphol-
ogy of PAA-Fe** and SPH particles was characterized by a scanning electron microscope
(SEM, Model: S-3400 N 1I, Hitachi, Japan). Prior to testing, samples were dispersed on a
metal sample holder using conductive silver paste and subjected to gold sputtering.

The rheological behaviors of PAA-Fe>* and SPHs were investigated using a rotational
rheometer (Model: Ares G2, New Castle, DE, USA) with a parallel plate geometry (diameter:
25 mm). The storage modulus (G’) and loss modulus (G”) were measured as functions of
angular frequency (w) within 0.1-100 rad/s. Additionally, the recovery properties of the
hydrogels under applied shear forces were tested at w = 1.0 Hz following the procedure:
10% strain (200 s) — 100% strain (200 s) — 10% strain (200 s) — 100% strain (200 s) — 10%
strain (200 s).

4.4. Mechanical Testing

Tensile tests were performed using a HESON HS-3004B-S (Shanghai, China) machine
equipped with a 100-N load cell. Hydrogel samples with dimensions of 12 mm x 3 mm X
2 mm were tested at a tensile speed of 100 mm/min. The energy dissipation (AE) of the
self-recovery hydrogel was calculated from the area between loading-unloading curves of
cyclic tensile loads, as defined by

AE = /loading S(wydp — /unloading S(wd 1)

where S(u) and p denote tensile stress and strain, respectively.
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The experimental data were independently repeated at least 3 times (1 > 3), and the
sample size (1) and standard deviation (SD) of each group of experiments were marked in
the Section 2.

4.5. Self-Healing Testing

The self-repairing properties of hydrogels were examined by cutting the origin hydro-
gel and dyeing the hydrogel (blue) into small fragments. With the mold, the size of the
hydrogel block was rapidly reconstructed, and the self-healing process of the hydrogel was
employed at room temperature without any external force or stimulation. The microscopic
morphology of the original hydrogel and the healing hydrogel was observed with a camera.

4.6. Fabrication Strain Sensors

An electrochemical workstation (CHI 800 D, Shanghai, China) was used to record
relative resistance changes in hydrogel sensors at a constant voltage of 2 V during finger and
throat movements. For cyclic strain sensing measurements, the electrochemical workstation
was coupled with a tensile testing machine to synchronously record resistance changes
during loading. The feasibility of using the hydrogel as a sensor was verified by the
brightness variation in an LED lamp and side reactions of a game handle: the LED lamp,
hydrogel, and external power supply were connected in series on a breadboard to form a
conductive path, and LED brightness was observed by controlling hydrogel deformation.
The relative resistance change is defined by Equation (2), and the gauge factor (GF) of the
hydrogel is calculated by Equation (3):

AR/Ry (%) = (R — Rg)/Rg x 100% )

GF = (AR/Rp)/e with ¢ = (It — 1) /1o 3)

where Rg and R are the initial resistance at 0% strain and the real-time resistance at specific
strain, respectively; 1y and It are the initial length and the length at time T of the hydrogel.
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/ /www.mdpi.com/article/10.3390/gels11070475/s1, Figure S1: XRD curves of PAA-Fe3* and SPH.
Figure S2: SEM images of PAA-Fe3* and SPH. [Scale bar: 500 pum]. Figure S3: Tensile properties of
the hydrogel. (a and b) Influence of the addition of Fe>* on the mechanical properties of the hydrogel.
(c) Influence of the addition of APS on the mechanical properties of the hydrogel. (d) Influence of
the addition of MBA on the mechanical properties of the hydrogel; Table S1: Schemes of optimized
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Abstract: Aiming at the problems of serious pavement temperature diseases, low efficiency
and high loss of ice-breaking methods, high occupancy rate of waste tires and the low
utilization rate and insufficient durability of rubber particles, this paper aims to improve
the service level of roads and ensure the safety of winter pavements. A pavement material
with high efficiency, low carbon and environmental friendliness for active snow melting
and ice breaking is developed. Firstly, NaOH, NaClO and KH550 were used to optimize the
treatment of rubber particles. The hydrophilic properties, surface morphology and phase
composition of rubber particles before and after optimization were studied, and the optimal
treatment method of rubber particles was determined. Then, the optimized rubber particles
were used to replace the natural aggregate in the polyurethane gel mixture by the volume
substitution method, and the optimum polyurethane gel dosages and molding and curing
processes were determined. Finally, the influence law of the road performance of RPGM
was compared and analyzed by means of an indoor test, and the ice-breaking effect of
RPGM was explored. The results showed that the contact angles of rubber particles treated
with three solutions were reduced by 22.5%, 30.2% and 36.7%, respectively. The surface
energy was improved, the element types on the surface of rubber particles were reduced
and the surface impurities were effectively removed. Among them, the improvement
effect of the KH550 solution was the most significant. With the increase in rubber particle
content from 0% to 15%, the dynamic stability of the mixture gradually increases, with a
maximum increase of 23.5%. The maximum bending strain increases with the increase in
its content. The residual stability increases first and then decreases with the increase in
rubber particle content, and the increase ranges are 1.4%, 3.3% and 0.5%, respectively. The
anti-scattering performance increases with the increase in rubber content, and an excessive
amount will lead to an increase in the scattering loss rate, but it can still be maintained
below 5%. The fatigue life of polyurethane gel mixtures with 0%, 5%, 10% and 15% rubber
particles is 2.9 times, 3.8 times, 4.3 times and 4.0 times higher than that of the AC-13 asphalt
mixture, respectively, showing excellent anti-fatigue performance. The friction coefficient
of the mixture increases with an increase in the rubber particle content, which can be
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increased by 22.3% compared with the ordinary asphalt mixture. RPGM shows better
de-icing performance than traditional asphalt mixtures, and with an increase in rubber
particle content, the ice-breaking ability is effectively improved. When the thickness of the
ice layer exceeds 9 mm, the ice-breaking ability of the mixture is significantly weakened.
Mainly through the synergistic effect of stress coupling, thermal effect and interface failure,
the bonding performance of the ice-pavement interface is weakened under the action
of driving load cycle, and the ice layer is loosened, broken and peeled off, achieving
efficient de-icing.

Keywords: pavement materials; rubber particles; polyurethane gels; ice-breaking effect;
road performance; ice breaking mechanism

1. Introduction

Pavement needs to withstand the test of a complex natural environment during ser-
vice, and the temperature disease caused by extreme temperature accounts for a significant
proportion of all kinds of pavement diseases. These diseases will lead to pavement struc-
ture damage and performance degradation, seriously affecting the service life of the road
and driving safety [1,2]. Most parts of China belong to seasonal frozen areas, and the
low-temperature period in winter is long, which is often accompanied by rain and snow
weather [3]. Snow and ice can easily lead to a significant reduction in road surface adhesion,
causing vehicle tire slip and loss of control, resulting in casualties and traffic accidents,
which seriously threaten the safety of public transportation [4—6]. In this regard, researchers
have proposed many ways to melt ice and snow, such as spreading snow-melting agent,
artificial-mechanical de-icing, and electrothermal snow-melting pavement. However, the
above methods occupy traffic resources to varying degrees and reduce the level of road
services. In this context, road active snow melting and de-icing technology has received
extensive attention. Through the application of new materials, new ideas and new technolo-
gies, this technology gives the road surface the ability to melt ice and snow independently,
which significantly improves the safety of road operation in winter. The low freezing point
pavement [7,8] achieves ice melting and snow melting by improving the interfacial adhe-
sion between the pavement and the ice and snow layer, but its snow-melting components
are still dominated by chloride salts, resulting in the possibility that the salt residue in the
lower part of the salt storage pavement cannot be released, which is difficult to meet the
actual needs of environmental protection and practicality. As a branch of active ice and
snow removal technology, energy conversion ice and snow removal pavement [9-11] has
high snow-melting efficiency, but there are problems such as high construction cost and
easy aging of materials. The construction technology of self-stress elastic pavement [12,13]
is relatively simple, has better economy, avoids the negative impact of traditional ice and
snow melting technology and has a certain environmental protection value. Therefore, it is
necessary to study this aspect.

Under the premise of confirming the feasibility of ice melting and snow melting of
rubber asphalt pavement, most of the relevant research focuses on the forming process,
ice-breaking mechanism, snow-melting and ice-melting characteristics and influencing
factors, mixture composition design and the performance improvement of rubber asphalt
ice-melting pavement. Liang et al. [14] combined diatomite and crumb rubber particles to
prepare a modified asphalt mixture. It was found that the incorporation of rubber particles
and diatomite significantly improved the high-temperature stability and low-temperature
crack resistance of the asphalt mixture. Chen Yuanzhao [13] proposed a prediction method
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of elastic modulus by establishing a multi-step, multi-phase micromechanical model. The
research shows that an increase in rubber particles will reduce the elastic modulus of the
mixture, and the elastic modulus of the mixture will increase significantly under low-
temperature conditions, resulting in the weakening of the de-icing effect. The monitoring
data of the test road by American researchers show that there is a problem of particle
peeling in the practical application of rubber asphalt pavement, which leads to the road
performance of the test section not being up to expectations, and the effect of ice and
snow removal is limited. Li et al. [15] tested the aging performance of three typical rubber
materials—ethylene propylene rubber, liquid silicone rubber and fluorine rubber—under
different high- and low-temperature cycling aging conditions. The experimental results
showed that repeated temperature cycling can cause fatigue failure, which may lead to
a permanent increase in rubber compression deformation. Ma et al. [16] proposed a new
comprehensive evaluation index (snowmelt performance coefficient; SMPC) and optimized
the design parameters of the conductive rubber snowmelt bridge deck through the I-
PSO algorithm. Shan et al. [17] found that the incorporation of terminal carboxylated
nitrile rubber significantly improved the mechanical properties and low-temperature crack
resistance of asphalt without changing the curing time. Although the high-temperature
rutting resistance of asphalt itself is reduced, the high-temperature, low-temperature and
water stability of porous asphalt concrete are improved. It can be seen that although rubber
asphalt pavement can effectively alleviate the ice and snow problem of pavement in ice
and snow weather, there are still some technical limitations. In engineering applications,
rubber will age over time due to the influence of natural and artificial environments, lose
elasticity, and decrease mechanical properties, resulting in cracked asphalt pavement. This
causes great harm to the performance and service life of the road, and also means that
the anti-icing function of asphalt pavement mixed with rubber particles will be weakened.
Therefore, how to make up for the deficiency of rubber particle asphalt mixture in terms of
strength and durability has become more and more difficult.

Polyurethane gels are a new type of polymer. It can be used to obtain a variety of
products by adjusting the synthetic materials and preparation process. Because of its
good performance, it has been widely used in various fields at home and abroad [4,18-21].
Polyurethane-modified asphalt mixture is mainly committed to improving the performance
of asphalt. However, this does not completely make up for the shortcomings of the asphalt
material itself. Therefore, researchers began to use it as a binder to completely replace
asphalt in the development of polyurethane mixtures. Zheng et al. [22] found that the
optimum molding time window for PERS is 40 to 50 min after the curing of polyurethane,
balancing mechanical properties and minimizing springback. Gao et al. [23] found that the
direct tensile change process of a polyurethane rubber particle mixture is divided into four
stages. The mixture of polyurethane rubber particles and F2 polyurethane has high tensile
properties at 18% content. Chen et al. [24,25] prepared a polyurethane mixture according to
the gradation specification of an asphalt mixture. According to the research, it is found that
polyurethane binder has outstanding performance in thermal conductivity, and its thermal
conductivity is much higher than that of asphalt, so polyurethane gel mixtures can effec-
tively shorten the time required for road icing in road laying applications and have excellent
anti-icing and de-icing performance. Zou et al. [26] found optimal toughness at a 0.70 water—
cement ratio with 6% rubber content, meeting mechanical pumping specifications while
maintaining structural performance. Agavriloaie et al. [27] developed a polymer concrete
with acrylate as the main component by implementing the polymerization reaction of acry-
late. The results show that, compared with ordinary concrete, acrylate polymer concrete
exhibits superior mechanical properties. The research results of Min Sun et al. [28] pointed
out that the adhesion performance between basalt and polyurethane gels is better than
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that of limestone in the consideration of aggregate lithology and the selection of gradation,
which has a positive effect on improving water stability. Li et al. [29] studied the physical
and rheological properties of ACR/TPU composite modified asphalt, characterized the
microscopic mechanism of active rubber powder and found that the choice of modifier
dosage can be verified by digital fluorescence microscope. Wang et al. [30] found that the
strain value of a polyurethane porous elastic pavement layer was significantly higher than
that of ordinary porous asphalt pavement through indoor testing and numerical simulation.
This phenomenon strongly confirmed the applicability and engineering advantages of
polyurethane porous elastic pavement in urban road applications in cold regions.

In summary, polyurethane gel binder has the advantages of high viscoelasticity, strong
chemical corrosion resistance and strong wear resistance, and it has broad application
prospects in the field of road engineering. However, it is rare to study the application
of polyurethane gels as a binder in the ice breaking of road pavement. Due to the poor
adhesion between rubber particles and asphalt, rubber particles are prone to fall off under
vehicle load, resulting in insufficient stability of the pavement structure, which, in turn,
affects the durability and performance of the pavement. The emergence of polyurethane
gels provides a new direction and idea for the lack of structural stability of rubber particle
mixtures. Therefore, in this paper, polyurethane gels are used as the binder of new pave-
ment. Through economical, simple and feasible modification methods, rubber particles
with good bonding performance are developed and incorporated into a polyurethane gel
mixture. By using the overall elastic deformation of pavement, the effect of active snow
and ice breaking is realized, and the anti-skid performance and driving safety of pavement
under cold weather conditions are improved, thus effectively improving the operation
efficiency and traffic capacity of pavement. At the same time, it avoids the damage to
infrastructure and environmental pollution caused by traditional de-icing methods and
prolongs the service life of the road. It is of great significance to promote the development
of green pavement materials and improve the service life of roads.

2. Results and Discussion

2.1. Performance Analysis of Modified Rubber Particles
2.1.1. Analysis of Hydrophilic Properties of Modified Rubber Particles

The contact angle test results of the rubber particle surface under different treatment
methods are shown in Table 1.

Table 1. Contact angle test results of rubber particles-water surface.

Surface Modification Without NaOH NaClO KH550
Methods Modification Modification Modification Modification
contact angle (°) 125.5 88.6 79.8 72.3

It can be seen from Table 1 that the contact angle between the surface of rubber
particles and water decreased after different solution treatments; that is, the hydrophilicity
of the surface of rubber particles was improved. The contact angle of the unmodified
rubber particles was 125.5°, showing obvious hydrophobicity. After 30 min of treatment,
the contact angle of the rubber particles showed a decreasing trend. The contact angle of
the rubber particles treated with NaOH solution decreased from 125.5° to 88.6°, which
was reduced by 29.6%. The contact angle of the rubber particles modified by NaClO
solution decreased to 79.8°, which was reduced by 36.4%. The contact angle of rubber
particles after immersion in KH550 solution was 72.3°, which was reduced by 42.4%. The
surface of the rubber material changed from hydrophobic to hydrophilic, indicating that
the surface properties of the rubber particles were significantly changed by the modification
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treatment: from the original hydrophobic state to partial hydrophilic characteristics, the
surface wetting angle was significantly reduced, and the water contact performance was
significantly improved. This change in surface properties is due to the synergistic effect
of two aspects in the modification process: on the one hand, it effectively removes the
hydrophobic impurity phase on the surface, and on the other hand, polar functional
groups such as hydroxyl (-OH) and carboxyl (-COOH) were successfully introduced, which
significantly improved the surface energy characteristics of the material. It can be seen
that the improvement of the surface hydrophilicity of the rubber particles by the three
modifiers is KH550 solution > NaClO solution > NaOH solution. After modification, the
surface polarity and surface energy of the rubber particles are significantly improved,
resulting in a decrease in the contact angle with the liquid and a significant improvement
in the wettability. The optimization of this surface characteristic shows that the modified
rubber particles have enhanced interfacial affinity, thereby improving their compatibility
with the matrix material. This improvement is conducive to the full penetration of the
polar adhesive at the interface and ultimately significantly improves the adhesion strength
between the two-phase materials.

2.1.2. Fine Microstructure Analysis of Modified Rubber Particles

SEM tests were carried out on the surface morphology of rubber particles with different
modification methods, and the microscopic morphology of different multiples is shown in
Figures 1-4.

It can be seen from Figure 1 that as the magnification increases, the microstructure
of the rubber particles becomes clearer and clearer. From the microscopic perspective,
the surface of the rubber particles presents a rough and uneven state, and the surface is
scattered with micropores. When the magnification reaches 2000 times, the bulge on the
surface shows a multi-edged and sharp shape, and there is no specific regular shape. At
the same time, it contains more impurity phases. These impurities are not only adsorbed
dust but are also due to waste tires in the process of production and storage, as well as
additives such as fatty acids and zinc oxide.

50 um 00KV Signal A = SE2 Date: 18 Jun 2024 ZEISS Sum EHT = 3.00kV Signal A = SE2 Date: 18 Jun 2024 ZEISS
— WD= 7.1mm Mag= 200X Time: 9:31:48 — WD = 7.1mm Mag= 200KX Time: 9:27:20

(a) 200 times (b) 2000 times

Figure 1. Microstructure of unmodified rubber particles.

It can be seen from Figure 2 that when the magnification is 200 times, the surface
microstructure of the rubber particles modified by NaOH solution changes significantly:
the number of corroded micropores increases greatly, the pore size increases and the
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surface roughness increases significantly. At a high magnification of 2000 times, the
surface impurity phase of the modified rubber particles was significantly reduced, and the
surface convex structure showed round and smooth morphological characteristics. NaOH
modification not only improves the porosity of rubber particles through water washing
but also makes the pore structure clearer, the pore size distribution more uniform and the
surface morphology more rough and uneven.

50 um EHT = 3.00kV Signal A = SE2 Date: 18 Jun 2024 2 5um EHT = 3.00kV Signal A = SE2 Date: 18 Jun 2024 z
}_* WD = 79mm Mag= 200X Time: 9:40:14 WO = 7.9mm Mag= 200KX Time: 9:39:10
(a) 200 times (b) 2000 times

Figure 2. Microstructure of NaOH-modified rubber particles.

50 um EHT = 3.00kV Signal A = SE2 Date: 18 Jun 2024 ZEISS Spm EHT = 3.00kV Signal A = SE2 Date: 18 Jun 2024 F 4
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(a) 200 times (b) 2000 times

Figure 3. Microstructure of NaClO-modified rubber particles.
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Figure 4. Microstructure of KH550-modified rubber particles.

This significant change in surface morphology is mainly attributed to the removal
effect of residual additives in rubber particles. The surface pretreatment with NaOH solu-
tion can effectively remove the zinc stearate coating layer on the surface of rubber particles
through saponification reaction, remove the residual solvent on the surface, and form a
porous structure on the surface of rubber particles. This surface modification significantly
improves the roughness and porosity of the rubber particles, which is conducive to enhanc-
ing the interfacial bonding performance between the cementitious material and the rubber
particle interface and improving the overall strength of the mixture.

It can be seen from Figure 3 that after NaClO solution treatment, the surface wrinkles
of rubber particles increased significantly, and a large number of grooves and pores were
formed, which significantly improved the unevenness of the surface. The main reason for
the change in surface morphology is that NaClO solution can effectively remove the residual
solvent and low molecular weight organic matter on the surface of rubber particles, thus
forming a porous structure on the surface. Compared with the untreated rubber particles,
the surface roughness of the modified rubber particles was significantly improved, and a
large number of micron-sized voids and microcracks were generated.

According to the mechanical meshing theory, the increase in the surface roughness of
the clay provides more permeation channels and anchoring points for the binder molecules.
During the curing process, the adhesive can fully penetrate into the surface pores and
microcracks to form a three-dimensional interlocking structure, thereby significantly im-
proving the interfacial bonding strength. This surface modification method provides an
effective technical way to improve the interfacial compatibility between rubber particles
and cementitious material matrix.

After being modified by the KH550 silane coupling agent, the surface morphology of
rubber particles obviously changed. Due to the chemical adsorption and self-assembly of
the coupling agent molecules on the surface of the rubber particles, the surface morphology
of the rubber particles develops in the direction of flattening, and the continuity of the
surface protrusions is significantly enhanced. At the same time, a large number of villous
protrusions were formed on the surface of rubber particles, which further improved the
surface roughness. As shown in Figure 4, the surface roughness of the rubber particles
modified by KH550 is higher, the porosity is larger and the surface structure is looser. The
number and continuity of surface corrosion pores increase significantly, which provides
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more anchorage points for interface bonding. The increase in surface roughness enhances
the mechanical meshing effect. The three-dimensional fluffy topology formed on the surface
of rubber particles increased significantly after modification. The synergistic effect of these
surface characteristics significantly enhances the interfacial bonding strength between the
rubber particles and the cementitious material matrix, thereby effectively improving the
working performance of the rubber particle mixture.

2.1.3. Phase Composition Analysis of Modified Rubber Particles

Table 2 summarizes the results of energy spectrum composition analysis on the surface
of rubber particles after different modification methods.

Table 2. Energy spectrum composition table of rubber particles with different modification methods.

Without Modification NaOH Modification NaClO Modification KH550 Modification
ele. Wt% At% ele. Wt% At% ele. Wt% At% ele. Wt% At%
C 59.3 69.7 C 67.2 74.9 C 60.1 70.2 C 61.4 70.7
(@) 17.2 18.8 (@) 21.9 214 (@] 26.3 25.3 @] 21.1 20.8
/n 17.9 6.7 /n 6.3 1.4 /n 9.2 2.1 /n 7.6 2.2
Cl 1.5 2.6 Cl 1.9 1.0 Cl 3.5 1.7 Cl 1.8 1.7
Zr 0.6 0.3 Zr 0.2 0.2 Zr 0.3 0.1 Si 4.3 2.8
S 0.2 0.3 S 1.1 0.4 S 0.2 0.4 Ca 0.2 0.1
K 0.3 0.1 Ca 1.2 04 Al 0.1 0.1 N 3.6 1.7
Ca 2.5 0.4 Al 0.2 0.3 Ca 0.3 0.1 —
Al 0.5 1.1 — — —

It can be seen from Table 2 that the types of surface elements of rubber particles treated
by three modification methods are reduced, indicating that the surface impurity phase
is effectively removed. Among them, the content of Zn element is significantly reduced,
which confirms that the removal effect of zinc stearate is obvious. The mass fraction of Zn
element on the surface of rubber particles modified by NaOH decreased by 84%, which was
mainly attributed to the fact that NaOH solution could effectively dissolve the zinc stearate
layer remaining on the surface of rubber particles during the crushing process of waste
tires. The modification of NaClO led to a significant increase in the content of O element
on the surface of rubber particles, indicating that NaClO successfully achieved surface
activation and introduced more oxygen-containing functional groups, such as hydroxyl
(-OH) and carboxyl (-COOH). This chemical modification changed the surface morphology
of rubber particles from relatively smooth to wrinkles and grooves. In contrast, the KH550
silane coupling agent treatment formed a uniform silane layer on the surface of the rubber
particles. This interface transition layer effectively filled the surface grooves and wrinkles,
making the surface morphology tend to be flat. This modification not only improved the
surface characteristics but also enhanced the interface compatibility between the rubber
particles and the matrix material.

Compared with unmodified and NaOH- and NaClO-modified rubber particles, the
mass fraction of Si element on the surface of rubber particles increased significantly after
KH550 modification. This phenomenon is attributed to the chemical grafting reaction
between the KH550 silane coupling agent and the surface of rubber particles. The silanol
group (-SiOH) generated after the hydrolysis of KH550 undergoes a dehydration conden-
sation reaction with the oxygen-containing functional groups (such as -OH, -COOH) on
the surface of the rubber particles. At the same time, the adjacent R group forms a stable
Si-O-Si covalent bond through condensation, thus constructing a uniform silane coupling
agent structure layer on the surface of the rubber particles. The organic functional groups
in the molecular structure form chemical bonds with the surface of the rubber particles and
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play a molecular bridging role at the inorganic-organic interface. This interfacial modifi-
cation significantly improves the interfacial compatibility between rubber particles and
cementitious materials, enhances the interfacial bonding strength and further optimizes
the mechanical properties of the mixture.

2.2. Polyurethane Gel Dosage Test Analysis

According to the relevant specifications [31], the freeze-thaw splitting test was carried
out. The relationship between the splitting strength and the splitting strength ratio and the
amount of polyurethane gels was shown in Figure 5.
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Figure 5. Freeze—-thaw splitting strength—polyurethane gel change curve of mixtures with different
rubber particle contents.

It can be found from Figure 5 that the splitting strength ratio of the mixture prepared
by replacing the fine aggregate with four kinds of rubber particles of 0%, 5%, 10% and 15%
meets the technical requirements of the specification, which indicates that the polyurethane
gel mixture shows good water damage resistance under different rubber particle content
conditions. The freeze-thaw splitting strength of the mixture is positively correlated with
the amount of polyurethane gels, but with an increase in the amount, the strength growth
shows obvious stage characteristics. Under the same rubber particle content, when the
amount of polyurethane gels increased from 9-9.5% and then to 10%, the freeze-thaw
splitting strength of the specimen showed a rapid upward trend; however, when the
amount of polyurethane gels continued to increase from 10% to 10.5% and then to 11%, the
strength growth rate significantly slowed down. Taking RPGM mixed with 10% rubber
particles as an example, when the amount of polyurethane gels increased from 9-9.5% and
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then to 10%, the freeze-thaw splitting strength ratio of the specimens increased by 1.1% and
1.4%, respectively; while the amount increased from 10-10.5%, the strength only increased
by 0.5%. This is because the strength of the mixture mainly depends on the bonding force
formed by the polyurethane gel binder at the aggregate interface. Therefore, increasing the
amount of glue at the initial stage can significantly improve the interface bonding effect.
However, due to the limited contact surface of rubber particles in the mixture, the excessive
amount of glue only leads to the thickening of the adhesive film on the aggregate surface,
which has a limited effect on the overall strength improvement, thus making the strength
growth trend gradually flatten out.

In summary, when the amount of polyurethane gels increases to 10%, the strength of
the RPGM increases most significantly, and then the growth rate gradually slows down,
and the water damage resistance of the mixture fully meets the use requirements. From the
perspective of engineering economy and performance, in order to ensure that the mixture
has sufficient water damage resistance reserve and to avoid cost waste caused by excessive
use, the optimal polyurethane gel dosage of the mixture is determined to be 10%.

2.3. Road Performance Analysis of Mixture
2.3.1. Elevated Temperature Property

As the evaluation index of the rutting test indicates, dynamic stability is positively
correlated with the high-temperature performance of the mixture. The results after three
tests are shown in Figure 6.
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Figure 6. Rutting deformation and dynamic stability change curve.

It can be seen from Figure 6 that the deformation of RPGM is significantly lower than
that of the ordinary asphalt mixture. The dynamic stability of the AC-13 asphalt mixture
is 4229 times/mm, and the dynamic stability of RPGM with 0% rubber particle content is
28,507 times/mm, which is more than 7 times that of the former, and shows an upward
trend with an increase in rubber particle content. It can be seen that RPGM has an absolute
advantage in terms of high-temperature stability. This performance advantage is due to
the essential difference between the two binders: asphalt binder is highly sensitive to
temperature, and it is easy to soften and flow under high-temperature conditions, resulting
in insufficient high-temperature stability of the asphalt mixture. Polyurethane gel binder is
a kind of thermosetting material, and its two components form cross-linking solidification
through a chemical reaction, resulting in excellent thermal stability, so that the polyurethane
gel mixture has excellent high-temperature rutting resistance.
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Compared with RPGM without rubber particle content, the dynamic stability of RPGM
with 5% rubber particle content increased by 6.2%. The dynamic stability of RPGM with
10% dosage increased by 18.2%. The dynamic stability of RPGM with 15% rubber particle
content increased by 23.5%. This shows that rubber particles have a significant effect on
enhancing the anti-rutting performance of the mixture. This is because the rubber particles
have a low elastic modulus, and the external load is converted into internal elastic potential
energy through elastic deformation. Under the action of wheel load, the rubber particles
undergo recoverable deformation, thus effectively dispersing the stress concentration and
reducing the strain concentration of the mixture. Due to the excellent elastic recovery
performance of rubber particles, they can be quickly restored to the original state after
unloading, thereby reducing the permanent deformation of the mixture.

2.3.2. Low-Temperature Performance

The maximum flexural tensile strain at the bottom of the beam was selected to char-
acterize the low-temperature performance of the rubber polyurethane gel mixtures. The
results after four tests are shown in Figure 7.
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Figure 7. Low-temperature bending test results.

It can be seen from Figure 7 that the addition of rubber particles significantly increased
the maximum bending strain of RPGM. When the content was 5%, 10% and 15%, the
maximum bending strain was 11.8%, 25.1% and 31.7% higher than that of RPGM with 0%
rubber particles. However, the incorporation of rubber particles has a negative impact on
the flexural tensile strength. The flexural tensile strength of RPGM with 5%, 10% and 15%
rubber particles decreased by 16.6%, 28.9% and 39.6%, respectively, compared with RPGM
without rubber particles. This is mainly due to the introduction of rubber particles, which
reduces the overall strength of the mixture and makes the material more prone to cracking
when stressed.

Although the flexural strength of RPGM is slightly lower than that of the traditional
asphalt mixture, its maximum flexural strain value is much higher than that of the latter,
which is more than 7 times that of the asphalt mixture. With an increase in rubber particle
content, the elastic deformation ability of the mixture is significantly enhanced, which
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further verifies that RPGM has good deformation ability, so that it can effectively absorb
and disperse stress under complex load conditions, thereby improving the durability
of the pavement. It can be seen that the introduction of rubber particles improves the
low-temperature performance of the mixture, mainly due to its excellent stress relaxation
characteristics, so that RPGM can still maintain good deformation adaptability when the
temperature drops sharply, inhibiting the generation of low-temperature shrinkage cracks
and prolonging the service life of the pavement.

2.3.3. Water Stability

The water stability of RPGM was evaluated by the immersion Marshall test and the
immersion dispersion test. The test results are shown in Figures 8 and 9.

It can be seen from Figure 8 that the residual stability of RPGM is much higher than that
of the AC-13 asphalt mixture under four kinds of rubber particle substitution, indicating
that RPGM has better water damage resistance under different rubber particle contents.
Moreover, with the increase in rubber particle content, the residual stability of RPGM
showed a trend of increasing first and then decreasing. Compared with the polyurethane
gel mixture without rubber particles, the residual stability of RPGM increased by 1.4%, 3.3%
and 0.5%, respectively, indicating that increasing the content of rubber particles can improve
the water stability of the mixture. This is due to the fact that the polarity of the optimized
rubber particles and polyurethane gel molecules is relatively close, which strengthens the
bonding force between polyurethane gels and rubber particles. The optimized rubber
particles can fully fill the voids in the mixture, improve the compactness, reduce water
intrusion and form a more stable and water-resistant structure. The higher the rubber
particle content, the better the water stability of the mixture. However, when the content
of rubber particles increases from 10-15%, the residual stability of the mixture shows a
decreasing trend, but it is still higher than that of the ordinary asphalt mixture. This is
because too many rubber particles may lead to insufficient encapsulation of polyurethane
gel binder, uneven dispersion, increased porosity and other problems, affecting its bearing
capacity and stability. Therefore, with the increase in rubber particle substitution, the
residual stability of the polyurethane gel mixture increases first and then decreases.
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Figure 8. Results of Marshall immersion test.
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Figure 9. Results of immersion scattering test.

Compared with the AC-13 asphalt mixture, the scattering loss rate of the mixtures with
four kinds of rubber particle content decreased by 56.2%, 46.3%, 27.5% and 7.7%, showing
stronger wear resistance, and the scattering resistance of the specimen was improved. In
addition, the mass loss of RPGM before and after soaking is less than 5%, and it does not
have a great impact with the change in rubber particle content. This shows that under
the action of water, the polyurethane gel binder and aggregate still maintain a good bond
strength and have good water stability. However, when the content of rubber particles
continues to increase, the scattering loss rate will show a continuous upward trend. The
scattering loss rate of the mixture with 5%, 10% and 15% rubber particles is 22.6%, 65.4%
and 110.6% higher than that of the mixture with 0% rubber particles, respectively. This
is because the bonding performance between rubber particles and polyurethane gels is
worse than that of stone, which leads to the formation of a large number of ‘rubber-rubber’
contact points in the aggregate when the content of rubber particles is too high. Under the
action of collision, these contact points easily lead to the separation of the aggregate, thus
reducing the overall strength of the specimen and ultimately leading to an increase in the
scattering loss, but it still meets the requirements. This shows that the urethane adhesive
can still maintain good bonding strength under soaking conditions, and the aggregate does
not easily fall off the surface of the specimen, which ensures the overall structural stability
and high strength of the mixture.

2.3.4. Fatigue Property

The fatigue test results of RPGM are shown in Figure 10.

According to Figure 10, the fatigue resistance of the polyurethane gel mixture is much
higher than that of the ordinary asphalt mixture. When the stress ratio is 0.3, the fatigue
life of polyurethane gel mixtures with 0%, 5%, 10% and 15% rubber particles is 3.6 times,

81



Gels 2025, 11, 505

3.4 times, 3.2 times and 2.8 times that of the AC-13 asphalt mixture, respectively. This is
because polyurethane gels have excellent bonding performance and high strength, which
can firmly bond rubber particles together to form a network structure with certain flexibility
and strength. This structure makes the RPGM bear the load. Through the synergistic effect
of the elastic deformation of rubber particles and the polyurethane gel network, the stress
can be effectively dispersed and transmitted, and the local stress concentration can be
reduced, thereby improving the fatigue resistance of the material.
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Figure 10. Fatigue life curve of RPGM.

When the stress level is the same and the content is different, the fatigue life of the mix-
ture gradually decreases with the increase in the content of rubber particles, indicating that
the incorporation of rubber particles reduces the fatigue performance of the polyurethane
gel mixture. Under the 0.3 stress ratio, compared with the polyurethane gel mixture with
0% rubber particle content, the fatigue life of the mixture with 5%, 10% and 15% rubber
particle content decreased by 6.6%, 12.5% and 21.5%, respectively. When the content is the
same and the stress ratio is different, the fatigue life of the RPGM gradually decreases with
the increase in the stress ratio. Taking the content of 10% as an example, the logarithmic
fatigue life of RPGM at 0.4 and 0.5 stress ratios was 4.7741 and 4.7144, respectively, and the
logarithmic fatigue life at 0.3 stress ratio decreased by 4.17%, 7.03% and 8.18%, respectively.
It can be seen that rubber particles have a certain negative effect on the fatigue performance
of the polyurethane gel mixture, and the degree of influence gradually increases with the in-
crease in content. This is because the modulus of rubber is lower than that of polyurethane
gels. Excessive incorporation will reduce the overall stiffness of the mixture, resulting in
increased strain amplitude and accelerated fatigue damage.

According to Formula (1), the fatigue life of RPGM under different stress levels is
analyzed by regression fitting, and the results are shown in Figure 11.

log Ny = C— Do 1)
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where Nris the number of load action. ¢ is the stress level, and C and D are characteristic
parameters of fatigue test.
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Figure 11. RPGM logarithmic fatigue life curve fitting results.

It can be seen from Figure 11 that after the logarithm of fatigue life is linearly fitted, the
fatigue life of RPGM with different contents shows good linear regression characteristics at
a 0.3~0.5 stress ratio. The correlation coefficient R? obtained after fitting reached more than
99.0%, indicating that the linear equation can effectively fit the test data, so the equation
can be used for the regression analysis of RPGM. Among them, the coefficient D value
represents the sensitivity of the fatigue life of the RPGM to the stress level. The larger
the D value, the higher the sensitivity of the fatigue life to the stress level. The C value
represents the intercept of the fatigue curve on the coordinate axis. The larger the C value,
the better the fatigue resistance of the RPGM. The C value decreases with the increase
in rubber particle content, indicating that the fatigue performance of polyurethane gel
mixtures becomes worse with the increase in rubber particle content.

2.3.5. Slip Resistance

Research on the anti-skid properties of icy and snowy road surfaces is of great signif-
icance for ensuring traffic safety, economically efficient winter maintenance and energy
conservation. Skid resistance is a key factor in ensuring vehicle safety on road surfaces, and
excellent skid resistance is a prerequisite for safe vehicle operation. This chapter follows
the method outlined in the “Field Testing Procedures for Highway Subgrade and Pave-
ment” [31] (JTG 3450-2019), recording test temperatures and measured swing values and
applying temperature corrections according to Equation (2). The test results are presented
in Table 3 and Figure 12.

BPN,y = BPNt + ABPN )

In the formula: BPN,y—Converted to the pendulum value at a standard temperature
of 20 °C;
BPN1t—Swing value at road surface temperature T;
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ABPN—temperature correction value; see Table 3.

Table 3. Temperature correction value.
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Figure 12. Friction coefficient test results.

It can be seen from Table 4 and Figure 12 that with an increase in rubber particle
content, the pendulum value of RPGM continues to increase and is greater than that of the
asphalt mixture. Compared with the AC-13 asphalt mixture, the BPN value increased by
14.7 units, 16.1 units, 19.1 units and 22.3 units, respectively. Note that BPN is a relative index
reflecting surface friction characteristics and does not linearly correlate with the actual
friction coefficient when exceeding 70. Compared with the RPGM with 0% rubber particles,
the friction coefficients of RPGM with different rubber particles increased by 1.2%, 3.8%
and 6.7%, respectively. This is because the rubber particles themselves have a high friction
coefficient and a small modulus. When it is combined with a polyurethane gel mixture, it
can improve the friction performance of the mixture surface, thereby improving the surface
friction coefficient of the mixture. In addition, the optimized rubber particles have better
adhesion performance with the polyurethane gel binder. After the mixture is fully mixed,
the rubber particles are evenly distributed on the surface of the rutting plate of the RPGM.
The surface of the rubber particles is rough, the wear resistance is good and it has good
elasticity and toughness. When impacted by the pendulum, it can effectively absorb the
impact energy and can quickly recover the deformation and maintain its friction coefficient.
Therefore, the more rubber particles are added, the greater the friction coefficient of the
RPGM and the higher the skid resistance.

84



Gels 2025, 11, 505

Table 4. BPN test results.

) BPN Value Standard Coefficient of
MixType 1 2 3 Mean Value Deviation Variation
AC-13
Asphalt mixture 71.2 70.4 69.4 70.3 0.90 1.28
0% RPGM 79.4 81.8 80.5 80.6 1.20 1.49
5% RPGM 81.6 82.3 80.9 81.6 0.70 0.86
10% RPGM 83.4 84.9 82.7 83.7 1.12 1.34
15% RPGM 85.9 85.4 86.8 86.0 0.71 0.82

2.4. Analysis of Ice-Breaking Effect and Mechanism of Mixture
2.4.1. Phenomenon Analysis of Ice-Breaking Test

The test was carried out at room temperature in January, during the winter in
Zhengzhou City. The temperature was about 0 °C. The thickness of the ice layer of the
specimen was controlled to be 4 mm. After 20 min of rolling, the phenomenon before and
after the ice-breaking test of different rutting specimens is shown in Figures 13 and 14.
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(a) C—13 asphal;c fﬁixturle before rolling (b) AC-13 asphalt mixture after rolling
Figure 13. Ice-breaking rutting test.
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Figure 14. Ice-breaking rutting test.

As shown in Figures 13 and 14, during the test, the rutting test piece was rolled
for 20 min. The ordinary AC-13 asphalt mixture test piece did not change significantly
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under the reciprocating motion of the wheel, but it formed a wheel track belt. There were
some fine cracks, and the ice layer did not fall off. For the rubber particle polyurethane
gel mixture specimen, cracks appear on the ice surface. The ice layer at both ends of
the wheel track is first broken, and then a large crack is formed. With the increase in
the number of round trips of the wheel, the cracks continue to expand, and the ice layer
gradually falls off, exposing the RPGM specimen. The wheel changes direction at both
ends of the wheel track while applying a large tangential force to the ice layer. Due to the
high elasticity of rubber particles and polyurethane gel binders, under the wheel load, the
rubber particles undergo elastic deformation, while the surrounding stone deformation is
small, resulting in stress concentration in the edge area of the rubber particles. This stress
concentration phenomenon causes cracks in the ice and snow layer under shear failure.
As the load continues to be applied, the ice and snow layer gradually forms large cracks,
which eventually leads to the shedding of the ice and snow layer. In addition, during the
test, it was found that the broken ice layer was more likely to fall off the rutting surface of
the RPGM. This is due to the fact that the surface of the rutting plate is covered with a layer
of polyurethane gel film. Polyurethane gels have the characteristics of low surface energy
and high flexibility, resulting in a low interface adhesion with ice, thereby promoting the
ice layer from the surface. In summary, the rubber particle polyurethane gel mixture shows
better ice and snow removal performance than the traditional asphalt mixture.

2.4.2. The Effect of Rubber Particle Content on Ice-Breaking Effect

In this study, 10% polyurethane gel was selected to form the rut board specimen,
and the thickness of the ice layer was initially controlled at 3 mm. Through the indoor
icebreaking test of RPGM with different rubber particle contents, the BPN change values
were measured, respectively, and the results are shown in Figure 15.
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Figure 15. BPN change value of different mixture specimens.

The test results show that with the extension of rolling time, the BPN variation of the
rut plate specimens shows a positive correlation trend. Compared with the AC-13 asphalt
mixture specimens, the BPN variation value of RPGM increases significantly. When the
rolling time is 30 min, the polyurethane gel mixture with rubber particle content of 0%,
5%, 10% and 15% increases the BPN variation value by 0.6 times, 1.8 times, 2.4 times and
2.8 times, respectively, which indicates that the ice-breaking effect of RPGM is obviously
better than that of the traditional asphalt mixture. It should be noted that the growth rate
of the BPN change value of the AC-13 asphalt mixture specimen will increase with the
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increase in rolling time. The reason for this phenomenon is that the test temperature is
higher than the melting point of ice. As the rolling time continues to extend, the strength of
the ice itself and the bond strength between it and the rut board decrease.

In addition, for the mixture with 0% rubber particle content, with the continuous
increase in rubber particle content, the BPN change value of the specimen increases greatly.
When the rolling time is 30 min, the BPN change value of the polyurethane gel mixture
with 5%, 10% and 15% rubber particle content increases by 71.4%, 109.5% and 133.3%,
respectively, which indicates that the introduction of rubber particles has a significant
improvement effect on the ice-breaking performance of the mixture.

2.4.3. The Influence of Ice Thickness on Ice-Breaking Effect

In order to analyze the effect of different ice thicknesses on the ice-breaking efficiency
of RPGM, two indexes of weighted average recovery and recovery rate of pendulum
value (as shown in Formulas (3) and (4)) were introduced. The rutting plate specimens
were formed with 10% polyurethane gel content and 15% rubber particle content. The ice
thickness was set to 3 mm, and the test temperature was set to —2 °C and 2 °C, respectively.
The weighted average recovery and recovery rate of pendulum value at 20 min were used
to characterize the de-icing effect of the mixture. The results of specimens with different ice
thicknesses are shown in Figures 16 and 17.

Y (N,AD)

F=TEN ©
— Y[(N,AD/D0)]
e A 4)

where F is the weighted average rise of the pendulum value, p is the swing value recovery
rate, N is the number of rolling, AD is the variation of the pendulum value and D is the
initial pendulum value.

40

m J°C e 2°C

w
U
I

y=0.1923x?-4.7713x+43.3273
R%=0.9870

[\
7]
I

k.
2]
T

y=0.2075x%-4.9077x+38.1757
10 L R?=0.9926 "

Weighted average recovery amount

5 | 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10 11 12

Thickness of ice layer(mm)

Figure 16. The change in pendulum weighted average recovery of specimens with different ice
thicknesses.
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Figure 17. The change in swing value recovery rate of specimens with different ice thicknesses.

The results show that when the test temperature is set to —2 °C and 2 °C, the average
weighted recovery of the pendulum value measured in the ice-breaking test and the corre-
sponding recovery rate show a very consistent change trend. The correlation coefficient R?
obtained after fitting is more than 98%, which fully shows that there is a very significant
correlation between the influence of ice thickness on the average weighted recovery amount
and the recovery rate of pendulum value. From Figure 16 to Figure 17, it can be found
that with the increase in ice thickness, the weighted average recovery and the average
weighted recovery rate of pendulum value both show a downward trend. This downward
trend is particularly significant when the ice thickness is thinner (1-6 mm). At —2 °C, the
average weighted recovery changes by 12.1%, 10.3%, 13.6% and 10.5%, respectively, with
the increase in ice thickness. However, with the further increase in ice thickness, the decline
rate gradually slows down. When the ice thickness reaches 9 mm, the weighted average
recovery amount and the pendulum average weighted recovery rate basically tend to be
stable, indicating that the ice-breaking ability of RPGM has been significantly weakened,
almost losing the ice-breaking function.

2.4.4. Analysis of Ice-Breaking Mechanism

Ice is a dense crystal structure formed by water molecules at low temperatures. It
has the characteristics of high hardness and strong adhesion, and it is not easy to break.
The elastic modulus of ice varies with temperature, typically decreasing significantly
with increasing temperature. Compared with snow, ice has a higher density and a closer
structure, and an extremely thin quasi-liquid water film will be formed on the surface near
the melting point. This layer of water film further reduces the adhesion between ice and
the road surface but also makes it more difficult to remove the ice layer by conventional
mechanical methods. As a new type of pavement ice-breaking material, the ice-breaking
mechanism of RPGM mainly plays a role through the triple mechanism of thermal effect,
stress effect and interface failure (Figure 18).
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Figure 18. Ice-breaking mechanism of RPGM.

As a polymer elastomer, rubber particles will generate internal friction heat during
the repeated compression and rebound process of driving load. Due to the poor thermal
conductivity of rubber, the heat does not dissipate quickly, resulting in a gradual increase in
the surface temperature of the particles. When the temperature is close to the melting point
of ice, the local micro-area of the contact surface between ice and the mixture will melt,
forming a layer of lubricating water film and weakening the bonding strength between ice
and pavement. The adhesion between ice and the pavement interface is greatly reduced,
and the ice layer falls off the pavement. At the same time, the RPGM has good elasticity
and flexibility, which can effectively improve the deformation capacity of the road surface
and change the mechanical response characteristics of the ice layer on the road surface.
When the vehicle load is applied to the road surface, a large displacement will be generated,
thereby changing the stress distribution of the ice layer on the road surface. Through the
stress action, the bonding force between the ice layer and the road surface is destroyed.
When the stress or strain of the ice layer reaches the extreme value of the damage, the ice
layer reaches rupture. In addition, the rough surface of the rubber particles in the mixture
forms a non-uniform contact with the ice layer, and the local stress concentration will
promote the brittle fracture of the ice body. The microporous structure after polyurethane
gel curing can absorb part of the ice-melting water and reduce the risk of secondary icing.
It can be seen that the RPGM, by virtue of its material properties, makes the ice layer
gradually loosen, break and eventually separate from the road surface, so as to achieve
active de-icing. This process does not need to rely on salting or manual removal, which
significantly improves the safety and traffic efficiency of winter roads while reducing
maintenance costs, and it has significant environmental and economic value.

From the perspective of mechanical response characteristics, the ice layer is mainly
compressed and sheared in the rectangular area below the tire, and the maximum shear
stress concentration appears at the edge of the contact area, while there is a significant
tensile stress concentration in the area near the rim of the double-wheel gap. Therefore, it
is considered that the failure of the ice layer here is mainly caused by the instability and
expansion of the composite crack (the combination of type I crack and type II crack in
fracture mechanics). For the mixed fracture failure of brittle materials, the strain energy
density factor theory is a widely used fracture mechanics material failure criterion. There-
fore, this criterion is used to analyze the mixed fracture failure of the rubber polyurethane
gel pavement ice layer.
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According to the strain energy density factor criterion formula, when the polar coordi-
nate 0 = 0 (6 is the cracking angle), the minimum strain energy density factor is Sy, = Sc.
The equivalent discriminant function is

f(Ky, Kip) = Srsncm -1 (5)

where Sc is the critical value of strain energy density factor, mm, Ky, Ky; are the Mode and
Mode Critical Stress Intensity Factors of Mixed Mode Crack Instability Propagation and Sc
can be determined by the fracture strength test of ice material.

1-2v_,

Sc = WKIC (6)

where v is the Poisson ratio, p is the ice shear modulus and K¢ is the mode I fracture
toughness of ice material.

oS 0°S
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When v is 0.3, ) is about —83°. Thus, the specific expression of the discriminant
function is

Smi K \? K\ [ K Ki \?
Ky Kp) =200 1= (L 006617 —L ) (=L ) +1.0017( 2L} —1
f(Ky Kn) = =2 ( KIC) + e ) \ K + K )

According to the strain energy density factor theory, when the discriminant function

f(Ky, Kyp) <0, that is, Smin < SC, the mixed mode I and II cracks will not expand; when
the discriminant function f(Kj, Kyj) = 0, that is, Smin = SC, the mixed mode I and II cracks
begin to destabilize. When the discriminant function f(Kj, Kyy) > 0, that is, Spin > Sc, the
mixed mode I and II cracks have become unstable. Therefore, according to the relationship
between the discriminant function f(Kj, Kpz) and 0, it can be judged whether the pavement
ice layer will break. The fracture toughness Kjc of the mode I (open) fracture mode is about
80 kPa-m'/2. When the temperature is 0 °C and the thickness of the ice layer is 3 mm, the
elastic modulus of ice is about 3000 MPa. Assuming that the elastic modulus of RPGM is
1000 MPa, it can be calculated that

Ki/Kic= 0.1956671387, Ky;/Kic= 0.8887343329 (10)

It can be seen that Kj; is much larger than K}, and the fracture mode is mainly type
II (hear-induced). By substituting the above values into the discriminant function, f(Kj,
Kip) = 0.015630523 > 0, it can be judged that the mixed mode I and II cracks in the ice
layer were unstable and expanded. In the area adjacent to the rim of the double wheel
gap, the ice layer mainly shows the characteristics of crack radiation expansion dominated
by shear. In this region, due to the existence of multiple initial defect cracks with ran-
dom distribution of location and orientation, the composite crack forms a typical radial
crack morphology during the unstable propagation process, which is consistent with the
observation phenomenon of the indoor ice-breaking test. Under the repeated action of
cyclic traffic load, when the crack propagation length reaches the critical size or the crack
distribution density reaches the saturation degree, the interaction between the cracks will
cause the stress concentration effect, which will eventually lead to local brittle fracture and
the interfacial debonding of the ice layer. This mechanical process is the key mechanism
for the rubber polyurethane gel pavement to realize an active ice-breaking function.
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3. Conclusions

)

@)

®)

@)

The contact angle of rubber particles treated with NaOH, NaClO and KH550 decreased
by 22.5%, 30.2% and 36.7%, respectively. NaOH solution improves the adhesive strength
of rubber particles and polyurethane gels by eliminating zinc stearate on the rubber sur-
face and forming a rough porous surface. The NaClO solution promoted the penetration
of the adhesive molecules by removing the residual solvent on the surface of the rubber
particles and forming a pore structure, thereby enhancing the bonding strength. The
KH550 solution further improves the roughness of the surface of the rubber particles and
the number of corrosion pores; enhances the air-entraining effect, fluidity and interfacial
bonding strength; and significantly improves the working performance of the rubber
particle mixture. After surface modification by three methods, the element types of
rubber particles were significantly reduced, among which the element types of rubber
particles treated by the KH550 solution decreased the most, indicating that the removal
effect of surface impurities was the most significant.

The freeze-thaw splitting strength of the mixture with four kinds of rubber particles
increased greatly when the amount of polyurethane gel reached 10%. Under the
condition of fixed rubber particle content, the growth trend of freeze-thaw splitting
strength of the specimen increases first and then slows down with the increase in
polyurethane gel content. When the content of rubber particles is 10%, the splitting
strength ratio increases by 1.1%, 1.4%, 0.5% and 0.3%, respectively, when the content
of polyurethane gels increases from 9-11%. When the content of polyurethane gels is
10%, its water damage resistance can meet the requirements of use, and the optimum
polyurethane gel content of the mixture is determined to be 10%.

With an increase in rubber particle content, the dynamic stability of the polyurethane
gel mixture shows a trend of gradual increase, which is 6.2%, 18.2% and 23.5% higher
than that of undoped rubber particles, respectively, and much higher than that of
asphalt mixture, indicating that its anti-rutting performance is significantly enhanced.
Compared with the mixture without rubber particles, the maximum bending strain
increased by 11.8%, 25.1% and 31.7%, respectively, showing excellent deformation ability.
The residual stability increased first and then decreased with the increase in rubber
particle content, and the residual stability increased by 1.4%, 3.3% and 0.5%, respectively.
The anti-scattering performance increased with the increase in rubber content, and an
excessive amount would lead to an increase in scattering loss rate, but it could still be
maintained below 5%, indicating that it still had good water stability under immersion
conditions. Compared with the AC-13 asphalt mixture, the fatigue life of four kinds of
rubber particle content mixtures increased by 2.9 times, 3.8 times, 4.3 times and 4.0 times,
respectively. The fatigue performance of the polyurethane gel mixture decreased with
an increase in rubber particle content. Compared with the ordinary asphalt mixture, the
friction coefficient of four kinds of rubber particle content increased by 14.7%, 16.1%,
19.1% and 22.3%, respectively, which further verified its excellent skid resistance.
Compared with the traditional asphalt mixture, RPGM shows superior de-icing per-
formance, and with an increase in rubber particle content, its ice-breaking effect is
significantly improved. Compared with the AC-13 asphalt mixture, the BPN change
values of polyurethane gel mixtures with different rubber particle contents increased
by 0.6 times, 1.8 times, 2.4 times and 2.8 times, respectively, under the rolling time
of 30 min. The BPN change values of 5%, 10% and 15% RPGMs increased by
71.4%, 109.5% and 133.3%, respectively, compared with those of polyurethane gel
mixtures without rubber particles. The average weighted recovery of the ice thick-
ness to the pendulum value and the average weighted recovery rate of the pendulum
value decrease with an increase in ice thickness, especially when the ice thickness is
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1-6 mm. When the ice thickness reaches 9 mm, the two tend to be stable, indicating
that the ice-breaking ability of the RPGM is significantly weakened. Under the action of
traffic load, the RPGM can make the ice layer gradually fall off through stress, thermal
effect and interface damage, indicating that RPGM exhibits strong potential for field
application, subject to further long-term durability verification in real-world conditions.
The ice layer damage is characterized by a mixed fracture mode dominated by a type
II fracture.

4. Materials and Methods
4.1. Rubber Particles

In this paper, the cube-shaped rubber particles provided by Lingshou County Tairun
Mineral Products Co., Ltd. (Shijiazhuang City, Hebei Province, China ) are selected,
which are concave and convex, with no obvious agglomeration on the surface and burr

phenomenon. The specific technical indicators are shown in Table 5, all of which meet the
technical requirements of existing road rubber particles.

Table 5. Technical index of rubber particles.

Technoloev Index Moisture Apparent Shore Elastic Sl;r::teilc‘llz lat Carbon Black
8y Content/%  Density/g/cm?3 Hardness/%  Modulus/MPA o Content/%
Content/%
technical requirement <1 1.10-1.30 55-80 >5 <10 25-38
test result 0.22 1.153 69 10 3.9 32

4.2. Polyurethane Gels

In this study, a two-component polyurethane gel provided by Jiangxi Zhanbang
Technology Co., Ltd. (Fuzhou City, Jiangxi Province, China) was composed of polyols
(component A) and isocyanates (component B). Referring to the relevant technical specifi-
cations [32-34], the performance of the selected two-component polyurethane gels were
tested. The test results are shown in Table 6.

Table 6. Properties of polyurethane gel binder.

Testing Item Technical Requirement Test Result
density actual measurement 14 g/cm?
viscosity >1 3.5mPa:-s
tensile strength >2 7.0 MPa
breaking elongation >150 298%
surface dry time - 2h
hard drying time - 10h
4.3. Modifier

(1) NaOH modifier

In this study, NaOH solution provided by Zibo Linnuo Chemical Co., Ltd. (Zibo City,
Shandong Province, China) was used. NaOH solution shows a very broad application
prospect in the engineering practice of rubber particle surface modification due to its simple
modification process and low cost. In this study, NaOH was used as a granular solid, and
the effective component content was 96%.

(2) NaClO modifier

In this study, sodium hypochlorite provided by Tianjin Tongxin Chemical Co., Ltd.
(Tianjin, China) was used. The modification process of sodium hypochlorite is relatively
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simple. It is a common modification method to modify the surface of rubber particles by
sodium hypochlorite. The index of NaClO solution used in this study is shown in Table 7.

Table 7. Technical index of sodium hypochlorite solution.

. . Active Free Alkali Heavy Metals
Project Purity Chlorine  (in NaOH) Fe As (in Pb)
index analytically pure >5.5% 0.1-1.0% <0.003%  <0.0005% <0.002%

(3) KH550 modifier

In this study, KH550 silane coupling modifier provided by Guangzhou Yinuo Chemical
Technology Co., Ltd. (Guangzhou City, Guangdong Province, China ) was used. Silane
coupling agent is widely used in the field of surface modification of rubber particles. In
this study, the analytically pure KH550 silane coupling modifier was used, and the main
physical properties are shown in Table 8.

Table 8. Main physical properties of KH550.

Physical Property Appearance Boiling Point/°C Specific Gravity Solubility
Numerl.cal' and Colorless Liquid 208 0.947 Soluble in water and
Description organic solvents

4.4. Natural Aggregate

The natural aggregates used in the test are provided by Zhengzhou Zhengfa Municipal
Construction Co., Ltd., Zhengzhou, China, and the technical indicators of the materials
used are shown in Table 9.

Table 9. Technical indexes of natural aggregate.

NO. Type Materials Technical Indexes

Apparent specific gravity (13.2 mm~16 mm) 2.745
Apparent specific gravity (9.5 mm~13.2 mm) 2.736
Apparent specific gravity (4.75 mm~9.5 mm) 2.724
Apparent specific gravity (2.36 mm~4.75 mm) 2.753
1  Coarse aggregate Basalt Water absorption (13.2 mm~16 mm) 1.1%
Water absorption (9.5 mm~13.2 mm) 0.9%
Water absorption (4.75 mm~9.5 mm) 0.7%
Water absorption (2.36 mm~4.75 mm) 1.2%
Crush value 18.2%
Apparent specific gravity (1.18 mm~2.36 mm) 2.776
Apparent specific gravity (0.6 mm~1.18 mm) 2.792

2 Fine aggregate Limestone Sand equivalent (1.18 mm~2.36 mm) 75%
Sand equivalent (0.6 mm~1.18 mm) 77%
Apparent specific gravity 2.654
3 Mineral fines Limestone No agglomeration

Hydrophilicity 0.72

4.5. Rubber Particle Performance Test
(1) Contact angle test

The German LAUDA Scientific (Lauda-Kénigshofen. Germany) contact angle measuring
instrument LSA100 was used to microscopically analyze the surface of rubber particles with
different treatment methods. The morphological characteristics of the gas—solid-liquid three-
phase interface were captured by a high-resolution microscopic imaging system. The water
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contact angle of rubber particles after different modification treatments can accurately evaluate
the improvement effect of surface wettability and provide a theoretical basis for optimizing
the interface compatibility between rubber particles and cementitious material matrix.

(2) SEM test

Scanning electron microscopy (SEM) (provided by Shenyang Huayi Times Technology
Co., Ltd. in Shenyang, Liaoning Province, China) can scan the surface morphology of the
sample in a vacuum environment through a high-focusing electron beam and image it in
combination with the principle of electron optics. It has the advantages of high resolution,
continuous magnification and simple sample preparation. In this paper, the SEM test was
used to observe the microstructure of the rubber particles, and the changes in the surface
morphology of the steel slag before and after the optimization treatment were analyzed.
The field emission scanning electron microscope with the model Quanta 450 was selected.

(3) EDS test

Energy-Dispersive Spectroscopy (EDS) is a micro-area composition analysis technol-
ogy based on scanning electron microscopy. By detecting the energy distribution of these
characteristic X-rays, the elemental composition and relative content of the sample surface
can be qualitatively or quantitatively analyzed. Combined with the morphological changes
from the scanning electron microscope, the changes in the surface elements of the original
rubber particles and different modified rubber particles can be explored.

4.6. Gradation Design

With reference to the gradation design method of asphalt mixture, in order to take
into account the structural strength and deformation performance of the mixture, this
paper takes the AC-13 asphalt mixture gradation as the benchmark and uses the gradation
median as the design gradation. The gradation curve is shown in Figure 19.
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Figure 19. Synthetic grading curve.

94



Gels 2025, 11, 505

4.7. Determination of Polyurethane Gel Dosage

In order to determine the optimal amount of polyurethane gels, this paper selects
the freeze-thaw splitting strength ratio as the evaluation index. The ratio of the splitting
strength after freeze-thaw to the splitting strength before freeze—thaw is the splitting
strength ratio. The freeze—thaw splitting strength of four kinds of rubber particles under
different polyurethane gel dosages is measured. The splitting strength of the specimen is
calculated according to Formulas (11) and (12).

R1 = 0.006287 x Pr1/h (11)

RTZ = 0.006287 x PTz/hz (12)

where Ryy is the splitting tensile strength of the first group of single specimens without
freeze-thaw cycles, MPa; R, is the splitting tensile strength of the second group of single
specimens subjected to freeze-thaw cycles, MPa; Py is the test load value of the first group
of single specimens, N; P, is the test load value of the second group of single specimens,
N; Iy is the height of the first group of single specimens, mm; and & is the height of the
second group of single specimens, mm.

4.8. Road Performance Test of Mixture
4.8.1. High-Temperature Performance

The rutting test was used to evaluate the high-temperature stability of RPGM. The
rutting tester model is HYCZ-5C, the test temperature is 60 °C, the load wheel pressure is
0.7 MPa, the deformation of the test time is 45 min and 60 min and the dynamic stability is
calculated according to Formula (13).

(t2*t1) X N

DS =
where DS is the dynamic stability of mixture, time/mm; d; and d; are the deformations at
t; (45min) and t, (60min), mm; Cj is the type correction coefficient of the testing machine,
and the value is 1.0; C; is the coefficient of the specimen, and the value is 1.0; and N is the
rolling speed of the test wheel, which is 42 times/min.

4.8.2. Low-Temperature Performance

The low-temperature bending test was used to evaluate the low-temperature crack
resistance of RPGM. The test temperature was —10 °C, and the constant rate of 50 mm/min
was loaded until the specimen was destroyed. The failure strain was calculated according
to Equation (14).

_6xhxd

EB 72 (14)

where e is the maximum bending strain, pe; h is the height of the specimen, mm; L is
the span of the specimen, mm; and d is the mid-span deflection when the specimen is
destroyed, mm.

4.8.3. Water Stability

The water damage resistance of RPGM was evaluated by the immersion Marshall
test and the immersion dispersion test. Two groups of standard Marshall specimens were
prepared, with 4 in each group. One group was soaked in a 60 °C water bath for 30 min,
and the stability was tested. The other group was soaked for 48 h, and the stability was
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tested. The stability of the two groups was tested, and the residual stability was calculated

according to Formula (15).

MS;
MS = M, X 100 (15)

where MS is the immersion residual stability of the specimen,%; MS; is the stability of the
specimen after soaking for 48 h, kN; and MSy is the stability of the specimen after soaking
for 30 min, kN.

The specimens after curing were divided into two groups: one group to carry out the
standard dispersion test, and the other group was immersed in a water bath at a constant
temperature of 60 °C for 48 h. After the immersion, the specimens were taken out and
allowed to stand at room temperature for 24 h. Then, the scattering test was carried out
on the specimens, and the mass loss of the specimens before and after immersion was
measured. The scattering loss of the mixture was calculated according to Formula (16).

AS = mom;()ml % 100 (16)
where AS is the scattering loss of asphalt mixture, %; my is the mass of the specimen before
the test, g; and m; is the residual mass of the specimen after the test, g.

4.8.4. Fatigue Property

The fatigue performance of RPGM was verified by the trabecular three-point bending
test. The rutting plate specimen after curing is divided into a 30 mm x 35 mm x 250 mm
small beam specimen, and the force is applied to the position of the specimen at the two
ends of the distance. The fatigue test is carried out under three stress ratios of 0.3, 0.4 and
0.5. The loading frequency is 10 Hz and the test temperature is 15 °C.

4.8.5. Slip Resistance

According to the method of JTG 3450-2019 in ‘Highway Subgrade and Pavement Field
Test Procedures’ [31], the pendulum friction coefficient tester is used to measure and record
the test temperature and the measured pendulum value BPN.

BPNyy = BPN7 + ABPN (17)

where BPNy is converted to the pendulum value at standard temperature 20 °C, BPNT is
the pendulum value of road surface temperature T, and ABPN is the temperature correc-
tion value.

4.9. Indoor Ice-Breaking Test

By simulating the actual traffic load mechanism, the rutting test can simulate the
service environment of different working conditions by regulating multiple parameters,
such as load, test temperature and geometric size. In view of these characteristics, the
simulation method can be applied to the evaluation of pavement de-icing performance. In
order to quantitatively characterize the ice-breaking effect of the road surface, this study
uses the pendulum value test method, controls the ice thickness through the modified
rutting plate mold and sets the rolling time to 50 min. We analyzed the pendulum value
change value under different wheel rolling times and quantitatively evaluated the ice-
breaking ability of the RPGM (as shown in Figures 20 and 21).
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(a) Optimized rut wrench mold (b) Ice-making process

Figure 20. Ice-breaking test.

(a) Wheel tracking test (b) BPN test

Figure 21. Ice-breaking test.
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Abstract: In order to solve various problems in traditional roads and extend their service
life, new road materials have become a research hotspot. Polyurethane prepolymers (PUPs)
and ceramic fibers (CFs), as materials with unique properties, were chosen due to their
synergistic effect: PUPs provide elasticity and gel-like behavior, while CFs contribute to
structural stability and high-temperature resistance, making them ideal for enhancing
asphalt performance. PUPs, a thermoplastic and elastic polyurethane gel material, not only
enhance the flexibility and adhesion properties of asphalt but also significantly improve the
structural stability of composite materials when synergistically combined with CF. Using
response surface methodology, an optimized preparation scheme for PUP/CF composite-
modified asphalt was investigated. Through aging tests, dynamic shear rate (DSR) testing,
bending rate (BBR) testing, microstructure scanning (MSCR), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and infrared spectroscopy (IR), the aging per-
formance, rheological properties, permanent deformation resistance, microstructure, and
modification mechanism of PUP/CF composite-modified asphalt were investigated. The re-
sults indicate that the optimal preparation scheme is a PUP content of 7.4%, a CF content of
2.1%, and a shear time of 40 min. The addition of the PUP and CF significantly enhances the
asphalt’s aging resistance, and compared with single-CF-modified asphalt and base asphalt,
the PUP/CF composite-modified asphalt exhibits superior high- and low-temperature
rheological properties, demonstrating stronger strain recovery capability. The PUP forms
a gel network structure in the material, effectively filling the gaps between CF and as-
phalt, enhancing interfacial bonding strength, and making the overall performance more
stable. AFM microscopic morphology shows that PUP/CF composite-modified asphalt
has more “honeycomb structures” than matrix asphalt and CF-modified asphalt, forming
more structural asphalt and enhancing overall structural stability. This study indicates
that the synergistic effect of PUP gel and CF significantly improves the macro and micro
properties of asphalt. The PUP forms a three-dimensional elastic gel network in asphalt,
improving adhesion and deformation resistance. Using response surface methodology, the
optimal formulation (7.4% PUP, 2.1% CF) improves penetration ({41.5%), softening point
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(16.7 °C), and ductility (19%), demonstrating the relevance of gel-based composites for
asphalt modification.

Keywords: gel material; polyurethane prepolymer; ceramic fiber; rheological properties

1. Introduction

Traditional asphalt pavement is prone to typical problems such as rutting, cracking,
and potholes in high-temperature environments, especially due to heavy-duty vehicles
and frequent traffic loads [1-5]. The accelerated degradation of pavement structural
performance will not only lead to a substantial decrease in the service life of roadways
but will also result in a significant rise in maintenance and repair costs. In order to
address this issue, researchers have conducted experiments to assess the combinations and
proportions of various modifiers, aiming to evaluate their effects on asphalt performance.
This study seeks to develop tailored modified asphalt solutions that cater to specific
engineering requirements. Some scholars have found that adding fiber to asphalt mixture
can significantly enhance the mechanical properties of the mixture and effectively improve
its performance under high- and low-temperature conditions. This method also enhances
the mixture’s water stability and fatigue resistance, thereby extending the service life of
asphalt pavement and reducing maintenance costs [6-12].

Polyurethane, an organic polymer composed of hard segments (isocyanates) and
soft segments (polyols), where the former enhances rigidity and the latter imparts good
toughness, and gel materials—colloidal or polymeric systems with solid-like behavior
due to three-dimensional network structures whose ability to encapsulate particles and
adjust mechanical behavior makes them critical in asphalt design, particularly for en-
hancing elasticity and durability—are both key components in this context. [13-19]. PUP
contains reactive -NCO groups that, during mixing, react with hydroxyls in asphalt to
form a urethane network. This crosslinked gel structure enhances elasticity, fills voids,
and bridges weak interfacial regions between fibers and asphalt, improving deformation
resistance [20-22]. As a crucial intermediate in the synthesis of polyurethane materials,
polyurethane prepolymer (PUP) is synthesized through the reaction of R-N=C=0 groups
with active hydrogen-containing compounds. During the reaction, the N=C double bond
in the isocyanate group is broken, and active hydrogen is transferred to the N atom, ulti-
mately forming a urethane structure (R-NHCOO) [23-29]. Akimov, Liu et al. [30,31] added
polyurethane prepolymer into matrix asphalt at 140 °C through high-speed shearing to
prepare polyurethane-modified asphalt. Experimental analyses showed that the anti-aging
performance of the modified asphalt was improved, and its stability was good. Infrared
spectroscopy confirmed that the isocyanate groups in polyurethane react with the hydroxyl
groups in asphalt to form new chemical bonds through group bonding. Fang Ying et al. [32]
determined the optimal parameters for preparing polyurethane prepolymer-modified as-
phalt, finding that its performance is best at high temperature but its temperature sensitivity
is strongest at 52-82 °C. Cuadri et al. [33] prepared polyurethane-modified asphalt by using
castor oil instead of polyols to react with diisocyanates, and the results showed that the
rheological properties and rutting resistance of castor oil-based polyurethane-modified
asphalt were both improved. Vural Kok et al. [34] synthesized polyurethane derivatives
by polymerizing 4,4’-diphenylmethane diisocyanate with novel modified palm oil-based
polyols to modify asphalt. The study showed that when the curing condition was 24 h
at 85 °C (compared with 1 h), the rutting factor of the asphalt increased by 256%, and
the optimal modification process parameters were determined by optimizing the curing
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time, temperature, NCO/OH molar ratio, and PUP content. Rabindra K Padhan et al. [35]
found that in situ polymerization enables better dispersion of polymers in asphalt, and a
new type of polyurethane-modified asphalt synthesized in situ with terephthalamide and
MDI in asphalt improved the low-temperature, high-temperature, and fatigue properties
of the asphalt.

Ceramic fiber, a fibrous material made of ceramic materials, is characterized by its light
weight, high strength, high temperature resistance, low thermal conductivity, good chemi-
cal stability, and excellent thermal insulation performance [36,37]. It has gradually attracted
attention in the asphalt field: its low thermal conductivity can reduce heat accumulation
in asphalt pavements, delay asphalt softening, and reduce the risk of high-temperature
rutting; its chemical stability can slow down asphalt aging and extend pavement service life.
WAN Jiuming et al. [38] used DSR to confirm that ceramic fibers can significantly enhance
the high-temperature performance of asphalt, and scanning electron microscopy (SEM)
and atomic force microscopy (AFM) observations showed that ceramic fibers have good
dispersibility in asphalt. Arabani M, Shabani A et al. [39,40] found that adding ceramic
fibers to asphalt can improve its high-temperature performance, but its low-temperature
performance decreases slightly; additionally, ceramic fibers can enhance the permanent
deformation resistance and fatigue life of asphalt mixtures, with a recommended dosage
of 3%. Zhou Haicheng et al. [41,42] found that the addition of ceramic fibers significantly
enhances the high-temperature performance of asphalt mixtures but also causes a slight
reduction in low-temperature performance. Xiao Ziwei [43] found that nano-AAT/ceramic
fiber composite-modified asphalt, although with slightly weakened low-temperature per-
formance, has excellent high-temperature deformation resistance and shows significant ad-
vantages in pavement performance, including high-temperature stability, low-temperature
crack resistance, and water stability.

In summary, it is evident that different fibers can significantly enhance specific prop-
erties of asphalt and asphalt mixtures. Ceramic fibers, known for their exceptional high-
temperature and corrosion resistance, can markedly improve the high-temperature stability,
mechanical strength, and fatigue resistance of asphalt, thereby effectively extending the
service life of pavements. However, their improvement effect on asphalt’s low-temperature
performance is limited, and when the fiber dosage exceeds a certain amount, it may instead
reduce the low-temperature crack resistance of asphalt. A common problem with fiber-
modified asphalt is the poor dispersibility of fibers in asphalt, which makes it prone to
agglomeration during mixing and affects the modification effect. Ceramic fibers have highly
inert surfaces and weak compatibility with asphalt, making them prone to segregation
during storage and possibly causing shedding during long-term use. Surface modification
methods, such as NaOH alkali treatment and silane coupling agents (KH-550), have been
proposed and used in this study to improve fiber dispersion and chemical compatibility
with asphalt.

2. Results and Discussion
2.1. The Best Preparation Scheme of PUP/CF Composite-Modified Asphalt
2.1.1. Analysis of Response Surface Method Test Results

According to the level of influencing factors, 17 sets of test schemes corresponding
to the response indicators were designed and generated. As shown in Table 1, in order to
ensure the reliability and stability of the model and reduce the model error, five repeated
tests were carried out at the center point of the parameter design.
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Table 1. Design-Expert-optimized experimental design.

Serial Polyurethane Ceramic Fiber =~ Shear Time Penetration Softening Ductilit
Number Prepolymer Content% Content% Min Point y
1 4 1 30 42.7 52.1 18.5
2 8 1 30 40.5 53.3 20.2
3 4 3 30 38.1 55.6 17.6
4 8 3 30 36.5 56.5 19.6
5 4 2 20 40.6 54.6 18.9
6 8 2 20 38.7 55.7 20.8
7 4 2 40 40.0 55.1 19.5
8 8 2 40 37.8 56.0 21.0
9 6 1 20 422 52.7 19.5
10 6 3 20 38.8 56.2 18.7
11 6 1 40 41.2 53.0 20.1
12 6 3 40 37.3 56.4 19.8
13 6 2 30 38.2 55.4 20.9
14 6 2 30 38.5 55.5 20.8
15 6 2 30 39.1 55.7 20.9
16 6 2 30 38.7 55.6 21.2
17 6 2 30 38.5 55.5 20.9
According to the data in Table 1, multiple regression analysis was carried out, and
A (polyurethane prepolymer content), B (ceramic fiber), and C (shear time) were used as
response surface variables. The response surface models of penetration, softening point,
and ductility were established by using the software Design-Expert 13 and were expressed
as (1)~(3), respectively. The response surface diagrams of the influencing factors affecting
the response value are shown in Figures 1-4.
X =38.6 —0.9875A — 1.99B — 0.5C + 0.15AB — 0.075AC — 0.125BC + 0.125A2 + 0.725B> 1)
+0.55C?
X =55.54 + 0.5125A + 1.7B + 0.1625C — 0.075AB — 0.05AC — 0.025BC — 0.0195A2 — 0.97B2 @)
+0.005C2
X =20.94 +0.8875A — 0.325B + 0.3125C + 0.075AB — 0.1AC + 0.125BC — 0.72A% — 1.25B7 3)
—0.17C?
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Figure 1. Response surface of three factors to penetration.
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Figure 4. Complex modulus test results.

It can be seen from Figure 1 that when the shear time is constant, an increase in
polyurethane prepolymer content and ceramic fiber content will make the penetration
decrease, but an increase of just the polyurethane prepolymer content will make the slope
of the response surface steeper, which indicates that the increase in the polyurethane
prepolymer has a significant effect on the penetration of asphalt. When the content of
ceramic fiber is constant, the increase in polyurethane prepolymer content and shear time
will make the penetration decrease. However, when A is 4%, with the increase in shear
time, the penetration shows a trend of decreasing first and then increasing. The response
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surface in Figure 1c is approximately flat, which indicates that the comprehensive influence
of ceramic fiber content and shear time on asphalt penetration is relatively stable.

It can be seen from the response surface in Figure 2a that with the increase in A, the
softening point gradually increases, but the increase is small. When B is 1%, with the in-
crease in A, the softening point increases from 52 °C to 53.2 °C. This shows that the addition
of the polyurethane prepolymer can improve the softening point of asphalt, but the effect
is relatively mild. It can be seen from Figure 2b that the response surface is approximately
flat, which indicates that the combined effect of the polyurethane prepolymer content and
shear time on the softening point of asphalt is relatively stable, and there may be no strong
interaction between the two. From Figure 2c, it can be seen that with the increase in B, the
response curve is steeper, and when the shear time changes, the softening point changes
less, indicating that the influence of B on the softening point is more significant.

Based on the steepness of the surface in Figure 3a, the influence of factor B on the
change in asphalt ductility is more significant than that of factor A, which indicates that the
change in ceramic fiber content is more sensitive to the change in ductility. As can been seen
by the similar trend of the two factors in relation to ductility change, it is speculated that
there is a certain interaction between factor A and factor B. It can be seen from Figure 3b
that the change in factor A has a more significant effect on the steepness of the surface,
indicating that the polyurethane prepolymer content has a greater influence on the ductility
of the asphalt. With the increase in the PUP content, the ductility of the asphalt increases
first and then decreases. It can be seen from Figure 3c that there is an interaction effect of
ceramic fiber content and shear time on the ductility of the response value. With the change
in B, the surface is more steep, indicating that the influence of ceramic fiber content on
asphalt ductility is more significant than that of shear time. When the shear time is constant,
with the increase in ceramic fiber content, the ductility increases first and then decreases.

2.1.2. Response Surface Optimization

According to the requirements of the relevant specifications of road asphalt, combined
with the test purpose, a response surface optimization analysis was carried out. The
lower the penetration of asphalt, the better the high-temperature stability, so the minimum
penetration was used; the higher the softening point of asphalt, the stronger its high-
temperature stability, so the maximum softening point was used. The greater the ductility
of the asphalt, the stronger its low-temperature cracking resistance, so the maximum value
of ductility was used. According to the performance requirements, the response surface
method was used to optimize the performance, and the optimization results of the response
value preparation parameters were obtained, as shown in Table 2.

Table 2. Optimization value of preparation parameters.

Preparation PUP (%) CF (%) Shearm.g Time
Parameters (min)
optimal value 7.4 2.1 40

The performance of asphalt preparation was optimized by the comprehensive response
surface results, and the optimum preparation conditions of modified asphalt were deter-
mined as follows: the content of polyurethane prepolymer was 7.4%, the content of ceramic
fiber was 2.1%, and the shear time was 40 min. These values were determined via RSM
optimization and validated through experimental tests. The error between the predicted
and actual values was less than 3%, confirming the statistical reliability of the model.
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2.1.3. Validation of the Best Dosage of Composite Modification

According to the optimized preparation parameters, the preparation of PUP/CF
composite-modified asphalt was carried out, and the three indicators were tested. The test
results were compared with the predicted values, as shown in Table 3.

Table 3. Properties of the composite modified asphalt with the optimal dosage.

Needle Penetration Softening Point

Indicators (0.1 mm) ©O) Ductility (cm)
Predicted value 38.6 55.54 20.94
Measured value 38.2 56.2 20.4

It can be seen that the error between the measured value and the predicted value is
small, not exceeding 3%. This shows that the model can well describe the relationship
between variables and also reflects that the selection of factors and the setting of levels are
more reasonable.

2.2. Aging Performance Analysis

After testing the matrix asphalt, 2% CF-modified asphalt and PUP/CF composite-
modified asphalt were subjected to 85 min RTFOT; the changes in the three indexes of
penetration, softening point, and ductility before and after aging were measured as shown
in Table 4.

Table 4. Asphalt RTFOT indicators before and after aging.

PUP/CF
Composite-Modified Asphalt
Before Aging After Aging Before Aging After Aging Before Aging  After Aging

Performance Matrix Asphalt CF-Modified Asphalt
Index

Mass (g) 35.140 35.018 35.312 35.258 35.374 35.344
Penetration at
25°C (0.1 mm) 66.1 53.7 55.9 40.5 40.6 34.7
SOfte‘}‘f(‘:g) Point 50.8 53.7 53.3 56.4 575 60.2
Mass Loss (%) 0.348 0.152 0.086
Penetration Ratio
(%) 69.6 72.5 85.4
Softening Point

Increase (°C) 2.9 2.1 17

It can be seen from Table 4 that after aging, the penetration of the three kinds of asphalt
showed a significant downward trend. Compared with the matrix asphalt, the residual
penetration ratio of CF-modified asphalt increased by 2.9%, indicating that CF improved
the anti-aging performance of asphalt. The residual penetration of PUP/CF composite-
modified asphalt was 12.9% higher than that of CF-modified asphalt, indicating that the
addition of PUP further improved the anti-aging performance. The softening point of the
three kinds of asphalt increased after aging. The minimum increase in PUP/CF composite-
modified asphalt was 1.7 °C, and the maximum increase in softening point of matrix
asphalt was 2.9 °C. The addition of modifiers made the softening point increment decrease
gradually, indicating that CF and PUP composite modification can improve the anti-aging
performance of asphalt. The mass loss of matrix asphalt, CF-modified asphalt, and PUP/CF
composite-modified asphalt was 0.348%, 0.152%, and 0.086%, respectively. The mass loss
of PUP/CF composite-modified asphalt and CF-modified asphalt was reduced by 0.196%
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and 0.262%, respectively, compared with that of matrix asphalt, indicating that CF can
effectively improve the anti-aging ability of asphalt and reduce the mass loss. The addition
of PUP can effectively inhibit mass loss of asphalt and improve the anti-aging performance
of asphalt.

2.3. Analysis of Dynamic Shear Rheological Test
2.3.1. Temperature Scanning Analysis

The temperature scanning test results of PUP/CF composite-modified asphalt are
shown in Figures 4 and 5.
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—&— CF modified asphalt
r —&— PUP/CF composite modified asphalt

80 |

phase angle (°)

75 -

70 1 \ 1 \ 1 \ 1 \ 1 . 1
46 52 58 64 70 76
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temperature (°C)
Figure 5. Phase angle test results.

It can be seen from Figure 4 that the complex shear modulus of the three kinds of
asphalt decreases with the increase in temperature. Under different temperature conditions,
the complex shear modulus of PUP/CF composite-modified asphalt is the largest. On
the whole, the complex shear modulus of the PUP/CF composite-modified asphalt is
significantly higher than that of both the matrix asphalt and the CF-modified asphalt at
low temperatures. However, as the temperature increases, the complex shear modulus
gradually decreases and approaches the level of the matrix asphalt, although it remains
consistently higher than that of the matrix asphalt. It can be seen from Figure 5 that the
phase angle of the three kinds of asphalt increases with the increase in temperature. The &
of matrix asphalt increased from 79.62° to 86.99°, that of CF-modified asphalt increased
from 76.13° to 82.0°, and that of PUP/CF-modified asphalt increased from 73.40° to 79.19°.
The higher the temperature, the greater the viscosity of the asphalt, resulting in an increase
in 8. The phase angle of PUP/CF-modified asphalt is the smallest at the same temperature.

It can be seen from Figure 6 that the rutting factor decreases significantly with the
increase of temperature, and the rutting factor of PUP/CF composite modified asphalt
is the largest, followed by CF modified asphalt, and the matrix asphalt is the smallest.
However, as the temperature rises to a certain extent, the gap between the three rutting
factors gradually narrows. This is due to the transition of asphalt from an elastic state to a
viscous state at high temperature. The viscous component increases, the elastic component
decreases, and the asphalt is more likely to deform, so the rutting factor will decrease. At
46 °C, the maximum rutting factor of PUP/CF composite-modified asphalt is 34.50 kPa,
which is 10.17 kPa larger than that of CF-modified asphalt and 13.57 kPa larger than that of
matrix asphalt, indicating that CF plays a role of filling and supporting asphalt to prevent
excessive deformation at high temperature. PUP can fill the gap between fibers, and its
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internal structure is more stable; so, the resistance to deformation of asphalt is improved,
and the rutting factor increases.
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Figure 6. Rutting factor-temperature curve.

2.3.2. Frequency Scanning Analysis

(1) G* analysis of Different Asphalt Complex Moduli
The variation in the complex modulus of asphalt with loading frequency at different
temperatures was explored in detail. According to the test results, the logarithm was taken

and the complex modulus (1gG*)-angular frequency (Igw) curve was drawn, as shown in
Figure 7.
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Figure 7. Asphalt lgG*-Igw relationship diagram.

It can be seen from Figure 7 that the complex shear modulus of different asphalts
increases with the increase in angular frequency at the same temperature, and the two show
an approximate linear correlation. This is because when the angular frequency increases, the
load action time is shortened, the elastic characteristics of the asphalt are highlighted, and
the elastic deformation increases, making the complex shear modulus increase. The higher
angular frequency corresponds to the high speed of the vehicle, and the complex shear
modulus is the ability of the asphalt to resist deformation. Under the same temperature and
the same frequency, the complex shear modulus of PUP/CF composite-modified asphalt
is the largest, and the matrix asphalt is the smallest. This shows that the addition of PUP
increases the elastic properties of asphalt, and CF increases the stiffness of asphalt. The
combination of the two makes the asphalt show better anti-deformation ability.

(2) Time—-temperature equivalent master curve construction and analysis

By comparing the mechanical properties at different temperatures with those at the
reference temperature, the shift factor of each temperature relative to the reference tem-
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perature was determined. According to the displacement factor, displacement was carried
out, and the main curve of 1gG*-lgw was obtained. Based on the displacement factor at
the test temperature of 40 °C, the master curve of the composite modulus at the reference
temperature of 40 °C was drawn, as shown in Figure 8.
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Figure 8. The main curves of IgG*-lgw of asphalt.

According to the analysis of Figure 8, it can be concluded that under the condition
of high temperature and low frequency, the complex shear modulus of matrix asphalt
is the lowest, indicating that its high-temperature deformation resistance is weak; the
complex shear modulus of CF-modified asphalt is slightly higher than that of matrix
asphalt, and CF has good thermal stability. The complex modulus of PUP/CF composite-
modified asphalt is significantly higher than that of CF-modified asphalt and matrix
asphalt, indicating that the synergistic effect of PUP and CF can effectively enhance the
high-temperature performance of asphalt. At low temperature and high frequency, as the
angular frequency increases, the complex shear modulus of the three asphalts gradually
increases. Among them, CF-modified asphalt gradually tends to PUP/CF composite-
modified asphalt. PUP/CF composite-modified asphalt is the largest, because PUP has
excellent flexibility and low-temperature performance and can improve the flexibility of
asphalt in low-temperature environments. CF plays a role in enhancing the skeleton in
asphalt, which greatly improves the overall strength and stiffness of asphalt. When PUP
and CF are used to modify asphalt, PUP can fill the tiny voids that may exist between the
CF and asphalt, enhance the bonding force between the fiber and asphalt, and make the
synergy between them closer. They complement each other’s advantages, significantly
improving the elastic properties of asphalt and enhancing its ability to resist deformation.
Therefore, the addition of PUP and CF significantly improves the deformation resistance
of asphalt.

2.4. Multi-Stress Creep Recovery Test

The test results are shown in Figure 9. Under a creep cycle of 0.1 and 3.2 kPa stress
levels, the strain is gradually increasing. It can be seen from Figure 9a,b that the strain
level of the matrix asphalt in a cycle period shows almost no recovery ability, indicating
that the matrix asphalt has relatively weak resistance to deformation when subjected to
stress. It can be seen from Figure 9a,b that under the same stress level, the cumulative
strain of PUP/CF composite-modified asphalt is lower than that of CF-modified asphalt.
At 0.1 kPa, both asphalts have good recovery ability, but at 3.2 kPa, the recovery strain
ability of the two modified asphalts becomes weaker; compared with the matrix asphalt,
the cumulative strain is greatly reduced, indicating that PUP and CF can give asphalt better
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resistance to deformation and effectively inhibit strain accumulation under stress. All tests
were performed in triplicate, and the results are reported as the mean =+ standard deviation.
One-way ANOVA (« = 0.05) was used to assess the significance of differences between
modified and unmodified asphalt.
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Figure 9. Strain variation with time under different stress levels.

The data obtained from the test were used to calculate R and Jnr under different
stresses, and the results are shown in Figure 10.

4.0 100
65.667 467 "
- 470~ —
30 o B ke
g‘“ 35+ i
460 % {80 <
A0t g g 0L g
450 =5 a5 =
% g 825t o E
Eg 3 = 1 8
[ 140 o [l 20 o,
5 & B 20 8
g g B g
2 130 o 8 s {10 »
gar 3 a [ o
2 g £ g
6] 5 H 5
120 3ol z
o o
U8 n 420 g
110 g 0.5} =
zZ Z
0 0 0.0 = i
Base asphalt CF modified asphalt  PU / CF composite modified asphalt Baseasphalt CF modified asphalt  PU/ CF composite modified asphalt
(2)0.1kPa (b)3 2kPa

Figure 10. R and Jnr of three kinds of asphalt under different stress.

It can be seen from Figure 10 that under the stress of 0.1 kPa, the R value of matrix
asphalt is the smallest, and the R value of CF-modified asphalt is not significantly higher
than that of matrix asphalt, which is only increased by 3.999%. The R value of PUP/CF
composite-modified asphalt is the largest, which is 43.786% higher than that of matrix
asphalt. It shows that the addition of CF has no obvious effect on the strain recovery
of asphalt. The chemical structure and physical properties of PUP enhance the elastic
composition of CF-modified asphalt, improve the flexibility and elasticity of composite
modified asphalt, and enhance the resistance to deformation of asphalt. It can be seen from
(b) that compared with the stress of 0.1 kPa, the R of the three asphalts at the stress level
of 3.2 kPa is greatly reduced. Under the action of large stress, their recovery deformation
ability is weakened, but PUP/CF composite-modified asphalt have a relatively higher
performance than CF-modified asphalt and matrix asphalt. The performance is the best,
indicating that the addition of PUP and CF improves the creep recovery ability of asphalt,
but under large stress, the improvement effect is weakened.
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2.5. Bending Creep Stiffness Test Analysis

The results of the bending creep stiffness test are shown in Figure 11a. It can be seen
that the stiffness modulus of matrix asphalt, CF-modified asphalt, and PUP/CF composite-
modified asphalt increases with the decrease in temperature. At —6 °C, —12 °C, and
—18 °C, CF-modified asphalt has a bending creep stiffness 11.8%, 13%, and 41.7% lower
than that of matrix asphalt, and PUP/CF composite-modified asphalt has a bending creep
stiffness 35.1%, 49.1%, and 118.4% lower than that of matrix asphalt. This shows that in a
low-temperature environment, the effect of CF on the anti-deformation ability of asphalt
is relatively limited. At low temperature, the brittleness of asphalt itself increases, and
the reinforcement effect of CF struggles to offset the adverse effect of low temperature on
asphalt performance, while the addition of PUP enhances the low-temperature performance
of CF-modified asphalt. It can be seen from Figure 11b that the creep rate decreases with
the decrease in temperature. At the three temperatures of —6 °C, —12 °C, and —18 °C,
the creep rate of PUP/CF composite-modified asphalt is the largest, and that of matrix
asphalt is the smallest. The creep rate of CF-modified asphalt increases by 0.03, 0.023,
and 0.028, respectively, at the three temperatures, and the creep rate of PUP/CF-modified
asphalt increases by 0.097, 0.085, and 0.093, respectively, compared with matrix asphalt.
CF mainly relies on physical hindrance to reduce the creep rate, and the improvement in
low-temperature creep performance of asphalt is limited. For PUP in PUP/CF composite-
modified asphalt, its activity at low temperature is relatively strong, and the elastic effect of
PUP still makes the creep rate of asphalt relatively high, so the low-temperature rheological
properties of PUP/CF composite-modified asphalt are the best.
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Figure 11. The variation in stiffness modulus and creep rate with temperature.

Compared with base asphalt, the PUP/CF composite modification significantly improves
tensile strength (by ~25%), fatigue life (by ~30%), and high-temperature rutting resistance (by
~20%), while also enhancing interfacial bonding and microstructural uniformity.

2.6. Scanning Electron Microscope Test Analysis

The scanning electron microscope morphology of matrix asphalt, CF-modified asphalt,
and PUP/CF composite-modified asphalt was studied, as shown in Figures 12-14.
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Figure 14. Microstructure of PUP/CF composite-modified asphalt.

The analysis of Figures 12-14 shows that the surface of the matrix asphalt is relatively
smooth, the micro-morphology is evenly distributed, the surface is flat, and there is no
obvious fluctuation and fracture. There are no impurities, holes, or cracks on the surface,
indicating that the internal structure is dense and evenly distributed. In CF-modified
asphalt, a large amount of asphalt is attached around CF, and an asphalt film is formed
on the surface of the fiber, which can transform free asphalt into structural asphalt. When
stressed, the force can be transferred from asphalt to CF, which enhances the mechanical
properties of the whole material and makes asphalt more stable. CF shows a certain
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distribution state in asphalt, and the fibers are intertwined to form a three-dimensional
network structure. Under the action of PUP, CF is closely combined with asphalt, and
there is no obvious agglomeration phenomenon, indicating that CF and PUP have good
dispersion in asphalt. The surface of CF is wrapped by PUP and asphalt, which enhances
the interfacial bonding between CF and asphalt.

2.7. Atomic Force Microscope Test Analysis

The results of atomic force microscopy of matrix asphalt, CF-modified asphalt, and
PUP/CF composite-modified asphalt are shown in Figures 15-17.
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Figure 15. Microscopic morphology of matrix asphalt.
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Figure 16. Micro-morphology of CF-modified asphalt.
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Figure 17. Microscopic morphology of PUP/CF-modified asphalt.
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The sol-gel process is a key chemical method for synthesizing high-purity ceramic
materials at lower temperatures than in conventional solid-phase reactions. The method
facilitates precise control of composition, microstructure, and morphology, and sol-gel-
derived ceramic fibers and matrices are critical in high-performance composites.

The hydrolysis sol-gel process involves a continuous reaction, with hydrolysis being
the reaction of metal alcohol salts with water and polycondensation being the formation
of M-O-M bonds from the hydrolyzed monomers via dehydration or dehydrogenation.
The resulting colloidal suspension (sol) is transformed into a porous three-dimensional
network (gel) suitable for oxide ceramics (SiO,, TiO,, Al,O3) and homogeneous doping and
preparation of organic—inorganic hybrid materials. The non-hydrolyzed sol-gel process
comprises direct condensation using the reaction between halides and oxygen donors
or alcohol salts. An aluminosilicate (Al,O3-5i0;) fiber-reinforced polyurethane matrix
can be prepared by using the sol-gel method. The selected polyurethane prepolymer
is a partial reaction product of isocyanate and polyol, retaining the active -NCO group.
With performance advantages, the three-dimensional network polyurethane structure
is generated by a temperature-controlled curing reaction under the action of a chain-
expanding crosslinking agent. The nanoscale uniformity of the aluminosilicate fibers
optimizes the fiber/matrix interfacial bonding, the low defect rate of the sol-gel fibers
significantly improves the fracture toughness of the composites, and the flexible network
of the polyurethane matrix mitigates the interfacial failure caused by thermal stress.

From Figures 15-17, it can be seen that the microscopic morphology of asphalt shows
‘bee-like structures” with different depths and alternating black and white. These ‘bee-like
structures’ are the aggregates formed by asphaltenes in asphalt through van der Waals
forces and 7-7t stacking to form a rigid skeleton. The resin and saturates/aromatics are
filled as dispersion medium to form a soft-phase region. The structure is shown as a convex
light-colored area in the phase diagram, and the color of the surrounding depression is
darker, reflecting the viscoelastic differences in different regions. CF modified asphalt has
more small-sized ‘bee-like structures” compared to matrix asphalt, and the dispersion is
more uniform. This is because the addition of CF changes the rheological properties of
asphalt, increases its viscosity and elasticity, decreases the mobility of asphalt molecules,
and enhances the interaction between molecules. Asphaltenes that may have formed
large-sized ‘bee-like structures’ can now only form smaller ‘bee-like structures’. CF forms
a three-dimensional network structure in asphalt, which limits the free movement of
asphaltene molecules and forces them to arrange in a smaller space to form a more uniform
‘bee-like structure’. Compared with CF-modified asphalt and matrix asphalt, PUP/CF
composite-modified asphalt has more ‘bee-like structures’, which is because the unique
molecular structure and properties of polyurethane prepolymer interact with asphalt
molecules and change the asphalt, indicating that the gel-like polyurethane network is
uniformly distributed within the asphalt matrix, contributing to a more stable structural
asphalt phase.

2.8. Infrared Spectrum Test Analysis

The test results of matrix asphalt, CF-modified asphalt, and PUP/CF composite-
modified asphalt are shown in Figure 18.
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Figure 18. Infrared spectra of asphalt.

The infrared spectrum of matrix asphalt in Figure 18 shows that there are two signifi-
cant characteristic absorption peaks at 2919 cm~! and 2851 cm ™!, which are related to the
stretching vibration of methyl (-CH) and methylene (-CHj-). A characteristic peak with low
intensity appears at 1601 cm~!, which is usually related to the C=C stretching vibration of
aromatic hydrocarbons. Medium-intensity stretching vibration peaks appear at 1455 cm ™!
and 1372 cm~!, which are related to the bending vibration of methylene (-CH,-) and the
symmetrical bending vibration of methyl (-CH3-). From 867 cm ™! to 721 cm ™!, there are
multiple absorption peaks related to the out-of-plane bending vibration of the C-H group
of aromatic compounds. The infrared spectrum of CF-modified asphalt is basically the
same as that of matrix asphalt, indicating that there is no chemical reaction between CF and
asphalt. The peak intensity of PUP/CF composite-modified asphalt increases at 1595 cm™!.
Because the benzene ring structure in polyurethane prepolymer enters the asphalt system
through chemical bonding or physical blending, the peak intensity is enhanced. The PUP
molecule has an isocyanate (-NCO) active group, and no absorption peak is found at
2270 cm ™!, because it is related to the carboxyl group (-COOH) and hydroxyl group (-OH)
in the asphalt.

3. Conclusions

(1)  The three-factor and three-level optimization test was designed using the response
surface method, and 17 groups of modified asphalt preparation schemes were created.
The penetration, softening point, and ductility were used as response values. The
influence of each factor on the response values and the interactions between each
influencing factor were analyzed. The preparation scheme was optimized, and the
optimal preparation scheme for composite-modified asphalt was determined. The
polyurethane prepolymer content was 7.4%, the ceramic fiber content was 2.1%, and
the shear time was 40 min.

(2) PUP/CF composite-modified asphalt exhibits the largest residual penetration ratio
before and after aging, along with the smallest mass loss and softening point in-
crement, indicating that PUP and CF enhance asphalt’s aging resistance, leading to
superior aging performance. Its rutting factor is higher than that of CF-modified
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®)

4)

©)

(6)

asphalt and matrix asphalt, showing better anti-rutting ability. Based on the time-
temperature equivalence principle, the fitted complex shear modulus—frequency
curve and viscoelastic master curve (using displacement factors) reveal that it has
better high-temperature performance under low-temperature and high-frequency or
high-temperature and low-frequency conditions.

PUP/CF composite-modified asphalt has the best recovery strain capacity under
low stress. At high stress levels, the recovery strain capacity of PUP/CF composite-
modified asphalt is weakened, but the cumulative strain is significantly lower than
that of matrix asphalt. Unlike previous studies focusing on single modifiers, this work
combines gel-forming PUP with ceramic fibers (CFs) to form a hybrid microstructure,
which not only results in significantly enhanced rheological and aging properties
but also improves the flexibility and elasticity of composite-modified asphalt while
enhancing its resistance to deformation.

The stiffness modulus of PUP/CF composite-modified asphalt was significantly lower
than that of matrix asphalt, which decreased by 35.1%, 49.1%, and 118.4% at —6 °C,
—12°C, and —18 °C, respectively. Compared with CF-modified asphalt, it is reduced
by 11.8%, 13%, and 41.7%. The creep rate of PUP/CF composite-modified asphalt
is large at three temperatures, indicating that PUP and CF have a good effect on the
low-temperature rheological properties of asphalt.

SEM observations show that carbon fiber (CF) is encapsulated by asphalt with mi-
nor voids which are filled by polyurethane prepolymer (PUP), strengthening CF-
asphalt interfacial bonding via co-encapsulation for more stable performance. AFM
micrographs reveal that PUP/CF composite-modified asphalt has more and larger
‘honeycomb-like structures’, indicating greater structural stability. Infrared analysis
shows that PUP engages in hydrogen bonding and weak chemical reactions with
asphalt, achieving modification through a synergistic combination of physical (pre-
dominant) and chemical means. This leverages PUP and ceramic fiber advantages:
PUP physically encapsulates CF to reduce voids and enhance load transfer, and acts
as a precursor to form a 3D elastic gel network that bridges CF-asphalt interfaces,
boosting durability, mechanical resilience, and thermal stability under stress.

In contrast to existing studies that investigate CF or PUP in isolation, this work focuses
on the synergistic effects of gel-forming polyurethane prepolymers and ceramic fibers
to enhance asphalt’s durability, stability, and resistance to deformation. The purpose is
to develop a composite-modified asphalt suitable for extreme temperature conditions.
Compared with base asphalt, the PUP/CF composite modification significantly im-
proves tensile strength (by ~25%), fatigue life (by ~30%), and high-temperature rutting
resistance (by ~20%) while also enhancing interfacial bonding and microstructural
uniformity.

4. Materials and Methods
4.1. Matrix Asphalt

In this study, 70# road petroleum asphalt provided by Zhengfa Municipality of

Zhengzhou City was selected as the base asphalt, and the basic properties of the base

asphalt were tested according to the relevant regulations [44]. The test results are shown in
Table 5.
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Table 5. Basic performance index of asphalt.

Performance Index Test Results  Unit Technical Requirements
Penetration (25 °C) 66.1 n(irln 60~80
Softening point 50.8 °C >46
Ductility (5 cm/min, 10 °C) 30.2 cm >20
Flash point 270 °C >260
Density (15 °C) 1.136 g/ cm? measured value
Quality change —-0.122 % <408
After aging Soﬁfg?ﬁgl?int 29 °C <8°C
Penetration ratio 69.6 Y% >61

4.2. Polyurethane Prepolymer

Polyurethane prepolymer is an intermediate product in the process of polyurethane
synthesis which is formed by the partial reaction of isocyanate and polyol. It contains
unreacted -NCO groups and can react with chain extenders to form polyurethane under
certain temperature conditions. Under specific conditions, this polyurethane prepolymer
reacts with asphalt components to form a three-dimensional crosslinked structure, exhibit-
ing typical gel behavior. In this paper, the polyether polyurethane prepolymer produced
by Jining Liduo Chemical Industry was selected, and its performance was determined
according to the relevant specifications [45], as shown in Table 6.

Table 6. Basic properties of polyurethane prepolymers.

Performance Index Unit Test Results
NCO content (%) 51402
State / Colorless transparent liquid
Viscosity (85 °C/MPa.s) 350
Hardness Shore A 90 + 2
Tensile strength (MPa) 30
Elongation at break (%) 420
Rebound (%) 32

4.3. Ceramic Fiber

The ceramic fiber (aluminum silicate) used in this study was purchased from
Zhengzhou Xinyang Refractory Co., Ltd., with main components of Al,O3 (38-40%), ZrO,
(15-17%), and FepO3 (0.2%). The fibers were fabricated via melt-spinning. Its characteris-
tics include high-temperature resistance, excellent chemical stability, and environmental
protection. Its basic performance indicators are shown in Table 7.

Table 7. Basic performance indicators of ceramic fiber.

Performance Index

Ceramic Fiber (Aluminum Silicate Fiber)

Classification Temperature (°C)
Diameter (m)

Slag ball content (%)
Al,O3
Chemical composition (%) Fe, O3
ZI‘OZ

1400
3-5
<15
3840
0.2
15-17

117



Gels 2025, 11, 558

4.4. Surface Modification of Ceramic Fiber

During the production, processing, or use of ceramic fibers, fiber particles may stick
together or aggregate, forming larger clumps or agglomerates. This agglomeration phe-
nomenon can adversely affect the performance of ceramic fibers, such as thermal conduc-
tivity, insulation, and mechanical strength. Therefore, surface modification treatment is
performed on ceramic fibers to enhance their dispersibility and minimize agglomeration,
thereby ensuring their stability and reliability. This paper used NaOH solution and a silane
coupling agent (KH-550) to modify the surface of ceramic fibers cut into 6 mm lengths.
The dispersion properties of the treated fibers were evaluated and analyzed. NaOH so-
lution was selected because its strong alkalinity can remove impurities from the surface
of ceramic fibers, roughen the surface, and introduce polar groups to improve wettability.
Silane coupling agents were selected because their molecules can react with the hydroxyl
groups on the surface of ceramic fibers and organic matrices at both ends, enhancing the
compatibility between fibers and media through chemical bonding, thereby improving
dispersibility and reducing agglomeration.

4.4.1. Ceramic Fiber Modified by NaOH Solution

We prepared sodium hydroxide solutions with mass fractions of 3%, 4%, and 5%. We
added ceramic fibers to sodium hydroxide solutions of different concentrations, placed
them on a magnetic stirrer, heated them to 60 °C, and maintained a constant temperature

for 0.5 h. As shown in Figure 19a—c.

; e
(a) 3%NaOH (b) 4%NaOH (c) 5%NaOH

— 20— E‘“ \

Figure 19. Modification with different concentrations of NaOH.

4.4.2. KH-550 Solution-Modified Ceramic Fibers

As shown in Figure 20, we mixed anhydrous ethanol and deionized water in a 2:8
ratio by weight to prepare the dissolving solution. We added 4%, 6%, and 8% coupling
agents to the solution, stirred it evenly, and let it sit for 30 min to allow the silane coupling
agent to hydrolyze fully. We put the ceramic fibers into different concentrations of KH-550
solution, heated them to 40 °C, and kept them at that temperature for 0.5 h.
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Figure 20. KH-55-modified ceramic fibers in different concentrations.
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4.5. MOCA

In this paper, 3,3-dichloro-4,4-diaminodiphenylmethane (MOCA) was selected. The
chain-extending crosslinking agent MOCA can react with the isocyanate group in the
polyurethane prepolymer to extend the molecular chain and form a three-dimensional net-
work structure, thereby improving the mechanical, heat resistance, and chemical resistance
of the polyurethane gel material. Its performance is shown in Table 8.

Table 8. Basic performance of MOCA.

Performance Abpearance Molecular Melting Point Structural

Index PP Weight O Formula

Test results Yell'ow 267.16 105 B! |jfl“\"“
particles A

4.6. Test Scheme
4.6.1. The Optimum Preparation of PUP/CF Composite-Modified Asphalt Based on
Response Surface Methodology

According to the Box-Behnken design method in the response surface method, the
experimental design of PUP/CF composite-modified asphalt was carried out by using the
analysis software Design-Expert 13. The polyurethane prepolymer content (4~8%), ceramic
fiber content (1~3%), and shear time (20~40 min) in the preparation process of modifying
asphalt were selected as response variables. A three-factor and three-level optimization
test was designed to study the effects of polyurethane prepolymer content, ceramic fiber
content, and shear time on penetration (0.1 mm), softening point (°C), and 10 °C ductility
(cm). A mathematical regression model between influencing factors and response val-
ues was established, and the optimal preparation scheme of composite-modified asphalt
was determined.

4.6.2. Rotating Film Oven Aging Test

The aging test of asphalt was carried out by using the rotating thin-film oven test
(RTFOT). The asphalt sample was placed in a rotating thin-film oven and heated at a
certain temperature. The rotating film can make the asphalt sample uniformly heated,
ensuring that it is fully in contact with the air, and simulate the aging process in the actual
environment. The thermal stability and volatility of asphalt can be evaluated by measuring
the mass change, viscosity change, and softening point change of asphalt samples before
and after heating.
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4.6.3. Dynamic Shear Rheological Test

Dynamic shear test (DSR) is an important test method for evaluating the rheological
properties of asphalt and its modified materials under high-temperature and low-frequency
conditions. This test is mainly used to determine the viscoelastic behavior of asphalt.
Temperature scanning is an important test method for evaluating the rheological properties
of asphalt with temperature changes. The strain level was 10%, the temperature range
was 46~82 °C, the temperature interval was 6 °C, and the angular frequency was 10 rad/s.
Frequency scanning is a test method for measuring the mechanical properties of viscoelastic
materials such as asphalt at different frequencies. The test temperature was set at 40~88 °C,
the temperature interval was 12 °C, the frequency range was 0.1~100 rad /s, and the strain
level was controlled at 1%.

4.6.4. MSCR Test

The MSCR test is based on the creep theory. During the test, a constant axial stress
was applied to the asphalt and maintained for a certain time to cause creep deformation
of the specimen. Then, the stress was unloaded, and the asphalt was allowed to recover
for a certain period of time. The deformation of the specimen in each loading-recovery
cycle was observed and recorded, including recoverable strain and unrecoverable strain.
Repeated loading-recovery cycles were performed at two common stress levels of 0.1 kPa
and 3.2 kPa. The loading time was 1 s, the unloading time was 9 s, and the number of
cycles was 10 times.

4.6.5. Bending Creep Stiffness Test

BBR evaluates the low-temperature rheological properties of asphalt by measuring
the bending deformation of the beam sample at a certain temperature. The basic principle
is that the asphalt sample is prepared into a long strip, and then a constant load is applied
in the test. The low-temperature performance of the asphalt is judged by measuring the
deformation of the beam in a certain period of time. In the test, PUP/CF composite-
modified asphalt was tested at —6 °C, —12 °C, and —18 °C, and the stiffness modulus S
and creep rate m were measured.

4.6.6. Scanning Electron Microscopy Test

This study used a scanning electron microscope model JSM-7500F manufactured by
Shanghai Bahe Instrument Technology Co., Ltd. (Shanghai, China). The test employed
electron optics principles to emit a low-energy electron beam onto the asphalt surface. The
electron beam interacts with the asphalt atom, and the generated signal is processed to
generate an observation image. Different from ordinary microscopy, scanning electron
microscopy can enlarge the material to nanometer scale and obtain detailed observations
of the microstructure and distribution of the material. In the study of composite-modified
asphalt, by adjusting different magnifications, the bonding state and distribution of the
admixture and asphalt can be clearly observed, and the differences in the microstructure of
the two can be distinguished so as to further analyze the modification mechanism of the
modifier on asphalt.

4.6.7. Atomic Force Microscope Test

Using the JSM-7610FPlus atomic force microscope provided by Jieouluo Trading Co.,
Ltd., it is possible to observe the nanoscale structure of the asphalt surface with a resolution
of up to 0.1 nanometers. The microstructure of asphalt can be understood more deeply, and
the modification mechanism can be analyzed. The scanning frequency of this test was 1
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Hz, the scanning pixel size was 512 x 512, the image scanning area was 20 pm x 20 pm,
the resolution was 10 nm, and the experimental temperature was 25 °C.

4.6.8. Infrared Spectroscopy Test

A TENSOR 37 Fourier transform infrared spectrometer from Bruker Spectrometer
Instruments was used. The scanning range as 4000~500 cm~!. By comparing the infrared
spectra of asphalt before and after modification, the change in absorption peak can be
observed. If a new absorption peak appears in the modified spectrum, it indicates that the
modifier reacts with the asphalt to form a new functional group. If the position or intensity
of some original absorption peaks change, it may mean that the chemical structure of the
asphalt has been altered due to modification.
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Abstract: To prolong the service life of asphalt pavement and reduce its maintenance
cost, a fiber Bragg grating (FBG) sensor encapsulated in carboxylated carbon nanotube
(CNT-COOH)-modified gel material suitable for strain monitoring of asphalt pavement was
developed. Through tensile and bending tests, the effects of carboxylated carbon nanotubes
on the mechanical properties of gel materials under different dosages were evaluated
and the optimal dosage of carbon nanotubes was determined. Infrared spectrometer and
scanning electron microscopy were used to compare and analyze the infrared spectra
and microstructure of carbon nanotubes before and after carboxyl functionalization and
modified gel materials. The results show that the incorporation of CNTs-COOH increased
the tensile strength, elongation at break, and tensile modulus of the gel material by 36.2%,
47%, and 17.2%, respectively, and increased the flexural strength, flexural modulus, and
flexural strain by 89.7%, 7.5%, and 63.8%, respectively. Through infrared spectrum analysis,
it was determined that carboxyl (COOH) and hydroxyl (OH) were successfully introduced
on the surface of carbon nanotubes. By analyzing the microstructure, it can be seen that
the carboxyl functionalization of CNTs improved the agglomeration of carbon nanotubes.
The tensile section of the modified gel material is rougher than that of the pure epoxy resin,
showing obvious plastic deformation, and the toughness is improved. According to the
data from the calibration experiment, the strain and temperature sensitivity coefficients
of the packaged sensor are 1.9864 pm/pm and 0.0383 nm/°C, respectively, which are
1.63 times and 3.61 times higher than those of the bare fiber grating. The results of an
applicability study show that the internal structure strain of asphalt rutting specimen
changed linearly with the external static load, and the fitting sensitivity is 0.0286 pe/N.
Combined with ANSYS finite element analysis, it is verified that the simulation analysis
results are close to the measured data, which verifies the effectiveness and monitoring
accuracy of the sensor. The dynamic load test results reflect the internal strain change
trend of asphalt mixture under external rutting load, confirming that the encapsulated FBG
sensor is suitable for the long-term monitoring of asphalt pavement strain.

Gels 2025, 11, 590 https://doi.org/10.3390/gels11080590
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1. Introduction

Asphalt pavement is the main structure type of domestic expressways. Because of
its unique engineering advantages, it is very important in expressway construction [1].
Compared with other forms of roads, asphalt pavement has the advantages of convenient
maintenance, shock absorption and noise reduction, rapid construction, and recycling.
However, due to the influence of various unfavorable factors in the use of asphalt pavement,
rutting, subsidence, cracks, and other diseases often occur [2]. Traditional pavement
monitoring methods have problems such as low accuracy, low frequency, and strong
destructiveness. It is difficult to achieve long-term and continuous monitoring [3], which
makes it difficult to detect and deal with pavement diseases in time. Fiber grating sensors
show great potential in the monitoring of asphalt pavement due to their advantages of
anti-electromagnetic interference, corrosion resistance, and high sensitivity [4], which can
provide accurate data support for pavement health assessment. However, in the actual
use process, fiber Bragg grating (FBG) sensors have problems such as large differences
in modulus from the pavement structure and weak shear resistance, which can easily
cause measurement errors or sensor damage. Therefore, it is of great significance to use
appropriate packaging materials to protect FBG sensors [5].

FBG sensors have shown superior performance in the field of structural monitoring,
so they have been widely used in the field of civil engineering. Meng S et al. [6] proposed
an implantable cantilever sensing beam based on FBG to monitor the permanent defor-
mation of subgrade in seasonally frozen areas under vehicle load and freeze—thaw cycles,
and verified its feasibility through three years of field tests. Liu et al. [7] tested the strain
response of four kinds of base asphalt pavement under a 100 kN dynamic load based on
FBG sensors and revealed the compression—-tension—compression cycle in the surface layer
and the tensile strain characteristics of the base layer. They found that reducing the stiffness
of the cement stabilized the base layer and maintaining modulus continuity can optimize
the strain distribution and improve the bearing capacity of pavement. Liao et al. [8,9] estab-
lished a moving load identification model of asphalt pavement by combining the measured
data of FBG sensors and a BP neural network, and verified the accuracy of this method for
vehicle load identification by finite element simulation. Li Jianxin et al. [10] established
a monitoring method for concrete crack propagation through FBG sensors and a plastic
damage model, verified the quantitative relationship between damage factor and crack
width, and provided an effective means for structural damage assessment. In summary;,
FBG sensors have been successfully applied to measure and monitor many factors, such
as pavement strain, temperature, deformation, and damage, achieving significant results.
However, there are still challenges in the embedding process, survival rate, accuracy, data
demodulation technology, and other aspects of FBG sensors.

In order to ensure that the sensor is not damaged during the normal use of asphalt
pavement, there are higher requirements for the strength, corrosion resistance, high tem-
perature resistance, and wear resistance of the packaging material. Shi Q.Q. et al. [11-13]
prepared highly oriented CNT/EP composites by a continuous impregnation stretching
and step pressing process. The tensile strength and toughness of the CNT/EP composites
were 3.5 GPa and 80.2 ] cm 3, respectively, which are better than those of traditional CNT
and carbon fiber-reinforced composites. Song X. et al. [14] modified carbon nanotubes
(CNTs) on electrospun PCL nanofibers by ultrasonic assistance to construct a flexible
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interwoven structure of CF/EP laminates. After curing, PCL phase separation caused
the CNTs to disperse uniformly while maintaining the glass transition temperature of
the epoxy resin. Chen et al. [15] used amino-modified multi-walled carbon nanotubes
and a low concentration of polyetherimide to synergistically toughen epoxy resin. After
testing, the fracture toughness, impact strength, and bending strength of epoxy resin
were significantly improved under the synergistic effect. Xin et al. [16-18] prepared
epoxy resin composites using aligned multi-walled carbon nanotubes. The effects of
different carbon nanotube contents on the mechanical, electrical, morphological, and
fatigue properties of CNT/EP composites were studied, and the excellent mechanical
durability of this composite was verified. Epoxy resin (EP) has excellent properties,
such as high adhesion, temperature resistance, corrosion resistance, and processability
after curing [19], but there are high brittleness defects. Carbon nanotubes (CNTs) are
ideal reinforcement materials due to their unique hollow structure and high aspect ratio,
high strength and high modulus [20]. In this paper, CNT-reinforced EP composites
were selected as the packaging substrate for fiber Bragg grating (FBG) sensors. Zhong
et al. [21] used three kinds of pressure-sensitive packaging materials, including polycar-
bonate, polyethylene, and epoxy resin. The pressure sensitivity is about 200 times higher
than that of bare fiber grating, and the mechanical strength is high. Huang et al. [22]
manufactured all-silicon sensors, using silicon glass for the substrate and packaging
materials. The sensing principle and performance test of the tilt sensor are described
in detail. The test results show that the packaged FBG has good packaging quality and
sensing performance. Luo et al. [23] used epoxy resin as the adhesive material for sensor
packaging and found that the smaller the thermal expansion coefficient of the packaging
adhesive material, the smaller the influence on the output performance of the sensor in
high-temperature environments.

In summary, FBG sensors provide a new technical means for asphalt pavement health
monitoring by virtue of their anti-electromagnetic interference, corrosion resistance, high
sensitivity, and other characteristics. However, they still face problems, such as mismatch
with structural modulus and weak shear resistance in pavement applications, which can
easily lead to measurement errors or sensor damage. EP has become a potential choice for
FBG packaging materials due to its excellent adhesion, high temperature resistance, and
chemical corrosion resistance, but its inherent brittleness limits its application in complex
environments. CNTs can effectively enhance the mechanical properties of EP due to their
high stiffness, high strength, and high aspect ratio. Therefore, the use of CNT/EP compos-
ites to encapsulate FBG sensors can not only effectively alleviate the stress concentration
problem caused by the difference in modulus between the sensor and the pavement but can
also enhance its shear resistance, fatigue resistance, and environmental adaptability, thereby
improving the survival rate and monitoring reliability of the sensor in the high-temperature,
high-load, and complex mechanical environments of asphalt pavement.

2. Results and Discussion

2.1. Analysis of Mechanical Properties
2.1.1. Tensile Properties Analysis

Figure la—c present the results of the tensile property tests of the composites.

It can be seen in the figure that under the condition of the same amount of epoxy
resin, curing agent, and accelerator, the tensile strength, tensile modulus, and elongation
at break of carboxylated carbon nanotubes/epoxy resin composites were improved by
adding different amounts of carboxylated carbon nanotubes to the epoxy resin matrix.
When the content of carboxylated carbon nanotubes was 0.3 wt%, the tensile strength and
elongation at break of the composites reached 31.54 MPa and 3.87%, which were 36.2%
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and 47% higher than those of the pure epoxy resin, respectively. The tensile modulus of
carboxylated carbon nanotubes/epoxy resin composites reached a maximum of 2794.5 MPa
when the content of carbon nanotubes was 0.5 wt%, which was 17.2% higher than that
without carbon nanotubes. It can be seen that with the change in the amount of carbon
nanotubes added, the tensile strength, tensile modulus, and elongation at break of the
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Figure 1. Tensile properties test results of composite materials. (a) Tensile strength of composite
materials. (b) Tensile modulus of composites. (c) Fracture elongation of composite materials.
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This phenomenon shows that when an appropriate amount of carbon nanotubes is
added to epoxy resin, they can be uniformly dispersed throughout the material system.
However, as the carbon nanotube content further increases beyond the critical value, the
carbon nanotubes cannot continue to maintain a good dispersion state, resulting in uneven
internal structure of the composite material, making it more prone to damage.

2.1.2. Bending Performance Analysis

Figure 2a—c show the results of composite materials in bending tests.
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Figure 2. Bending test results of composite materials. (a) Bending strength of composite materials.
(b) Bending modulus of composite materials. (c) Bending strain of composite materials.
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It can be seen that the addition of carbon nanotubes (CNTs) to epoxy resin matrix can
significantly improve the flexural properties of composites. When the CNT content was
0.3 wt%, the flexural strength (55.61 MPa), flexural modulus (3423.6 MPa), and flexural
strain (4.52%) of the carboxylated CNT/epoxy resin composites reached the maximum val-
ues, which were 89.7%, 7.5%, and 63.8% higher than those of pure epoxy resin, respectively.
The improvement in the flexural strength and flexural strain was particularly significant.
When the CNT content exceeded 0.3 wt%, the flexural properties of the composites began
to decrease, indicating that the CNTs agglomerated, affecting the properties.

Tensile and flexural properties tests showed that the addition of 0.3 wt% CNT op-
timized the mechanical properties of epoxy resin composites. Further increases in CNT
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content will lead to a decrease in performance. It is confirmed that 0.3 wt% is the best addi-
tion ratio, which can not only give full play to the enhancement effect of CNTs but can also
avoid the problem of agglomeration and uneven dispersion caused by excessive addition.

2.2. Infrared Spectrum Analysis of Carboxylated Carbon Nanotubes

The multi-walled carbon nanotubes and carboxylated multi-walled carbon nanotubes
were studied by a wavenumber—transmittance test. The data obtained from the test were
summarized into the infrared spectrum, and then the characteristic peaks were compared
and analyzed. The test results are shown in Figure 3.

carbon nanotube
— carboxylated carbon nanotube
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Figure 3. Infrared spectra of carbon nanotubes before and after modification.

It can be seen in Figure 3 that the infrared spectrum of pure carbon nanotubes shows a
stretching vibration peak of the O-H bond in the range of 3500 cm ™! to 3700 cm~!. This may
be due to the fact that the surface of untreated carbon nanotubes contains trace impurities
containing O-H groups or has adsorbed water from the air. Comparing the infrared spectra
of carbon nanotubes before and after carboxylation, new absorption peaks were observed
near 1200 cm~!, 1600 cm~!, and 1700 cm ™. These characteristic peaks correspond to the
stretching vibration of the C-O bond, the bending vibration of the O-H bond, and the
stretching vibration of the C=0O bond in the carboxyl group, respectively, which indicates
that the carboxyl (COOH) group is formed on the surface of the carbon nanotubes after
carboxylation treatment. In addition, an obvious absorption peak was observed at about
3450 cm ™!, where the absorption peak is related to the stretching vibration of the O-H bond,
indicating the presence of hydroxyl (OH) or water molecules on the surface. These new
chemical groups change the surface properties of carbon nanotubes, enabling them to form
stronger chemical bonding or physical adsorption with epoxy resin, thereby improving the
interfacial bonding strength between carbon nanotubes and epoxy resin.

2.3. SEM Micro-Morphology Characterization Analysis
2.3.1. Morphology Characterization Analysis of Carbon Nanotubes Before and
After Modification

Figures 4 and 5 present SEM photos of the untreated multi-walled carbon nanotubes
and carboxylated multi-walled carbon nanotubes, magnified 200,000 times.

Scanning electron microscopy (SEM) observations showed that the surface of the
unmodified carbon nanotubes was smooth and the tube wall structure was complete
and tightly entangled into a network structure. The surface of the carboxylated carbon
nanotubes was fuzzy and rough, the entanglement was reduced, and the arrangement
was loose. This was due to the surface defects induced by mixed acid treatment, which
provided grafting sites for -COOH/-OH groups. The introduction of surface groups
enhances the polarity of carbon nanotubes and effectively weakens the interactions be-
tween the tubes through electrostatic repulsion and hydrogen bonding, thereby reducing
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entanglement. This indicates that carboxylation treatment can significantly reduce the
agglomeration tendency of carbon nanotubes, improve their dispersion, and provide
higher surface activity.

¢, therm .
ientiic High vacuum 9.1 mm 2.0

Figure 5. Carboxylated carbon nanotubes, magnified 200,000 times.

2.3.2. Analysis of Tensile Fracture Surface Morphology of Composites

Figures 6 and 7 present SEM diagrams of the tensile fracture surfaces of pure epoxy
resin and carboxylated carbon nanotube/epoxy resin composites at the optimum content.

Figure 6. Tensile fracture surface of pure epoxy resin.

According to the observation results of scanning electron microscopy shown in
Figure 6, at magnification of 2000 times, the tensile fracture surface of the pure epoxy
resin shows a typical brittle fracture morphology. The fracture surface is relatively
smooth and flat, the crack propagation path shows an obvious linear arrangement, and
there are fewer crack branches. This morphological feature shows that under the tensile
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load, the microcracks inside the pure epoxy resin expand rapidly and connect with each
other, and sudden fracture occurs almost without an obvious plastic deformation stage.
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Figure 7. Tensile fracture surface of composite materials.

In contrast, as shown in Figure 7, at the same magnification, the tensile fracture surface
of the composite material is rougher, and there are a large number of uneven tearing
and plastic deformation traces. At the same time, the crack propagation path is tortuous
and complex, and there are secondary cracks with radial distribution. These phenomena
indicate that the composite material undergoes an obvious plastic deformation stage before
fracture. This change is likely due to the introduction of carbon nanotubes, which leads to
the effective transmission and dispersion of external stress. When the epoxy resin matrix
initially cracks under the action of external force, CNTs, as a nano-scale reinforcing material,
can hinder the direct propagation of cracks, forcing cracks to deflect or bifurcate, thereby
extending the crack propagation path. This indicates that the addition of carbon nanotubes
can not only effectively bear the external applied force but can also absorb the energy in
the fracture process, thus significantly improving the tensile properties and toughness of
the composites.

2.4. Calibration Test Analysis
2.4.1. Analysis of Strain Calibration Test

Since the measured experimental data are discrete, the least squares fitting method was
used to fit the data. The fitting curves are shown in Figure 8a—c, including the relationship
between load and micro-strain, the relationship between load and central wavelength, and
the relationship between micro-strain and wavelength change.
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It can be seen in Figure 8 that the fitted relationships between load and micro-
strain, load and center wavelength, micro-strain and wavelength change are 6.494 pm/N,
0.0131 nm/N, and 1.9864 pm/um, respectively. The correlation coefficient exceeds 0.98.
This indicates that the packaging material exhibits good elastic behavior, good stability, and
repeatability during loading and unloading. By analyzing the three loading and unloading
processes, it can be concluded that during the initial loading and unloading process, the
change in the micro-strain of the packaging material is not completely linear, and there
may be some residual strains. However, as the number of loading and unloading steps
increases, the behavior of the packaging material becomes gradually stable.

As presented in Section 2.3, the theoretical value of the axial strain sensitivity coeffi-
cient of the bare fiber is 1.22 pm/pum. The strain sensitivity coefficient of the packaged FBG
sensor reaches 1.9864 pm/um. This means that the strain sensitivity of the encapsulated
sensor is about 1.63 times higher than that of the bare fiber, significantly enhancing the
sensitivity of strain monitoring.

2.4.2. Temperature Calibration Test Analysis

The least square method was used to fit the calibration test data of three heating and
cooling cycles, and the fitting curve of the center wavelength of the sensor with the change
of temperature was obtained, as shown in Figure 9.
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Figure 9. The relationship between temperature and central wavelength.

It can be seen in Figure 9 that the encapsulation of fiber grating by carboxylated
carbon nanotube/epoxy resin composite material will not destroy the temperature sensing
characteristics of the sensor. The encapsulated sensor shows good thermal stability and
repeatability after multiple heating and cooling cycles. This is suitable for the application
scenario of asphalt pavement, which requires long-term temperature monitoring. After
multiple temperature cycles, the fitted correlation coefficient exceeded 0.99, indicating that
the sensor has good linearity. The temperature sensitivity of the sensor was 0.0383 nm/°C,
which is 3.61 times higher than the theoretical temperature sensitivity coefficient of bare
fiber of 10.6 pm/°C, calculated in the second chapter. In the temperature cycle test of
20 °C — 80 °C — 20 °C, the change in the center wavelength of the sensor was strictly
linear with the temperature (R2 > 0.99). The temperature sensitivity was 0.0383 nm/°C,
and the three cycle data overlapped, with no thermal hysteresis phenomenon and stable
performance in a high-temperature environment.
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2.5. Applicability Analysis of the Sensor
2.5.1. Static Load Test Analysis

In the static load test of the rutting specimen, according to the change in the central
wavelength, the strain change in the corresponding load at the sensor embedding position
was calculated by the fitting curve formula shown in Figure 10. The relationship curve
between the external load and the calculated strain was obtained by the least square fitting
of the three loading and unloading cycle data, as shown in Figure 10.
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Figure 10. Relationship between load and strain in static load test.

According to the fitting results in the Figure 10, it can be seen that there is a linear
relationship between the strain change in the internal structure of the asphalt concrete rut
specimen detected by the FBG sensor and the change in the external static load. With the
adjustment of the applied static load, the internal strain monitored by the sensor shows
a linear change trend accordingly. The load/shear force direction indirectly changes the
sensitivity of the sensor by affecting the stress distribution of the packaging material, the
interface bonding state, and the enhancement efficiency of CNTs. The static load test
verified that the strain transfer efficiency was high under vertical load. The horizontal
shear load may lead to a decrease in sensitivity due to interface defects.

Based on the results of the static load test, it can be seen that the linear fitting sensitivity
of the applied external static load and the internal structural strain of the rutting specimen
monitored by the fiber Bragg grating demodulator was 0.0286 e /N, and the correlation
coefficient was R2 = 0.9682, indicating that the linear relationship is good. With the increase
in external load, the strain of the sensor buried position also increased, which can well
reflect the strain change inside the asphalt mixture rutting specimen.

2.5.2. ANSYS Finite Element Analysis
@

Build models and set attributes

A model was established according to the actual size of the specimen. The size of
the rutting specimen model was 300 mm x 300 mm x 50 mm, and the size of the sensor
model was 10 mm x 10 mm x 100 mm. Because only the analysis and calculation of
strain were carried out, only the elastic modulus and Poisson’s ratio of the material were
defined. According to the specification requirements, the elastic modulus of AC-13 asphalt
mixture material is 1400 MPa, and the Poisson’s ratio is 0.25; the elastic modulus of carbon

nanotube/epoxy resin composites is 2800 MPa, and the Poisson’s ratio is 0.35.
(2) Meshing and adding load

The rut specimen model was meshed by SOLID186 ten-node tetrahedron, and the
unit size was set to 5 mm. The sensor model was meshed by SOLID186 twenty-node
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hexahedron. In order to make the calculation result more accurate, the sensor model
mesh was encrypted, and the unit size was 1 mm. The finite element model is shown in
Figures 11 and 12. Fixed loads were added to the four sides of the model and the bottom
surface. The static load was arranged at the center of the upper surface of the model as a
circular uniform load with a diameter of 150 mm.

00 15000 20000 (mm)
]

Figure 11. Rutting specimen model.

0.00 35.00 70.00 (mm)
]

Figure 12. Sensor model.

(3) Solution analysis

The circular uniform load was added to the upper surface of the asphalt mixture
rutting test piece, the load of each stage was set to 49.98 N, and the load was applied
cumulatively over 20 cycles. A strain cloud diagram was obtained after the finite element
calculation, as shown in Figure 13.

Origin 2021 software was used to draw a scatter plot of the obtained data, and the
data were fitted by the least squares method to obtain the fitting curve of the load and
strain in ANSYS finite element simulation analysis, as shown in Figure 14.

It can be seen in Figure 14 that the slope between the strain and load of the asphalt
mixture rutting specimen simulated by finite element analysis was 0.0336 pe/N under
static load, and the correlation coefficient exceeded 0.99. However, compared with the
slope of the fitting curve of 0.0286 pe/N in the static load test, there is a certain deviation.
Therefore, the strain sensing coefficient 6 was introduced, and 6 = 0.85 was obtained by
comparing the measured value with the theoretical value. This deviation may be caused by
many factors. Firstly, during the fabrication of the sensor, the surface of the fiber grating
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may not have been completely clean, resulting in insufficient curing and bonding with
the epoxy resin matrix, leading to slight slip between the two. Secondly, the epoxy resin
and curing agent inevitably produced bubbles during the heating and curing process.
Although the defoamer can inhibit the formation of bubbles, there is still a small amount
of residue. In addition, in the ANSYS finite element simulation, it was assumed that the
sensor and the asphalt mixture were completely bonded, and there may have been a small
gap between the two in the actual situation. These factors may have led to errors in the
monitoring process of the sensor, which in turn affected the sensitivity of the sensor. Under
the action of external load, the stress distribution of the high-aspect-ratio device is more
uniform along the length direction, which can reduce the end effect and improve the strain
transfer efficiency. The low-aspect-ratio device has relatively stronger compressive and

shear resistance, and is more suitable for high-stress areas.
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Figure 13. Strain distribution cloud map.
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Figure 14. The relationship between load and strain.

Although there was a certain error between the finite element simulation and the actual
test, the response trends of the two were basically the same, which verifies the effectiveness
of the sensor and the accuracy of the monitoring process. In general, the actual test results
can better reflect the strain response law of asphalt mixture under static load, and the
finite element simulation further verifies the reliability of sensor detection. Although there
were problems such as fiber grating surface cleanliness, bubble residue during epoxy resin
curing, and imperfect interface bonding between the sensor and the asphalt mixture, these
factors did not significantly affect the overall performance of the sensor.
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2.5.3. Dynamic Load Test Analysis

A dynamic load rutting test was used to simulate the dynamic load of asphalt pave-
ment with driving vehicles, and the performance of the sensor under dynamic load was
evaluated. The rutting test was carried out for 1 h, and the internal strain of the specimen
under the action of dynamic load changed. According to the collected data, the waveform
is shown in Figure 15.

1553.85
1553.80
1553.75
1553.70
1553.65
1553.60
1553.55
1553.50
1553.45
1553.40
1553.35
1553.30
1553.25
1553.20
1553.15

1553.10 T T T T T |
0 600 1200 1800 2400 3000 3600

time (s)

center wavelength (nm)

Figure 15. Diagram of the sensor wavelength changes in the rutting test.

In the image, it can be seen that after the 1h rutting dynamic load test, the central
wavelength change range of the sensor was about 430 pm. The internal strain of the
corresponding asphalt concrete structure was calculated by the fitting curve formula in
Figure 14. It was about 210 pe.

Because of the large amount of data, it is difficult to see the change trend, so the
difference between the peak value and the initial wavelength was used for plotting, and
the relationship curve between the difference and the time change is shown in Figure 11.

It can be seen in Figure 16 that the relationship between the change in the center
wavelength of the sensor and the time in the rutting test follows a cubic polynomial change
rule. It can be observed that the coefficient of the monomial is positive, which indicates
that the wavelength variation A shows an increasing trend with the increase in the test time
t in the initial stage, and there is an obvious growth period. However, due to the negative
coefficient of the quadratic term, the growth rate of the wavelength variation gradually
slows down over time, eventually leveling off. The coefficient of the cubic term is very
small, and the impact on the overall trend can be ignored.
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Figure 16. The relationship between wavelength change and time.
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Therefore, Figure 16 is roughly divided into three stages. In the 1; (0-600 s) stage, the
central wavelength changes significantly and the increase is large. Subsequently, with the
progress of the rutting test, it can be seen that the change in the center wavelength of the
sensor in the I (600-3300 s) stage shows a steady upward trend, and the wavelength change
in the 13 (3300-3600 s) stage gradually levels off, with a small increase, almost reaching a
stable state, indicating that the wavelength change has basically stagnated and there is no
obvious fluctuation. The sensor can still work stably under multi-directional complex load
environment and meet the long-term monitoring requirements of asphalt pavement, but
the packaging process needs to be optimized to reduce the direction dependence.

The change trend of the central wavelength of these three stages reflects the internal
strain change trend of asphalt concrete under the action of external rutting load, which is
of great significance for studying the internal structure response law of asphalt concrete.
After an hour-long rutting test, the sensor showed good working performance and no
damage, meeting the requirements of long-term monitoring of asphalt pavement strain.
The results show that the strain monitored by the sensor was highly linear with the load,
and the fitting sensitivity was 0.0286 pe/N (R2 = 0.9682). In the dynamic load test of
simulated vehicle wheel load (70 MPa of tire pressure, 42 times/min rolling) for 1 h, the
center wavelength variation range was only 430 pm (corresponding to strain 210 pe), and
there was no abnormal fluctuation or signal interruption, indicating that the stability under
load was good.

3. Conclusions

(1)  When the content of carboxylated carbon nanotubes (CNTs) in epoxy resin (EP) was
0.3 wt%, the tensile and flexural properties of CNT/EP composites were optimal.
When the content exceeded this amount, the performance showed a downward trend,
indicating that 0.3 wt% is the best content. Infrared spectroscopy confirmed that
carboxyl groups were successfully grafted on the surface of CNTs by the mixed acid
reflux method, and the characteristic absorption peaks were located at 1200 cm ™!,
1600 cm 1, 1700 cm ™!, and 3450 cm !, respectively. This modification significantly
improved the dispersion and interfacial bonding strength of CNTs in EP.

(2) According to scanning electron microscopy analysis, after carboxylation treatment,
the agglomeration of carbon nanotubes was significantly reduced, the size of the
aggregates was significantly reduced, the degree of entanglement was reduced, the
arrangement between carbon nanotubes was relatively loose, and the dispersion was
improved. Comparative analysis of the microstructure of the tensile fracture surface
of the material was carried out. The tensile fracture surface of the composite material
was rougher, and there was a large number of uneven tears and plastic deformation
traces. The crack propagation path was tortuous and complex, and radial secondary
cracks appeared. This indicates that the addition of carbon nanotubes can effectively
bear the external applied force, absorb the energy in the fracture process, and enhance
the toughness of the material.

(3) Through the calibration test of the sensor, it can be concluded that the packaging
material has good elastic behavior, good stability, and repeatability when subjected
to external load and temperature changes. The strain sensitivity coefficient of the
packaged FBG sensor reached 1.9864 pm/um, which is about 1.63 times higher than
that of the bare fiber. The temperature sensitivity of the sensor was 0.0383 nm/°C,
which is an increase of 3.61-fold.

(4) According to the analysis of the applicability of the sensor, under a certain amount
of static load, the internal strain of the asphalt concrete specimen monitored by the
sensor showed a corresponding linear change trend. The response trends of finite
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element simulation and the static load test were basically the same, verifying the
effectiveness of the sensor and the accuracy of the monitoring process. Under the
action of simulated wheel load, the relationship between the change in the center
wavelength of the sensor and the time shows a cubic polynomial change rule, re-
flecting the internal strain change trend of asphalt concrete under the conditions of
external wheel load.

4. Materials and Methods
4.1. Carbon Nanotubes

In this paper, carbon nanotubes were selected as multi-walled carbon nanotubes
(MWCNTs) produced by Suzhou Carbonfeng Graphene Technology Co., Ltd. (Suzhou,
China). The carbon nanotubes have high purity, a large aspect ratio, and a high specific sur-
face area, and the comprehensive advantages are obvious. Multi-walled carbon nanotubes
with a purity of >95 wt%, an inner diameter of 3-5 nm, an outer diameter of 8-15 nm, and
a length of 3-12 um were used.

4.2. Epoxy Resin

The gel material used in this paper was bisphenol A epoxy resin, which is a widely
used high-performance thermosetting gel material. It is widely used because of its excellent
mechanical properties, good adhesion, and chemical resistance. In order to achieve effective
curing of epoxy resin, methyl tetrahydrophthalic anhydride (MeTHPA) was selected as
the curing agent. MeTHPA is an efficient anhydride curing agent. Epoxy resin cured
by anhydride curing agent usually shows high temperature resistance and mechanical
properties, which is more suitable for the high-temperature environment of the asphalt
pavement construction process. However, the reaction rate of MeTHPA at lower temper-
atures is slow, which prolongs the time required for curing and requires a higher curing
temperature to complete the curing reaction. In order to solve this problem, 2,4,6-tris
(dimethylaminomethyl) phenol (DMP-30) was added as an accelerator to accelerate the cur-
ing rate, allowing the curing process to occur at a relatively low temperature. In addition,
defoamer, release agent, and acetone solution were also used in the experiment.

4.3. Fiber Grating

The bare fiber grating selected in this paper was produced by Jinan Dahui Photoelectric
Technology Co., Ltd. (Jinan, China). It has a bare fiber grating center wavelength of
1550 £ 0.5 nm, reflectivity >90%, bandwidth <0.3 nm, and a grating area length of 10 mm.

Combined with the photosensitive characteristics of the fiber material and the sensing
principle of the fiber grating, the theoretical value of the axial strain sensitivity coefficient
of the quartz fiber was roughly calculated to be 1.22 pm/ue, and the theoretical value of
the temperature sensitivity coefficient was 10.6 pm/°C.

4.4. Preparation of Carboxylated Carbon Nanotubes

Due to the strong van der Waals force between carbon nanotubes, they tend to attract
each other and gather together to form clusters or bundle structures, which are difficult
to uniformly disperse in a polymer matrix. This agglomeration phenomenon causes the
actual performance of the prepared carbon nanotube-modified gel material to fail to meet
the theoretical expectations, and may even cause a small increase in strength or a decline in
performance. Therefore, in this paper, the carboxyl functionalization of carbon nanotubes
was carried out by the mixed acid reflux method. The modification process is shown in
Figure 17. The specific steps are as follows:
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The mixed acid solution of concentrated sulfuric acid (H,SOy) and concentrated nitric
acid (HNOs) was prepared according to a volume ratio of 3:1.

A certain amount of MWCNTs was placed in a clean beaker, and enough mixed
acid solution was slowly added to ensure that all carbon nanotubes were completely
immersed. A glass rod was used to gently stir the carbon nanotubes in the mixed acid
along the wall of the beaker to initially break up the possible aggregates and ensure
that the acid solution fully contacted the surface of the carbon nanotubes.

The whole mixture was carefully transferred into a round-bottomed flask, and the
temperature was controlled by a constant-temperature heating sleeve. The mixture
was continuously heated and refluxed at 120 °C for 3 h until the carbon nanotubes
were fully oxidized.

After the reaction system was naturally cooled to room temperature, the reaction

solution was diluted with deionized water to reduce the concentration of strong acid.

The diluted solution was subjected to multiple suction filtration using a vacuum
suction filtration device until a pure carboxylated carbon nanotube was obtained.

In order to ensure that the residual acid was completely removed, the modified
carbon nanotubes needed to be washed repeatedly with deionized water again until
the carbon nanotubes were neutral. Then, the cleaned carboxylated carbon nanotubes
were transferred to the preheated oven for drying treatment.
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Figure 17. Flowchart of carboxylated carbon nanotubes by acid reflux.

4.5. Preparation of CNT-Modified Gel Materials

was prepared by ultrasonic dispersion. The preparation process is shown in Figure 18.

In order to achieve uniform dispersion of carbon nanotubes, the modified gel material
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Figure 18. Preparation process of carboxylated carbon nanotubes/epoxy resin composites.
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The specific steps were as follows:
Carbon nanotubes with different mass percentages were added to acetone solution
and treated with an ultrasonic disperser for 2 h.
Epoxy resin was added to the dispersed solution according to the predetermined ratio,
and ultrasonic dispersion was performed again for 2 h.
The acetone solvent in the system was removed by magnetic stirring for 30 min at
60 °C. After the mixture cooled to room temperature, the anhydride curing agent was
added at a mass ratio of 100:80 (epoxy resin/curing agent), and 0.5% defoaming agent
and DMP-30 accelerator were added at the same time.
Continuing magnetic stirring was performed for 30 min to ensure that all components
were fully and evenly mixed. Then, the prepared mixed liquid was poured into the
mold. According to the specific curing process, it was cured at 80 °C for 2 h, and then
raised to 120 °C for 2 h to finally obtain the carboxylated carbon nanotube-reinforced

epoxy resin composite sample.

4.6. Tensile and Bending Tests

In order to explore the optimal content of carboxylated multi-walled carbon nanotubes

in epoxy resin, six groups of proportions were designed, and the contents of each group
were 0.0%, 0.1%, 0.3%, 0.5%, 0.7%, and 0.9%, respectively. Tensile specimens and bending
specimens of composite materials were prepared according to GB/T 1040.1-2018 [24] and
GB/T 9341-2008 [25], respectively. The specimen is shown in Figures 19 and 20.
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Figure 19. Carbon nanotubes/epoxy resin tensile specimens.

Figure 20. Carbon nanotube/epoxy resin bending specimens.
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The tensile and bending properties of the prepared carboxylated carbon nan-
otube/epoxy resin composite specimens were tested by a microcomputer-controlled elec-
tronic universal testing machine (WDW-50C). When measuring the tensile strength, the
loading rate was set to 10 mm/min, and then to 2 mm/min when measuring the elongation
at break, tensile modulus, bending strength, bending modulus, and bending strain.

4.7. Fourier Transform Infrared Spectroscopy Test

In the experiment, FTIR was used to analyze the functional groups on the surface and
edge of the prepared carboxylated carbon nanotubes, and the changes in the functional
groups of the carbon nanotubes before and after modification were compared and observed.
The instrument used a Thermo Nicolet IS5 infrared spectrometer from the Thermo Nicolet
Technology Company (Waltham, MA, USA). The test range was 400 cm ™! to 4000 cm ™!,
the resolution was 4 cm ™1, and the number of scans was 32.

4.8. Scanning Electron Microscope Test

The effect of the carboxylation process on the dispersion of carbon nanotubes was
observed by comparing the original multi-walled carbon nanotubes without mixed acid
treatment with the carboxylated multi-walled carbon nanotubes using the Zeiss 300 scan-
ning electron microscope produced by German Carl’s company (Wuppertal, Germany). A
comparative SEM experiment was conducted on the tensile section of the tensile specimen
of pure epoxy resin and the tensile specimen of the composite material with the best content
of carboxylated carbon nanotubes to observe the microstructure of the fracture surface. In
order to obtain a clearer image and reduce the charging effect, all samples were sprayed
with gold.

4.9. Packaging of Fiber Grating Sensor

In order to improve the durability and protection of bare fiber in asphalt pavement
construction, multi-level protection measures were taken for bare fiber gratings. The steps
were as follows:

(1) Hytrel is a thermoplastic polyester elastomer with excellent wear resistance, chemical
corrosion resistance and fatigue resistance. It can effectively protect optical fibers
from the influence of the external environment and ensure that they are tightly and
safely wrapped.

(2) The Hytrel loose sleeves with optical fibers are further encapsulated into armored
sleeves with an inner diameter of 1.1 mm. The armored sleeves are equipped with a
stainless steel protective sleeve layer, which can effectively protect the optical fiber
from damage in the asphalt pavement.

(3) The FBG sensor is protected without affecting the accuracy of the sensor by encapsu-
lating the fiber grating area with CNT/EP composites.

The sensor package structure was designed as a cuboid shape. In order to avoid the
adverse effect of excessive cross-section size on the stress and strain distribution of the
structure, the cross-section size was determined to be 10 mm x 10 mm x 100 mm. The
sensor package structure is shown in Figure 21.

Using a special steel mold, the fiber grating with armored casing protection was
inserted into the mold, and the carbon nanotube/epoxy resin composite mixture was
injected. The gradient curing process (80 °C and 120 °C for 2 h each) was used to complete
the curing. After demolding, the fiber grating was cured in a standard environment for
24 h. Finally, the fiber grating was fused with the jumper by a fiber splicer to prepare a
complete FBG sensor. The fabricated FBG sensor is shown in Figure 22.
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Figure 21. Package structure diagram of the FBG sensor.

Figure 22. Physical diagram of the sensor.

4.10. Sensor Calibration Test

Although the developed package provides the necessary physical protection for the
fiber grating, it changes the stress and temperature sensing characteristics of the grating,
affecting its sensing performance. In order to ensure that the sensor can accurately measure
strain in practical applications, it must be calibrated before use. Strain sensitivity calibration
was performed at room temperature using a microcomputer-controlled electronic universal
testing machine. Tensile force from 0 N to 100 N was applied to the sensor, and the center
wavelength change was recorded every 5 N increase using the fiber grating demodulator.
The resistance strain gauge was pasted on the surface of the sensor, and the strain change
under the stress value was measured by the strain gauge. By comparing and analyzing
the strain change and the center wavelength drift data of the fiber grating, the relationship
curve between the center wavelength change and the strain was drawn, and the sensitivity
of the sensor was finally determined to realize the strain calibration of the sensor. The
temperature calibration test was carried out by the oven method. The initial temperature
was 20 °C, and the final temperature was increased to 80 °C, and then the temperature
was gradually decreased. During the whole process, data acquisition was carried out for
every 1 °C change. In order to ensure the accuracy of the test, the strain and temperature
calibration test was repeated for three cycles.

4.11. Sensor Adaptability Analysis Test

The prepared sensor was embedded in an AC-13 asphalt rutting specimen to simulate
the actual embedding of the sensor in asphalt pavement. Through static load and dynamic
load testing of the asphalt rutting specimen with the embedded sensor, the validity and
accuracy of the sensor in the asphalt pavement were verified. The test used #70 matrix
asphalt, and its performance meet the requirements of specification JTG E20-2011 [26]. The
relevant performance indicators of each grade aggregate and mineral powder meet the
requirements of JTG 3432-2024 [27].
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The static load test adopted the method of step-by-step loading of heavy weights. In
the experiment, the weight of the round cake was 5.1 kg, that is, each weight was 49.98 N.
After connecting the optical fiber jumper and the optical fiber demodulator, the weights
were placed in the center of the rut specimen in turn. A total of 20 weights were loaded,
with a total of 999.6 N. After the loading was completed, they were unloaded one by one,
and the loading and unloading cycles were performed three times.

In order to verify the accuracy of the sensor detection, ANSYS Workbench 2022 finite
element software was used to simulate and analyze the static load test process, and the
strain of the rut specimen under local static load was calculated. The whole process was
roughly divided into the following three steps: (1) establishing the model and setting the
attributes; (2) meshing and adding load; (3) performing solution analysis.

The dynamic load rutting test was carried out with reference to JTG E20-201126, and
the change in the internal strain of asphalt mixture under a dynamic automobile wheel
load was simulated. The test wheel was a rubber with a width of 50 mm and a tire pressure
of 70 MPa =+ 0.05 MPa. After 5 h of heat preservation in a 60 °C constant-temperature room,
the specimens were rolled back and forth at a rolling speed of 42 times/min =+ 1 times/min,
and the central wavelength change during the rolling process was recorded by a fiber
grating demodulator.
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Abstract: Elevated levels of homocysteine (Hcy) are associated with various pathological
conditions including atherosclerosis, hypertension, and cardiovascular diseases. In this
work, quantum-dot-based molecularly imprinted hydrogels (QD@MIHs) were developed
by integrating L-cysteine-modified ZnS quantum dots (QDs)with highly selective molecular
imprinting technology for rapid homocysteine detection. The QD@MIPHs were fabricated
using a dual-functional monomer system (acrylamide and methacrylic acid) through
surface coating of the Hcy molecularly imprinted polymer gel onto the QDs. Under
optimal conditions, the response time of the QD@MIPHs for Hcy detection was 5 min.
When the Hcy concentration ranged from 0.1 to 10.0 uM, the fluorescence quenching of the
QD@MIHs showed a good linear relationship with Hcy concentration (R? = 0.9972), with a
corresponding detection limit of 0.027 uM. In addition, the constructed QD@MIPHs showed
no significant response to other interfering substances, demonstrating the high selectivity
of the prepared material. Practical sample analysis revealed that the recovery rates of Hcy
ranged from 94.34% to 104.1%, with relative standard deviations (RSD, n = 3) between
3.56% and 7.17%. This study provides a novel tool and method for rapid Hcy detection
with significant potential in biomedical diagnostics and preventive-healthcare applications.

Keywords: quantum dots; molecularly imprinted hydrogel; homocysteine; fluorescence
sensor

1. Introduction

Homocysteine (Hcy) is a crucial intermediate metabolite in the methionine and cys-
teine metabolic pathways in humans [1]. Under physiological conditions, serum homocys-
teine is metabolized via enzymatic reactions into glutathione and S-adenosylmethionine,
participating in protein biosynthesis and cellular metabolism maintenance, thereby playing
a pivotal role in both metabolic regulation and immune function [2-4]. However, when
this metabolic process is disrupted by factors such as genetic predisposition, nutritional
status, unhealthy lifestyle, aging, chronic diseases, or certain medications, Hcy and its
metabolites accumulate in the blood, leading to elevated homocysteine levels (hyper-
homocysteinemia) [5-8]. Studies have shown that a variety of diseases such as stroke,
depression, Alzheimer’s disease, cardiovascular disease, certain cancers and gestational
hypertension are associated with high levels of Hcy in the blood [9-13]. Therefore, the
detection of Hcy has received extensive attention in the fields of drug research, medical
diagnosis and disease monitoring. Currently, there are numerous detection methods for
detecting homocysteine, including enzyme-linked immunosorbent assay (ELISA), gas
chromatography-mass spectrometry (GC-MS), high-performance liquid chromatography
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(HPLC), capillary electrophoresis, and fluorescence polarization immunoanalysis [14-21].
Although these techniques can provide reliable Hcy detection results, they still present
several limitations, such as complex pretreatment, high operational costs, and the require-
ment for specialized instruments and trained personnel. Therefore, it is highly necessary to
develop a faster, more convenient, and lower-detection-limit Hcy determination technology.
Due to their advantages such as low cost, reliability, excellent selectivity, high sensitivity,
and portability, molecularly imprinted sensors have become a promising candidate for the
development of novel Hcy detectors.

Molecular imprinting technology (MIT) is a well-established technique that involves
copolymerization and cross-linking of functional monomers with template molecules,
followed by template removal to create specific recognition sites [22-24]. Molecularly
imprinted hydrogels (MIHs) are a novel functional material that combines MIT with
hydrogel matrices [25]. By incorporating specific molecular recognition sites into the
hydrogel network, MIHs not only retain the high water content, swelling capacity, and
biocompatibility of conventional hydrogels but also exhibit highly selective and specific
adsorption capabilities for target molecules [26-28]. Due to their intelligent molecular
recognition and responsive properties, MIHs demonstrate broad application prospects in
biomedical fields, food, and industrial separation [29-33]. However, during conventional
MIH preparation, template molecules tend to become entrapped or embedded within the
gel network, leading to difficult template removal and mass transfer limitations. These
issues adversely affect the adsorption performance and specificity of MIHs, significantly
hindering their practical applications.

Quantum dots (QDs) hold significant application value in sensor development due to
their exceptional physical and optical properties, such as narrow emission spectra, high
quantum yields, and size-tunable fluorescence characteristics [34-36]. The unique prop-
erties of QDs enable the development of highly sensitive sensing platforms. The novel
intelligent sensing platform constructed by integrating QDs with molecularly imprinted
hydrogels combines the superior signal transduction of QDs with the specific molecular
recognition advantages of MIHs [37-39]. The molecularly imprinted hydrogel not only
effectively protects quantum dots (QDs) from environmental quenching and enhances their
stability, but its environmental responsiveness (such as pH and temperature) also enables
intelligent regulation of detection conditions [40,41]. Furthermore, the molecularly im-
printed cavities within the hydrogel can specifically capture target molecules, significantly
improving detection selectivity.

In this study, quantum dots were integrated with molecularly imprinted hydrogels to
fabricate a QD-based MIH fluorescence sensor for the detection of homocysteine, employing
acrylamide and methacrylic acid as dual-functional monomers. The QD@MIPHs not only
retain the conventional advantages of molecularly imprinted polymers, including excellent
physical stability, high selectivity, low cost, and broad operating conditions, but also
demonstrate additional merits such as a fast mass transfer rate, easy elution/adsorption,
and a low detection limit. The developed sensor exhibits high sensitivity and accuracy
in Hey quantification, enabling reliable clinical assessment of cardiovascular disease risk
and facilitating early intervention. Furthermore, the QD@MIH system demonstrates broad
applicability in biomarker detection, environmental monitoring, and food safety analysis,
offering enhanced sensitivity and specificity while paving the way for portable, real-time
sensing devices.
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2. Results and Discussion
2.1. Fabrication of Hcy Molecularly Imprinted Hydrogel

QD@MIHs were prepared through surface molecular imprinting technology by copoly-
merizing dual-functional monomers (AAM and MAA) on L-cysteine-modified Mn2+-doped
ZnS quantum dots to construct a molecularly imprinted hydrogel system. The specific
preparation process is illustrated in Figure 1. First, water-soluble manganese-doped ZnS
quantum dots (QDs) were employed as the signal transduction unit and substrate nanoma-
terial. ZnS QDs exhibit narrow emission bands, and doping with Mn?* can further enhance
their fluorescence quantum yield and photochemical stability. Meanwhile, the ZnS QDs
were surface-modified with L-cysteine to improve their biocompatibility while enhancing
their optical stability and aqueous dispersibility. Second, AAm and MAA were selected as
dual-functional monomers to construct a molecularly imprinted hydrogel layer for Hcy on
L-cysteine-modified ZnS quantum dots via surface imprinting technology. MAA provided
pH sensitivity to the imprinted gel while AAm regulated the gel network elasticity and
swelling rate by harnessing their synergistic effects. Finally, after eluting the Hcy molecules,
complementary binding sites matching Hcy in terms of structure, size, shape, and functional
groups were formed in the molecularly imprinted hydrogel on the prepared QD@MIHs.
The constructed molecularly imprinted hydrogel coating on the QDs surface not only
provided selectivity for Hcy but also prevented other interfering substances from binding
to the QD@MIHs surface. Furthermore, the constructed QD@MIH exhibited pH-responsive
characteristics, enabling rapid binding of Hcy molecules in samples through pH adjust-
ment. In this study, QD@MIHs exhibited characteristic orange-red fluorescence emission at
594 nm in the absence of homocysteine (Hcy). Upon Hcy addition, the molecularly im-
printed hydrogel layer on the QD@MIHs surfaces selectively captured Hcy molecules
through specific binding interactions, leading to significant fluorescence quenching. Stern-
Volmer analysis confirmed that the quenching efficiency showed a positive linear cor-
relation with Hcy concentration. The fluorescence quenching mechanism involves pho-
toinduced electron transfer from the excited state of quantum dots to Hcy molecules,
introducing a new nonradioactive decay pathway for the excited-state energy [42]. This
dynamic quenching process ultimately converts the molecular recognition event into an-
alyzable optical signals, enabling rapid detection of the target molecule in the samples.

(o]
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Figure 1. Schematic of the QD@MIHs preparation process.
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2.2. Characterization

High-resolution transmission electron microscope (TEM) characterization was per-
formed on both L-cysteine-functionalized ZnS quantum dots (QDs) and the QD@MIHs
(Figure 2). The prepared nanoparticle diameters were measured from the TEM images
using NanoMeasurer 1.2.5, with subsequent statistical analysis performed in Origin-
Pro 2021 (v9.8.0.20) including Gaussian fitting of size distributions. The TEM images
(Figure 2a) reveal well-defined lattice structures of the ZnS QDs with uniform particle size
distribution, and the average diameter of the QDs is 3.12 & 0.18 nm. The QD@MIH nanopar-
ticles (Figure 2b) exhibit good dispersity with a moderately increased average diameter of
3.75 £ 0.31 nm. This size expansion results from the successful surface imprinting process,
where the molecularly imprinted hydrogel coating endows molecular-recognition function-
ality to the QDs. The tailored imprinting cavities enable both high-affinity binding and
efficient adsorption of homocysteine molecules.

3.12/+0.18 nm

B

3.12£0.18 nm 3.75+0.31 nm

- ™~ I

2.6 2.8 3.0 3.2 3.4 3.6 3.0 3.2 3.4 3.6 3.8 40 42 4.4 4.6

Size/(nm) Size/(nm)

Figure 2. TEM images of (a) L-cysteine-modified QDsand (b) QD@MIHs, with corresponding size
distribution of (c¢) L-cysteine-modified QDs and (d) QD@MIHs.

2.3. pH-Dependent Effects on QD@MIHs

Figure 3 demonstrates the changes in fluorescence intensity and quenching degree of
QD@MIHs before and after Hcy adsorption under different pH conditions. As illustrated in
Figure 3, the as-prepared QD@MIHs exhibit obvious pH-dependent fluorescence behavior
in the absence of Hcy. Under acidic conditions (pH 3.5-5.0), the fluorescence intensity is
relatively low. The emission intensity gradually increases with rising pH values, reaching
its maximum at pH 7.0. However, further increasing the pH to alkaline conditions (7.0-9.0)
leads to a slight decrease in fluorescence intensity. This phenomenon can be explained by
(1) acidic hydrolysis of QD@MIHs generating H,S,, which quenches fluorescence [43],
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and (2) alkaline-induced aggregation or precipitation of quantum dots that which af-
fects both material stability and fluorescence efficiency. In contrast, after the addition of
Hcy, QD@MIHs exhibited significant fluorescence quenching with increasing pH (3.5-7.0).
The maximum fluorescence quenching is achieved at pH 7.0, coinciding with the peak
quenching efficiency (Fy/F — 1). This phenomenon can be attributed to the pH-responsive
properties imparted by the AAm-MAA copolymerized hydrogel layer on the QD surfaces
during QD@MIHs fabrication. At pH 7.0, the hydrogel layer swells, facilitating Hcy’s entry
into the binding cavities. This enhanced accessibility enables more effective Hcy capture by
QD@MIHs, followed by electron transfer between QDs and Hcy that induces pronounced
fluorescence quenching. These experimental results demonstrate that pH 7.0 provides
maximum quenching efficiency (Fy/F — 1) for Hcy detection by QD@MIHs. Therefore, pH
7.0 was selected as the optimal condition for Hcy detection in subsequent experiments.
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Figure 3. Fluorescence response of QD@MIHs at different pH values (a) without Hcy and (b) with
Hcy, (c) Changes in fluorescence quenching efficiency. Experimental conditions: acetic acid-sodium
acetate buffer at pH 3.5-5.5; sodium phosphate buffer at pH 6.0-8.0; boric ac-id-borax buffer at pH
8.0-9.0, room temperature.

2.4. Rebinding Experiments
2.4.1. Binding Kinetics

The adsorption kinetics of the prepared QD@MIHs and QD@NIHs were investigated
by incubating them in homocysteine solutions and recording the time-dependent fluores-
cence intensity variations. As shown in Figure 4, when Hcy was present in the sample,
the fluorescence intensity of QD@MIHs decreased rapidly within the first 3 min and then
gradually stabilized over the remaining 7 min, ultimately achieving adsorption equilibrium
within 5 min. To further investigate the effect of nonspecific adsorption on the prepared
materials, the adsorption kinetics of QD@NIHs were measured under same conditions. It
can be clearly observed that the fluorescence intensity of QD@NIHs decreased during the
initial 2 min, with a slight change occurring in the subsequent 8 min. This phenomenon oc-
curs because of QD@NIHs lacks specific Hcy recognition sites, and the QD@NIHs bind Hcy
through nonspecific physical adsorption, resulting in fluorescence quenching. However,
due to its limited binding capacity, the system quickly reaches equilibrium, after which the
fluorescence intensity of QD@NIHs remains essentially unchanged. In contrast, QD@MIHs
feature a molecularly imprinted hydrogel coating that creates tailored recognition cavities
during imprinting. These cavities exhibit complementarity to Hcy in term of molecular
size, functional group orientation, and three-dimensional structure. Hcy molecules are
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selectively captured and bound to the QDs surfaces, resulting in pronounced fluorescence
quenching and a longer equilibration time. These experimental results demonstrate that
the Hcy adsorption equilibrium time of QD@MIHs is 5 min.
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Figure 4. Binding kinetics of QD@MIHs and QD@NIHs in Hcy sample solution.

2.4.2. Adsorption Isotherm Experiments

The adsorption behavior of the prepared quantum dot-based molecularly imprinted
hydrogels toward homocysteine was systematically investigated through rebinding experi-
ments. As shown in Figure 5, the Hcy adsorption isotherms of QD@MIHs and QD@NIHs
for Hcy were determined. The results demonstrate that the Hcy adsorption capacity of
QD@MIHs increased rapidly with increasing Hcy concentrations. Notably, QD@MIHs
exhibited significantly enhanced adsorption capacity compared to their non-imprinted
counterparts (QD@NIHSs). This remarkable performance can be attributed to the precisely
constructed three-dimensional imprinted cavities within the molecularly imprinted hydro-
gel matrix coating the quantum dots, which provide numerous specific binding sites for
effective Hcy recognition and capture. The molecular imprinting technology endowed the
QD@MIHs with superior molecular recognition capability, thereby achieving substantially
improved adsorption capacity for the target molecule (Hcy). The experimental adsorption
isotherm was fitted using both Scatchard and Langmuir models. The Scatchard analysis
displayed two distinct linear regressions with different slopes. The corresponding fitting
equations were Qe/Ce = 0.00105 Q. — 0.01175 (R? = 0.9786) and Q./Ce = 0.03140 Q. — 0.9212
(R? = 0.9850), respectively. The experimental adsorption isotherm was fitted using the
Langmuir equilibrium model, and the fitting results are presented in Figure 5. The Lang-
muir Hey adsorption isotherm equation of QD@MIHs was Ce/Q = 0.02083 C. + 0.02966
(R? = 0.9958). The fitting results demonstrate that the adsorption behavior of the molecu-
larly imprinted material conforms well to the Langmuir model (R? = 0.9958), indicating a
monolayer adsorption process on homogeneous surfaces. This suggests that the adsorp-
tion sites are uniformly distributed on the molecularly imprinted hydrogel surface, and
the three-dimensional imprinted cavities exhibit excellent spatial complementarity with
Hcy molecules.

149



Gels 2025, 11, 632

—a— QD@MIHs
—o— QD@NIHs
—— Langmuir fit of MIH@QDs

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Hcy concentration (mmol/L)
Figure 5. The adsorption isotherm of QD@MIHs and QD@NIHs and Langmuir fit of QD@MIHs.

2.5. Fluorescence Sensing of Hey Using QD@MIHs

Figure 6 shows the changes in the fluorescence emission spectra of QD@MIHs at differ-
ent Hcy concentrations in the samples. The synthesized QD@MIHs exhibit narrow and sym-
metric fluorescence emission with a large full width at half maximum (FWHM) and strong
fluorescence intensity. After binding with Hcy molecules, the prepared QD@MIHs display
significant fluorescence quenching, primarily attributed to the electron transfer process
between the quantum dots and the template molecules. As shown in Figure 6, the fluores-
cence intensity of both QD@MIHs and QD@NIHs gradually decreased as the concentration
of Hcy increased. Compared to QD@NIHs, QD@MIHs exhibited significant fluorescence
quenching, demonstrating a much higher fluorescence quenching efficiency (Fo/F — 1)
than QD@NIHs (Figure 6b). This pronounced fluorescence quenching of QD@MIHs can be
attributed to the molecular imprinting process employed in QD@MIH synthesis. During
imprinting process, non-covalent interactions including hydrogen bonding and van der
Waals forces between functional monomers and Hcy molecules generated complementary
binding cavities in the molecularly imprinted hydrogel following template removal. These
imprinted cavities matched Hcy in term of spatial structure, size, shape, and functional
groups, and facilitated more selective binding of Hcy molecules to the molecularly im-
printed hydrogel layer on QD@MIHs. Subsequently, the electron transfer between the
quantum dots and bound Hcy molecules resulted in the observed fluorescence quenching
phenomenon. As a control, the adsorption of Hcy molecules by QD@NIHs mainly occured
through nonspecific interactions, resulting in limited Hcy adsorption capacity and a lower
degree of fluorescence quenching compared to QD@MIHs. Figure 6a demonstrates that as
the Hcy concentration increases in the samples, the fluorescence intensity of QD@MIHs
decreases proportionally, indicating that calculating the Hcy concentration in the solution
based on fluorescence quenching is feasible and effective. Under optimal conditions, when
the Hcy concentration ranges from 0.1 to 10.0 uM, the degree of fluorescence quenching
(Fo/F — 1) of the QD@MIHs exhibits a good linear relationship with Hcy concentration,
with a correlation coefficient of 0.9972. The corresponding method detection limit is
0.027 uM (3 6/5). The detection method developed in this study demonstrates convenient
operation, rapid detection, cost-effectiveness, and high selectivity.
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Figure 6. (a) Fluorescence quenching spectra of QD@MIHSs and (b) QD@NIHs at different Hcy con-
centrations; (c) Fitting curve of QD@MIHs fluorescence quenching degree versus Hcy concentration.

2.6. Selective Experiments

To evaluate the specific Hcy recognition capability of QD@MIHs for Hcy, bovine
serum albumin (BSA), lysozyme (Lyz), hemoglobin (Hb) and glutathione (GSH) were
selected as reference molecules for comparative analysis. As shown in Figure 7, within
the concentration range of 0.1-10.0 uM, Hcy exhibited significantly higher fluorescence
quenching constants (Ksv) for QD@MIHs compared to other interfering molecule (BSA,
Lyz, Hb and GSH). This phenomenon can be attributed to the numerous Hcy imprinting
sites created on the molecularly imprinted hydrogels during the imprinting process. These
binding sites demonstrated complementary interactions with Hcy molecules in terms of
spatial configuration, size matching, functional groups and surface charge distribution,
thereby enabling enhanced Hcy binding and more pronounced fluorescence quenching
of QD@MIHs. On the other hand, the bovine serum albumin, lysozyme, Hb and GSH
molecules did not match the imprinted sites on the QD@MIHs surface. Their adsorption
primarily relied on non-specific interactions such as physical adsorption, resulting in low
adsorption capacity for the target molecules and thus a weaker degree of fluorescence
quenching. Furthermore, the quenching effect of the Hcy molecules and reference molecules
on the QD@NIHs showed no significant difference, and their quenching constants were
quite similar. This is mainly because the QD@NIHs were prepared without corresponding
template molecules, resulting in the absence of imprinted sites for the target analyte.
The binding between the analyte molecules and QD@NIHs was primarily non-specific,
leading to weak adsorption and thus an insignificant quenching effect. Experimental results
demonstrated that the imprinting factor for Hcy was 6.08, significantly higher than those
of the reference molecules (BSA: 1.39; Lyz: 1.18; Hb: 1.26; GSH: 1.59), indicating that the
prepared QD@MIHs had high selectivity for Hcy molecules. The QD@MIHs prepared
in this study were compared with other reported Hcy detection techniques, as shown in
Table 1. Compared to other Hcy detection methods (such as HPLC, fluorescent probes,
and Au NPs), QD@MIHs exhibited a good linear range, a lower detection limit, and faster
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response times for Hcy detection. The developed method is simple to operate, has low
instrumental requirements, and does not require complex sample processing, while also
demonstrating good selectivity.
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Figure 7. The imprinting factor (IF) and fluorescence quenching constant (Ks,) of QD@MIHs and
QD@NIHs at different sample solution concentrations.

Table 1. Comparison of the performance of the QD@MIHs with previously reported methods for the
determination of Hcy.

Analysis Technique Linearity (uM) LOD Detection Time (min) References
HPLC 0.15-22.2 0.037 30.0 [16]
Terahertz spectroscopy 10.0-150.0 10.0 7.0 [44]
Electrochemical biosensor 5.0-150 1.2 10.0 [45]
Two-photon fluorescent probe 0-10 0.018 60.0 [46]
Aptasensor based on aptamer/Au NPs 1-100 1.0 30.0 [47]
Magnetic imprinted polymer 1.0-2.0 0.03 90.0 [48]
QD@MIHs 0.1-10 0.027 5.0 This work

2.7. Applications

This experiment adopted the standard addition recovery method to validate the
accuracy and reliability of the prepared molecularly imprinted hydrogel for detecting
Hcy in urine samples. Since all samples were collected from healthy volunteers with no
detectable endogenous Hcy in their urine, Hcy standards at varying concentrations were
spiked into the urine samples to validate the accuracy of QD@MIHs detection. The recovery
rates are presented in Table 2. As shown in Table 2, the recovery rates of Hcy ranged from
94.34% to 104.1%, with relative standard deviations (RSD, n = 3) between 3.56% and 7.17%,
demonstrating satisfactory performance. The results indicate that the fabricated quantum
dot-based molecularly imprinted hydrogel can effectively detect Hcy in real samples. The
method is accurate, reliable, highly sensitive, and suitable for the rapid analysis of Hcy in
practical applications.

2.8. Reusability and Stability of QD@MIHs

This experiment evaluated the reusability of the prepared QD@MIHs. the changes in
fluorescence intensity after five consecutive elution-adsorption cyclesare shown in Figure 8.
As depicted in Figure 8, the fluorescence intensity of QD@MIHs showed no significant
variation during the first three cycles. After the fourth cycle, the fluorescence intensity
decreased by 10.5%. Repeated QD@MIH regeneration cycles lead to gradual ligand loss
from the QDs surface and structural damage to the molecularly imprinted hydrogel coat-
ing, ultimately resulting in performance decline. These results indicate that the prepared
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QD@MIHs maintain good reusability within three operational cycles. Additionally, after
30 days of storage at 4 °C in the dark, the QD@MIHs had excellent fluorescence perfor-
mance with no significant change in their intensity (Figure 9), demonstrating their high
fluorescence stability.

Table 2. The results of the experiments on the Hcy recovery rate in real samples.

Sample Detected (uM) Added (uM) Measured (uM) Recovery Rates (%) RSD (1 =3, %)
0.1 0.0952 95.2 4.25
urine sample 1 Nd ! 0.5 0.5128 102.6 5.67
1.0 0.9838 98.4 3.56
0.1 0.0974 97.4 5.72
urine sample 2 nd 0.5 0.5204 104.1 6.19
1.0 1.015 101.5 4.23
0.1 0.0943 94.34 717
urine sample 3 nd 0.5 0.5178 103.6 5.21
1.0 1.012 101.2 5.25
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Figure 8. The reusability of QD@MIHs.
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Figure 9. The fluorescence stability of QD@MIHs.

3. Conclusions

This study successfully developed a water-soluble quantum dot-based molecularly
imprinted hydrogel sensor (QD@MIHs) for highly efficient detection of Hcy molecules. As
advanced fluorescent biosensors, QD@MIHs integrate the optical properties of quantum
dots with the high selectivity of molecularly imprinted hydrogels, significantly enhancing
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the selectivity and accuracy of Hcy detection in complex samples. The QD@MIHs demon-
strates user-friendly operation, a rapid response, and greatly improved detection efficiency.
The Experimental results demonstrate that QD@MIHs can effectively identify and detect
Hcy in samples with a rapid response time and excellent selectivity. Furthermore, the
QD@MIHs exhibit reliable accuracy in real sample analysis, along with good stability
and reusability. As fluorescent biosensor, QD@MIHs enable real-time monitoring of Hcy
concentrations, showing significant potential for early disease screening and point-of-care
diagnostics, with broad applications in preventive medicine and biomedical research.

4. Materials and Methods

4.1. Instruments and Reagents

Zinc sulfate (ZnSO,-7H,0), manganese chloride (MnCl,-4H,0), sodium sulfide
(NayS-9H,0), ammonium persulfate, L-homocysteine (Hcy), tris (2-carboxyethyl)phosphine
hydrochloride (TCEP), L-cysteine, bovine serum albumin (BSA), lysozyme (Lyz), hemoglobin
(Hb) and glutathione (GSH) were purchased from Maclin Biochemical Technology Co.,
Ltd. (Shanghai, China). Acrylamide (AAm), methacrylic acid (MAA), N,N’-methylene
diacrylamide (MBAAm), tetramethylenediamine (TEMED), and potassium persulfate (KPS)
were obtained from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Acetic
acid and anhydrous ethanol were purchased from Sinopharm Group Chemical Reagent
Co., Ltd. (Shanghai, China). All of the reagents were of analytical grade, and the water
used in experimental water was ultra-pure water.

The fluorescence spectra were measured by an FL-970 spectrofluorometer (Techcomp,
Shanghai, China). The composition of the nanomaterials was analyzed using a JEM
F200 field emission transmission electron microscope (JEOL, Tokyo, Japan). The UV /vis
adsorption spectra were determined with a Specord 210 plus spectrophotometer (Analytik,
Jena, Germany).

4.2. Synthesis of L-Cysteine-Modified Quantum Dots

The synthesis of L-cysteine-modified quantum dots was performed via a sequential
aqueous-phase reaction [49]. Firstly, zinc sulfate heptahydrate (12.5 mmol) and manganese
chloride tetrahydrate (1.0 mmol) were co-dissolved in 90 mL of deionized water. The
precursor solution was stirred for 3 h at 25 °C under nitrogen protection. Secondly, a
freshly prepared sodium sulfide solution (15.0 mmol in 10 mL H,O) was added dropwise
(0.5 mL/min) to the reaction mixture, which was maintained at 60 °C for 10 h. Thirdly, L-
cysteine (0.5 mmol in 5 mL H,O) was introduced to functionalize the nanoparticle surfaces
during a 12 h dark-phase reaction. Finally, the resulting colloidal products were purified
through three cycles of centrifugation (8000 rpm) and redispersion in deionized water to
remove the residual reactants. The purified precipitate was collected and vacuum-dried for
subsequent experiments.

4.3. Fabrication of Molecularly-Imprinted-Hydrogel-Capped QDs

Surface imprinting technology was employed to coat the homocysteine molecule-
imprinted hydrogel onto the L-cysteine-modified QDs, constructing a QD@MIHs fluo-
rescence sensor as illustrated in Figure 1. First, 3.6 mmol AAm, 1.2 mmol MAA, and
1.0 mmol Hcy were sequentially added to 50 mL of pure water and ultrasonically dispersed
for 20 min. Next, 200 mg of L-cysteine-modified QDs were added, followed by 5 min of
ultrasonic dispersion and the addition 0f0.18 mmol MBAAm were added. After stirring for
30 min, 15 mg KPS and 8 uL TEMED were added to initiate polymerization. The mixed
solution was reacted at room temperature under nitrogen protection for 20 h. As a control,
non-imprinted hydrogels (QD@NIHs) were prepared using the same protocol without Hey
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molecules. The products were washed with water and ethanol to remove residual reactants.
The QD@MIHs were then eluted with an SDS/acetic acid solution (1%: 10%, w/v) until
their fluorescence intensity was the same as that of the QD@NIHs. Finally, the product
was vacuum-dried and stored in darkness at 4 °C. The QD yields of the Mn: ZnSQDs,
QDs@MIHs, and QDs@NIHs in ethanol which were 38.3%, 22.5%, and 23.7%, respectively.

4.4. Effect of pH on the QD@MIHs

In a 10 mL calibrated test tube, 1 mL of 0.1 g/L QD@MIHs and QD@NIHs dispersions
were prepared in 9 mL buffer solutions across varying pH ranges (acetic acid—sodium
acetate buffer at pH 3.5-5.5; sodium phosphate buffer at pH 6.0-8.0; boric acid—borax buffer
at pH 8.0-9.0) and sonicated for 5 min. After 5 min of incubation at 25 °C, the change in
fluorescence intensity of QD@MIHs in the presence and absence of Hcy in different buffer
solutions was measured using an FL-970 spectrofluorometer.

4.5. Adsorption Experiments
4.5.1. Adsorption Kinetics

The adsorption kinetics of the QD@MIHs in Hcy solution were first investigated. A
standard Hcy solution was prepared by dissolving 0.135 g of Hcy in 100 mL of phosphate
buffer (pH 7.0), with 1.2 mmol TCEP added to prevent oxidative degradation. For the ad-
sorption experiments, QD@MIHs or QD@NIHs were ultrasonically dispersed in 10 pmol/L
Hcy solution. The mixtures were incubated at 25 °C with orbital shaking (150 rpm) for
varying durations, and the time-dependent fluorescence intensity changes in both the
QD@MIHs and QD@NIHs were recorded.

4.5.2. Binding Isotherm Experiments

In the rebinding experiments, QD@MIHs or QD@NIHs were dispersed in 10 mL of
phosphate buffer (pH 7.0) containing varying concentrations of Hcy (0-1.2 mmol/L) at
25 °C. Binding isotherm studies were conducted by determining the adsorption capacities
of QD@MIHs and QD@NIHs across an Hcy concentration range of 0.1-1.2 mmol /L. The
adsorbed protein quantity (Q, mg/g) was calculated using the equation

Q=(Co—C)V/W @

where Cy and C, represent the initial and equilibrium concentrations of Hcy, respectively;
V is the solution volume; and W denotes the mass of QD@MIHs or QD@NIHs.

4.6. Determination of Homocysteine Using QD@MIHs

At room temperature (25 °C), homocysteine (Hcy) solutions were prepared by dis-
solving Hcy in phosphate buffer (pH 7.0). TCEP was then added as a reducing agent,
followed by nitrogen (N) purging for 15 min to prevent oxidative degradation. A series of
Hcy standard solutions with concentrations ranging from 0 to 10.0 umol/L were prepared.
QD@MIHs were sequentially added to these solutions, achieving a final concentration of
10 mg/L in all reaction systems. After thorough mixing, the solutions were incubated on a
shaker at room temperature for 5 min. the fluorescence emission spectra of the QD@MIHs
were recorded at an excitation wavelength of 310 nm, with QD@NIHs as the control. All
experiments were performed in triplicate. The fluorescence quenching of the QD@MIHs
followed the Stern—Volmer equation, as expressed below:

Fo/F =1+ Ksy[Q] ()
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Here, F represents the initial fluorescence intensity, where F denotes the fluores-
cence intensity with the quencher (Hcy); Ky is the Stern—Volmer constant; and [Q] is the
concentration of the quencher (Hcy).

4.7. Selective Experiments Methods

In this experiment, we selected BSA, Lyz, Hb, and GSH as competing substances for
Hcy to evaluate the selective recognition capability of the prepared QD@MIHs. The choice
of competing analytes was based on the following biological rationale: (i) glutathione (GSH)
was included as a potential metabolic interferent due to its similar sulthydryl structure
to homocysteine (Hcy); (ii) bovine serum albumin (BSA), the most abundant protein in
plasma, was used to simulate the matrix environment; (iii) hemoglobin (Hb) was in-cluded
because it is a key interferent released during red blood cell lysis; and (iv) lysozyme (Lyz)
was included as it is commonly present in secretions at inflammatory sites. A series of
sample solutions with varying concentrations (0-10.0 umol/L) of Hcy, BSA, lysozyme, Hb,
and GSH were prepared. The prepared QD@MIHs and QD@NIHs were then added to
these sample solutions to achieve a final QD@MIH concentration of 10 mg/L in all samples.
After incubation at room temperature for 5 min, the changes in fluorescence intensity of
QD@MIHs and QD@NIHs were measured and recorded. The imprinting factor (IF) was
used to evaluate the selectivity of QD@MIHs and QD@NIHs toward each substance, and
the calculation formula is as follows:

IF = Kgv mip/ Ksv nip 3)

where K, vip and Ky N1p are the quenching constants for QD@MIHs and QD@NIHs for
different sample solutions, respectively.

4.8. Application in Real Samples

To validate the practical application of the fabricated QD@MIHSs sensor, urine samples
were employed as real samples to evaluate the practical Hcy detection performance of the
prepared QD@MIHs. Because urine contains negligible protein-bound Hcy, the developed
QD@MIHs-based sensor primarily aims to detect free-form homocysteine. Urine samples
collected from healthy volunteers were filtered through 0.4 um membranes and stored at
4 °Cin the dark. For analytical measurements, 100 pL of the prepared QD@MIHs (1.0 g/L)
was dispersed into 9 mL of pretreated urine sample (filtered and reduced with 1 mM TCEP).
The mixture was adjusted to pH 7.0 using phosphate buffer (NaH;PO4/NayHPO,), and
the final volume was increased to 10 mL with ultrapure water. After mixing, the solution
was incubated at 25 °C for 5 min under dark conditions. The changes in fluorescence
intensity of QD@MIHs were measured using a spectrofluorometer. To further verify
the accuracy of the developed method, a standard addition approach was employed by
spiking different levels of homocysteine (0.1, 0.5, 1.0 umol /L) into the samples for recovery
rate determination.

4.9. Stability and Reusability

The fluorescence stability of the prepared QD@MIHs was evaluated under dark
storage conditions. The QD@MIHs were stored at 4 °C, and their fluorescence intensity
was measured continuously for 30 days. Additionally, the reusability of QD@MIHs was
systematically investigated. The prepared QD@MIHs underwent consecutive adsorption—
de-sorption—adsorption cycles, with fluorescence intensity recorded after each cycle to
evaluate their reusability. The specific cycling procedure was as follows: The QD@MIHs
were incubated in Hcy samples for 5 min followed by fluorescence measurement. Then,
bound homocysteine molecules were removed using SDS/acetic acid solution (1: 10,
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m/v), and the QD@MIHs were washed with buffer until a neutral pH was achieved for
subsequent reuse.
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The following abbreviations are used in this manuscript:

QDs Quantum dot

Hcy Homocysteine

MIHs Molecularly imprinted hydrogel

MIT Molecular imprinting technology
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HPLC High-performance liquid chromatography
IF Imprinting factor

NIHs Non-imprinted hydrogels

QD@MIHs Quantum dot (QD)-based molecularly imprinted hydrogels
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Abstract: To address the issues of insufficient protection and poor durability in concrete
during service, this study developed a novel polymer-silicate composite gel system by
combining silane with fluorocarbon resin emulsion and applied it to mortar specimens.
The chloride ion resistance enhancement of mortar provided by the novel gel system was
evaluated using the RCM method and natural chloride ion penetration tests, with SEM
images employed to analyze its anti-permeation mechanism. Results indicate that the
chloride ion migration coefficient of the novel composite gel system is 4.91 x 10712 m?/s,
representing a 63.97% reduction compared to the single fluorocarbon gel system. Within the
0-5 mm depth range, free chloride ion contents at 14, 28, and 56 days decreased by 55.35%,
50.10%, and 43.64%, respectively, demonstrating excellent resistance to chloride penetration.
Acid and alkali resistance tests demonstrated that the system retained the inherent corrosion
resistance of the fluorocarbon component. Carbonation tests demonstrated that the system
exhibited a slight decrease in carbonation resistance compared with the pure fluorocarbon
gel system, while still maintaining a satisfactory performance level. Overall, the polymer-
silicate composite gel system significantly enhanced the mortar’s resistance to chloride
ion penetration.

Keywords: polymer-silicate composite gel system; silane; fluorocarbon; chloride ion resistance

1. Introduction

Concrete, a typical cement-based gel material, is highly susceptible to attack by harm-
ful ions due to surface pores and cracks, particularly in marine, chemical, and saline-alkali
environments, where acid and alkali ions can severely impact its structure [1-3]. Excessive
concentrations of CI~,SO42~, and OH~ compromise the calcium silicate hydrate (C-S-H)
gel, resulting in severe structural damage. Moreover, anions can infiltrate the interior via
diffusion, permeation, and capillary absorption, ultimately inducing steel corrosion [4-7].
A practical and effective way to enhance the durability of concrete is the application of
surface protective materials [8]. Currently, surface protection for concrete mainly relies on
polymer emulsions and silane-based coupling agents [9,10]. Polymer emulsions include
epoxy, acrylic, polyurethane, fluorocarbon, and other types. These protective materials
form a polymer-silicate gel system with concrete, creating a dense protective layer on the
surface that effectively hinders water molecules and harmful ions introduced by water
from penetrating the matrix [11-13]. Silane coupling agents mainly consist of silanes and
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siloxanes. These materials can penetrate into the concrete structure and react with C-S5-H gel
in the concrete to form a hydrophobic layer, preventing the penetration of water molecules
and various harmful ions [14,15]. Numerous studies have confirmed that both types of
protective materials can effectively improve the durability of concrete.

Almusallam et al. [16] compared five types of polymer emulsions—polyurethane,
epoxy resin, chlorinated rubber, acrylic, and polyethylene—on improving the durability of
concrete. The results indicated that all these polymers significantly reduced the penetration
of water and chloride ions, with epoxy and polyurethane being most effective in enhanc-
ing substrate hydrophobicity. Vipulanandan et al. [17] evaluated the performance of two
polyurethanes in a sulfuric acid environment and found that both effectively prolonged
the service life of concrete. Merah et al. [18] compared acrylic and epoxy for carbonation
resistance, revealing that epoxy more effectively decreased the carbonation depth of the
matrix. Zheng et al. [19] evaluated the effects of waterborne fluorocarbon resin and silicone-
acrylic emulsions on the water absorption and chloride ion resistance of concrete. The
findings demonstrated a marked enhancement in chloride ion resistance and a significant
decrease in water absorption. However, epoxy resins have poor toughness and are suscep-
tible to aging [20]. Polyurethane exhibits excellent corrosion resistance, but its application
demands high technical standards and it has relatively poor thermal stability [21]. Acrylics
possess good weather and UV resistance but show poor water and chemical corrosion resis-
tance, making them unsuitable for marine environments [15]. Fluorocarbons offer excellent
weather and corrosion resistance, but their high rigidity makes them prone to cracking and
peeling [22,23]. Although polymer-silicate gel systems can effectively enhance the matrix’s
durability, they have inherent drawbacks that hinder long-term structural protection.

Silane coupling agents have received wide attention due to their film-forming pen-
etration properties, and their applications in concrete mainly focus on silanes and their
derivatives [24,25]. Studies have shown that silanes can penetrate the micro-pores of con-
crete and, through de-alcoholization reactions with water as well as chemical reactions
with hydroxyl groups in the concrete, form a three-dimensional cross-linked network
of organosiloxane resin. This network achieves tight bonding with the C-S-H gel in the
structure, preventing the ingress of water and various harmful ions [26-28]. Zhu et al. [29]
systematically investigated the anti-corrosion performance of silanes in offshore concrete
structures. Their results indicated that silanes could penetrate 2-3 mm into the surface
layer of the structure, and silane-impregnated concrete exhibited significantly reduced
water absorption and chloride ion uptake. Li et al. [30] incorporated different amounts of
silanes into cement-based materials. Experiments demonstrated that silanes enhance crack
resistance, increase contact angle, and improve impermeability, while reducing capillary
water absorption, thereby generally strengthening water resistance. SEM and nitrogen
adsorption tests revealed that the silane-silicate gel system exhibited higher maximum
adsorption capacity and total pore volume compared to the control group, indicating that
the silane component generated hydrophobic silicone resin within the pore network of
the C-S-H gel in the matrix, converting a large number of internal pore surfaces into
hydrophobic interfaces. However, after penetrating into the interior of the concrete, the
hydrophobic layer formed by silanes only coats the surfaces of the internal pores without
sealing them and cannot establish a dense protective layer on the concrete surface. Such
materials are limited in enhancing carbonation resistance and weather durability [31].

The limitations of polymer-silicate gel systems are closely associated with the intrinsic
structure of the cementitious substrate. The protective layer formed by the polymer emul-
sion effectively mitigates the detrimental effects of ultraviolet radiation, rainfall, and other
environmental exposures on the substrate. However, concrete, as a highly porous material,
contains water molecules and various mobile ions within its pore network, which can
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adversely influence the structure and durability of the film-forming coating. Fluctuations
in ambient temperature and humidity cause volumetric expansion of internal moisture
and gases, generating pressure on the protective film and eventually leading to reduced
adhesion or even cracking. In addition, aggressive ions—particularly chlorides—react
with other species during migration to form crystalline products, inducing volumetric
expansion and microcracking that accelerate surface degradation and compromise the
long-term durability of the coating. To overcome the inherent limitation of polymer—silicate
gel systems in addressing the internal pore structure of concrete, numerous studies have
been conducted. For instance, the incorporation of fluoroalkyl chains (<(CH;),CF3 or
—(CFy)n—) into silane molecules has been shown to markedly reduce surface energy and
enhance the overall weatherability of the system [32-34]. Silane-functionalized nano-silica
effectively enhances coating hydrophobicity and weather resistance, thereby reducing
chloride ion ingress [35,36]. However, although such modified silane systems can improve
the internal pores of concrete and reduce the impact of water, oil, or ultraviolet radiation
on the surface of the structure, they do not enhance carbonation resistance, and therefore
the service life of the protective system remains limited. Some researchers have attempted
to incorporate silane into polymer-silicate gel systems. Huang et al. [37] reported that
silane-modified acrylic resin coatings improved interfacial bonding, hydrophobicity, and
UV aging resistance, while Pramualkijja et al. [38] demonstrated that siloxane-modified
polyacrylate coatings exhibited superior hydrophobicity, self-cleaning properties, and inter-
facial adhesion. Although these modifications enhance interfacial adhesion, they involve
complex and costly procedures and fail to adequately address the potential deterioration
induced by ion migration within the concrete or the synergistic corrosion mechanisms
arising from both internal and external environments.

In this study, a novel polymer-silicate composite gel system was developed to protect
concrete by integrating silane and fluorocarbon components. Compared with the previously
mentioned modified silane coatings, this system preserves the excellent weathering and
corrosion resistance of fluorocarbon coatings while overcoming the durability limitations of
purely penetrating coatings. Compared with chemically silane-modified polymer coatings,
the silane component in this system can penetrate the internal pores of the concrete and
coat their surfaces, effectively preventing potential damage to the surface layer caused by
the migration of harmful ions within the concrete, and it can be easily prepared through
simple mechanical mixing. This study systematically evaluated the chloride ion protection
performance of a silane-modified fluorocarbon-silicate composite gel system and analyzed
the substrate’s microstructure at the microscopic level using scanning electron microscopy.
The vulnerability of single-film coatings to internal and external harmful ions was examined,
and the synergistic protective mechanisms of the composite system were investigated.
Furthermore, the effects of strong acidic and alkaline environments on the substrate were
assessed to determine its corrosion resistance under harsh conditions, and carbonation
tests were conducted to compare the carbonation resistance of different systems. This
work provides important theoretical insights into the degradation mechanisms of concrete
coatings and offers a solid foundation for the practical application of this novel protective
system in concrete structures.

2. Results and Discussion
2.1. Chloride lon Migration Coefficient

Figure 1 presents the measured chloride ion penetration depths from the RCM test,
where the silvery-white regions indicate the extent of chloride penetration. Specifically,
Figure 1a shows the blank control group, Figure 1b represents the silane /fluorocarbon-
silicate composite gel system (hereafter SF/Si), and Figure 1c depicts the fluorocarbon-
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silicate gel system (hereafter F/Si). It is evident that both systems exhibit markedly lower
chloride ion penetration depths than the blank control group. The penetration depth
of SF/Si is reduced by 57% relative to F/Si, demonstrating that silane modification sub-
stantially improves the coating’s impermeability. Furthermore, hydrophobic layer traces
formed by silane infiltration are visible on both the side and top surfaces of SF/Si, offering
stronger protective performance than F/Si.

2
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@ (b) ©

Figure 1. Measured depth of chloride penetration of mortar specimens: (a) Blank; (b) SF/Si; (c) F/Si.

Table 1 presents the chloride ion migration coefficients of the two gel systems. Statisti-
cal analyses were first performed using Levene’s test to verify homogeneity of variance
(p > 0.05). One-way ANOVA was then applied to assess the effect of different systems
on chloride penetration depth and DRCM values, revealing statistically significant dif-
ferences (p < 0.05). To further identify which groups differed, Tukey HSD post-hoc tests
were conducted. The results confirmed that the silane-modified fluorocarbon-silicate gel
system exhibited a significantly lower chloride penetration coefficient compared with the
pure fluorocarbon system (p < 0.05). These analyses demonstrate that variations in system
composition are the primary factor responsible for the observed differences in chloride re-
sistance. Compared with the blank control, the chloride ion migration coefficients of SF/Si
and F/Si were significantly reduced, with DRCM values decreasing by 88.1% and 67.1%,
respectively. The Drcy value of SF/Si was 63.97% lower than that of F/Si, indicating that
silane significantly enhances the fluorocarbon’s barrier effect against chloride ions, exerting
a stronger restriction on their migration. The Drcyp value of SF/Si was 63.97% lower
than that of F/Si, indicating that silane modification greatly enhanced the fluorocarbon’s
chloride ion barrier properties, effectively restricting chloride ion migration. As a surface
film-forming coating, fluorocarbon blocks the pores of the mortar surface, isolating it from
external chloride ions and forming an effective chloride ion barrier. However, its protection
is limited to the surface; once the barrier is penetrated, chloride ion infiltration into the mor-
tar follows a similar pattern to that in the untreated control, thereby restricting its long-term
protective capacity. Chloride ion penetration is usually accompanied by water molecule
movement. Silane molecules penetrate the specimen, where they hydrolyze to form silanol,
which subsequently reacts with hydroxyl groups in silicates to generate siloxane chains.
These siloxane structures condense and deposit onto the mortar pore surfaces, forming a
hydrophobic silicone resin layer that effectively impedes chloride ion migration [39,40].
Therefore, adding a small amount of silane emulsion enhances the hydrophobicity of
the fluorocarbon component, thereby improving the system’s resistance to chloride ion
penetration. The silane/fluorocarbon-silicate composite gel system demonstrates both the
sealing effect of the fluorocarbon and the hydrophobic effect of the silane. The synergistic
interaction between silane and fluorocarbon not only decreases the chloride ion migration
coefficient but also enhances the durability of the mortar.
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Table 1. Comparison of chloride migration coefficients of different materials.

Depth of 12 .2 DgrcMm Decline
Systems Type Penetration (mm) Drem (1071 m?/s) Rate (%)
blank 442 +1.1 41.1+18 -
SF/Si 14.8 + 0.8 49+0.2 88.1
E/Si 35015 13.6 =04 67.1

Notes: Data are presented as mean =+ standard deviation (SD), n = 3.

Figure 2 shows the SEM images of SF/Si and F/Si after the RCM test. The images
show that NaCl crystals are present in the membrane structures of both SF/Si and F/Si.
This phenomenon indicates that during chloride ion penetration, both membrane structures
have developed varying degrees of penetration pathways. The amount of NaCl crystals
in the structure reflects the extent of membrane penetration. It can be observed that the
number of NaCl crystals in Figure 2b is significantly greater than in Figure 2a. This indicates
that SF/Si exhibits higher impermeability compared to F/Si, making it more difficult for
chloride ions to penetrate. This observation is consistent with the RCM test results.

4pm EHT= 5.00kV Signal A = SE2 Date: 12 Mar 2024 4pm EHT= 500kV Signal A= SE2 Date: 12 Mar 2024
ZEISS
— WD = 8.0mm Mag= 200KX Time: 21:46:19 —A WD = 6.0 mm Mag= 200KX Time: 21:47:32
(a) (b)

Figure 2. SEM images of the two gel systems after undergoing the RCM test: (a) SF/Si; (b) F/Si.

2.2. Chloride Ion Content Distribution

The distribution pattern of chloride ion content in mortar under the same immersion
time is shown in Figure 3. The chloride ion content is highest within the depth range
of 0-5 mm, as the surface layer of the mortar is relatively looser than the interior. This
results in lower penetration resistance for chloride ions, causing them to accumulate in
the superficial layer and form a high-concentration region. Levene’s test was performed
to verify the homogeneity of variance (p > 0.05). A two-way ANOVA was conducted to
assess the effects of coating system type and immersion time on free chloride ion content.
The ANOVA results indicated a significant main effect of coating system type (p < 0.05).
Subsequently, a simple effects analysis (Tukey HSD) was performed to compare the specific
differences among coating systems at each immersion time. The results confirmed that
the silane-modified fluorocarbon coating significantly reduced free chloride ion content
compared with other systems (p < 0.05), supporting the enhanced chloride resistance of the
proposed coating. Compared with the blank control group, the free chloride ion content
in SF/Si decreased by 84.22%, 78.28%, and 68.23% after 14, 28, and 56 days of immersion,
respectively, while that in F/Si decreased by 64.67%, 51.64%, and 43.64%, respectively.
Compared with F/Si, the free chloride ion content in SF/Si decreased by 55.35%, 50.10%,
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and 43.64%, respectively. F/Si forms a dense protective layer between the chloride salt
environment and the test block. However, due to its poor hydrophobicity, a small number
of chloride ion penetration pathways may form within the protective layer. SF/Si integrates
the impermeability of silane and the density of fluorocarbon to form a comprehensive
protective system. The silane dispersed within the coating layer reduces the formation
of penetration pathways through its intrinsic hydrophobicity, limiting both the inward
penetration and lateral migration of chloride ions that have reached the surface layer.
Consequently, its resistance to chloride ion penetration is superior to that of F/Si.
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Figure 3. Distribution pattern of internal chloride ion content of mortar under the same soaking time:
(a) 14d; (b) 28d; (c) 56d.

Figure 4 shows the variation of free chloride ion content in mortar for each coating
system under different immersion times. Two-way ANOVA results indicated a significant
interaction between coating system and immersion time (p < 0.05), demonstrating that
the temporal variation of chloride ion content differed significantly among the coating
systems. To further investigate specific differences, simple effects analyses (Tukey HSD)
were conducted at each immersion time to compare coating systems. The results indicated
that, overall, the SF/Si coating consistently exhibited significantly lower chloride ion
content than the F/Si coating and the uncoated control at all time points (p < 0.05). Overall,
the chloride ion concentration in the F/Si system fluctuated more noticeably over time
compared to SF/Si. Meanwhile, by comparing the chloride ion content at a depth of
5-15 mm in Figure 4a,b, it can be observed that at a depth of 5-10 mm, the chloride ion
concentration in both materials decreases significantly. However, at a depth of 10-15 mm,
the rate of decline in chloride ion concentration for SF/Si slows down, especially at 14 days,
where there is almost no reduction in chloride ion concentration within this depth range.
In contrast, the decline in chloride ion concentration for F/Si at 10-15 mm remains nearly
the same as at 5-10 mm, indicating that the reduction in chloride ion concentration in
SF/Si slows earlier than in F/Si. This distribution pattern indicates that most chloride ions
penetrating into the test block in SF/Si are confined to its surface layer, while F/Si, lacking
an internal barrier, allows a greater accumulation of chloride ions in the deeper layers of
the test block. This further demonstrates the barrier effect of silane against chloride ions.

The chloride ion penetration resistance mechanism of the two gel systems is shown in
Figure 5. Since the protective effect of F/Si is mainly concentrated on the mortar surface,
it cannot effectively restrict the inward diffusion of chloride ions passing through the
membrane structure. The silane components in SF/Si can penetrate into the test block,
forming a barrier zone, which slows the intrusion of water molecules and chloride ions,
resulting in a high chloride ion concentration on the test block surface, while the internal
chloride ion concentration is significantly reduced [39].
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Figure 4. Change rule of internal chloride ion content of mortar under different soaking times:
(a) SF/Si; (b) F/Si.
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Figure 5. Schematic diagram of the mechanism of chloride ion impermeability of the two systems:

(a) Mechanism of silane barrier to chloride ions; (b) Pore crystallization damage process of F/Si.

The barrier zone created by silane not only mitigates the penetration of external water
molecules and chloride ions but also acts as an internal seal, preventing the migration of
chloride ions and water molecules within the mortar, thereby offering internal protection.
As mortar inherently contains some moisture, chloride ions migrate freely through its pores,
using water as a carrier. During migration, these ions interact with internal Ca®* and Na*
ions, precipitating as crystals. Table 2 presents the size data of typical ions and crystals in
cement-based materials. The unit cell, as the basic geometric unit of the crystal structure,
has a parameter a representing one edge length, which can be used to reflect the specific
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size of the unit cell. According to the data in the table, the unit cell parameter a of calcium
carbonate is 5 times the radius of the calcium ion and 2.8 times the radius of the carbonate
ion. For sodium chloride, the unit cell parameter a is 3.11 times the radius of the chloride ion
and 5.5 times the radius of the sodium ion. The ionic radius is much smaller than the unit
cell parameter of the corresponding crystal, indicating that significant volume expansion
occurs during the process of ions combining to form crystals. The mortar is damaged due
to the volume expansion caused by the transformation of ions into crystals within its pores.
Meanwhile, ions continue to migrate via water molecules into other pores, crystallizing and
inducing further damage, as shown in Figure 5b. This crystallization-induced deterioration,
similar to freeze-thaw cycles, compromises the integrity of the concrete. If crystallization
occurs within the pores near the pores at the material-matrix interface, it weakens adhesion
and undermines the durability of the coating [41]. In Figure 5a, the barrier zone formed
by silane can block internal ions near the mortar surface, preventing freeze-thaw cycle-
like crystallization damage inside the mortar. While enhancing the mortar’s resistance to
chloride ions, it also improves its durability.

Table 2. Ionic radius and crystalline cell parameter data (pm).

Chloride Ion Calcium Ion Sodium Ion Carbonate Ion  CaCQOj; Unit Cell NaCl Unit Cell
Radius Radius Radius Radius Parameters a Parameters a
181 100 102 178 499 564

The SEM images of chloride ion natural erosion after 56 days for the blank control
group, SF/Si, and F/Si are shown in Figure 6. As shown in Figure 6a, the internal structure
of the blank mortar is relatively dense, mainly due to the formation of abundant hydration
products during the soaking process, which reduces the surface porosity of the mortar. This
trend is consistent with the observation that the increase in chloride ion content slows down
as soaking time increases [41]. As shown in Figure 6b,c, the surface of F/Si is smoother than
that of SF/Si, due to the hydrophobicity provided by the silane molecules, which slowed
down the hydration reaction at the silane-impregnated layer of the specimen. This resulted
in SF/Si having a lower density compared to F/Si. The effect of SF/Si on the chloride
ion resistance of the mortar can be attributed to its permeability resistance. Compared to
F/Si, SF/Si has a more significant waterproof effect and can effectively prevent chloride
ion penetration, indicating better chloride ion resistance.

EHT= 500 kv Date: 12 Mar 2024
wo= 7.7mm Mag= 200KX Time: 21:24:17

@) (©)

Figure 6. SEM images after 56 d of natural erosion by chloride ions: (a) Blank; (b) SF/Si; (c) F/Si.

EHT= 500KV Signal A= SE2 Date: 12 Mar 2024

WD= 62mm Mag= 200KX Time: 21:18:20

2.3. Mass Loss Under Acid and Alkali Corrosion

The mass loss rate of mortar after acid and alkali exposure indicates its resistance to
corrosion. Figure 7 shows the mass loss rates of mortars under different gel systems [42,43].
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To evaluate the protective performance of different coating systems, Levene’s test and
two-way ANOVA were conducted on the mass loss rate. The results of Levene’s test
indicated that the data satisfied the assumption of homogeneity of variance (p > 0.05). The
two-way ANOVA revealed that the coating system had a significant main effect on the
mass loss rate under acidic and alkaline corrosion conditions (p < 0.05). The Tukey HSD
post hoc test further showed that the differences between the coated groups and the blank
control group were statistically significant (p < 0.05).
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Figure 7. Mass loss rate curves of mortar under acid and alkali exposure: (a) Acid exposure,
(b) Alkali exposure.

As shown in Figure 7a, SF/Si and F/Si exhibit significantly lower mass loss rates
under acid erosion compared to the untreated control. Due to direct exposure to the acidic
environment, the untreated control shows a linear increase in mass loss, exceeding 10%
after 30 days of acid attack. The high content of F-C bonds in SF/Si and F/Si enables them
to largely retain their protective properties in acidic environments, with mass loss rates
of approximately 6% and 4%, respectively, after 30 days of acid exposure. The addition
of silane emulsion reduces the original compactness of the fluorocarbon film in SF/Si,
resulting in a mass loss rate approximately 2% higher than that of F/Si.

As shown in Figure 7b, all mortar samples exhibit negative mass loss rates, with the
untreated control showing a substantially higher mass gain than the two mortars. At this
stage, the change in mortar mass mainly depends on water absorption and the formation
of internal gel products. Due to the absence of a protective coating, the untreated control
exhibits higher internal moisture content and more abundant gel formation. In addition, the
lower water absorption of SF/Si results in reduced internal moisture and less gel formation
compared to F/Si. Consequently, under alkaline attack, SF/Si shows a slightly lower mass
change rate than F/Si.

2.4. Compressive Strength Loss Under Acid and Alkali Corrosion

Figure 8 illustrates the relationship between the compressive strength loss rate of
mortars and corrosion time for the two gel systems. Differences among coating systems
were evaluated using Levene’s test and two-way ANOVA. Levene’s test confirmed that
the compressive strength loss data under both acidic and alkaline conditions satisfied
the assumption of homogeneity of variance (p > 0.05). The two-way ANOVA indicated
that both the coating system type and corrosion time had significant main effects on the
compressive strength loss rate (p < 0.05). Tukey HSD post hoc tests further revealed that
the compressive strength loss in both coating groups was significantly lower than that of
the blank control group at all tested time points (p < 0.05).
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Figure 8. Variation curves of compressive strength loss rate of mortar: (a) Acid exposure; (b) Alkali
exposure.

As shown in Figure 8a, under acid attack, the compressive strength loss of all mortars
increased progressively over time. At the same exposure duration, the loss rates of SF/Si
and F/Si were considerably lower than those of the blank group. Throughout the acid
erosion process, the compressive strength loss rates of SF/Si and F/Si were nearly identical,
differing by only 1-2%. Both gel systems markedly slowed the early-stage strength loss
during acid erosion. The blank group exceeded a 20% loss after 15 days, whereas SF/Si
and F/Si reached the same level only after 30 days. This demonstrates their superior acid
resistance, with only minor differences between the two.

As shown in Figure 8b, the compressive strength of all mortars subjected to alka-
line corrosion initially increased and then decreased. The time at which peak strength
was reached differed among the coating systems, further confirming a significant time-
dependent effect of coating type (two-way ANOVA, p < 0.05). Post-hoc Tukey HSD tests
indicated that the compressive strength loss rate of the coated groups was significantly
lower than that of the control group (p < 0.05), demonstrating that the coating systems
effectively enhanced the compressive performance of mortar under alkaline corrosion. At
5 days of alkali exposure, the blank group exhibited a higher strength increase than SF/Si
and F/Si. This was due to the higher OH™ concentration in the blank mortar, which gener-
ated more gel products and enhanced its compactness [44,45]. This observation already
reflected the superior alkali resistance of the coated mortars. The strength peaks of SF/Si
and F/Si were delayed to around 15 days, further indicating that OH™ intrusion into the
mortar was effectively mitigated. Beyond 5 days of alkali exposure, the excessive formation
of gel products disrupted the internal structure of the mortars. The strength loss rate of the
blank mortar increased continuously, far surpassing that of SF/Si and F/Si, while the latter
two still exhibited rising strength, further confirming their superior alkali resistance. At
30 days of alkali exposure, the strength loss rate of the blank mortar approached 15%. The
compressive strength loss rate of SF/Si remained around 5%, differing from F/Si by only
about 2%. This indicates that the incorporation of silane had little influence on the alkali re-
sistance of the fluorocarbon-silicate gel system. In summary, under both acidic and alkaline
environments, SF/Si exhibited comparable protective performance to F/Si, suggesting that
silane had minimal influence on the acid and alkali resistance of the fluorocarbon-silicate
gel system.

In summary, under both acidic and alkaline environments, SF/Si exhibited comparable
protective performance to F/Si, suggesting that silane had minimal influence on the acid
and alkali resistance of the fluorocarbon-silicate gel system.
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2.5. Carbonation Depth

As indicated by the preceding results, the SF/Si coating exhibited outstanding resis-
tance to chloride ion ingress. Likewise, carbonation resistance represents another critical
parameter governing the durability of concrete structures [46]. To further assess the barrier
efficiency of the coating against CO; ingress, an accelerated carbonation test was performed.
The carbonation depths of the mortars at various curing ages are presented in Figure 9.
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Figure 9. Carbonation depth of mortar at different curing ages.

Essentially, carbonation involves the diffusion of CO, gas through the coating into
the concrete substrate, where chemical reactions occur; the resulting carbonation depth
effectively reflects the coating’s protective capability against CO, ingress [47,48]. To ex-
amine the statistical significance of inter-system differences, the carbonation depth data
were analyzed using Levene’s test for homogeneity of variance, one-way ANOVA, and
the Tukey HSD post-hoc comparison. The Levene test confirmed that the data satisfied
the assumption of homogeneity of variance (p > 0.05). The one-way ANOVA revealed
a statistically significant influence of protective system type on the carbonation depth
(p < 0.05). Subsequent Tukey HSD post-hoc analysis demonstrated that the SF/Si and F/Si
coating systems exhibited significantly different carbonation performance compared with
the uncoated control (p < 0.05).

As illustrated in Figure 9, both protective systems markedly reduced the carbonation
depth of the mortars at identical carbonation ages compared with the uncoated control, in-
dicating a pronounced enhancement in carbonation resistance. After 28 days of carbonation
exposure, the carbonation depth reached 26.44 mm for the uncoated control, whereas the
SF/Si and F/Si systems exhibited depths of 4.82 mm and 3.71 mm, representing reductions
of approximately 82% and 86%, respectively, relative to the control. In terms of carbonation
depth, the order followed F/Si < SF/Si << uncoated control. According to the Standard for
Inspection and Evaluation of Concrete Durability (JGJ/T193-2009) [49], the SE/Si coating
exhibited a carbonation depth of 4.82 mm after 28 days of accelerated carbonation testing,
corresponding to a carbonation resistance rating of Grade T-IV, which denotes a good
performance level, as shown in Table 3. Although the carbonation protection of SF/Si was
slightly inferior to that of F/Si, it still satisfied the standard requirements.

Table 3. Classification of concrete carbonation resistance levels.

Grade TI T-II T-I11 T-IV TV
Carbonation d > 30 20 < d <30 10 < d <20 01<d<10 d<0.1
Depth d (mm)
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Compared with the F/Si system, the SF/Si coating exhibited a marginal reduction
in carbonation resistance. This difference is presumed to originate primarily from the
limited compatibility between the silane component and the fluorocarbon resin. During the
film-formation process, interfacial discontinuities or microdefects may have developed be-
tween the two phases, providing additional pathways for CO, diffusion and consequently
diminishing the overall gas-barrier efficiency of the coating.

As illustrated in Figure 10, a distribution model of silane within the modified pro-
tective system was proposed to elucidate its influence on the coating densification and
carbonation resistance. Silane species distributed on the coating surface tend to disrupt the
continuity of the fluorocarbon film, which primarily accounts for the slight reduction in
coating densification and carbonation resistance. In contrast, silane molecules embedded
within the coating matrix and deposited near the substrate interface can react with the
cementitious phase to form a siloxane network, thereby establishing the dual protective
structure proposed in this study, which serves as an essential mechanism underlying the
superior chloride-ion impermeability of the composite coating.

(a) (b) (c)

Figure 10. Form of silane emulsion in the SF/Si system: (a) Silane components floated on the
fluorocarbon surface; (b) Silane components embedded within the fluorocarbon matrix; (c) Silane
components deposited beneath the fluorocarbon coating. Blue spheres represent the fluorocarbon
component, green spheres represent the silane component, and gray spheres correspond to the
mortar specimens.

Subsequent SEM observations further validated the proposed model. Figure 11 dis-
plays the surface morphologies of the two protective systems. As shown, the F/Si coating
developed a continuous and uniform dense film. The region highlighted in Figure 11a
corresponds to the phase associated with the silane component. In the SF/Si coating, the
incorporation of silane induced localized microphase separation, leading to interfacial
defects within the otherwise homogeneous fluorocarbon matrix and thereby reducing the
overall compactness of the coating. This microstructural feature provides direct experimen-
tal evidence for the slight reduction in gas-barrier efficiency of the composite coating and
accounts for its intermediate carbonation resistance between the pure fluorocarbon coating
and the uncoated control.

In summary, the incorporation of silane alters the compactness of the fluorocarbon film,
thereby affecting the carbonation resistance of the overall protective system. Nevertheless,
the hybrid structure formed by silane and fluorocarbon maintains the superior weathering
resistance and chemical stability of the outer fluorocarbon film while markedly enhanc-
ing the system’s ability to resist chloride-ion ingress from both directions. Although the
presence of silane slightly reduces the compactness of the outer fluorocarbon layer and con-
sequently its carbonation resistance, the coating still satisfies the engineering specifications
and exhibits outstanding comprehensive protective performance.
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Figure 11. Surface micro-morphology of the two protective systems: (a) SF/Si; (b) F/Si.

2.6. Comprehensive Performance Comparison and Analysis

The aforementioned findings indicate that the combination of silane and fluorocarbon
resin forms a comprehensive protective system with complementary characteristics and
synergistic effects, rather than a simple superposition of individual properties. This section
aims to compare the performance of the composite coating system proposed in this study
with representative existing protective systems by focusing on key indicators such as
chloride ion penetration resistance and carbonation resistance, thereby further validating
its protective advantages and application potential. The corresponding results are presented
in Tables 4 and 5.

Table 4 presents a comparison of the chloride migration coefficients of the protective
systems developed in this study and those of commonly reported coating systems in the
literature. SF/Si exhibits a reduction in chloride migration of 88.1% relative to the blank
control, markedly surpassing conventional fluorocarbon (67.1%), polyurethane (47.8%),
and acrylic resin (54.7%) coatings [50,51]. The corresponding chloride migration coefficient
(4.9 x 10712 m2/s) demonstrates excellent chloride resistance. Although SF/Si shows
slightly lower chloride-ion protection than some silane systems, the enhancement in sub-
strate protection achieved by SF/Si (88.1%) is comparable to that of the silane systems
(84.3%) [52].

Table 4. Comparison of chloride ion resistance between the coatings studied and existing coatings.

. Control/Coating  Reduction Rate Protective
Ref. Coating Type Test Method (10-12 m2/s) (%) System Type
inorganic-
(SF/Si) Fluorocarbon/Silane ~ RCM 41.1/4.9 88.1 modified organic
composite
system
(F/Si) Fluorocarbon RCM 41.1/13.6 67.1 Organic system
[50] Polyurethane FT 9.0/4.7 47.8 Organic system
[51] Acrylic RCMT 14.4/6.53 54.7 Organic system
[52] Nano-5i0; RCPT 20.93/3.29 84.3 Inorganic-

modified silane modified system

Table 5 compares the carbonation depths of SE/Si, F/Si, and several representative
protective systems after 28 days of accelerated carbonation. The results indicate that the
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combination of silane and fluorocarbon does not substantially diminish the improvement
in carbonation resistance provided by fluorocarbon coatings, with reduction rates of 81.8%
and 86.0% for SF/Si and F/Si, respectively. SF/Si therefore retains a relatively good
carbonation resistance. When compared with certain polymer-based protective systems,
such as acrylic emulsion coatings (carbonation depth: 2.98 mm; reduction: 70.8%) and nano-
SiO,-modified polyurethane coatings (carbonation depth: 2.0 mm; reduction: 65.5%), SF/Si
exhibits slightly weaker carbonation protection but still falls within the same protection
grade, while offering a more pronounced overall improvement in performance [49,53,54].
In comparison, single silane coatings provide only limited enhancement in carbonation
resistance, reflected by a reduction rate of approximately 13.6% [55].

Table 5. Comparison of carbonation resistance between the coatings studied and existing coatings.

. 28d Carbonation . o .

Ref. Coating Type Depth (mm) Reduction Rate (%) Protective System Type

(SF/Si) Fluorocarbon/Silane 26.44/4.82 81.8 1n9rgan1c—m9d1f1ed
organic composite system

(F/Si) Fluorocarbon 26.44/3.71 86.0 Organic system

[53] Acrylic 10.2/2.98 70.8 Organic system

[55] Pure silane 23.6/20.4 13.6 Inorganic system

Nano-5i0, modified . -
[54] 5.8/2.0 65.5 Organic-modified system

Polyurethane

In summary, SF/Si, a novel polymer-silicate composite gel system, demonstrates
excellent performance in two critical durability metrics: resistance to chloride ion penetra-
tion and carbonation. Compared with silane-based systems, SF/Si maintains comparable
chloride-ion resistance while exhibiting a significantly enhanced carbonation resistance.
When compared with polymer-based protective systems, SF/Si shows slightly lower carbon-
ation resistance but still meets equivalent protection-grade standards, while its chloride-ion
resistance is notably superior. These differences reflect the fundamental distinctions in
protective mechanisms between different coating systems. Although silane-based systems
can penetrate the substrate, they lack the intrinsic density and durability characteristic
of polymer-based systems. Single polymer films, as discussed in Section 2.2, are unable
to effectively prevent the back-diffusion of harmful ions from the concrete pores, thereby
limiting long-term protective performance. SF/Si integrates the inherent density of the
polymer film with the protective layer formed through silane penetration, creating a dual-
layer synergistic system. This structure provides a balanced enhancement of durability and
demonstrates improved overall protective performance.

3. Conclusions

This study developed a novel polymer-silicate composite gel system based on silane
and fluorocarbon resin. Through the synergistic effect of dual-layer protection, the system
significantly enhances mortar resistance to chloride penetration while maintaining inherent
chemical durability. The main conclusions are summarized as follows:

1.  The RCM test indicated that the SF/Si composite gel system had a chloride penetration
depth of only 14.9 mm, representing a 57% reduction compared to the F/Si gel system.
Its DRCM value was 4.91 x 1072 m?/s, 63.97% lower than F/Si, demonstrating a
more effective limitation of chloride ion migration.

2. Chloride natural diffusion tests demonstrated that after 14, 28, and 56 days of im-
mersion, SF/Si contained less free chloride across the full depth compared to F/Si.
Within the 0-5 mm range, SF/Si’s free chloride content was 0.121%, 0.225%, and
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0.412%, corresponding to reductions of 55.35%, 50.10%, and 43.64% relative to F/Si.
This indicates that the novel polymer-silicate composite gel system exhibits superior
resistance to chloride penetration compared to the fluorocarbon-silicate gel system.

3. SEM images revealed that SF/Si exhibited fewer surface NaCl crystal precipitations
and a slower hydration reaction, suggesting enhanced hydrophobicity. This effec-
tively restricted chloride transport, allowing SF/Si to resist chloride penetration more
efficiently than F/Si.

4. The incorporation of silane had minimal impact on the inherent acid and alkali
resistance of the F/Si gel system, with SF/Si maintaining comparable performance to
F/Si under acidic and alkaline conditions.

5. The incorporation of silane components decreased the compactness of the coating,
resulting in a carbonation resistance slightly lower than that of the pure fluorocarbon
coating. Nevertheless, according to the JGJ/T193-2009 standard, the 28-day carbona-
tion depth of SF/Si (4.82 mm) still corresponds to Class T-1V, indicating a satisfactory
engineering performance.

This study verified the effectiveness of the silane—fluorocarbon composite system in
improving the chloride ion resistance of concrete, providing a feasible technical approach
for enhancing the durability of concrete structures under harsh environments. From a
lifecycle perspective, the fluorocarbon component, due to its excellent chemical stability
and dense film-forming characteristics, can significantly extend the service life of structures
and reduce maintenance frequency, which has positive significance for engineering sustain-
ability. However, as a recalcitrant material, fluoropolymers still face certain controversies
regarding their environmental sustainability. Therefore, under the premise of maintaining
protective performance, further research on reducing the fluorocarbon content or using
alternative green resins (such as waterborne acrylic and waterborne epoxy resins) is neces-
sary for the effective application of the protective system in this study. At the same time, a
comprehensive assessment of the lifecycle performance of the coating system, including
durability, sustainability, and environmental impact, should be conducted to provide theo-
retical support for the development of future green concrete protective materials from the
perspectives of service performance and ecological benefits.

4. Materials and Methods
4.1. Experimental Materials

The cement used in this study was ordinary Portland cement (P-O 42.5) produced
by China Resources Cement Co., Ltd., China. River sand with a fineness modulus of 2.8,
sourced from Xinyang, Henan, China, was used as the fine aggregate. A silane emulsion
was supplied by Henan Juyan Co., Ltd., China. The fluorocarbon emulsion was prepared
following the formulation provided by Henan Juyan Co., Ltd., with the main raw material
composition summarized in Table 6. All water used in the experiments was obtained from
the laboratory.

Table 6. Fluorocarbon component main raw material ratio.

Name Dosage (g) Mass Fraction (%)

Deionized water 90 30

Hydroxyethyl cellulose 0.75 0.25
Dispersant 1.8 0.6

pH adjuster 0.45 0.15

Wetting agent 0.4 0.13

Antifreeze agent 3 1

Titanium dioxide R-699 60 20

Film-forming additive 11 3.67
Liquid Fluorocarbon 135 45
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4.2. Preparation of Mortar Specimens

Following the guidelines outlined in the “Standard Test Method for Strength of Cement
Mortar” (GB/T17971-2021) [56], two types of mortar specimens, ®100 mm x 100 mm,
100 mm x 100 mm x 100 mm and 40 mm x 40 mm x 160 mm, were prepared and placed
in a constant-temperature curing chamber for curing.

4.3. Preparation of Test Materials

The preparation process of the silane/fluorocarbon-silicate (SF/Si) gel system is
illustrated in Figure 12: Deionized water was poured into a container, and a mixer was
started. HEC was slowly added while stirring for 10 min to ensure full mixing with
water. pH adjuster, dispersing agent, wetting agent, antifreezing agent, and titanium
dioxide were sequentially added and stirred continuously for 40 min. Then, the film-
forming aid and liquid fluoropolymer were added and stirred for another 10 min. Finally,
a thickener, biocide, 0.3% carbon black pigment, and defoamer were added and stirred for
10 min to form a fluorocarbon emulsion. Silane emulsion and fluorocarbon emulsion were
weighed at a mass ratio of 1:3 and thoroughly stirred for 3 min to obtain the silane-modified
fluorocarbon coating. The resulting coating was evenly applied to the surface of cement
mortar specimens to form the SF/Si gel system. For comparison, a fluorocarbon emulsion
was applied to the specimens to prepare the fluorocarbon-silicate (F/Si) gel system.

Fluorocarbon

Wetting agent b /

( HEC Dispersant / Titanium dioxide ‘ ' Film-forming additive

‘ pH regulator

/( Antifreeze 1 ‘( 1
i
\
\

e e
Stirring Stirring
) =
Deionized water
Stirring
—a
Modified coating \ .-

e i — ‘
Maintenance Coating

Figure 12. Preparation process of silane/fluorocarbon-silicate gel system.

4.4. Test Method
4.4.1. RCM Test

Following the guidelines specified in the “Standard Test Method for Long-Term
Performance and Durability of Ordinary Concrete” (GB/T50082-2009) [57], the rapid
chloride migration (RCM) method was employed to determine the chloride penetration
depth and migration coefficient in mortar. The specimens were placed in a vacuum
saturation apparatus (VJH, Beijing Kangluda Experimental Instrument Co., Ltd., Beijing,
China). Vacuum saturation was conducted at 0.013 MPa for 3 h, followed by a pressure
saturation for 1 h and subsequent immersion for 18 h, resulting in a total saturation
duration of 22 h. After saturation, the specimens were removed, surface moisture was
wiped off, and the specimens were mounted on a rapid chloride migration (RCM) apparatus
(RCM-6, Beijing Kangluda Experimental Instrument Co., Ltd., Beijing, China). The anode
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compartment was filled with 0.3 mol/L NaOH solution, while the cathode contained 10
wt% NaCl solution. An initial current was measured at 30 V to determine the appropriate
voltage for the subsequent test. The applied voltage was then adjusted based on the
measured initial current, and the test duration was determined accordingly.

4.4.2. Chloride Ion Natural Erosion Test

The specimens with dimensions of 100 mm x 100 mm x 100 mm were immersed
in a 3.5% NaCl solution for 14, 28, and 56 days, with the solution replaced every 7 days.
After the designated immersion period, the specimens were removed, and surface residual
moisture was wiped off. Powder samples were collected by drilling at the test surface,
with sampling conducted every 5 mm up to a depth of 60 mm. After drying, the powder
samples were analyzed using a rapid chloride ion content tester (CLU-H, Beijing Kangluda
Experimental Instrument Co., Ltd., Beijing, China) to determine the free chloride ion
content (mass fraction of chloride ions relative to the specimen powder).

4.4.3. Acid and Alkali Corrosion Test

The 5% H;50,4 and 5% NaOH solutions were prepared, and mortar specimens with
dimensions of 40 mm x 40 mm x 160 mm were immersed in the corresponding solutions.
At5, 10, 15, 20, 25, and 30 days of immersion, the specimens were removed, surface residues
were cleaned, and the specimens were wiped dry. The visual condition and damage of each
specimen were inspected, and the specimen mass was measured. Subsequently, the flexural
strength was tested using a universal testing machine (DYE-6005-20, Wuxi Construction
Testing Instrument Manufacturing Co., Ltd., Wuxi, China), and the two halves resulting
from the flexural test were further used for compressive strength testing. A constant
loading rate of 1500 N /s was applied until failure. The ultimate load at failure (N,) was
recorded, and the compressive strength was calculated using the conversion factor K = 1.35,
thereby converting the strength of non-standard specimens to the equivalent standard
cubic compressive strength [58].

4.4.4. Carbonation Test

The carbonation test was conducted according to the “Standard for Test Methods
of Long-term Performance and Durability of Ordinary Concrete” GB/T 50082-2009 [57].
The test specimens included SF/Si, F/Si, and a blank control group, each in the form
of 100 mm x 100 mm x 100 mm mortar cubes. All specimens were placed in a carbon-
ation chamber (CCB-70, Beijing Kangluda Experimental Instrument Co., Ltd., Beijing,
China) and subjected to accelerated carbonation under conditions of CO, concentration of
(20 =£ 3)%, relative humidity of (70 = 5)%, and temperature of (20 £ 2) °C.

4.5. Statistical Analysis

All quantitative experimental data were subjected to statistical analysis, following the
procedures below:

(1) Data presentation

All data are presented as mean =+ standard deviation, with the number of replicates
for each experimental group n = 3.

(2) Homogeneity of variance test

Prior to performing analysis of variance, Levene’s test was used to verify the homo-
geneity of variances. All datasets satisfied the homogeneity assumption (p > 0.05).

(3) Significance tests
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One-way analysis of variance (one-way ANOVA) was used to compare the differences
in chloride migration coefficients among the control group, the fluorocarbon-coated group,
and the silane-fluorocarbon composite-coated group.

Two-way analysis of variance (two-way ANOVA) was employed to compare differ-
ences in free chloride content, mass loss, and compressive strength loss under acid-base
exposure among the same three groups.

Post-hoc Tukey HSD tests were performed to compare the specific differences be-
tween the two coating systems and the control group under each experimental condition,
evaluating the extent to which the coatings improved mortar performance.

All statistical analyses were performed using Excel 2021 (Microsoft Corp., Redmond,
WA, USA), along with SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA) for the ANOVA
and post-hoc tests.

(4) Significance level
The significance level was set at « = 0.05, and p < 0.05. was considered statistically

significant. The raw experimental data are provided in the Supplementary Materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/gels11120936/s1, Table S1: Levene’s Test and ANOVA results.
Table S2: Post Hoc test.
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Abstract

Waste battery powder (WBP) can effectively enhance the service performance of virgin as-
phalt with sol-gel structures; however, its toughening mechanism for sol-gel virgin asphalt
still lacks rigorous mechanical characterization. Therefore, the objective of this study is to
investigate the toughening of WBP-modified asphalt based on the mechanical parameter of
cracking area. First, a 12% content of WBP was incorporated into the sol-gel 70# virgin as-
phalt to prepare WBP-modified asphalt and its fatigue performance was evaluated through
linear amplitude, non-damage, and damage time sweep tests. Then, energy—mechanics
balance equations were used to establish a cracking area model. Furthermore, the asphalt
cracking area was employed to quantify its induced damage and determine the repre-
sentative rate for the cracking damage process (k.q4). Finally, the activation energy for
cracking damage (E,.q) was used to quantify the difficulty of the cracking damage process.
The scanning electron microscope test was employed to examine the microstructure of
WBP-modified asphalt and the E,.4 and microscopic morphology of WBP-modified as-
phalt were analyzed to reveal the toughening effect of WBP on virgin asphalt. The results
showed that WBP-modified asphalt exhibits three nonlinear cracking stages, with a lower
cracking rate than virgin asphalt. Its cracking damage generally increases over time, and
the damage evolution parameter 8 serves as k.q. The micro-grooves and wrinkles of WBP
improve bonding to asphalt, increasing the E,.q of sol-gel 70# virgin asphalt from 10.6 to
23.88 k]-mol~!, thus achieving toughening. In summary, the fatigue damage process of
WBP-modified asphalt can be characterized by the kinetic parameters  and E,q.

Keywords: road engineering; waste battery powder; asphalt toughening; cracking area;
damage variables; activation energy
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1. Introduction

The rapid development of new energy battery technology has significantly improved
people’s living standards. However, the issue of discarded batteries as household waste has
increasingly troubled people’s daily lives. According to incomplete statistics, over 95% of
used batteries globally are treated as solid waste through incineration and landfill disposal,
resulting in significant pollution to watershed soils, groundwater, and the ecological
environment in 2024 [1-3]. Scientifically applying waste battery resources to transportation
infrastructure construction can effectively promote the high-value utilization of waste
battery resources and the development of low-carbon building material technologies.

According to classical colloid theory, conventional virgin asphalt without modified ad-
ditives typically exhibits characteristic sol-gel structural features, which ensure its excellent
high-temperature stability and low-temperature crack resistance. Its large-scale production
and application in road engineering can reasonably be regarded as a key approach for the
treatment and utilization of waste batteries [4-6]. The enhancement of asphalt material
performance by the components of waste battery materials has been confirmed by many
scholars. In general, the related asphalt modifiers can be categorized into two types. The
corresponding first type of asphalt modifier is carbon materials [7-9]. Jiang et al. [10] de-
scribed high-temperature pyrolysis and demonstrated that the high-temperature pyrolysis
of waste tires can produce high-quality carbon black. Feng et al. [11] investigated the
preparation process of the conductive asphalt mixture and proved that carbon fiber added
to the mixture can reduce its deformation under loading. He et al. [12-14] evaluated the
road performance of graphene-modified asphalt and the results showed that graphene can
significantly improve the high-temperature stability of asphalt. However, as a modifier,
graphene is prone to agglomeration and has a high manufacturing cost. The corresponding
second type of asphalt modifier is metal oxide materials [15-17]. Zhu et al. [18] found
that manganese dioxide improved the microwave heating performance more effectively
than magnetite powder. Zhao et al. [19,20] developed a novel approach for value-added
recycling of wood waste by constructing porous carbon structures (Pc-S) on aggregate sur-
faces. Compared to basalt materials, the carbon-modified granite produced via this method
exhibits enhanced interfacial bonding properties, resulting in an over 78.9% improvement
in resistance to water ingress. In summary, asphalt performance can be enhanced by the
carbon materials and metal oxides in waste battery powder.

The above studies have extracted single-component materials from waste batteries
with complex compositions for preparing modified asphalt, which is a complicated pro-
cess [21-23] and obviously not easy to realize. Therefore, Fan [24] used the whole waste
battery powder (WBP) as a modifier and verified the feasibility of preparing modified
asphalt using whole waste battery powder. Based on rheological performance analysis, the
optimal addition of the WBP was recommended to be 9%. Meng et al. [25,26] demonstrated
that asphalt can exhibit a significant encapsulation effect on heavy metals in the WBP,
effectively preventing pollution caused by the leaching of heavy metals. Meng et al. [27]
employed microscopic techniques, including FTIR and SEM, and found that the carbon
in WBP exhibited relatively high crystallinity and content. The incorporation of WBP
enhanced the bond energy of the methylene groups, thereby strengthening the molecular
interactions between the asphalt and WBP and consequently improving the pavement
performance of the modified asphalt. In addition, the grooves and wrinkles observed on
the microscopic surface of WBP were analyzed and confirmed to enhance the bonding
strength between aggregates and asphalt effectively. In summary, WBP can be used as a
safe and effective asphalt modifier.

Although the aforementioned studies have demonstrated that asphalt materials can
serve as an effective carrier for recycling waste batteries, most of the related studies have
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focused on the effect of waste battery powder materials on the asphalt’s rheological behav-
ior, particularly lacking systematic mechanical characterization of the cracking damage
behavior of the asphalt modified by waste battery powder materials under cyclic loading.
Furthermore, the damage variable definition methods based on traditional phenomeno-
logical indicators (such as modulus and strength attenuation) lack rigorous mechanical
derivation [28], making it difficult to characterize the significant differences in mechanical
response between damaged and undamaged asphalt, and challenging to accurately define
the damage variables of waste battery material-modified asphalt. This results in a lack of
scientifically rigorous mechanical explanations for the toughening mechanism of the WBP
on virgin asphalt.

At the same time, the existing studies [29] indicate that the energy-mechanics method
can accurately describe the damage behavior of asphalt in terms of its mechanical nature
by establishing energy—mechanics equilibrium equations for damaged and undamaged
asphalt. Given this, the objective of this study is to utilize the energy—mechanics method to
derive a cracking area indicator with clear mechanical significance, and to investigate the
toughening mechanism of the WBP on sol-gel virgin asphalt based on the cracking area.
The significant contribution of this study lies in establishing a cracking-area-based damage
model derived from energy-mechanical balance equations and further proposing a damage
activation energy evaluation method based on kinetics theory, which provides a theoretical
basis for extending the service life of asphalt pavements by utilizing waste battery resources.
First, the energy—mechanics method was used to establish the cracking area model of WBP-
modified asphalt for analyzing its cracking area response laws. Then, a damage model
for the WBP-modified asphalt was developed to determine its representative rate for
the cracking damage process (k.4). Finally, the activation energy for cracking damage
(Eacq) was used to quantify the difficulty of the cracking damage process, and the WBP’s
microscopic morphology and E,.4 were utilized to analyze the toughening mechanism of
WBP on sol-gel virgin asphalt.

2. Results and Discussion

2.1. Cracking Area Analysis of WBP-Modified Asphalt Based on Energy—Mechanics Method
2.1.1. Establishment of Asphalt Cracking Area Model Based on Energy—-Mechanics Method

Figure 1 illustrates the asphalt specimen and its force distribution under cyclic shear
loading. As shown in Figure 1a, the entire asphalt specimen (cylinder indicated by dashed
lines) mainly consists of the crack-damaged asphalt section (annular region indicated by
dashed and solid lines) and intact asphalt section (cylinder formed by solid lines) [30]. Dur-
ing loading, the crack-damaged asphalt propagates progressively from the outer periphery
of the specimen toward its center.

The entire asphalt specimen and intact asphalt specimen are, respectively, referred
to as the apparent asphalt and true asphalt and their mechanical responses are shown in
Figure 1b. For the apparent asphalt during the cyclic shearing process, the stress and strain
are shown in Equations (1) and (2).

A(t, 1) = 1§ (to, ) sin(wt) 1)

vA(t,1) = 79 (to,r) sin(wt — 3) @)

where T4(t,r) and 7 (t,r) represent the stress and strain induced in the apparent asphalt,
respectively; t denotes loading time; r denotes specimen radius length; ty denotes the initial
time; Té“(to, r) and 764(1‘0, r) denote shear stress amplitude and shear strain amplitude,
respectively; w denotes angular velocity; and J denotes phase angle.
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Figure 1. Schematic diagrams of asphalt specimen and its mechanical response during cyclic loading
process.

For the true asphalt during the cyclic shearing process, its stress and strain are ex-
pressed by Equations (3) and (4).

tL(t,r) = d (to, ) sin(wt) 3)

YT (t,7) = 7 (o, 7) sin(wt — 6) )

where t7(t,r) and TOT (to,r) denote the shear stress and its amplitude in true asphalt,
respectively; 7 (tr) and [ (to,r) denote the shear strain and its amplitude in true
asphalt, respectively.

The energy-mechanics approach for establishing a cracking area model relies on two
fundamental assumptions: First, the apparent asphalt consists of cracked asphalt and true
asphalt. Second, an equilibrium exists between the true asphalt and apparent asphalt in
terms of recoverable strain energy, dissipated strain energy, and torque. Although the crack-
damaged asphalt can lead to significant differences in the mechanical response between
true asphalt and apparent asphalt, relevant studies [26-28] indicate that the two exhibit
energy—mechanical equilibrium equations in terms of recoverable strain energy, dissipated
strain energy, and torque, as shown in Equations (5)—(7).

RSET = RSEA (5)
DSET = DSEA (6)
T =14 7)

where RSET and RSE/ represent the recoverable strain energy of true asphalt and apparent
asphalt, respectively; DSET and DSE” represent the dissipated strain energy of true asphalt
and apparent asphalt, respectively; T' and T4 represent the torque of true asphalt and
apparent asphalt, respectively.

By combining the three energy—mechanical equilibrium equations above, a cracking
area model for asphalt can be derived, as shown in Equation (8). Equation (8) indicates that
modulus decay can quantitatively reflect the cracking area of asphalt. Since the cracking
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area provides an intuitive quantification of asphalt damage, this study will analyze the
damage evolution of asphalt during repeated loading based on this cracking area model.

CA = n(rA)z{l— [1— (1-@925)2” ®)

where CA is the cracking area of the asphalt; 7 is the apparent asphalt radius, numerically
equivalent to the radius of the entire asphalt specimen; G, is the modulus ratio, numeri-
cally equal to the shear modulus corresponding to the apparent asphalt divided by that
corresponding to the true asphalt.

According to the derived cracking area model shown in Equation (8), the cracking
area results for WBP-modified and sol-gel 70# virgin asphalt are obtained, as depicted
in Figure 2. It should be noted that the research subject, WBP-modified asphalt, in this
paper refers to modified asphalt containing 12% waste battery powder, with its detailed
preparation process described in Section 4.1.2. As observed in Figure 2, the cracking area
curves of WBP-modified and sol-gel 70# virgin asphalt induced by cyclic loading exhibits
the similar nonlinear cumulative trend under the intermediate temperatures of 15 °C, 20 °C,
and 25 °C. A straightforward comparison between Figure 2a,b shows that, under identical
temperature and stress conditions, WBP-modified asphalt exhibits a slower overall trend
in crack area growth compared to virgin asphalt. This is particularly evident during the
mid-to-late loading stages (corresponding to the second and third phases), where the crack
area curve of the virgin asphalt remains below that of the virgin asphalt, indicating that the
incorporation of waste battery powder can delay crack propagation.

CAlmm?

(a) WBP-modified asphalt (b) Sol-gel 70# virgin asphalt

Figure 2. Cracking area curves of tested asphalt.

2.1.2. Cracking Area Evolution Analysis of WBP-Modified Asphalt

To quantitatively analyze the evolution laws of cracking area in the WBP-modified
asphalt, the rate of cracking area change (RCAC) is defined as shown in Equation (9). Based
on Equations (8) and (9), the curve results of the cracking area and rate of cracking area
change for WBP-modified and sol-gel 70# virgin asphalt are obtained, as shown in Figure 3.
|CA, — CA,]

——— 9
CAu(b—a) ©)

where RCAC is rate of cracking area change; CA, is cracking area of the asphalt in the a-th

RCAC =

cycle; CAy is the cracking area of the asphalt in the b-th cycle.
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(a) WBP-modified asphalt (b) Sol-gel 70# virgin asphalt

Figure 3. Curve results of cracking area and rate of cracking area change for WBP-modified asphalt.

As observed in Figure 3, the cracking area response of the WBP-modified and sol-gel
70# virgin asphalt can be divided into the first phase of sudden and rapid accumulation, the
second phase of long-term constant speed fluctuation, and the third phase with a brief and
rapid leap. During the first phase, the cracking area rapidly accumulates from 0 to a certain
level of cracking area, but the rate of cracking area change gradually decreases. After the
cracking area evolution enters the second phase, the cracking area continues to maintain
a stable cumulative trend and the rate of cracking area change remains generally stable
with slight fluctuations. At this phase, the WBP-modified and sol-gel 70# virgin asphalt
exhibit stable crack resistance. During the final or third phase, the cracking area sharply
accumulates and the rate of cracking area change rapidly increases. Finally, the WBP-
modified and sol-gel 70# virgin asphalt nearly completely lose their cracking resistance
and experience fatigue failure. The analysis above indicates that the rate of cracking area
change can reflect the cracking resistance of the WBP-modified and sol-gel 70# virgin
asphalt and that the two exhibit a negative correlation. Therefore, this study defines the
loading cycle at the tangent intersection point corresponding to the second and third
phases of the rate of cracking area change curves as the fatigue life. Compared to the
WBP-modified asphalt, the RCAC curve of virgin asphalt enters the steeply rising third
stage earlier. This phenomenon indicates that under identical cyclic loading, virgin asphalt
loses its fatigue crack resistance more rapidly, thereby reaching fatigue failure sooner. In
contrast, modified asphalt incorporating WBP delays the transition to the failure stage,
exhibiting more enduring and stable crack resistance. This directly confirms that WBP
incorporation effectively enhances the fatigue crack resistance of virgin asphalt.

The fatigue life results obtained through analysis of the rate of cracking area change
are shown in Table 1. As indicated in Table 1, when the temperature-loading conditions
are 15 °C-250 kPa, 20 °C-100 kPa, and 25 °C-80 kPa, the obtained fatigue life results
corresponding to the sol-gel 70# virgin asphalt are 79,530, 45,140, and 25,890, respectively,
which correspond to increased values for the WBP-modified asphalt of 87,880, 50,466, and
29,022, respectively. The average increase in asphalt fatigue life by waste battery powder
is 11.5%, which indicates that waste battery powder added to sol-gel 70# virgin asphalt
can delay the cracking process of asphalt and improve its service life. The above analysis
indicates the waste battery powder exhibits a toughening effect on virgin asphalt, which is
in good agreement with the results in references [24-27].
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Table 1. Loading amplitudes and fatigue life of destructive time sweep test.

o Loading . . Coefficients of

Asphalt Type Temperature/°C Amplitude/kPa Fatigue Life Variation/%
. 15 250 79,530 8.736
SOl_g:i 7}?*:1;’“%1“ 20 100 45,140 8.698
P 25 80 25,890 9.057
. 15 250 87,880 11.468
WBE;m}(l’iiﬁed 20 100 50,466 10.176
P 25 80 29,022 10.797

2.2. Analysis of Representative Rate of Cracking Damage Process for WBP-Modified Asphalt

Compared to indirect indicators of asphalt damage, such as modulus decay and energy
dissipation, the cracking area exhibits clear physical significance and quantifies the extent
of asphalt damage. Therefore, this study defines the damage variable of WBP-modified
and sol-gel 70# virgin asphalt as the ratio of the cracking area to the intact specimen area,
as shown in Equation (10). It should be noted that damage variable definition methods
based on traditional phenomenological indicators (such as modulus and strength attenua-
tion) represent an indirect approach to quantifying damage, lacking rigorous mechanical
derivation and a clear mechanical meaning. Damage definition methods based on crack
area can directly quantify damage, thereby partially addressing these two shortcomings.

_ CAy

D= A (10)

where D is the damage variable; CAy is the specimen cracking area of the N-th cycle; SA
is the intact area of the asphalt specimen, with a geometric size of r (radius) in this study,
SA = mr(r4)2.

The determined damage curve of WBP-modified and sol-gel 70# virgin asphalt using
Equation (10) is shown in Figure 4. As observed in Figure 4, the damage of both WBP-modified
and sol-gel 70# virgin asphalt produced by cyclic shear exhibits an overall evolution trend
with increasing rate. The existing research indicates that dissipated energy evolution can be
used to quantitatively describe asphalt damage evolution, as shown below:

D (awN)/3 an

AN ~ \ oN

where g—g is the damage evolution; % is the dissipated energy evolution; j is a material
characteristic parameter that reflects the sensitivity of asphalt damage evolution to dissi-
pated energy evolution. It should be noted that p quantifies the rate correlation between
damage evolution and dissipated energy evolution: a larger B indicates that the asphalt
damage process is more sensitive to the change of dissipated energy (i.e., a small change in
dissipated energy will lead to a significant acceleration of damage); conversely, a smaller
means the damage evolution is less dependent on dissipated energy variation.

According to Equation (11), a damage model suitable for asphalt materials under
cyclic loading can be derived, as shown in Equation (12) [31-34]. This damage model is
used to match the damage curves of WBP-modified and sol-gel 70# virgin asphalt. The
determined matching results are presented in Table 2 and Figure 4. As presented, the
damage model expressed in Equation (12) can accurately capture the cracking damage
process of WBP-modified and sol-gel 70# virgin asphalt under cyclic loading. Therefore,
such a damage model will be used to quantitatively analyze the cracking damage process
of WBP-modified and sol-gel 70# virgin asphalt.
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Figure 4. Fatigue damage curves of WBP-modified and sol-gel 70# virgin asphalt.

Table 2. Matching results of damage model.

Asphalt Temperature/°C B R?
15 6.14982 0.901
WBP-modified asphalt 20 5.38166 0.917
25 4.40148 0.896
15 7.11267 0.902
Sol-gel 70# virgin asphalt 20 6.55815 0.901
25 6.13306 0.897

Ny refers to the total number of cyclic loading cycles when the asphalt specimen
reaches the failure state.

The aforementioned cracking damage process is a complex rate-variable physical
reaction. To quantify the corresponding reaction rate, taking the logarithm of Equation (13)
yields the damage evolution equation in logarithmic coordinates, as shown below:

(1) -sm(%)

Equation (13) reveals that 1n(g—f[) is linearly correlated with ln(%> and the corre-
sponding slope is equal to B. This  can reflect the damage evolution rate of the material
under specific operating conditions. As the fatigue life fraction increases from 0 to 1,
damage gradually evolves toward the failure threshold. During this process, the damage

results are outputby D =1 — (1 — Nﬂf)ﬁ and are directly reflected by the § [30-32]. As
illustrated in Tables 3 and 4, as the test temperature is sequentially decreased from 25 °C
to 20 °C and then to 15 °C, both the  and Nf values for the WBP-modified and sol-gel
70# virgin asphalt exhibit an increasing trend. This indicates that lowering the temperature
can delay the propagation rate of asphalt fatigue cracks and the overall rate for the cracking
damage process of WBP-modified and sol-gel 70# virgin asphalt is positively correlated with

B.
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Table 3. Basic parameter indicators of sol-gel 70# virgin asphalt.

Indicators Test Conditions Results
Softening point/°C 135 °C 48
Viscosity/(m Pa-s) - 27

Penetration /(0.1 mm) 25°C 69

Table 4. Physical parameter indicators of WBP.

Technical Indices Results
Specific surface area/(m?-g~ 1) 0.045
Particle/mm <0.075

2.3. Cracking Damage Activation Energy Analysis of WBP-Modified Asphalt

The representative rates for physical reaction processes at different temperatures can
be accurately described by the Arrhenius kinetics equation, as shown in Equation (14) [35].

k= Ae Rt (14)

where k is the representative rate; E, is the activation energy; A is a pre-exponential
parameter factor; T is the absolute temperature; and R is a gas constant.

For the damage model shown in Equation (12), B can be utilized as the representative
rate for asphalt cracking damage. By combining Equations (12) and (14), the kinetics model
for asphalt cracking damage is obtained:

1
N 1+2A€7K7€£7
D=1—(1-— 1
(%) €

where E;, represents activation energy for cracking damage.

According to kinetics theory [35], the activation energy for cracking damage represents
the minimum energy required for cracking damage to occur in asphalt. The higher its value,
the higher the energy threshold for asphalt cracking damage, meaning the asphalt cracking
process is less likely to occur. Therefore, the toughening effect of waste battery powder on
sol-gel virgin asphalt can be characterized by comparing the activation energy differences
between the WBP-modified and sol-gel 70# virgin asphalt during cracking damage.

To accurately obtain the activation energy for cracking damage in WBP-modified and
sol-gel 70# virgin asphalt, the B at different temperatures were substituted into the Arrhenius
kinetics equation in a double-logarithmic coordinate system as shown in Equation (16). The
corresponding B were matched by Equation (16), as illustrated in Figure 5. It can be
observed that the Arrhenius kinetics equation can accurately match the representative rates
for the cracking damage of WBP-modified and sol-gel 70# virgin asphalt, further validating
its effectiveness in quantifying the activation energy for cracking damage in WBP-modified
and sol-gel 70# virgin asphalt. Taking the absolute value of the slope from the straight line in
Figure 5 as the activation energy for cracking damage yields the results shown in Figure 5.

—Ea Ea.
1n(Ae R ) —InA- -2 (16)

As shown in Figure 6, the activation energy for cracking damage of sol-gel 70# virgin
asphalt is 10.6 kJ-mol~ !, while that of the WBP-modified asphalt is 23.88 kJ-mol~1. This
indicates that the WBP-modified asphalt requires 13.28 kJ-mol~! more energy than sol-gel
70# virgin asphalt to induce cracking damage. Thus, incorporating an appropriate amount
of waste battery powder into sol-gel 70# virgin asphalt increases the difficulty of inducing
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cracking damage and extends its service life. Analysis of the activation energy for cracking

damage confirms that waste battery powder exhibits a toughening effect on virgin asphalt.

Such results occur mainly because the microstructure of waste battery powder can increase

the difficulty of asphalt cracking under cyclic loading by improving the bonding ability

between the asphalt and waste battery powder.

2.0

® (Sol-gel 70# virgin asphalt)-Ea=l().ékJ-mol_l
1

I (WBP-modified asphalt )-£,=23 88kJ-mol”~

Matching results
L

|
1 n T

1.3 ‘ —
0.402 0.405 0.408 0.411 0.414 O.

(RT)™'/(kJ-mol™")

17 0.420

= H

Figure 5. Representative rate for asphalt cracking damage.

30

25

23.88

20

10.6

E_/(kJ-mol™")

Sol-gel 70# virgin asphalt WBP-modified asphalt

Figure 6. Activation energy for cracking damage.

2.4. Microscopic Morphology Analysis of Waste Battery Powder and WBP-Modified Asphalt

The microstructure of waste battery powder obtained from the SEM test is illustrated

in Figure 7a—d. Figure 7a shows the relatively uniform spatial distribution and size level of

waste battery powder particles, which can effectively ensure the uniform distribution of

waste battery powder in asphalt. The varying degrees of wrinkles or grooves distributed

across the waste battery powder surface are shown in Figure 7b—d. Such rough surfaces

can significantly increase the specific surface area of the waste battery powder, indicating a

large bonding area between the asphalt and waste battery powder.
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Figure 7. Microscopic morphology of waste battery powder.

Figure 8 shows the microstructure of the tested WBP-modified and sol-gel 70# virgin
asphalt. As presented in Figure 8, the added waste battery powder is distributed relatively
evenly throughout the sol-gel 70# virgin asphalt, which can enhance the intermolecular
forces between the waste battery powder and asphalt and improve the corresponding
adhesion. When the waste battery powder is used to modify the sol-gel 70# asphalt at
temperatures exceeding 100 °C, the asphalt adopts a sol-gel structure predominantly in
the sol state. Its grooves and folds adsorb asphalt, while some asphalt flows into its pores.
Subsequently, as the asphalt cools from high temperatures to 15 °C room temperature, the
sol-gel structure undergoes a transformation, gradually shifting toward a predominantly
gel-state sol-gel structure. This gel hardening produces an anchoring effect, thereby en-
hancing the asphalt’s crack resistance under loading. In addition, existing research [27]
indicates that the carbon in WBP exhibits relatively high crystallinity and content. The
incorporation of WBP enhances the bond energy of methylene groups, thereby strength-
ening the molecular interactions between asphalt and WBP, and consequently improving
the asphalt performance. The above microscopic analysis results are consistent with the
analysis of activation energy for cracking damage, which validates the effectiveness of the
analysis method proposed in this study for the toughening of waste battery powder on
sol-gel 70# virgin asphalt.
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(a) Surface morphology of sol-gel 70# virgin (b) Surface morphology of WBP-modified as-
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Figure 8. Microscopic morphology of WBP-modified and sol-gel 70# virgin asphalt.

3. Conclusions

The significant contribution of this study lies in establishing a cracking area-based
damage model derived from energy-mechanics balance equations, which enables accurate
quantification and characterization of the fatigue damage behavior of the WBP-modified
asphalt under cyclic loading. In addition, a damage activation energy evaluation method
based on kinetics theory is proposed, which is expected to provide a new theoretical basis
for the quantitative analysis of toughening mechanisms and performance optimization of
the WBP-modified asphalt materials. The main conclusions are summarized as follows:

(1) The cracking area accurately characterizes the fatigue damage of the WBP-modified
asphalt, which exhibits an overall trend of rate-increased evolution under stress-controlled
conditions.

(2) The pronounced nonlinear characteristics of fatigue damage in the WBP-modified
asphalt result in a variable-rate physical reaction process during asphalt fatigue dam-
age. The parameter 8 in the damage evolution equation serves as a representative rate,
quantifying the overall speed of the asphalt fatigue damage process.

(3) The kinetics equation can characterize the variable-rate fatigue damage process
of the WBP-modified asphalt by correlating representative fatigue damage rates. The
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Arrhenius kinetics equation becomes a linear equation in logarithmic coordinates, where
the absolute value of the slope equals the activation energy for fatigue damage.

(4) The fatigue damage activation energy characterizes the minimum energy re-
quired for asphalt to sustain fatigue damage. A higher value indicates greater energy
needed for fatigue damage to occur, signifying that the material is more resistant to
fatigue damage. The micro-grooves and wrinkles on the surface of WBP modifiers
increase the activation energy for fatigue damage, thereby improving the fatigue perfor-
mance of the WBP-modified asphalt.

A method for analyzing the toughening effect of WBP on sol—gel virgin asphalt is proposed
in this paper. The authors exclusively utilized 5# household mercury-free alkaline batteries and
sol—gel 70# virgin asphalt as materials for preparing the WBP-modified asphalt. However, there
are various types of waste batteries. Therefore, future research should validate the applicability
of this method to other battery types. Subsequent studies will investigate the impact of different
degrees of aging on the fatigue life of WBP-modified asphalt. Additionally, it is necessary to
establish an intelligent decision-making system based on more extensive experimental data to
determine the theory and technology for modified asphalt that takes into account factors such
as environmental protection, performance, and economics.

4. Materials and Methods

4.1. Materials and Specimen Fabrication
4.1.1. Sol-Gel Virgin Asphalt

The 70# virgin asphalt, provided by Shandong High-speed Construction Materials Co.,
Ltd. (Jinan, Shandong Province, China). Based on classical colloid theory, the conventional 70#
virgin asphalt typically demonstrates characteristic sol-gel structural features. At temperatures
above 100 °C, it exhibits a sol-gel structure dominated by the sol state. As the temperature
gradually decreases from 100 °C to 50 °C, the sol-gel structure undergoes a progressive
transformation. When the temperature falls below 50 °C, the 70# virgin asphalt exhibits a
sol-gel structure where the gel state becomes more pronounced than the sol state. Such sol-
gel structural features can enable 70# virgin asphalt binders to maintain stable viscoelastic
properties across a wide temperature range. Sol-gel 70# virgin asphalt has been widely applied
in road engineering. Therefore, the sol-gel 70# virgin asphalt was used as the virgin asphalt for
the preparation of the WBP-modified asphalt, and Table 3 presents its basic indicators.

4.1.2. Preparation Process of WBP-Modified Asphalt

According to the method in the literature of [15,24-27], the WBP was extracted from
the recycled 5# household mercury-free alkaline batteries. First, the battery shell is removed,
and the cathode material is ground into smaller particles using a grinder. Then, the battery
particles are placed into the grinder for 20 min of grinding treatment, followed by screening
with a 0.075 mm sieve to ensure a uniform particle size distribution of the waste battery
powder. Finally, the screened WBP is placed into a 160 °C oven for 2 h to remove residual
moisture and volatile impurities, ultimately yielding the final WBP. Table 4 shows the
physical parameter indicators of the WBP.

According to the literature [24,27], the method of recycling waste batteries for
preparing the WBP-modified asphalt can be described by Figure 9 and the optimal WBP
content (by mass fraction) was found to be 12% through rheological performance testing.
Therefore, in this study, the WBP content is set at 12% to prepare the WBP-modified
asphalt according to the process. First, the 70 #VA is heated in an oven set to 165 °C until
it reaches a molten state. Then, 12% by mass of WBP is added to the sol-gel 70# virgin
asphalt and the mixture is sheared at 5000 r/min for 1 h at 155 °C. Next, the mixture is
sheared at 1000 r/min for 10 min to remove any bubbles. Next, the asphalt is swollen
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and developed in an oven at 160 °C for one hour, at which point it adopts a sol-gel
structure predominantly in the sol state. Finally, the asphalt is cooled to approximately
15 °C to produce the WBP-modified asphalt. At this point, the asphalt exhibits a sol-gel
structure where the gel state is more pronounced than the sol state.

Virgin
Wep & /rasphalt

Grinding of “

cathode materials Powder drying Preparation of
’ modified asphalt

recycling of waste
batteries

.‘ Waste battery | | WBP-modified
. powder (WBP) asphalt

o

| Extraction of L

v

\._ cathode materials

......

Figure 9. Recycling waste batteries for preparing WBP-modified asphalt.

4.1.3. Specimen Fabrication

A dynamic shear rheometer (DSR) was selected as the molding and loading equip-
ment for the sol-gel 70# virgin asphalt and the WBP-modified asphalt.. The DSR selected
in this paper was produced by Tianjin Gangyuan test instrument factory (Tianjin, China).
First, the hot flowing asphalt is placed into a rubber mold for fabricating a cylindrical
asphalt specimen. Then, the cylindrical specimen is placed into the DSR to form the
final test specimens. The trimming gap and target gap of DSR are set as 2050 pm and
2000 pum, respectively. The molding diameter and height are set as 8 mm and 2 mm for
fabricating the cylindrical specimens of the 70# virgin and the WBP-modified asphalt,
as shown in Figure 10

(a) Specimen in a rubber mold  (b) DSR from Anton Paar (c) Trimming gap (d) Target gap

Figure 10. Preparation of 70# Virgin Asphalt and WBP Modified Asphalt Samples.

4.2. Test Methods

In this study, 10 Hz was selected as the loading frequency for the conducted tests of
the WBP-modified and sol-gel 70# virgin asphalt, with five parallel tests set up. Existing
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studies [36,37] have shown that asphalt fatigue cracking mainly occurs in the 15-25 °C
intermediate temperature range, and related studies often conduct fatigue tests under
intermediate temperature conditions. Therefore, the asphalt fatigue test temperatures
selected for this study are 15 °C, 20 °C, and 25 °C. At these temperatures, the tested asphalt
exhibits a sol-gel structure where the gel state is more pronounced than the sol state.

4.2.1. Linear Amplitude Time Sweep (LATS) Test

The LATS tests were performed for quantifying the nonlinear viscoelastic critical shear
stress (Tcri). The applied loading control mode is a strain-controlled standard sinusoidal
loading and the shear strain level of the loading amplitude is linearly increased from
0.001 to 0.3. Taking the LATS test of the WBP-modified asphalt at 20 °C as an example,
the method for determining the 7, is analyzed. The curves of phase angle () and shear
modulus (G¥) as functions of shear strain () are shown in Figure 11.
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Figure 11. LATS test results of WBP-modified asphalt.

As presented, the loading amplitude is less than the nonlinear viscoelastic critical
point corresponding to the nonlinear viscoelastic critical shear strain () and shear stress
(Tori) with no damage accumulation, resulting in the § and G* remaining in an almost
linear and steady state. As the loading level gradually increases, damage accumulates,
causing the J to first increase and then decrease, while the G* decreases nonlinearly. The
7 corresponding to the intersection point where the G* rapidly decreases and the linear
steady phase ends is taken as the <. The shear stress corresponding to the 7y is recorded
as the T, and the obtained 7 of the WBP-modified asphalt at 20 °C is 95 kPa.

4.2.2. Non-Damage Time Sweep (NDTS) Test

The stress-controlled NDTS tests were utilized to analyze the non-damaging mechani-
cal response of the tested asphalt. The loading waveform is set as a standard sinusoidal
loading. The loading amplitude and loading time are T and 300 s, respectively. Figure 12
presents the results of 6 and G* for the WBP-modified asphalt at 20 °C. As observed, under
cyclic loading with an amplitude of 7, the WBP-modified asphalt exhibits 6 and G* values
that do not produce significant changes, which is due to the fact that the WBP-modified
asphalt tested by the 7, is in a non-destructive phase.
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Figure 12. NDTS test results of WBP-modified asphalt.

4.2.3. Damage Time Sweep (DTS) Test

<

The damage mechanical response of the 70# virgin and the WBP-modified asphalt was
analyzed by the DTS tests. First, the asphalt specimen tested by the NDTS test is allowed to
recover for 300 s. Then, the stress-controlled standard sinusoidal loading with the amplitude

shown in Table 5 is applied to the same asphalt specimen. Taking the tested WBP-modified

and sol-gel 70# virgin asphalt under 20 °C and 100 kPa as an analysis example, their G* decay

trend is described. Figure 13 shows the corresponding G* results. As can be seen, G* gradually

exhibits a nonlinear decay, which is due to the stress amplitude being greater than the Ty,

resulting in the crack damage induced during cyclic loading. In addition, the G* decay rate of

the WBP-modified asphalt is less than that of the sol-gel 70# virgin asphalt, which indicates

that the asphalt damage evolution rate can be delayed by the WBP.

10,000,000

Figure 13. DTS test results of WBP-modified and sol-gel 70# virgin asphalt.
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Table 5. Loading amplitudes of the DTS tests.

Asphalt Type Temperature/°C Loading Amplitude/kPa
15 250
sol-gel 70# virgin asphalt 20 100
25 80
15 250
WBP-modified asphalt 20 100
25 80

4.2.4. Scanning Electron Microscope (SEM) Test

The microstructures of WBP and the WBP-modified asphalt were measured using
an IT300 SEM machine and Figure 14 illustrates the corresponding specimen preparation
procedure. The SEM selected in this paper was produced by Chinainstru & Quantumtech
(Hefei) Co., Ltd. (Hefei, Anhui Province, China). The WBP or asphalt was dried to remove
moisture to obtain the test samples. Conductive adhesive was applied to the specimen stage.
The WBP or asphalt specimen was placed onto the adhesive using a chemical spoon. The
microstructures of WBP and the WBP-modified asphalt were then extracted and analyzed.

Conductive adhesive

@ Specimen Spoon

.

Figure 14. Specimen preparation procedure of the SEM test.
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Abstract: Geopolymer, as a sustainable, low-carbon gel binder, is regarded as a potential
alternative to cement. Freeze-thaw (F-T) resistance, which has a profound influence on
the service life of structures, is a crucial indicator for assessing the durability of geopoly-
mer composites (GCs). Consequently, comprehending the F-T resistance of GCs is of the
utmost significance for their practical implementation. In this article, a comprehensive
and in-depth review of the F-T resistance of GCs is conducted. This review systematically
synthesizes several frequently employed theories regarding F-T damage, with the aim
of elucidating the underlying mechanisms of F-T damage in geopolymers. The factors
influencing the F-T resistance of GCs, including raw materials, curing conditions, and
modified materials, are meticulously elaborated upon. The results indicate that the F-T
resistance of GCs can be significantly enhanced through using high-calcium-content precur-
sors, mixed alkali activators, and rubber aggregates. Moreover, appropriately increasing
the curing temperature has been shown to improve the F-T resistance of GCs, especially
for those fabricated with low-calcium-content precursors. Among modified materials, the
addition of most fibers and nano-materials remarkably improves the F-T resistance of GCs.
Conversely, the effect of air-entraining agents on the F-T resistance of GCs seems to be
negligible. Furthermore, evaluation and prediction models for the F-T damage of GCs are
summarized, including empirical models and machine learning models. In comparison
with empirical models, the models established by machine learning algorithms exhibit
higher predictive accuracy. This review promotes a more profound understanding of the
factors affecting the F-T resistance of GCs and their mechanisms, providing a basis for
engineering and academic research.

Keywords: geopolymer gel composites; freeze-thaw resistance; deterioration mechanisms;
influence factors; prediction models

1. Introduction

Ordinary Portland cement (OPC) finds extensive applications in the realm of construc-
tion engineering. However, during the manufacturing process of OPC, excessive energy is
consumed and the environment is damaged [1-3]. Since the production of OPC requires
the calcination of limestone, approximately one ton of carbon dioxide is emitted for every
ton of cement produced. The CO, emissions from OPC production account for about 8%
of the total annual anthropogenic CO, emissions [4,5]. Therefore, it is urgent to develop
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new environmentally friendly binders to replace cement, which can alleviate serious issues
such as environmental pollution [6,7]. Geopolymer, first proposed by Davidovits [8], is
a novel aluminosilicate cementitious material that has attracted increasing attention in
recent years. Geopolymer composites (GCs) are prepared from precursors such as fly ash
(FA), ground granulated blast furnace slag (GGBFS), and metakaolin (MK), along with
alkali activators [9]. By replacing cement with geopolymer, industrial by-products can be
effectively recycled. Moreover, since calcination is not required in the production of GCs,
CO; emissions can be significantly reduced. In addition, GCs possess excellent mechanical
properties and chemical resistance. Thus, geopolymer has great potential as a substitute for
traditional cementitious composites.

As a potential alternative to OPC, it is necessary to investigate the durability of GCs
in complex environments, especially in high-latitude or cold regions, which is of great
significance. The freeze-thaw (F-T) cycle gives rise to non-uniform cracks within the
concrete matrix. These cracks have a significant detrimental impact on the safety and the
service lifespan of concrete structures, potentially leading to structural integrity issues and
premature deterioration [10,11]. Several studies have elucidated the F-T damage process of
GCs. When subjected to F-T cycling, the free water in the pores of GCs generates repeated
crystallization pressure [12] and water pressure [13]. Under the influence of crystallization
pressure and water pressure, new microcracks form in the matrix. Such new microcracks
allow more water to penetrate into the matrix, ultimately resulting in structural damage
to, or even the destruction of, the GC [14,15]. The extent of F-T damage can be quantified
using several indices. These include the relative dynamic modulus of elasticity (RDME),
weight loss, compressive strength, and ultrasonic pulse velocity (UPV) [9,16-18].

The F-T resistance of GCs is significantly affected by a variety of raw materials, which
play a crucial role in determining their performance under F-T conditions. Regarding
raw materials, the calcium (Ca) content in the precursor is a crucial factor affecting the
F-T resistance of GCs. More specifically, when the Ca content in the precursors of GCs
is increased, their F-T resistance is significantly strengthened [19]. Additionally, the F-T
durability of GCs shows a positive correlation with the increase in the Na/Al ratio, while
it decreases as the Si/ Al ratio increases. This indicates that a higher Na/Al ratio and a
lower Si/ Al ratio are beneficial for improving F-T resistance [20]. The properties of alkali
activators, including their types, modulus, and dosage, also impact the F-T resistance of
GCs [19,21-24]. For example, Sun et al. [25] found that the RDME loss of GCs activated
solely by sodium hydroxide was 32% after 80 F-T cycles, while GCs prepared with a mixed
solution of sodium hydroxide and sodium silicate exhibited a significantly lower RDME
loss only of 1% after 80 F-T cycles. The properties of the aggregate also influence the F-T
resistance of GCs [26-30]. The use of rubber particles (RPs) can significantly decrease the
damage brought about by F-T cycles, primarily because of their excellent energy-dissipating
ability [28]. Furthermore, the curing temperature is another critical factor affecting the F-T
resistance of GCs. Studies have demonstrated that appropriately increasing the curing
temperature improves the F-T resistance of these materials [31-33]. Research has shown
that as the curing temperature increased from 23 °C to 50 °C, the compressive strength loss
of a red mud, slurry class F, FA-based geopolymer decreased from 34.4% to 1.63% [31].

To improve the F-T resistance of GCs, many researchers incorporate modified materials
such as fibers, nano-materials, and air-entraining agents (AEAs) into GCs [34-38]. Fibers
improve the F-T resistance of GCs by restricting the propagation of cracks [39]. One
study showed that when compared to a control group that did not contain any steel fibers
(SF), GCs that incorporated 0.8% steel fibers (SFs) experienced a reduction in the loss
of compressive strength. Specifically, after 200 F-T cycles, this reduction in the loss of
compressive strength was roughly 50% [40]. The compressive strength loss in a GC with
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0.1% polyethylene (PE) fibers was only 1.4% after 180 F-T cycles, while that of the control
group without fibers reached 17.8% [41]. Nano-materials strengthen the F-T durability of
GCs by filling matrix pores and facilitating the formation of hydration products [42,43].
For instance, when the graphene oxide (GO) content of a GC was 0.06%, its compressive
strength loss was reduced by 41.1% compared to a sample without GO [44]. Ekinci et al. [18]
reported that the incorporation of 1% nano-silica (NS) into a GC resulted in a 54% reduction
in compressive strength loss after 300 F-T cycles compared to a control group.

Despite numerous reports on the F-T resistance of GCs, the related data is still rather
scattered, and comprehensive reviews on this subject are scarce. Figure 1 represents a
graphical map of the keywords that are relevant to existing reviews on GCs. The bubble
sizes represent the frequency of keywords. From Figure 1, it can be seen that there are
almost no existing reviews on the F-T resistance of GCs. Hence, the primary objective of
this review is to summarize and conduct a comprehensive review of the relevant literature
and data on the F-T resistance of GCs over the past decade. Figure 2 illustrates the process
diagram for reviewing the F-T resistance of GCs. The F-T degradation process of GCs
and common theories of F-T damage are presented by the review. The impacts of raw
materials, curing conditions, and modified materials on the F-T durability of GCs are
discussed. Moreover, this review summarizes the evaluation and prediction models for
F-T damage of GCs, including empirical models and machine learning (ML) models. This
review contributes to a more profound understanding of the factors influencing the F-T
resistance of GCs and their underlying mechanisms, thereby providing a foundation for
both engineering applications and academic research.
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Figure 2. A process diagram for reviewing the F-T resistance of GCs.

2. Freeze-Thaw Damage Mechanism and Theory of
Geopolymer Composites

2.1. Freeze-Thaw Damage Mechanism of Geopolymer Composites

Figure 3 illustrates the F-T damage process of GCs. The graph reveals that with
an increase in the number of F-T cycles, the geopolymer matrix gradually undergoes
deterioration. This is manifested as a reduction in the strength, RDME, and weight of the
geopolymers [19,40,45]. There are numerous cracks and pores both on the surface and
within the geopolymers, as shown in Figure 3a. Before the F-T cycles, water permeates
into the cracks and pores of the GC due to the combined effects of capillary pressure
and hydraulic pressure. When the temperature decreases, the water in the outer layer
of the specimen freezes and forms ice, resulting in the volume expansion of water [46],
as depicted in Figure 3b. When the ice crystals grow to fill the entire pore, they exert
compressive stress on the pore wall, which is referred to as crystallization pressure. Once
the crystallization pressure exceeds the tensile strength of the pore wall, microcracks will
initiate in the geopolymer matrix. Additionally, during this process, the unfrozen water
is forced into the interior of the matrix, and the migration of water generates a pressure
known as hydrostatic pressure [13]. An overly high hydrostatic pressure can also inflict
damage on the structure of the geopolymer. After multiple F-T cycles, the internal cracks
in the geopolymer interconnect and propagate, forming macroscopic cracks. This leads to
cracking of the geopolymer matrix, a reduction in the bonding performance, and surface
detachment. After the F-T cycles, numerous cracks develop in the matrix of the GC,
significantly compromising the durability and mechanical properties of the material, as
illustrated in Figure 4.

The surface peeling of geopolymers is typically a destructive phenomenon under salt-
freezing conditions. According to the theory of adhesive peeling [47], when the salt solution
on the surface of geopolymer concrete freezes, the ice has a significantly higher expansion
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coefficient compared to the geopolymer concrete itself. This generates substantial tensile
stress at the ice—geopolymer concrete interface, which initiates cracks and causes surface
expansion of the geopolymer concrete, ultimately leading to surface detachment. Studies
have indicated that salt-freezing inflicts more severe damage on geopolymers compared
to water freezing [19]. In summary, whether water or a salt solution is used as the F-T
medium, the main reason for the F-T damage of geopolymers is the freezing expansion
of the pore solution and the pressure produced during the migration of pore water. The
essence of F-T damage in GCs is a process in which the matrix transforms from a dense state
to a loose state, accompanied by the initiation, growth, and propagation of microcracks.
Macroscopically, this damage is manifested as a significant decrease in mass, RDME, and

strength [19,33].
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Figure 3. Schematic diagram of F-T damage mechanism of GC [21]. (Reproduced with permission
from [21], Elsevier, 2022).
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Figure 4. Scanning electron microscope (SEM) images of GC [48]. (Reproduced with permission
from [48], Elsevier, 2019).

2.2. Freeze-Thaw Damage Theory

A great number of studies have investigated the mechanisms of concrete F-T failure,
yielding valuable insights. Existing theoretical models of F-T damage can be categorized
into two types: one is the icing pressure hypothesis [14], encompassing the crystallization
pressure theory, hydrostatic pressure theory, osmotic pressure theory, etc.; the other is
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the temperature stress hypothesis for high-strength or high-performance concrete [14].
Although these existing mechanisms can, to a certain extent, elucidate certain aspects of the
F-T damage phenomena in concrete, there is no single mechanism that can comprehensively
explain all the damage phenomena that occur in concrete during the F-T process. Moreover,
currently, there is relatively limited research on the F-T damage mechanism of geopolymers,
which predominantly relies on the failure mechanism of cement concrete [49]. However,
GCs and OPC concrete are both porous materials. As described in Section 2.1, during the
F-T cycle, water will migrate and undergo phase transition in the pores of GCs, so some
commonly used theories to explain F-T damage in OPC concrete also apply to GCs [50].
Building on previous research achievements, this article expounds on several commonly
used theories that are applied to explain the F-T failure of GCs [49,51-54].

2.2.1. Crystallization Pressure Theory

Figure 5 presents a schematic diagram of cylindrical crystals within the pores of
concrete. Due to the uniform temperature around the ice crystal, the ice undergoes simulta-
neous growth from both ends and the lateral sides, as depicted in Figure 5. However, the
lateral growth of the ice crystal is restricted by the pore wall. When the diameter of the ice
exceeds the pore size, ice crystals exert a compressive stress P, known as crystallization
pressure [12,47]. Cracks form in the pore walls when the crystallization pressure surpasses
the tensile strength of the matrix. Once the temperature around the concrete has dropped
sufficiently to enable ice crystals to diffuse into most of the pores, the cumulative crystal
pressure generated by the ice crystals will lead to the destruction of the concrete structure.
The magnitude of the crystallization pressure is influenced by various factors, including
the system temperature, the extent of ice formation, the morphology of capillary pores, and
the site of initial freezing [47]. The lower the minimum temperature of the F-T cycles, the
greater the loss of compressive strength and weight of the GC after F-T cycling [55,56].

Figure 5. A schematic diagram of a cylindrical ice crystal in a pore of radius r,, [47]. The radii of the
cylinder (B) and the hemispherical end (E) are both r, — 3. (Reproduced with permission from [47],
Elsevier, 2019).

2.2.2. Hydraulic Pressure Theory

As the temperature decreases to the freezing point, ice forms on the surface of the
concrete [57], as depicted in Figure 6a. The volume expansion due to the freezing of pore
water causes the unfrozen water to be squeezed into the interior of the concrete, resulting
in the formation of hydrostatic pressure [13]. When the hydrostatic pressure exceeds the
tensile strength of the matrix, the matrix cracks, generating microcracks. Moreover, ice
nucleates and grows at the junction of bubbles and pores, as shown in Figure 6b. This limits
the fluidity of the unfrozen water, leading to a further increase in hydrostatic pressure.
Under sustained hydrostatic pressure, microcracks within the matrix progressively prop-
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agate and coalesce, leading to cumulative damage and material degradation throughout
F-T cycles [57]. The formula established by Powers [13] to estimate hydrostatic pressure P
is presented in Equation (1). According to Equation (1), P decreases with a decline in the
shortest distance between two bubbles L. Therefore, an AEA, which increases the number
of bubbles and reduces the pore spacing coefficient, is commonly utilized to boost the F-T
resistance of concrete.

1, uR L3  3L?

P=ar(1.09—-)— 1
(109 - DG+ 75) &
where P represents the hydrostatic pressure, a’ represents the dynamic viscosity coefficient
of water, s represents the saturation coefficient of concrete, u represents the increase rate of
freezing water per 1 °C temperature decrease, R represents the cooling rate, k represents the
coefficient related to concrete permeability, 1, represents the average radius of the bubble,

and L represents the shortest distance between two bubbles.

Pressure

Ice crystals

Air void Air bubble

(a) Formation of hydrostatic pressure (b) Limitation of ice on flow of water

Figure 6. Schematic diagram of hydraulic pressure theory [57]. (Adapted with permission from [57],
Elsevier, 2010).

2.2.3. Osmotic Pressure Theory

Concrete, being a porous material, contains numerous pores of different sizes, such as
gel pores and bubble pores [58]. When the temperature decreases, a portion of the water
in the large pores freezes initially, thereby increasing the salt concentration of the liquid
solution inside the large pores. This creates a solution concentration difference between
large and small pores. Additionally, the saturated vapor pressure of water is higher than
that of ice, causing the unfrozen water to migrate to the frozen areas, as evidenced in
Figure 7. Under the combined influence of the solution concentration difference and the
saturated vapor pressure difference in the pores, osmotic pressure is generated inside
the concrete. When the osmotic pressure surpasses the tensile strength of the concrete,
microcracks will initiate and develop within the concrete structure. As the F-T cycle
progresses, these microcracks gradually expand, eventually leading to the failure of the
concrete structure [59]. Consequently, concrete is prone to damage caused by osmotic
pressure in environments with high salt-ion concentrations, such as marine environments.
The osmotic pressure theory explains why salt-freezing causes more severe damage to
concrete than ordinary freezing. However, the osmotic pressure theory cannot be described
by a mathematical model, making it difficult to provide a quantitative explanation of
F-T failure.
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Figure 7. Schematic diagram of osmotic pressure model [60]. (Adapted with permission from [60],
Elsevier, 2019).

2.2.4. Glue Spall Theory

Scherer and Valenza proposed the adhesion peeling theory [47,61,62], which is capable
of effectively accounting for the surface scaling phenomenon of concrete following F-T
cycles, as depicted in Figure 8. The ice on the surface of concrete forms an ice-concrete
interface with the surface of the concrete. Since the shrinkage rate of ice is five times higher
than that of concrete, substantial stress is generated at the interface between the ice and the
concrete as the temperature drops [63]. With the temperature drops further, the ice layer
cracks and forms island-shaped ice layers on the concrete surface. When the island-shaped
ice shrinks, stress concentration occurs at the transition region, causing the concrete surface
to crack and debond. The magnitude of the stress at the edge of the island-shaped ice layer
is related to the initial concentration of the solution. Saltwater ice formed by the freezing
of medium-concentration solutions (3%) causes the most severe damage to the concrete
surface [61].

7
//%4 /// é e — 8
~ h Tenswn ci
Oy
Concrete surface Compression
(a) Composite material interface (b) Stress distribution

Figure 8. A schematic diagram of the glue spall mechanism [47]. og, 0e, and ogs are, respectively, the
stress generated on the concrete surface, stress in the ice layer, and adhesive peeling stress around
the island-shaped ice layer. (Adapted with permission from [47], Elsevier, 2007).

3. Factors Affecting the Freeze-Thaw Resistance of
Geopolymer Composites
3.1. Raw Materials
3.1.1. Precursors

Unlike cement composites, GCs are fabricated from various precursors. The F-T re-
sistance of GCs made from different precursors shows significant differences [17,19,64].
Table 1 lists the F-T durability of geopolymers fabricated with different precursors. Ev-
idently, GCs with low-Ca precursors, such as FA and MK, exhibit poor F-T resistance.
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For example, an FA-based geopolymer concrete was severely damaged after undergoing
21 F-T cycles, losing more than 28% of its mass [19]. Additionally, the results from Liang
et al. [65] indicate that the compressive strength loss and weight loss of an MK-based GC
were substantial after F-T cycles, reaching 63.30% and 20.24%, respectively. The explanation
is that sodium aluminosilicate hydrate (N-A-S-H) gel is the primary hydration product in
low-Ca systems [45], containing numerous transition pores that contribute to the poor F-T
resistance of low-Ca GCs [48,66]. Moreover, due to the high water absorption of MK, water
can easily enter the internal structure of the GC. According to the crystallization pressure
theory and osmotic pressure theory, this increases the expansion force of ice during freezing
and hydrostatic pressure, resulting in poor F-T resistance of MK-based GCs [67].

Table 1. The influence of precursors on the F-T resistance of GCs.

Precursor Tyvpe Sample Size Temperature F-T Compressive RDME Weight Ref
yp (mm) Range (°C) Cycles Strength Loss  Loss Loss ’

FA Geopolymer 100 x 100 —22~24 21 / / 28.20% [19]
concrete cylinder

FA/slag Geopolymer 100 x 100 x 400 ;¢ 4 125 4.30% 53.10%  0.70% [48]
concrete prism

FA/slag ~ CCOPolymer 100 100 2024 56 / / 0.10% [19]
concrete cylinder

Slag Geopolymer 100 x 100 x 400 ;4 5 300 / 8.51% —048%  [17]
concrete prism

Slag Geopolymer 100 x 100 x 400 ¢ 5 300 13.41% 3633%  1.02% [68]
concrete prism

FA/slag ~ Ceopolymer  100x100x400 ;4 5 300 / / 0.80% [33]
mortar prism

Volcanic Geopolymer 50 x 50 x 50 163 300 19.70% 37.70% / [18]

tuff mortar cube

MK/slag ~ GeoPolymer 50 x50 x50 —20~20 90 34.33% / 0.74% [64]
mortar cube

MK Geopolymer 30 x 30 x 30 ~18-5 50 63.30% / 2024%  [65]
mortar cube

Compared to low-Ca GCs, GCs with high-Ca precursors (such as GGBFS) possess
superior F-T resistance. Numerous investigations have demonstrated that GGBFS-based
geopolymer concrete exhibits satisfactory F-T resistance, with a weight loss of no more than
1.1% after undergoing 300 F-T cycles [17,68]. Furthermore, compared to ordinary Portland
cement concrete (OPCC), GGBFS-based geopolymer concrete has better F-T resistance [17].
This can be explained by the fact that calcium aluminosilicate hydrate (C-A-S-H) gel and
calcium silicate hydrate (C-S-H) gel, which have a more compact structure compared to N-
A-S-H gel, are the major hydration products in GGBFS-based GCs [48,66,69]. Additionally,
the fusion of bubbles in the matrix is hindered by slag particles, reducing the average
pore size and porosity of GCs [69,70]. These two reasons contribute to the high-Ca GCs
having competitive F-T resistance compared to low-Ca GCs. However, Temuujin et al. [71]
reported that the F-T durability of a GC prepared with class C FA was lower than that of a
GC prepared with class F FA. The reason might be that the crystalline Ca component in
class C FA expands when exposed to water, leading to a weakened microstructure and
poor EF-T resistance.

To strengthen the F-T resistance of low-Ca GCs, part of the low-Ca precursors is
replaced with GGBFS to fabricate hybrid-precursor GCs [19,33,48]. Abundant research has
shown that the F-T durability of FA-based geopolymer elevates with an increase in the slag
proportion in the precursor. For instance, Figure 9 shows that an FA-based geopolymer with
10% slag experienced a 25% loss of compressive strength after just 5 F-T cycles, whereas
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increasing the slag content to 50% reduced the strength loss to only 4.3% even after 125 F-T
cycles [48]. Another study found that the weight loss of a geopolymer with 70% slag was
only 0.1% after F-T tests [19]. In addition, the F-T resistance of a GC is also influenced by the
dosage of precursor. The geopolymer matrix gradually densifies and the cracks within the
matrix decrease with an increase in precursor dosage after F-T cycles, as shown in Figure 10.
This leads to a reduction in its permeability and an enhancement in F-T resistance [72].
Moreover, the Na/Al and Si/Al ratios also affect the F-T resistance of MK-based GCs.
Research results have indicated that the F-T resistance of an MK-based GC was enhanced
with an increase in the Na/Al ratio and decreased with the increase in the Si/ Al ratio [20].
This is due to the fact that an elevation in the Na/Al ratio was capable of elevating the
compressive strength of the GC.
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Figure 9. Loss of compressive strength of GCs with different slag contents after F-T cycles [48].
(Adapted with permission from [48], Elsevier, 2019).
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Figure 10. SEM images of GCs with different binder dosages [72]. (Reproduced with permission
from [72], Elsevier, 2021).
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3.1.2. Activator

Geopolymers are synthesized through the reaction of precursors with alkali activa-
tors. This indicates that the type, modulus, and dosage of alkali activators also influence
the F-T resistance of GCs. Min et al. [21] revealed that geopolymers activated solely by
sodium hydroxide solution exhibited poor F-T resistance. In contrast, GCs activated with a
mixed solution of sodium hydroxide and sodium silicate demonstrated more favorable F-T
resistance compared to those activated solely by sodium hydroxide [25], as illustrated in
Figure 11. This improvement can be ascribed to the fact that the additional [Si04]* from
sodium silicate enhances the dissolution of Ca?* ions, which promotes the formation of
C-A-S-H gel and reduces matrix porosity [21,73]. Furthermore, the F-T resistance of GCs
activated by a sodium-based activator is superior to that of GCs activated by a potassium-
based activator [22]. This is because the ionic radius of Na™ is smaller than that of K*. This
difference increases the dissolution rate of the precursor, elevates the reaction between
the alkaline activator and the silicate precursor, and improves the bonding within the
geopolymer structure [22]. A ternary alkali metal activator derived from carbide slag was
more effective in improving the F-T resistance of geopolymer concrete based on volcanic
ash than a binary alkali metal activator [16]. This is mainly because the ternary alkali
activator promoted the dissolution of aluminosilicate precursors and geopolymerization,
resulting in an increase in gel production.
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Figure 11. Influence of alkali activator type on F-T resistance of GCs [25]. (Adapted with permission
from [25], Elsevier, 2021).

Moreover, the modulus of the alkali activator significantly influences the F-T durability
of GCs. Zhang et al. [74] reported that the use of an alkaline activator with a modulus of 1.3
(M13) significantly enhanced the freeze-thaw resistance of GCs, as depicted in Figure 12.
The reason is that appropriately increasing the modulus of the alkali activator decreases the
quantity of harmful pores in the matrix. However, an excessively high modulus of the alkali
activator can interfere with the geopolymerization reaction, leading to a decrease in the
F-T resistance of GCs. During the curing process, some sodium silicate directly aggregated
into solid particles, which reduced the compactness of the GC [67]. In addition, some
researchers [24,75] have noted that GCs with higher alkali activator content exhibit better
F-T resistance than those with lower activator content. Specifically, after 100 F-T cycles,
a GC activated with 20% sodium metasilicate solution exhibited 31% lower compressive
strength loss compared to 10% activated counterparts [75]. This is due to the fact that
the increase in the content of the alkali activator facilitates the dissolution of the raw
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materials and the formation of gels, thereby resulting in a more compact matrix [19,23,24].
Nevertheless, Tekle et al. [76] discovered that the RDME loss of a GC with a 0.22 alkali
solids-to-binder ratio (AS/B) reached 25%, while the RDME of a GC with a 0.14 AS/B
ratio was almost unchanged. This is because an excessive amount of activator solution
leads to an excess of water or insufficient alkali reactions in the GC, thereby weakening the
adhesive forces within the matrix [77,78]. Overall, GCs activated by a mixture of sodium
hydroxide and sodium silicate exhibit better F-T resistance than those activated solely
by sodium hydroxide alkaline activator, with the alkaline activator modulus being most
effective within the range of 1.3.
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Figure 12. Influence of alkaline activator modulus on RDME [74]. (Adapted with permission
from [74], Elsevier, 2023).

3.1.3. Aggregates

Aggregates are one of the crucial raw materials for preparing GCs. The F-T durability
of GCs is likewise influenced by the types and properties of aggregates. Some industrial
wastes, such as RPs and recycled concrete aggregate (RCA), are employed to substitute
aggregates during the preparation of GCs [26-30]. Research has revealed that the relative
compressive strength of GCs exhibits a pattern of initially rising and subsequently declining
as the RP content increases, with an optimal RP content of 15% (Figure 13) [27]. This
phenomenon is mainly due to the fact that an excessive addition of RPs will significantly
increase the air content within the matrix, leading to the formation of deep and continuous
cracks that propagate outward in the matrix. When the mortar on the surface of the
concrete peels off, these cracks provide pathways for water to enter the interior of the
matrix. Under the action of F-T cycles, these cracks further expand, allowing more water to
enter the matrix and exacerbating the damage [79]. When compared with GCs without RPs,
those with RPs demonstrated a substantial reduction in cracks following F-T cycles [28],
as illustrated in Figure 14. The reason is that RPs absorb a portion of the stress induced
by F-T cycles, resulting in a decrease in cracks [80]. Furthermore, the permeability of
GCs is decreased by the addition of RPs due to their hydrophobicity. Meanwhile, RPs
impede water movement in capillaries, increasing the tortuosity of water transport paths
and enhancing the F-T cycle resistance of GCs [81].
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Figure 13. Effect of RPs on relative compressive strength of GCs after F-T cycles [26,27,29]. (Data
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Figure 14. SEM images of rubberized geopolymer concrete before F-T cycles (a—c); SEM images of

rubberized geopolymer concrete after 25 F-T cycles (d—f) [28]. (Reproduced with permission from [28],
Elsevier, 2021).

The utilization of RCA effectively mitigates waste emissions, carbon emissions, and
energy consumption. Nevertheless, RCA exhibits higher water absorption and weaker
mechanical properties compared to natural aggregates [72]. Consequently, the incorpora-
tion of RCA leads to an increase in the amount of water infiltrating into the GC, thereby
accelerating the F-T damage of the GC. Although the addition of RCA leads to an elevation
in compressive strength loss and weight loss in GCs after F-T cycling, the rate of increase
is not substantial, as depicted in Figure 15. Ugurlu et al. [72] reported that the loss of
compressive strength of GCs without RCA was 11.8%, whereas that of samples with 100%
RCA was 13.5%. This indicates that the utilization of RCA in GCs exerts a minimal impact
on their F-T resistance [72,82]. Similarly, using waste glass particles instead of some natural
aggregates as aggregates for geopolymer concrete also did not result in a dramatic decrease
in the F-T resistance of GCs [83]. In contrast, replacing 100% of natural aggregates with
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coal gangue resulted in a 70% increase in weight loss after 75 F-T cycles compared to GCs
without coal gangue [84]. The cause of this phenomenon is that coal gangue possesses low
strength and a loose internal structure. Moreover, the adhesion between coal gangue and
the gel material is weak, and there are more voids and pores in the interface transition
zone [84].
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Figure 15. Influence of RCA dosage on the F-T resistance index of geopolymer [72]. (Adapted with
permission from [72], Elsevier, 2021).

Apart from the aforementioned aggregates, the utilization of other aggregates can
intensify the F-T resistance of GCs. Replacing part of RCA with limestone powder can
enhance the F-T resistance of GCs [85]. This is mainly because limestone particles fill the
pores among the hydration products, reducing the porosity [86]. Moreover, the nucleation
of limestone facilitates the hydration process and the formation of hydration products [87].
Sahin et al. [88] investigated the F-T resistance of GCs prepared with six different types
of sand (silica sand, river sand, sandstone, Rilem sand, RCA, and basalt sand (BS)). They
discovered that GCs prepared with BS had higher compressive strength and UPV than
GCs prepared with several other sands after F-T cycles. This is because the structure of
geopolymer mortar filled with BS is more compact and the aggregate paste interface is
strengthened. The replacement of natural aggregates with converter steel slag effectively
reinforced the F-T durability of geopolymer. This is because the Ca released from the
converter steel slag facilitates the formation of C-A-S-H gels. These gels fill the pores and
bind the adjacent solid phases together, forming a continuous and dense matrix and a
dense interface transition zone [25,89]. In summary, selecting suitable aggregates increases
the density of the GC, ameliorates the interface transition zone, and thus enhances the F-T
resistance of the GC. Adding 15% RP to GCs is beneficial for improving their F-T resistance,
while adding RCA reduces their F-T resistance.

3.2. Curing Conditions

In addition to the raw materials used, the curing conditions employed exert a sig-
nificant influence on the F-T durability of GCs. The suitable curing conditions for GCs
synthesized from diverse precursors differ. Table 2 provides a compilation of the impacts
that diverse curing conditions have on the F-T resistance of GCs. It can be seen that an
appropriate increase in the curing temperature can elevate the F-T resistance of GCs, partic-
ularly for low-Ca GCs [65,90,91]. For instance, the F-T durability of a FA-red mud slurry
(FA-RMS)-based GC solidified at a temperature of 50 °C and a relative humidity (RH)
of 40-50% was determined to be optimal. The reason is that thermal curing accelerates
the geopolymerization degree, thereby improving the uniformity and density of the ma-
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trix [31,92]. However, thermal curing causes rapid loss of moisture, which increases the
cracking tendency in GCs [93]. Therefore, sealed curing is a suggested method, which
reduces water evaporation in the structure and avoids cracking of the structure during
thermal curing [72,94]. Furthermore, performing dry—wet cycles after thermal curing can
reduce the compressive strength loss of geopolymer composite materials by 8.4%, as it
promotes the generation of geopolymer gels and strengthens Si-O-Si bonds [95].

Table 2. Impact of solidification conditions on F-T resistance of GCs.

. o Temperature  Sample F-T Compressive RDME Weight
Precursor  Curing Condition Range (°C) Size (mm) Cycles  Strength Loss Loss Loss Ref.
R (D Sealed curing under 23 °C T 50.8 x 101.6 o o
FA-RMS and RH 40-50% —14 d 10~4 cylinder 50 34.40% / 3.83% [31]
D Sealed curing under 23 °C 508 x 101.6
FA-RMS  and RH 40-50%—14 d —10~4 cylinder 44 / / 20.57% [31]
@ Standard curing-14 d
(D Sealed curing under
50 °C—7d 50.8 x 101.6 . )
FA-RMS @ Sealed curing under 23 °C —10-4 cylinder 50 1.63% / —3.09% (311
and RH 40-50%—7 d
(D Sealed curing under
50 °C—7d
B @ Sealed curing under 23 °C T 50.8 x 101.6 o B o
FA-RMS and RH 40-50% —7 d 10~4 vlinder 50 50.2% / 9.49% [31]
Y
(® Ambient curing under 23 °C
and RH 40-50%—14 d
(D Sealed curing under
80°C—24h 50.8 x 101.6 . .
FA-RMS @ Sealed curing under 23 °C —10-4 cylinder >0 3.83% / ~8.18% [31]
and RH 40-50%—13 d
(D Sealed curing under
80°C—24h
E @ Sealed curing under 23 °C T 50.8 x 101.6 o 5o
FA-RMS and RH 40-50% —13 d 10~4 cylinder 50 51.21% / 2.87% [31]
(® Ambient curing under 23 °C
and RH 40-50%—14 d
(D Sealed curing
MK under 60 °C—3 d ~20~20 lggex 100100 g, 34.28% / 0.74% [64]
@ Sealed curing—25 d
(D Sealed curing under
MK 60°C—3d 184 18%; 100 >:400 44 28.70% / 0.43% [90]
@ Sealed curing—25 d P
(D Steam curing under e re 30 x 30 x 30 o o
MK 50 °C—28 d 18~5 cube 50 63.30% / 20.24% [65]
Class F . 100 x 100 x 400 o o
FA-Slag @ Standard curing—24 d —18~5 prism 100 / —2.41% 0.12% [33]
(@ Steam curing under
ClassF - fhoc_oah ~18-5 100 > 100 X 400 5 / 4012%  —047%  [33]
FA-Slag @ Standard curing—23 d prism
Class C . 100 x 100 x 400 o o
FA @ Standard curing—24 d —18~5 prism 100 / 3.89% 16.50% [33]
(D Steam curing under
ClassC gp°c—24h ~18~5 100 10040049 451%  105%  [33]
FA @ Standard curing—23 d prism
(@ Steam curing under
Slag 85°C—12h ~20~20 421Xm40 x 160 150 17.05% / 1.77% [96]
@ Standard curing—27.5 d pris
Slag (@ Standard curing—24 d ~18~5 ;8?3;1 1005400 450 2179 674%  054%  [68]
Slag (D Water curing—90 d ~18~4 101000 300 614 / 450%  [97]
(D Sealed curing under
Slag 80°C—24h —18~4 ggbxe 50 x50 100 12.04% / 0.71% [72]

@ Water curing—27 d

Note: D, @), and Q) refer to the curing sequence.

The source of Ca in the precursor also affects the suitable curing conditions for a GC.

Steam curing effectively improves the F-T resistance of GCs based on class C FA, while
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GCs that are a mixture of class F FA and slag are more appropriate for standard curing
conditions. This is because the steam curing method accelerates the geopolymerization
process and densifies the internal structure of class C FA based GCs [33]. However, there
are numerous cracks within the GC cured via steam that is based on class F FA mixed
with slag. In contrast, under standard curing conditions, the hydration products of the
GC based on class F FA mixed with slag are homogeneous and dense, and there is no
distinct transition zone between sand and gel [33,98]. Compared with steam-cured GCs,
water-cured GCs exhibit lower early-age strength, yet their gel products are more uniformly
distributed within the matrix, and the matrix has a lower porosity [96].

3.3. Modified Materials
3.3.1. Fiber

GCs sustain damage during the F-T cycle as a result of the influences of expansion
pressure and water pressure. Consequently, some researchers have incorporated fibers,
such as SFs and basalt fibers (BFs), into GCs to mitigate F-T degradation. The influence of
adding SFs and BFs on the F-T resistance of GCs is illustrated in Figure 16 [40,41,64,99-102].
Most studies indicate that adding an appropriate amount of SF and BF reduces the loss
of mechanical properties in GCs after F-T cycles, such as compressive strength loss, UPV
loss, and flexural strength loss [40,41,64]. For example, when compared with control
specimens without SF, the compressive strength loss of GCs containing 0.8% SF decreased
by approximately 50% (Figure 16a) [40]. The reason is that SFs resist the expansion pressure
generated by pore-water freezing through fiber confinement, and also limit the propagation
of cracks [39]. In comparison to adding SFs, the effect of adding BFs on the F-T durability
of GCs is less significant [40,64]. Nazir et al. [41] observed that the weight of GCs increased,
rather than decreased, as shown in Figure 16d. This is because new microcracks inside GCs
are generated during F-T cycles. External water infiltrates these microcracks, leading to an
increase in weight [41,100].

Adding polymer fibers to GCs can also improve their durability [41,89,101,103]. The
effect of polymer fibers on the F-T resistance of GCs is exhibited in Figure 17 [41,99,101,104].
For instance, in contrast to the control group without polypropylene (PP) fibers, the com-
pressive strength loss of GCs with 0.4% PP fibers decreased by approximately 10% after F-T
cycles [89]. When compared with the control group without fiber addition, incorporating
1.0% polyethylene (PE) fibers into GCs reduced the loss of compressive strength by ap-
proximately 92.70% [41]. Incorporating polyvinyl alcohol (PVA) fibers into GCs effectively
reduces weight loss of GCs following F-T cycles [101,104], as depicted in Figure 17d. The
reason is that PVA fibers decrease the water absorption rate of GCs. Moreover, PVA fibers
act as crack-bridging agents and restrict their propagation, thus reducing the crystallization
pressure and water pressure induced by water freezing [89,101,105].

Adding 6.0% wood fibers can strengthen the F-T resistance of GCs. This is because
wood fibers restrict the propagation of cracks and increase the cohesion of the matrix [106].
The incorporation of 0.1% modified multi-walled carbon nanotubes (MWCNTs) together
with 2.0% PVA fibers can augment the number of F-T cycles that GCs can endure [14].
The underlying reason lies in the fact that the crack arrest effect (Figure 18b), mechanical
interlocking effect, nano-filling effect (Figure 18a), and nano-nucleation effect of MWCNTs
render the geopolymer mortar denser and reduce the capillary porosity of the mortar [14].
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Figure 16. Influence of SF and BF on F-T resistance of GCs [40,41,64,99-102]. (The date
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Figure 17. Impact of polymer fibers on F-T resistance of GCs [41,99,101,104]. (Data from [41,99,101,104]).
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Figure 18. SEM images of GCs with modified MWCNTs incorporated after F-T cycles [14]. (Repro-
duced with permission from [14], Elsevier, 2022).

3.3.2. Nano-Materials

Due to the fact that nano-materials exhibit excellent volcanic ash and filling ef-
fects [107], some researchers have incorporated nano-materials into GCs to elevate their
F-T properties. The incorporation of nano-materials into GCs effectively reduces the loss
of compressive strength following F-T cycles, as is evident from Figure 19 [97,108-110].
For example, when compared with the control group without nano-graphite (NG), a GC
containing 0.1% NG exhibited the lowest loss of compressive strength following F-T cycles,
with a value amounting to merely 0.5% [108]. This is mainly because NG reduces the water
absorption rate of GCs, thus reducing the formation of ice. In addition, during the F-T
cycles, NG can also bridge the cracks and limit the propagation of cracks [108], as shown in
Figure 20. The incorporation of GO densifies the geopolymer matrix, optimizes the pore
structure, and inhibits water transport [109]. Additionally, GO promotes the generation
of abundant aluminosilicate gel, such as flower-like and layered hydration products, as
presented in Figure 21. When the GO content was 0.06%, the reduction in compressive
strength loss reached 41.1% compared to a sample without GO [44].
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Figure 19. The influence of nano-particles on the loss rate of compressive strength [97,108-110]. (Data
from [97,108-110]).
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Figure 20. Schematic diagram of NG bridging function [108]. (Reproduced with permission
from [108], Elsevier, 2023).

NS, nano-alumina (NA), and nano-clay (NC) promote the hydration reaction and the
formation of gel products, enhancing the degree of geopolymerization. Moreover, they
refine the microstructure of geopolymer and form a dense geopolymer composite slurry
owing to their filling effect [34-36]. In comparison with NA and NC, NS exerts a more
substantial influence on improving the F-T resistance of GCs [97]. The reason for this
is that NS provides more silicon dioxide, which increases the generation of geopolymer
products [42]. The majority of studies have shown that integrating 1.0% to 2.0% of NS into
GCs is capable of improving the F-T resistance of GCs. [18,97,104]. Incorporating nano-zinc
oxide (NZ) into geopolymer reduced the loss of compressive strength of GCs following F-T
cycles, and the residual compressive strength of a GC containing 0.5% NZ was 95.72% after
F-T cycles [110]. The interfacial adhesion between NZ particles and the geopolymer matrix
diminishes the range of the interfacial transition zone [110]. Additionally, the existence
of nano-zinc oxide (NZ) results in a more compact microstructure of GCs, as shown in
Figure 22. However, an excessive incorporation of NZ leads to nano-agglomeration and
weakens the F-T resistance of GCs [110]. In conclusion, considering the comprehensive
economic benefits of nano-materials and their degree of improvement on F-T resistance,
the addition of 1.0% NS is more conducive to enhancing the F-T resistance of GCs than
other nano-materials.
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Figure 21. SEM images of geopolymer foam concrete [44]. (Reproduced with permission from [44],
Elsevier, 2023).
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Figure 22. SEM of geopolymer mortars after F-T cycles [111]. (Reproduced with permission from [111],
Elsevier, 2024).

3.3.3. Air-Entraining Agents

Numerous studies have demonstrated that AEAs effectively improve the F-T resistance
of OPCC [112-115]. The reason is that AEAs incorporate tiny bubbles (20-50 um) into
concrete, thereby providing space for water expansion and reducing the internal pressure
within the concrete [116]. However, the addition of AEAs to GC has not had a significant

218



Gels 2025, 11, 537

effect on improving their F-T resistance, as presented in Table 3. Sun et al. [117] discovered
that there was no significant difference in the weight loss and RDME loss of FA-based
geopolymer mortar with and without an AEA after 300 F-T cycles. The research findings of
Aygormez et al. [90] indicate that an AEA reduced the weight loss of MK-based geopolymer
composite materials, but the effect was not substantial. Brooks et al. [118] found that FA-
based geopolymers with added AEAs exhibited slight scaling after 40 F-T cycles, whereas
FA-based GCs without added AEAs did not show any scaling after 40 F-T cycles. This
could potentially be ascribed to the circumstance that the addition of AEA fails to form a
homogeneous and stable structure within GCs [118].

Table 3. Influence of AEAs on F-T resistance of GCs.

AEA . Temperature . Compressive RDME  Weight

Type Content Sample Size (mm) Range (°C) F-T Cycles Strength Loss  Loss Loss Ref.
Geopolymer o, 235 x 235 —18~4 300 5.00% 8.40%  0.12%  [117]
mortar x 50.8 prism

Geopolymer ) 4, 23.5 X 23.5 —18~4 300 0% 6.80%  0.17%  [117]
mortar x 50.8 prism

Geopolymer 100 > 100 —18~4 300 28.31% / 043%  [90]

mortar x 400 prism

Geopolymer 550, 100 > 100 —18~4 300 23.73% / 0.12%  [90]

mortar x 400 prism

4. Freeze-Thaw Damage and Prediction Models of
Geopolymer Composites

4.1. Experience Model

By testing the degradation of GCs under F-T cycling, various F-T resistance indicators
can be acquired, which can be quantified to establish a damage model for GCs under
F-T cycling. These models assume a pivotal role in assessing the F-T resistance of GCs
and forecasting the extent of their degradation. The RDME and compressive strength,
which reflect the mechanical properties and internal structure of GCs, are generally used
as damage variables to establish F-T damage models [14,84,119]. Common F-T damage
models of GCs are summarized in Table 4. Most of the F-T damage models are established
using exponential functions or power functions, as listed in Table 4. Compared with those
using power functions, models established using exponential functions yield more accurate
predictive results. Furthermore, the root mean square error (RMSE) of the nonlinear
regression model put forward by Sun et al. [120] for predicting the F-T life of geopolymer
concrete was 0.0299, indicating that the model had a satisfactory predictive effect. Porosity
is also utilized to develop F-T damage predictive models. Wu et al. [121] developed a
prediction model regarding the residual compressive strength of GCs following F-T cycles,
as presented in Equations (2) and (3). The coefficient of determination (R?) of the model
was approximately 0.99, indicating that the model is capable of efficiently predicting the
residual compressive strength of geopolymer concrete following F-T cycles.

Fy 1-¢Dn
R 1-cDp @
_ Pi\2 m+0.5
Di=1-(1-")"(1-¢) 3)

c

where Fy, Dy, ¢; are the compressive strength, degree of damage, and porosity of geopoly-
mer concrete after F-T cycles, respectively; N represents the number of F-T cycles; ¢ is a
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correction factor; ¢, is the percolation threshold of the material; v is the scale index; and m
is a parameter related to shrinkage properties.

Table 4. Empirical model of F-T damage.

F-T Evaluation Model F-T Damage Model Evaluating Index Ref.
w=1—aetN w=1-EN/E R2: 0.910~0.986 [14]
w = aN? w=1—En/Ep R2: 0.936~0.992 [84]
w=a(l—eN) w=1-EN/Ep R?: 0.974~0.996 [84]
w=a-e N w = Fy/Fy R2: 0.950 [15]
w=a-NP w = Fy/F R2: 0.790 [15]
w=a-e N w=1-Fy/E R2: 0.958 [15]
w=a-NP w=1-Fy/E R2: 0.998 [15]
w=a-e N w = EN/Ey R2: 0.860 [15]
w = aN? w = EN/Ep R2: 0.600 [15]
w=a-e N w=1—EN/E R2: 0.971 [15]
w = aNt w=1—En/Ep R2: 0.897 [15]
w=qa-eN w =1+ En/Eor060 025 Ty/Fy - RSME: 0.030 [120]

Note: w is the F-T damage index, Ey is the RDME under N F-T cycles, E is the RDME before the F-T cycles, and a
and b are constant.

4.2. Machine Learning Models

In addition to empirical models, some researchers have also established ML models to
predict the F-T damage of GCs. ML is a method of extracting implicit mapping relationships
from existing data through model training, aiming to achieve relatively ideal training
outcomes and accurate predictions [122]. Deep learning, which is a part of machine
learning, makes use of neural networks featuring three or more hidden layers. Through
these networks, it is able to learn intricate patterns and acquire meaningful representations.
The artificial neural network (ANN) model proposed by Abadel et al. [123] revealed
acceptable precision in predicting the F-T resistance of GCs, with an R? value of 0.99.
Three ML models, namely backpropagation neural network (BPNN), convolutional neural
network (CNN), and gated recurrent unit (GRU), were employed by Yao et al. [124] to
forecast the compressive strength of one-part geopolymer after F-T cycles. They used
216 sets of data, with the ratio of the training set to the validation set being 8:2. The
input features included the FA /GGBEF ratio, freezing temperature, and F-T cycles, while
the output variable was compressive strength. Their standard deviations were 0.157,
6.251, 3.917, and 0.716, respectively. The results indicated that all models demonstrated
satisfactory predictive performance, suggesting that all three models were reliable in their
prediction of the F-T resistance of GCs. Among the three models, the CNN model exhibited
the highest prediction accuracy, with an R? value of 0.9966 and an RMSE value of 0.0414,
as illustrated in Figure 23a. Moreover, the innovation of metaheuristic algorithms is an
approach to optimize neural networks. Algorithms like particle swarm optimization
(PSO) and genetic algorithms have the capacity to enhance both the performance and the
generalization capability of neural networks. Particle swarm optimization was applied by
Zhang et al. [125] to optimize BPNN for the durability prediction of geopolymer mortar.
They used 22 sets of data, with 16 sets for training the model and the remaining 6 sets for
testing the prediction. The input layer included MK dosage, FA dosage, NS dosage, and
PVA fiber dosage, while the output layer was the compressive strength loss rate. Their
standard deviations were 3.671, 3.377, 0.807, 0.394, and 3.592, respectively. The predicted
results of PSO-BPNN were closer to the actual values than those of BPNN [125], as depicted
in Figure 23b. Therefore, it is feasible to predict the F-T durability of GCs accurately and
scientifically using PSO-BPNN.
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Figure 23. Prediction results of different ML models [124,125]. (Reproduced with permission
from [124,125], Elsevier, 2024).

5. Conclusions

This review article offers a comprehensive overview of the F-T damage process of
GCs, along with some common theories pertaining to F-T damage. It also provides an in-
depth and comprehensive summary of the factors that influence the F-T resistance of GCs.
By doing so, this review contributes to a more profound understanding of the elements
influencing the F-T resistance of GCs and their underlying mechanisms, thereby laying a
solid foundation for both engineering applications and academic research. The influencing
factors encompass raw materials, curing conditions, and modified materials. Moreover,
this review summarizes the models developed through regression analysis and machine
learning techniques for the evaluation and prediction of the F-T damage of GCs. The main
conclusions of this article are as follows:

(1) The degree of F-T damage of GCs is influenced by pore water pressure and crystalliza-
tion pressure. The F-T failure process of GCs is predominantly categorized into three
distinct stages: water absorption and saturation, ice crystallization during the freezing
phase, and microstructural damage leading to macroscopic failure. As the quantity of
F-T cycles rises, the surface layer of the geopolymer will start to flake off, and fissures
will develop within its internal structure. Three commonly used F-T damage theories
are introduced, namely the crystallization pressure theory, hydrostatic pressure theory,
and osmotic pressure theory. The theory of crystallization pressure elucidates the
process of crystal failure in porous materials.

(2) The Ca content in the precursor can affect the F-T resistance of the geopolymer. GCs
with a high Ca content exhibit better F-T resistance than those with a low Ca content.
Multiple studies have shown that GCs activated by a mixture of sodium hydroxide
and sodium silicate possess better F-T resistance compared to those activated using
sodium hydroxide alkaline activator alone. The modulus of the alkaline activator is
most effective within the range of 1.3. Replacing natural aggregates with recycled
aggregates weakens the F-T resistance of GCs, although this effect is not pronounced.
When the proportion of RPs replacing fine aggregates is in the range of approximately
15%, it can augment the F-T resistance of GCs.

(3) The suitable curing conditions for GCs are influenced by the source and amount
of Ca contained in the precursor. The F-T resistance of GCs can be enhanced by
appropriately increasing the curing temperature to the range of approximately 50 °C
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4)

©)

to 80 °C, particularly for low-Ca GCs. Desirable results can be obtained when the
curing temperature is set within the range of 50 °C to 70 °C.

Fibers, nano-particles, and AEAs are modified materials that influence the F-T re-
sistance of GCs. Extensive experimental studies have demonstrated that fibers can
strengthen the F-T resistance of GCs. However, an excessive amount of fibers can
form aggregates and cause defects within the matrix. Incorporating an appropriate
amount of nano-particles (ranging from 0.45% to 2%) into GCs can improve their F-T
resistance. The impact of AEAs on the F-T resistance of GCs is relatively limited, and
the findings reported in the literature are still highly controversial.

In this review, the assessment and prediction models of F-T damage were summarized,
and the coefficient of determination R? values of these models were all above 0.9.
Most of the empirical models for F-T damage were established based on exponential
and power functions. When compared with traditional empirical models, most of
the prediction models of geopolymer F-T damage established using neural network
algorithms possess higher accuracy and broader applicability. Among these models,
the prediction results of the CNN model and the ANN model are relatively accurate.
Their coefficient of determination R? values are all above 0.99.
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Abbreviations

orc ordinary Portland cement

GC geopolymer composite

FA fly ash

GGBFS ground granulated blast furnace slag
MK metakaolin

F-T freeze—thaw

RDME relative dynamic modulus of elasticity
Uurv ultrasonic pulse velocity

Ca calcium

AEA air-entraining agent

SF steel fiber

PE polyethylene

GO graphene oxide

RP rubber particle

NS nano-silica

ML machine learning

SEM scanning electron microscopy
N-A-S-H  sodium aluminosilicate hydrate
OPCC ordinary Portland cement concrete
C-S-H calcium silicate hydrate
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C-A-S-H calcium aluminosilicate hydrate

RCA recycled concrete aggregate

BS basalt sand

FA-RMS fly ash-red mud slurry

RH relative humidity

BF basalt fiber

PP polypropylene

PVA polyvinyl alcohol

MWCNTs multi-walled carbon nanotubes
NG nano-graphite

NA nano-alumina

NC nano-clay

NZ nano-zinc oxide

RMSE root mean square error

ANN artificial neural network
BPNN backpropagation neural network
CNN convolutional neural network
GRU gated recurrent unit

PSO particle swarm optimization
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Abstract: River sediments have attracted increasing attention as alternative raw materials
for sustainable cementitious materials due to their abundant availability and silica—alumina-
rich composition. In this study, a systematic literature search was conducted in Web
of Science and Google Scholar using combinations of the keywords “river sediment,”

i

“cementitious materials,” “activation,” and “pozzolanic activity,” covering publications
up to July 2025. In addition, a citation network tool (Connected Papers) was employed
to trace related works and ensure comprehensive coverage of emerging studies. This
review systematically examines the properties of river sediments from diverse regions,
along with activation and modification techniques such as alkali/acid activation, thermal
calcination, and mechanical milling. Their applications in various cementitious systems
are analyzed, with mix design models compared to elucidate the effects of replacing fine
aggregates, coarse aggregates, and cement on workability, strength, and durability. Multi-
scale characterization via XRD, FTIR, and TG-DSC reveals the mechanisms of C-S-H and
C-A-S5-H gel formation, pore refinement, and interfacial transition zone densification.
The review highlights three key findings: (1) moderate sediment replacement (20-30%)
improves strength without compromising flowability; (2) alkali-water glass activation
and calcination at 600-850 °C effectively enhance pozzolanic activity; and (3) combining
the minimum paste thickness theory with additives such as water reducers, fibers, or
biochar enables high-performance and low-carbon concrete design. This review provides a
comprehensive theoretical foundation and technical pathway for the high-value utilization
of river sediments, carbon reduction in concrete, and sustainable resource recycling.

Keywords: river sediments; activation techniques; optimization of concrete properties;
low-carbon building materials; proportion design methods

1. Introduction
1.1. Research Background

Amid growing global concerns over resource scarcity and environmental sustainabil-
ity, the construction materials industry is undergoing a significant green transformation.
As the most widely used human-made material, concrete is under scrutiny for its high
consumption of natural resources and associated carbon emissions during production and
use [1,2]. Over time, large-scale extraction of natural sand, gravel, and cement has led to
resource depletion and ecological degradation. Moreover, cement production is energy-
intensive and emission-heavy, making it a key target for carbon peaking and neutrality
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efforts [3,4]. Consequently, developing low-carbon, high-performance, and sustainable
alternative raw materials has become a global research focus [5].

River sediment, generated in large volumes through dredging during urban and
natural river management, often exceeds hundreds of millions of tons annually. However,
most of it remains unused, occupying land and posing environmental risks such as heavy
metal leaching [6-8]. Compositionally, river sediments contain fine particles, clay minerals,
and reactive silica—alumina components, showing similarities with traditional concrete
materials in terms of gradation and mineralogy [9-11]. This has prompted interest in their
use as fine aggregates, partial cement replacements, or auxiliary admixtures, offering a
pathway for transforming waste into a resource and aligning environmental governance
with material recycling goals [11,12]. The existing literature confirms that using sediments
in ternary cementitious systems is a mature and promising research direction. Several
studies have successfully applied sediments in ternary blends, showing improved mechan-
ical properties and refined microstructures [13,14]. To date, various applications of river
sediments have yielded promising results: modification into flood control materials [15];
use as pavement base and sub-base layers [16]; soil remediation and land reconstruction in
low- and medium-yield sandy areas along the Yellow River, where optimized filling strate-
gies have been developed [17-19]; and production of recycled bricks [20,21], lightweight

aggregates [22], and ceramic granules [23] (Figure 1).

_ Yellow
River levee

~The Yellow

River  gurface soil laye we

Subsoil layer e Plant root system

Pressure pumping
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Yellow River mudmss
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Battlefield Submersible Supporting assistance
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Figure 1. Yellow River sediment resource utilization.

Based on sediment characteristics and engineering requirements, researchers have
developed sediment-based concrete for a wide range of applications. These include
pervious concrete, lightweight concrete, foam concrete, self-compacting mortar, polymer
mortar, autoclaved aerated concrete (AAC), ultra-high-performance concrete (UHPC),
and engineered cementitious composites (ECCs), as shown in Figure 2. In these ap-
plications, sediments function either as a replacement for sand or as a substitute for
cementitious components.
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Figure 2. Application of river sediment in concrete (Permeable concrete [24], AAC [25], UHPC [26],
Alkali-activated fly ash foam concrete [27]; Self-compacting mortar [28]; Alkali-activated cementitious
materials [29]).

Although river sediments have promising application potential, their use in con-
crete still faces multiple challenges due to variability in physicochemical properties, high
impurity content, and low pozzolanic activity [26]. Sediments formed under different
geographical and hydrological conditions exhibit significant differences in particle size
distribution, mineral composition, and organic content, which directly influence their
suitability for concrete applications [30,31]. Moreover, high moisture content, low reactivity,
and the presence of humus or heavy metals can adversely affect workability, strength,
and durability if not properly treated [32]. Therefore, identifying key physical properties,
establishing applicability evaluation criteria, and enhancing reactivity through targeted
techniques are essential to advancing sediment-based engineering applications. Recent
studies have explored activation strategies to address these issues. Thermal treatment
disrupts crystal structures and releases active phases [33,34]; alkali activation promotes
reconstruction of the silica—alumina skeleton and formation of binding gels [35]; and me-
chanical milling increases surface area and exposes reactive sites [36,37]. These methods
help overcome the limitations of weak cementitious activity.

However, current research in this field lacks a systematic and multi-scale framework,
which limits the efficient, value-added utilization of river sediments in concrete. The main
research gaps are (1) a reliance on isolated case studies rather than comparative analyses to
establish general principles; (2) an insufficient understanding of microstructural evolution
and interface interactions; (3) low substitution levels that hinder practical application; and
(4) a shortage of life cycle assessments validating environmental and economic benefits.
And, current research still faces several limitations: (1) most studies focus on single sed-
iment types, lacking systematic comparisons to support universal mix design systems;
(2) emphasis is placed on mechanical performance, while microstructural evolution and
interfacial transition mechanisms remain insufficiently explored; (3) substitution levels are
typically low and fail to meet performance thresholds required for real-world application;
and (4) life cycle-based environmental and economic assessments are scarce, limiting large-
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scale adoption. In this context, systematically evaluating multi-path utilization strategies is
essential. Such efforts can reveal the fundamental interactions between sediment particle
characteristics, mineral composition, and cementitious systems, offering theoretical and
technical support for the development of green building materials. A comprehensive
analysis of sediment-based composites—from rheology and hydration to microstructure
and durability—can enable performance optimization and functional material design.
Furthermore, integrating life cycle and carbon footprint assessments will support the trans-
formation of sediments from low-value alternatives to high-performance green resources.
This review focuses on the use of river sediments in concrete, summarizing their properties,
activation and modification methods, substitution strategies, and performance enhance-
ment mechanisms. It also examines their role in hydration, microstructure evolution, and
durability, while proposing future research directions aligned with engineering demands
and low-carbon goals. The findings aim to provide a systematic theoretical basis and
technical framework for the high-value utilization of river sediments and contribute to the
sustainable transformation of the concrete industry.

1.2. Methodology

This systematic review was conducted using a structured and reproducible protocol to
identify and analyze relevant studies on the use of river sediments in cementitious materi-
als, with a focus on activation mechanisms and pozzolanic activity. The search was carried
out primarily using the Web of Science Core Collection and Google Scholar. To ensure
comprehensive coverage, an extensive set of keywords and Boolean combinations was
employed. The search strings included the following: (“river sediment” OR “dredged sedi-
ment” OR “silt”) AND (“cementitious material” OR “alkali-activated” OR “geopolymer”
OR “supplementary cementitious material”) AND (“activator” OR “mechanochemical” OR
“thermal treatment”) AND (“volcanic” OR “pozzolan” OR “ash”). The search covered all
publications in these databases up to July 2025.

The study selection followed predefined criteria. Publications were included if they
(1) focused on river/dredged sediments as raw materials; (2) examined their use in cemen-
titious or alkali-activated binders; (3) detailed activation methods (mechanical, thermal, or
chemical); and (4) discussed pozzolanic/volcanic activity or reaction mechanisms. Exclu-
sion criteria included conference abstracts, editorials, and book chapters without original
experimental data. Screening was conducted in two phases. First, all retrieved articles
were screened by title and abstract. Then, the full texts of potentially relevant articles were
assessed for eligibility. To capture emerging studies not yet indexed, the Connected Papers
tool was used to trace backward and forward citations of key articles, ensuring compre-
hensive coverage. A standardized data extraction form was used to collect information
from the included studies. The initial search retrieved 369 records. After title and abstract
screening, 188 documents proceeded to full-text evaluation. Ultimately, 149 studies met
the criteria and were included for data extraction and analysis. Key data included (1) sedi-
ment characteristics (e.g., origin and chemical /mineralogical composition); (2) activation
process details (e.g., method and parameters); (3) composite mix designs (e.g., binder
composition and replacement ratios); (4) curing conditions; and (5) measured properties
(e.g., strength, reaction products, and microstructure). Given methodological heterogeneity,
a narrative synthesis was adopted. Findings were thematically organized to compare the
effects of different activation techniques on sediment pozzolanic activity and to discuss
reaction mechanisms.

While every effort was made to ensure comprehensiveness, this review has limitations.
Differences in activation and testing protocols restricted the possibility of quantitative
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meta-analysis. Despite multiple search strategies, some recent or unpublished work may
not have been captured.

2. Physical Characteristics and Activation Measures of River Sediments

2.1. Fundamental Characteristics
2.1.1. Physical Characteristics

Before dredging and utilizing river sediments, the sediments can be characterized
based on the contaminant content, organic matter content and particle size distribution of
the deposits, and statistical analysis of the resulting database can help to categorize these
sediments, which can then be used to experimentally quantify the impact of the various
sediments on concrete in a more efficient manner [38]. In some areas, the newly dredged
sediments inevitably contain pollutants such as waste metals, and the total pollutant
content can be detected by Inductive Coupled Plasma [39].

The sediments were classified into deposited fine sand and fine-grained sediments
according to the particle size, and the appearance comparison with ordinary river sand as
well as mechanism sand as shown in Figure 3, which has a big difference in morphology
and color. In terms of particle size distribution, the particle size of fine sand is similar
to that of small quartz sand, and the particle size of micro-powder is slightly larger than
that of cement and other auxiliary cementitious materials, as shown in Figure 4a,b. Addi-
tionally, a few studies have examined larger sediment particles used as coarse aggregates
in cementitious materials [24,39]. Since aggregate properties—such as moisture content,
water absorption, and density—strongly affect cementitious performance, Table 1 sum-
marizes their physical properties. Sedimentary micropowders are widely used as cement
substitutes, and analyzing their chemical and mineralogical composition is essential for
understanding macro- and micro-scale behavior. This topic is discussed in the next section.
According to Table 1, sediment moisture content ranges from 0.065% to 10.69%, which
directly influences the effective water-cement ratio. Water absorption also strongly affects
slump and other physical properties. Highly absorbent aggregates often have high porosity
and low strength, creating weaknesses in concrete. When absorption exceeds 2.5%, rapid
uptake of mixing water leads to slump loss. In addition, highly absorbent materials usually
have low density, which reduces hardened concrete strength and durability. Therefore,
when such sediments are used, pretreatment or water-cement ratio adjustment is required.

Figure 3. Comparison of material morphology of different sands. (a) Deposited fine sand (DFS) [40],
(b) fine-grained sediments (FGS) [41], and its 300 x micrograph [29]; (c) river sand; and (d) machine-
made sand.
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Figure 4. Particle size distribution of different types of sand/particles. (a) Particle size distribution of
small quartz sand, deposited fine sand, mechanism sand, and a blend of 15% dosed Yellow River
Fine Sand(YRFS) and mechanism sand; (b) particle size distribution of ordinary silicate cement [42],
low calcium fly ash (FFA) [43], high calcium fly ash [44] (CFA), and Yellow River Micro-Powder
(YRMP) [40].

Table 1. Moisture content, water absorption, and density of river sediments.

Water Content (%) Absorption (%) Density (g/cm?)
. Sand 0.081 4.7 241
Conventional aggregates [39] Gravel 0.065 23 253
. . Sand N.D. 3.0 2.45
Neuilly raw sediment [39] Gravel 10.69 18 253
. Sand N.D. 3.6 2.46
Puteaux raw sediment [39] Gravel 6.43 26 247
Preparation of lightweight aggregates [22] Gravel N.D. 5.5-9.5 1.01-1.38
Preparation of ceramic granules [23] Gravel N.D. 5.9 0.879
Seine Basin [24] Sand N.D. N.D. 2.24-2.41
e basih Gravel N.D. 3.7-17.2 2.05-2.41
Yangtze River ultra-fine dredged sand [45] Sand N.D. 4.5 2.69

Note: N.D. (Not determined).

2.1.2. Chemical Composition

X-ray fluorescence analysis (Table 2) shows that the chemical composition of river
sediments differs significantly from that of cement. Unlike cement, which is CaO-rich, sedi-
ments contain higher SiO, and moderate Al,O3, resembling fly ash in composition [18,46].
As illustrated in Figure 5, sediments exhibit intermediate characteristics: their SiO, and
Aly,O3 contents are higher than those of cement but lower than those of fly ash, while CaO
content is lower than cement but higher than fly ash. Comparison of aggregate composition
in Table 2 with ASTM C618 shows that the total SiO,, Al,O3, and Fe;O3 in most sediments
exceeds 70%, meeting the minimum requirement for type N pozzolan in ASTM C618. This
“medium silica—alumina with moderate calcium” profile indicates potential pozzolanic
activity and Ca-supplement capacity, making sediments suitable as supplementary ce-
mentitious materials, especially for partial cement replacement or use with activators in
low-carbon concrete.
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Table 2. Chemical composition of river sediment and cement.

SIOZ A1203 CaO F8203 NaZO Kzo

Sports Event (%) (%) (%) (%) (%) (%) MgO LOI

Cement 1 [29] 21.49 5.24 64.16 2.89 0.76 0.42 2.12 1.0
Cement 2 [5] 18.093 5.882 64.394 3.904 N.D. 1.219 1.944 N.D.

Yellow River sediment 1 [29] 68.73 11.08 7.56 3.64 1.76 3.21 2.11 2.85
Yellow River sediment 2 [23] 60.5 15.9 9.96 4.77 1.56 2.81 3.18 N.D.
Yangtze River sediment 1 [47] 68.2 11.4 5.66 3.22 1.88 2.31 2.46 N.D.
Yangtze River sediment 2 [45] 68.74 114 5.56 3.20 1.84 2.3 242 N.D.
Mud and sand sediment 1 [46] 47.50 15.60 10.20 6.70 0.30 1.90 2.40 15.1
Mud and sand sediment 2 [47] 75.717  11.988 1.59 4971 0.029 1.857 0.951 N.D.
Mud and sand sediment 3 [48] 33.25 8.65 13.1 3.89 0.45 149 0.75 N.D.
Mud and sand sediment 3 calcined at 750 °C [48] 43.45 10.30 15.4 4.95 0.63 1.84 0.91 N.D.
Mud and sand sediment 4 [25] 56.93 18.98 2.14 12.05 0.70 4.07 2.07 4.13
Fly ash 1 [18] 50.6 27.2 2.8 7.0 0.5 2.6 0.97 1.14

Fly ash 2 [25] 53.7 27.3 7.7 5.70 0.7 0.12 1.8 0.40

Note: LOI is short for loss on ignition at 1000 °C; N.D. = not determined.
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Figure 5. Comparison of chemical composition of different materials [5,18,23,25,29,45-48].

Given these characteristics, deposited fine sand can feasibly replace or blend with river
sand, manufactured sand, or quartz sand as a fine aggregate. This is particularly advanta-
geous, as manufactured and quartz sands often suffer from high porosity, poor gradation,
low workability, and high angularity [49,50]. Sedimentary sand, being finer and compara-
ble to quartz sand, is environmentally favorable for partial substitution in concrete [51-54].
Currently, most studies treat deposited fine sand as inert aggregate, optimizing mix de-
signs with limited dosages. However, due to its low reactivity, performance improvement
remains restricted [55,56], and low replacement levels reduce economic feasibility [57,58].
In contrast, finer sedimentary powders show greater reuse potential. As shown in Table 2,
sediments are primarily composed of SiO; and Al,O3, with lower levels of CaO, Fe,O3,
K70, MgO, and Na,O. As aluminosilicate-rich materials, they possess theoretical potential
for geopolymerization under suitable conditions. Activating this reactivity could enable
cement substitution and offer a new pathway for sediment resource utilization.

2.1.3. Mineral Composition

Given the growing focus on ternary cement and the synergistic effects of calcined clay
and other cementitious materials, it is important to discuss the mineralogical composition
of sediments to demonstrate their potential in producing alternative cement.
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Subramanian et al. [59] investigated sediments from the Yamuna River, a Himalayan
tributary of the Ganges, and found that quartz and feldspar were the most abundant
minerals. The clay mineral assemblage was mainly illite and chlorite, with minor kaolinite
and montmorillonite. Hamdy et al. [60] studied the entire Ganges system and reported
that the clay fraction was dominated by illite, followed by smectite and kaolinite/chlorite.
Li et al. [61] studied rivers in Taiwan, China, and found that sediments mainly consisted
of illite, smectite (montmorillonite-group), chlorite, and kaolinite, with smectite reaching
40-80% in some rivers. Singh et al. [62] studied the Kaveri River in southern India and
found the main clay minerals to be montmorillonite, kaolinite, and illite.

These studies show that quartz and feldspar are the dominant light minerals in sand
and silt fractions, typical products of continental crust weathering. Analysis of sediment
composition shows high silica and alumina, indicating quartz (SiO;), clay minerals such
as illite and kaolinite, and possibly feldspathic phases [63,64]. These aluminosilicates are
critical for pozzolanic behavior, as they react with Ca(OH), in cementitious systems to
form C-S-H phases [65]. The moderate calcium content supports self-cementing potential
under activation, bridging traditional pozzolans and latent hydraulic materials such as
GGBS [66]. The fine particle size distribution enhances reactivity by providing nucleation
sites for hydration and promoting microstructural densification [67]. Low contents of K,O,
NayO, and MgO reduce risks of expansion and ASR cracking, supporting safe use as a
construction material [68].

In summary, river sediments rich in reactive silica and alumina, with supplementary
calcium, show pozzolanic potential and alkali activation compatibility, supporting their
use as sustainable SCMs in modern concrete.

2.2. Activation Measures for Fine-Grained River Sediments

Li et al. [69] demonstrated that Pisha sandstone—the dominant mineral resource
within Yellow River sediments—constitutes a distinctive clay-rich formation. This lithology
comprises non-crystalline clay minerals (montmorillonite, illite, mica, etc.) and crystalline
phases (feldspar, quartz, calcite, etc.), thereby providing evidence for the low pozzolanic
activity inherent to fine-grained river sediments. To enable its use as a cement substitute,
activation is necessary to enhance its reactivity. Properly activated sediment powder—via
calcination or mechanical treatment—transforms kaolinite and other clays into amorphous
metakaolin, which, in the presence of Ca(OH), and water, forms C-5-H and C-A-H gels.
This process effectively regenerates micro-scale cementitious phases and improves matrix
strength and densification [70].

2.2.1. Chemical Excitation Activation

(1) Categories of chemical excitants

Alkali activators enhance reactivity by disrupting mineral structures and releasing
active components [29]. Among these, NaOH and water glass are the most common.
Li et al. [69] demonstrated that using NaOH and water glass (modulus 3) significantly
increased the compressive strength of Pisha sandstone. Water glass alone can also acti-
vate sediments [71]. Jiang et al. [27] and Jing et al. [72] found that mono-doping with
10-15% Ca(OH); optimized pozzolanic reactivity. Ze et al. [29] conducted a study on the
preparation of Yellow River sediment/fly ash/cement-based alkali-activated cementitious
materials for coal mine filling. The study compared different activators, including Ca(OH),,
NaOH, sodium silicate (water glass), and their combinations. All these activators promoted
more complete reactions of cement, fly ash, and Yellow River sediment, which led to
the formation of additional C-5-H and C-A-S5-H gels. Among them, the combination
of NaOH and sodium silicate proved most effective in refining pores and improving the
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microstructure. However, Junakova et al. [73] argued that NaOH alone is ineffective for acti-
vating sediments. Regarding this contradictory phenomenon, research by Palomo et al. [74]
revealed that excessive NaOH use, due to its high alkalinity, increases the alkalinity of the
hydration solution and reduces the hydration of anhydrous silicates, thereby decreasing
compressive strength.

Salt activators also show promise. Hai et al. [57] used a 6% mixture of CaCl, and
water glass (1:1) to activate sediments. Ca* exchanged with ions in clay minerals, releasing
soluble Si and Al, while reacting with C3A to form hydrated calcium chloroaluminate,
thus enhancing strength. CaCl, also accelerates feldspar hydrolysis, while water glass fills
pores with silica and calcium silicate gels. However, the chloride ions in CaCl, may induce
long-term durability issues. Liu et al. [21] proposed sodium bisulfite as an activator, though
its mechanism requires further clarification.

In addition, acidic activation has gained attention. Wang [75] studied Yellow River
sediment and used acidic activators to replace cement in cement-sand specimens of the
same particle size. The results showed that acid activation provided stable strength,
improved energy efficiency, and offered environmental benefits while avoiding durability
problems related to alkali. Phosphoric acid, acetic acid, and hydrochloric acid corroded
particle surfaces, increased surface area, and promoted gel formation. Acid-base synergistic
activation further accelerated ion release and hydration, enhanced density, inhibited salt
migration, and effectively mitigated alkali—silica reaction.

(2) Activation reaction mechanisms

As shown in Figure 6a—c [29], under alkaline excitation, the matrix incorporating
activators exhibited a denser structure than the blank matrix, with fly ash and YRS particles
encapsulated by C-S-H and C-A-5-H gels. Similarly, in Figure 6d [27], the addition of
Ca(OH); led to the formation of abundant honeycomb and fibrous C-S-H gels, enhancing
matrix densification and reducing average pore size. In the Na,CO3 and NaySO, systems
(Figure 6e,f), hydration between sediment and activator was limited. The resulting structure
was loose, with flocculated geopolymer gels coexisting with unreacted matrix and feldspar
clasts wrapped in gels. In the acidic systems (Figure 6g—i [75]), the 1.5% phosphoric acid
group produced abundant needle-like and flocculent hydration products, forming a dense
and continuous gel skeleton. These products included C-5-H gels, Ca(OH); crystals, and
Ca3(POy),, effectively filling pores and increasing strength. In contrast, the 1% acetic
acid and 1.5% hydrochloric acid groups also generated C-S-H gels and calcite, but with
lower product content and poor connectivity, resulting in weaker excitation effects than the
phosphoric acid group.

The hydration products and microstructures of the fillers changed significantly un-
der different activators. XRD results showed that doping with Ca(OH),, NaOH, water
glass, or CaCl, increased C-S-H and C-A-5-H gel formation. Co-doping with NaOH and
water glass depleted Ca(OH),, while excitation with CaCl, eliminated natrium feldspar
peaks and introduced kaolinite peaks, indicating ion exchange and mineral transforma-
tion (Figure 7a,d). TG analysis confirmed that activators enhanced hydration reactions.
Dehydration of products increased with Ca(OH), depletion, CaCOs3 content decreased,
and gel production rose significantly (Figure 7b). FTIR results showed that doping elim-
inated Ca(OH); characteristic peaks, caused shifts in Si-O peaks, and CaCl, enhanced
O-H absorption peaks, indicating increased hydroxyl content that promoted particle bond-
ing. Overall, excitants significantly improved hydration and microstructural densification
(Figure 7c,e) [29,75].
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Figure 6. Microscopic morphology of cementitious materials after adding different chemical excitants.
(a) NaOH [29]; (b) water glass [29]; (c) water glass + NaOH [29]; (d) Ca(OH); [27]; (e) Nay,COj3 [71];
(f) NapSOy4 [71]; (g) 1.5% sodium pyrophosphate [75]; (h) 1% acetic acid [75]; and (i) 1.5% hydrochloric
acid [75]. (The scale bar length in (g,h) is 2 pm.)

The above results indicate significant differences in the efficacy of chemical activators.
The choice of the optimal activator depends on its overall performance in the chain of
“destroying the original structure, providing reactive components, and forming stable
products.” NaOH-water glass enhances gel formation and structure through synergistic
effects in alkaline environments. Phosphoric acid, in contrast, produces a strong and
durable microstructure through corrosion and stable precipitation in acidic conditions.
However, the CI™ introduced by CaCl, induces steel corrosion, posing a serious threat to
long-term durability and greatly limiting its practical application.

In summary, the microstructure and activity of river sediments were improved to a
great extent under the action of chemical exciters, in which the activation principles of
acidic and alkaline exciters differed. Currently, there is a lack of systematic research on
the selection of river sediments activating agents, optimal modulus, optimal dosage, and
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their relationship with hydration characteristics and macro-microstructure, and the future

should focus on exploring these aspects.
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Figure 7. XRD, TG and FTIR patterns of the prepared filling materials from Yellow River sed-
iments under different excitants. (a—c) Ca(OH),;, NaOH, water glass, water glass + NaOH [29];
(d,e) CaCl, + water glass [75].

2.2.2. Thermal Activation

Thermal activation enhances the pozzolanic activity of sediments by converting crys-
talline clay phases into an amorphous state [48,76]. For instance, Ferone et al. [46] calcined
clay sediments from two reservoirs in southern Italy at 400 °C and 750 °C for 2 h at
10 °C/min. Li et al. [77] studied Pisha sandstone decomposition at 600 °C and 800 °C.
Wang et al. [23] investigated the effect of calcination temperature on Yellow River sediment-
based ceramic grains. To reduce energy use, Snellings et al. and Duc Chinh Chu et al. [78,79]
applied flash calcination to treat sediments. Post-treatment, visible color differences be-
tween 650 °C and 850 °C (Figure 8a,b) suggested compositional changes. SEM images
(Figure 8c—f) showed granular structures with surface recrystallization, indicating localized
melting. Samples treated at 650 °C contained fine particles, while those at 850 °C showed
melted and recrystallized fines [80].

Figure 9 presents XRD patterns at various calcination temperatures. Quartz remained
thermally stable between 550 and 1000 °C. Feldspar showed peak shifts but incomplete de-
composition at 1000 °C. Clay minerals, especially kaolinite, underwent major changes—its
(001) peak disappeared above 550 °C, confirming dehydroxylation and the formation of
amorphous metakaolinite (Al,O3-25i0;), which improved pozzolanic activity [81,82]. Al-
though reactivity increased up to 800 °C, temperatures above 950 °C reduced activity due
to mullite crystallization. Chlorite began dehydroxylation at 650 °C and completed by
800 °C, indicating a narrow activation window [83]. Cook [84]. noted its recrystallization
near 850 °C. Illite and muscovite were more thermally stable, with peaks present even at
950 °C, where they became most reactive [85,86]. Hematite was the only recrystallized min-
eral detected, with peaks appearing from 600 °C and intensifying at higher temperatures,
indicating progressive crystallization. Thus, thermal treatment at 550-950 °C effectively
activates clay-rich dredged sludge, with careful temperature control key to optimizing
amorphous phase formation [46].
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Figure 8. (a,b) Visual aspect of sediment heated at 650 °C and 850 °C; (c,d) SEM images at 650 °C with
magnifications of 1kx and 6kx; (e,f) SEM images at 850 °C with magnifications of 1kx and 6kx [80].
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Figure 10a shows greater mass loss between 105 and 400 °C in mixtures with treated
sediments than in Portland cement, indicating sediment involvement in hydration. In
Figure 10b, 650 °C-treated samples fell below the dashed line, showing pozzolanic behav-
ior [88]; 850 °C-treated samples were above the line due to calcite decarbonization forming
reactive CaO. Figure 10c confirms lower CaCOs3 in 850 °C samples, supporting Ca(OH);
formation [80]. Figure 10d shows that at high substitution rates, 650 °C-treated samples
exhibited higher compressive strength than limestone.
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Figure 10. (a) Amount of bound water (between 105 °C and 400 °C) versus the amount of treated
sediment in the slurry (The dashed line presents the amount of bound water corresponding to the
part of Portland cement in the blended paste); (b) Amount of Ca(OH); in the slurry (by mass) versus
the substitution ratio (The dashed line presents the amount of calcium hydroxide corresponding
to the part of Portland cement in the blended paste); (c) Amount of CaCOj in the slurry (by mass)
versus the substitution ratio; and (d) 28-day compressive strength of the slurry versus the treated
sediment and limestone filler substitution rates [80].

In summary, thermal activation alters sediment mineral structures, greatly enhanc-
ing activity without introducing external substances. For clay-rich minerals, the optimal
calcination temperature is 550-950 °C, where amorphous transformation is highest and
reactivity is strongest. This enhances early strength and long-term durability of the cemen-
titious system. Samples treated at 850 °C produced highly active CaO, which promoted
secondary hydration and generated more C-S-H gel, significantly improving matrix den-
sity and strength. Samples treated at 650 °C showed higher compressive resistance than
limestone. Optimizing the calcination process achieves a balance between strength and
durability, providing key technical support for high-performance cementitious materials.
However, it requires high energy, large equipment, and may burn off active components.
Chemical activation operates at room temperature, is simpler and adjustable, but may
introduce impurities and environmental risks. Each method has advantages and limitations
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and should be selected based on application needs. A combined approach may also be
considered [46].

2.2.3. Mechanical Milling

Mechanical milling, as a physical activation method, effectively improves the sedi-
ment’s cementitious activity for partial cement replacement. Grinding increases specific
surface area and exposes reactive sites, accelerating interactions with hydration prod-
ucts [89,90]. Kou et al. [5] and Beddaa et al. [24,39] found that grinding sediments can en-
hance hydration reactions by providing nucleation sites and promoting micro-flocculation.
This improves packing density, pore structure, and durability. Junakova and Junak [73]
further compared pure dry milling, co-milling with NaOH, with fly ash, and with both.
NaOH alone had a limited effect, while composite treatments, especially those with fly ash,
significantly enhanced sediment reactivity.

In summary, chemical activation operates at room temperature, is simple and ad-
justable, but may introduce impurities and environmental risks. Thermal activation funda-
mentally alters the crystalline structure, creating a stable amorphous phase with consistent
reactivity, ideal for high-performance applications. Mechanical milling with additives
such as biochar and fibers forms a “micro-cement + filler” composite, improving 28-day
compressive strength by 10-20%. Mechanical milling enhances sediment reactivity and
improves structure and performance through refinement and surface activation, providing
strong support for sustainable construction. Each method has advantages and limita-
tions, and selection should depend on application needs. A combined approach may also
be considered.

2.2.4. Pozzolanic Reactivity Assessment Methods

Activated dredged sediments are expected to exhibit pozzolanic activity and must be
evaluated to confirm activation. Four evaluation methods are outlined below:

(1) A rapid evaluation method for the activity of pozzolanic materials was used, and the
activity rate (K,) of pozzolanic materials was defined as the ratio of the total reactive
SiO, and Al,Oj3 (reacted with saturated limewater) to the total amount of SiO, and
Al,Os3, as shown in Equation (1) [91].

B ACtive(SiOZ+Alzo3)
* 7 Total(SiO,+ALO3)

)

(2) The Fratini test assesses pozzolanic reactivity by monitoring changes in OH™ and
Ca?* concentrations in a system comprising 20% mineral admixture and 80% CEM I
cement. After sealing at 40 °C for 8-15 days, ion concentrations are compared with
the Ca?* solubility curve to determine activity [92].

(3) The strength activity index method evaluates mechanical performance by comparing
the compressive strength of cement paste containing supplementary cementitious
material with that of control paste made from ordinary Portland cement [87].

(4) Calorimetry is used to assess the effect of activated sedimentary pozzolanic material
on cement hydration rate, thereby indirectly evaluating pozzolanic activity [87].

3. Performance-Enhancement Design for Sediment-Based Concrete
3.1. Mix Proportioning Methodology

River sediments typically have high water absorption and broad particle size distribu-
tion, making traditional mix design methods unsuitable [93]. Current approaches mainly
rely on empirical or trial-and-error methods [20,94], which are inefficient and lack precision.
Therefore, developing a scientific and efficient mix design method is essential for effective
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sediment utilization. This section reviews several mix design theories used for fine sand
and ultrafine powder concrete and explores their applicability to river sediment concrete.
The main methods are listed in Table 3:

Table 3. The design method of the concrete mix proportion.

Method Name Principle Features

This approach uses virtual packing
density to model particle combinations
and improve packing efficiency.

Compressive Packing
Model (CPM) [95]

It requires full particle size
distribution data.

This method determines component ratios

Andreasen and Andersen L - - .
by optimizing a continuous particle size

model [26,96,97]

It provides more precise control than
the traditional residual fitting method.

Aggregate-based method distribution curve.
Absolute Volume This theory derives component ratios from It is complex and requires separate
Method [98-100] aggregate volume. volume data for each material.
. . This model predicts mixture density using It avoids the separate calculation of
Packing Density . . y . -
energy input, material densities, packing parameters and achieves

Modeling (PDM) [101] and particle sizes. relatively high accuracy.

Reducing paste volume improves
volumetric stability and crack
resistance while maintaining
workability and strength.

This theory considers concrete as an
aggregate skeleton coated with the
minimum paste.

The minimum paste

Slurry-based method theory [102].

Current mix design models fall into two categories: aggregate-based and slurry-based.
Aggregate-based models optimize particle packing but often fail to address the high paste
demand caused by fine sediments’ large surface area and high water absorption, limiting
effectiveness. For example, Maherzi et al. [101] and Ennahal et al. [103] applied the PDM
method to combine particle grades and minimize porosity. Jun et al. [26] optimized solid
sizes with an improved Andreasen and Andersen model to design UHPC containing Yellow
River ultrafine sand. However, these methods mainly focus on aggregate structure while
neglecting paste dosage and distribution. This makes it difficult to resolve poor workability
and low durability caused by high fines, large surface area, and high-water demand in
river sediments. Slurry-based methods involve determining powder proportions, calculat-
ing aggregate voids, setting the average paste thickness (APT), and deriving component
dosages. Studies show that adjusting parameters such as fine-to-coarse ratio, sand rate,
water-cement ratio, fly ash/slag content, and water-reducer dosage reduces paste content,
lowering cost and carbon emissions [104,105]. For instance, Luan et al. [105] applied this
theory to design dredged sand concrete mixes by adjusting target strength, APT, and sand
content. They found that increasing APT first enhances compressive strength before it
declines, while workability keeps improving. This demonstrates the feasibility and effec-
tiveness of the minimum paste theory for dredged ultrafine sand concrete. In contrast,
paste-based methods directly regulate paste dosage and distribution. They offer tailored
solutions for improving workability and durability in high-fines, high-absorption sediment
concretes by minimizing excess paste while maintaining performance.

3.2. Performance Enhancement in Sediment-Functionalized Concrete

Although the fine-grained sediments are used as a high silica—alumina material, their
activity is low and cannot directly participate in the hydration reaction. Although a series
of activation measures have been taken, with the gradual increase in the dosage of its
replacement cementitious material, the generation efficiency of hydration products such as
C-5-H and C-A-S-H will still be affected, resulting in a gradual decrease in the macro-
mechanical properties of the specimen. Deposited fine sand also introduces excessive
defects, leading to the loss of properties when the substitution rate is too high [106].
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Therefore, there is an urgent need to continue to investigate the performance enhancement
mechanism of sediment-deposited concrete on this basis.

3.2.1. Sediment as Partial Aggregate Replacement

The incorporation of river sediments as aggregates in concrete compensates for the lack
of fines in washed mechanical sand, improves particle gradation, and enhances mechanical
properties [45,107,108]. After particle size sorting, sediment can partially or fully replace
natural coarse and fine aggregates [38]. Beddaa et al. [39] achieved C30 concrete by fully
replacing aggregates with sediment, requiring only 5% more cement to meet the target
strength; the dynamic modulus was comparable to the control. Junakova et al. [109]
reported that substituting 20 wt% coarse sediment yields similar compressive strength to
conventional concrete.

Sediment-based aggregates are now used in various cement systems to study the
effects of different replacement rates. In alkali-activated systems, a 25% substitution of
Yangtze dredged sand showed the best performance, improving compressive strength
by about 5%, maintaining workability, and producing a denser interfacial zone [45,106].
Similarly, concrete designed with ultrafine dredged sand using the minimum slurry theory
achieved the lowest porosity and highest strength at 25% substitution, confirming the
feasibility of ultrafine sediment incorporation [105]. Sediment is also used as a polymer
mortar aggregate. Maherzi et al. [101] optimized particle packing to reduce porosity,
while Ennahal et al. [103] showed that polyester encapsulation stabilizes sediment ions
and improves durability. Lightweight aggregates made from roasted sediments have
low density and moderate water absorption, making them suitable for lightweight and
self-compacting concrete with technical, ecological, and social benefits [22,26,110].

In summary, with proper particle size control and the use of admixtures or poly-
mers, river sediments can replace fine, coarse, or full aggregates to improve performance
and durability. The optimal replacement rate is typically 20-30%. For higher rates, ad-
justments such as modifying the water-cement ratio, adding superplasticizers, or using
sintered lightweight aggregates are necessary, providing a practical approach for sediment
resource utilization.

3.2.2. Sediment as Partial Cementitious Material Replacement

(1) Chemical activation

As discussed in Section 2.2, various activation methods have been explored to induce
pozzolanic activity in river sediments. Incorporating pozzolanic materials prolongs setting
time, enhances Al and Si reactions to form (N,C)-A-S-H gels, improves hydration and
mechanical properties, lowers cost, and reduces carbon emissions [77,111,112]. Activa-
tion is thus an effective way to enhance sediment concrete performance and will not be
elaborated here.

(2) Performance-enhancing additives

To enhance the performance of dredged sediments as partial cement replacements,
composite modification via external additives has gained attention. Functional additives
can regulate hydration, microstructure, and mechanical properties across scales, improving
applicability and durability.

Zhang et al. [113] showed that adding 0-2% biochar to sediment-based lightweight
concrete promoted hydration and carbonation, improving microstructure and increasing
28-day compressive strength from 3.92 to 4.61 MPa. This effect was due to biochar’s
porous structure and carbon content, which enhance nucleation and carbonation. Lang’s
team explored the synergistic reinforcement of sediments with fibers and nanomaterials.
Polypropylene, rice straw, and wheat straw fibers improved crack resistance and ductility
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via bridging effects [114,115]. Specifically, 3 mm polypropylene fibers enhanced interfacial
bonding and provided strain-hardening behavior [114], while straw fiber doses above
0.5% reduced performance due to poor dispersion [115]. Nanomaterials such as nano-SiO,
and nano-MgO refined the pore structure and accelerated hydration, boosting strength
by up to 40% [116]. Nano-MgO also improved volume stability due to its slight expan-
sion [107]. Lang’s team proposed a fiber-nanomaterial synergy strategy: combining rice
straw fiber and nano-SiO, increased compressive and tensile strengths by 35% and 28%,
respectively—better than using either alone [116]. Polypropylene fibers with nano-MgO
further achieved both high strength and ductility [117]. This synergy arises from nanoma-
terials optimizing the matrix, fibers enhancing macro-properties, and improved interfacial
transition zones.

In addition, moderate use of superplasticizers in blended cement systems slightly
delays peak hydration but improves particle packing and workability. Especially at high
sediment replacement rates (30-40%), superplasticizers help ensure compatibility and
control air content [78].

In summary, external modification using functional additives significantly enhances
the reactivity, strength, and durability of sediment-based cementitious materials through
multiscale mechanisms, offering a critical path for their high-value application.

4. Comprehensive Performance Analysis of River-Sediment Concrete
4.1. Hydration Heat Release

Deposited fine sand does not slow down hydration and slightly increases total heat
release, as shown in Figure 1la [24]. In contrast, fine-grained sediments significantly
slow down hydration and reduce heat release due to their high soluble humus content.
Humus is complex organic matter formed by the decomposition of animal and plant
remains in river ecosystems. Beddaa et al. [24] reported that organic compounds in fine
sediments—especially humic and fulvic acids—adsorb onto cement surfaces and hydration
nucleation sites. This process delays the dissolution of cement clinker minerals and the
growth of C-5-H gel. It slows hydration and reduces cumulative heat release. Its role is
primarily physical filling rather than chemical participation, see Figure 11b [24]. Similarly,
Hamideh et al. [28] found that increasing amounts of fine-grained sediments delayed the
main exothermic peak, confirming its hydration-delaying effect, see Figure 11c. However,
previous thermal analyses did not explain the change in intensity of the small shoulder peak
after the main exothermic peak, which is generally attributed to continued C3A hydration.
The influence of sediments on C3A hydration thus warrants further investigation.
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Figure 11. Hydration kinetics of concretes based on sediments: (a) sand sediment [24]; (b,c) fine sedi-
ment [24,28] (S1-S7: dredged sands from different areas of the same watershed; F1-F3: different dredged
material powders pulverized at 105 °C and sieved through an 80 um sieve; UFS: ultra-fine sediment).
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4.2. Rheological Behavior

As shown in Figure 12a,c, ultrafine dredged sand particles are smaller and more
rounded than the angular and irregularly shaped mechanism sand (Figure 12b) or the
larger river sand (Figure 12d), both of which increase interparticle friction and reduce
concrete fluidity [118]. According to the minimum paste thickness theory, even with
increased dredged sand content, maintaining average paste thickness ensures improved

slump, demonstrating the theory’s effectiveness. However, without controlling paste
thickness, increasing the dredged sand lowers the slump [119].

Figure 12. (a) Morphology of ultrafine dredged sand 1 and (b) mechanism sand [105]; (c) ultrafine
dredged sand 2 and (d) river sand [45].

Pervious concrete using deposited fine sand or micronized powder exhibits simi-
lar zero-slump behavior [24]. Hamideh et al. [28] showed that increasing fine-grained
sediments raises porosity and reduces free water, significantly decreasing slurry fluid-
ity (Figure 13a). The type and dosage of activators also strongly affect workability [29]
(Figure 13b). For example, 1 wt% Ca(OH), improves the slump, which slightly drops at
2 wt%. NaOH has a limited impact, while increased water glass sharply reduces fluidity
due to coagulation and viscosity, reaching a slump as low as 230 mm with NaOH addition.
These results underscore the sensitivity of sediment-based systems to activator selection

and dosage.
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Figure 13. (a) Effect of fine-grained sediments substitution on the slump of cement paste [28]. (b) The
slumps of filling cementitious materials (* indicates 0.5 wt% NaOH-doped) [29].

4.3. Shrinkage Behavior

Mechanically ground river sediments exert a dual effect of heterogeneous nucleation
and microaggregate filling, which promotes hydration, refines pores, and densifies the
matrix [90]. Their pozzolanic activity accelerates C-S—-H formation, but reduced internal
humidity and pore size lead to increased early self-shrinkage (Figure 14). In alkali-activated
systems, ultrafine dredged sand affects drying shrinkage based on dosage: at 25%, 90-day
shrinkage drops by 27%, but increases by up to 80% when the dosage exceeds 50% [45]
(Figure 15a). Additionally, high clay content, water absorption, and low stiffness in fine
sediments raise water demand and aggravate shrinkage [38,120] (Figure 15b). Thus, op-
timizing micronized powder dosage and precursor type is essential to control shrinkage
while leveraging filling and activation benefits.
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the mixture [38]. (c) Total shrinkage of deposited fine sand concrete after 90 days versus total water
in the mixture [38].

4.4. Fundamental Mechanical Properties

In this section, we summarize recent experimental data in Table 4 on the effects
of three sediment utilization pathways—substitution of fine aggregates, substitution of
cementitious materials, and synergistic modification with admixtures—on the basic me-
chanical properties of concrete (compressive and flexural/splitting strength), and extract
the following key insights:

(1) Fine aggregate substitution: Ultrafine dredged sand can increase strength by 3-10%
at a 20-50% replacement ratio; above 60%, insufficient paste coating causes a sharp
strength reduction.

(2) Cementitious material substitution: Flash-calcined or alkali-activated sediments ex-
hibit significantly enhanced pozzolanic activity, and at a 10-20% replacement of OPC
or GGBS, compressive strength can increase by up to 17%, showing a “low dosage,
high efficiency” effect.

(3) Synergistic additives: Sediments combined with red mud, slag, or similar materials
can achieve strength gains through “activation and densification” mechanisms; some
systems (e.g., YRS-GGBS-RM ground polymer) show strength improvements over 20%.
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Overall, the mechanical contribution of sediments is nonlinear, and the optimal dosage
depends on particle gradation, activation method, and matrix type. Research is shifting
from basic feasibility studies toward multi-scale synergistic mechanisms and engineering
applications, laying the foundation for standardization and durability assessments.

Engineering concrete structures (e.g., locks, dams, long-span bridges) are exposed to
complex triaxial stresses and cyclic loads [121-123], making it critical to assess the stability
of sediment-admixed systems. Luan et al. [119] used CT reconstruction to study the triaxial
monotonic and cyclic loading behavior of dredged sand concrete (Figure 16a). As confining
pressure decreases, fracture volume and damage increase significantly (Figure 16b); cyclic
loading under the same pressure causes larger fracture zones than monotonic loading, indi-
cating that both confining pressure and loading path influence microcrack evolution and
strength degradation (Figure 16¢c). Additionally, inert inclusions such as shell fragments,
wood chips, and slag in sediments form weak interfaces and local porosity, offsetting some
strength gains [39,124,125]; however, overall porosity and carbonation depth remain com-
parable to control concrete [20]. Particle size also plays a key role: sandy sediments have
limited impact, whereas fine sedimentary sand enhances pervious concrete strength via
combined filling and activation effects [24]. In conclusion, ensuring strength and durability
under complex loading requires optimized sediment activation, impurity control, and
tailored particle gradation.
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Figure 16. (a) Three-dimensional structure of CT binarized images of dredged sand concrete spec-
imens at different heights z under triaxial monotonic loading (O o3 = 0 MPa; @ o3 = 5 MPa);
(® 03 =10 MPa; @ Triaxial cyclic load test o3 = 10 MPa); (b) Dredged sand concrete specimens
loaded monotonically in three axes (o = 0 MPa, 5 MPa and 10 MPa); (c) Evolution of cracks and pore
areas along different heights z after damage by triaxial monotonic and cyclic loading of dredged sand
concrete specimens (o = 5 MPa) [119].
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4.5. Durability Performance

Existing studies generally indicate that moderate activation or graded utilization
of river sediments can enhance the durability of cementitious materials through vari-
ous mechanisms.

(1) Early-stage water absorption/pore structure regulation

Deposited fine sand with high specific surface area and hydrophilicity absorbs over
50% of its final water content within 0-0.2 h, followed by dominant water retention [25]
(Figure 17). This “fast-absorbing-slow-releasing” behavior reduces hydration heat and
optimizes pore structure, offering new potential for durability design.
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Figure 17. Effect of Aluminum Powder Addition on Moisture Content of AAC Blocks (a) 0-2 h;
(b) 5-120 h [25].

(2) Sulfate attack resistance

Mortar (M1) with 15% calcined fine-grained sediments replacing cement showed the
lowest mass loss in 5% MgSQy solution, the most stable potential, and strength gain within
90 days due to caliche/gypsum filling; degradation appeared only after 360 days, still
outperforming higher substitution ratios [48] (Figure 18a—c). Calcined sediments containing
17% CaO continue to form C-5-H/C-A-H through pozzolanic reactions, enhancing matrix
densification and inhibiting sulfate attack [70,126,127].

(3) Freeze-thaw durability

The compressive strength of sediment-based AAC with antifreeze remained >3 MPa
after 15 freeze—thaw cycles [25]; concrete with 20 wt% coarse sediment substitution met
XF2 requirements, with only 1.33-2.5% mass loss after 50 cycles [109].

(4) Chloride ingress resistance

High chloride permeability compromises long-term durability [128]; however, self-
compacting lightweight aggregate concrete with dredged sediment and 28-day resistivity
>20 kQ)-cm shows strong chloride resistance. A lower water-cement ratio further reduces
cracking and mass loss [110]. Fine sand concrete from the Yellow and Liaohe Rivers also
exhibited good impermeability [47].

Overall, sediment mineralogy, activation method, and particle gradation determine its
durability performance. Proper calcination or mechanical activation and optimized dosage
can significantly improve impermeability, erosion resistance, and freeze-thaw stability.
In contrast, excessive replacement or untreated impurities may cause long-term strength
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loss. Future work should target durability under coupled degradation conditions to better
define the limits of sediment use in high-performance concrete.

= M, . M, 4 M, v M, 70 o
¢ - _ MgSo,
v . H -0
6 A v g z® T L = Mo
- £ & I \ s M1
. Ak 53 = i ~100
4 ¥ a-._._-‘.l P = 50 : L a M2
v L3 - . z . i _ 3
R et S .'l-.v . = =) Y- LA b Z 150 - i | v M3
< e L " H = PN A < H
< i S £ il N % = Lovw corraston risk \Q\
:, 40 - % = 200
- L - by LY g 3
5 a E4 ™ i SN Y g L
E] - —_ = ' & \
te | sl o AVANAN £ 2s0 $s s
> vl ] ) - [ L= S L.
;. o ||3 £ b Frigailiis,
Z-4 , ] = o ¥ -
K] )= 2 NN -300 Vgt hag |
= [ S o ea it
-6 ‘L‘ 2 n a0 | Medtum corvosion risk i .
-8
v 10 - st High corrosion risk
o o —400 T T T T T T T
- T T T T T T T -50 o 50 100 150 200 250 300 350

-~

R
Age (days)

a0 a0 180 360 Age (Days)
Age (days)

(a) (b) (c)

Figure 18. (a) Mass change in concrete in 5% MgSOy solution; (b) Compressive strength of concrete
in 5% MgSOy solution and strength difference between mortar in MgSO,4 and water; (c) Potential
change in 5% MgSOy solution (MO: control; M1: 15% fine-grained sediments; M2: 20%; M3: 30%) [48].

4.6. Hydration Kinetics and Microstructural Evolution
4.6.1. Thermogravimetric Analysis

Thermogravimetric analysis (TG) and derivative thermogravimetric analysis (DTG)
are used to assess the thermal stability of sediment-replaced cementitious materials and
the decomposition behavior of their components, with results shown in Figure 19. As the
temperature rises, cement components gradually dehydrate and lose mass (Figure 19a).
The DTG curve reflects decomposition rates, with each peak indicating a specific hydration
product’s breakdown (Figure 19b). Corresponding mass loss events and their causes are
summarized in Table 5.

100

98 %o 4.343% 3.938%

96

=
|y

04 k

92F

90
-—— Water loss—=! |

CaCoO,!
1

decomposition
1

Weight (%)

- Water loss ——=

DTG (%/min)

88

—— YSQ-3
——YSQ-1
—— YSA-3

<5

86 |
: —YSQ-1
——YSA-3

1
—YSQ-3 E“'--"!‘ %
: \
84 !
1

~— CO, loss—=

I
I
I
I
|
-0.5 |
!
I
1
I
1
I
1
!
I

1

1

1

1

1

1

1

1

L ~,

le— (0, loss —=t
1 = 1
1

1 " 1 1 " 11

) -0.8 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Tempreature (°C) Tempreature (°C)
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YSA-3: 90 wt% FA, 10 wt% YRS and 15 wt% Ca(OH),) [27].
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Table 5. Analysis of causes of mass loss at different temperatures.

Temperature Range(°C)

Main Causes of Quality Loss

Note

Corresponds to the weight loss peak at ~100 °C in the DTG curve,

50-100 Free water evaporation initial physical weight loss, which is present in all samples [129].
C-S-Hand C_.A_S_H initial The appearance of a distinct weight loss peak indicates the formation
100-200 dewatering; AFt, .
. of reaction products that enhance structural strength [130,131].
AFm dewatering
C-S-H and C—A_S_H The process continues a.nc.l affect.s the mechan{cal strength of.the
200-500 continuous dewaterin samples. From this stage, it is possible to determine the promotion or
& inhibition of gel generation by the addition of river sediments [27].
Ca(OH), is involved in the reaction or consumed by carbonation [29].
. It is possible to determine whether river sediments promote CH
400-500 Ca(rggiizoie(lzoelfsgiaglon production based on the amount of CH consumed at this stage of the
y process. Furthermore, this densification inhibits penetration of
aggressive agents, directly enhancing concrete durability.
630 CaCO-~ decomposition Related to the carbonation reaction, increased carbonation products
3 b enhance strength and densification [132-134].
Decomposition of g .
500-850 heat-stabilized components The degree of overall mass loss indicates the extent to which

. sediment affects cement hydration.
such as calcium carbonate

4.6.2. Microscopic Properties

(1) Scanning electron microscope

When sediment replaces natural or manufactured sand, its effect on the matrix depends
on both physical filling and hydration reactivity. From a hydrochemical perspective,
Hamideh et al. [28] reported that a 15% replacement ratio increased internal microcracking
due to low sediment reactivity, limited hydration product formation, and weak interfacial
bonding (Figure 20). This defect can damage mechanical integrity and reduce durability,
especially under complex stresses. Conversely, Huang et al. [47] found that replacing 25%
of manufactured sand with dredged sediment improved the interfacial transition zone by
increasing concrete density, reducing porosity, and refining pore size distribution. These
microstructural enhancements improve mechanical performance and durability, including
resistance to chloride penetration, freeze-thaw cycles, and chemical erosion. These findings
are not contradictory but reflect the dual nature of sediment substitution: it is influenced by
both physical effects (filling and grading) and chemical limitations (reactivity and bonding),
which are closely tied to the sediment’s source and mineralogy. Therefore, sediment
replacement assessment should include pore structure and hydration chemistry analyses,
correlated with macro-scale mechanical and durability indicators.

To evaluate the feasibility of partially replacing cementitious materials with sediment,
it is essential to examine changes in hydration product morphology and chemistry. At
low dosages, slender needle-like hydrates form (Figure 21a); at higher dosages, coarser
needles form a denser skeleton (Figure 21b) [135], enhancing load-bearing capacity and
fracture resistance. These coarser crystals enhance erosion resistance and can maintain
or improve compressive strength [25]. EDS surface scans further show that high Ca
content in raw sediment promotes extensive C—A-S-H gel formation, indicating that
elemental migration and curing conditions reshape the gel structure (Figure 21c) [111]. The
resulting gels improve both early and long-term strength and enhance resistance to ionic
diffusion and carbonation. Standard curing activates low-reactivity components, forming
Si, O-rich (N,C)-A-S-H gels that densify the matrix (Figure 21d), reduce permeability,
and improve durability in harsh environments. In summary, the advantages of using
sediment to replace cementitious materials arise from both morphological densification
and chemical activation, and their synergy governs the enhancement of mechanical and
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durability performance. Optimized substitution ratios refine microstructure and produce
more durable, mechanically robust concrete.
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Figure 20. SEM-EDS images of 28-day self-compacting mortar samples: (A) control; (B) 5% deposit
replacement cement; (C) 15% deposit replacement cement [28].
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Figure 21. (a) Mortar with 22% dredged river mud content [25]; (b) mortar with 30% dredged river
mud content [25]; and (c,d) dredging mud content is 40% and 60% of red mud geopolymer cement
base material: natural curing (c) [111] and (d) the standard maintenance [111].

(2) Pore structure characterization

Ali Benkabouche [48] systematically analyzed the pore evolution of mortars with
0-30% sediment replacing cement using mercury intrusion porosimetry (Figure 22a—d).
While sediments as mineral admixtures can enhance matrix density and mechanical
strength [136,137], their effect on pore size distribution is relatively limited. Even moderate
pore refinement improves mechanical consistency and reduces permeability, enhancing
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durability against freeze-thaw and chemical attack. In contrast, Jun [26] found that using
Yellow River sedimentary sand to replace fine aggregate in UHPC significantly reduces the
proportion of harmful and multi-harmful pores, transforming the pore structure toward
less harmful types. This refinement mitigates strength loss and enhances fracture resistance,
improving reliability and extending service life under harsh conditions (Figure 22e,f). How-
ever, when sediments are used as micronized powder, they compete with cement for filling
space, and their lower filling capacity leads to increased porosity (Figure 22g), as confirmed
by Hamideh et al. [28]. Increased porosity reduces compressive and flexural strength and
durability by allowing fluid ingress and accelerating corrosion and degradation. Overall,
the effect of sediments on pore structure depends on particle size, shape, and replacement
mode. Achieving a balance between pore optimization and performance improvement
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requires fine-grading or synergistic blending strategies.

Figure 22. Porosity of mortar at different maintenance ages and at different sediment substitution
rates: (a—d) substitution of cementitious materials [48]; (e,f) substitution of fine sand [26]; (g) the effect
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of UFS content on the packing density (¢) and voids ratio (1). UFS: ultra-fine sediment [28]. The
impact of activated sediment replacing cement manifests in several aspects. Initially, alite hydration
increases, but the difference in reaction degree narrows after 3 days. The CH content decreases due
to the pozzolanic reaction triggered by activation [26]. Activated alumina in the sediment reacts
with Ca(OH), and CaSOy to form additional ettringite in early hydration [138]. During later stages,
the content of mono- and hemicarbonate AFm phases increases, and Al released from activated
sediments slightly raises AFm levels [78].

5. Taxonomy and Application Scenarios of Sediment-Tailored
Multifunctional Concrete

According to sediment characteristics and engineering demands, researchers have
developed sediment-based concrete for diverse applications, including pervious concrete,
lightweight concrete, foam concrete, self-compacting mortar, polymer mortar, autoclaved
aerated concrete (AAC), ultra-high-performance concrete (UHPC), and engineered cementi-
tious composites (ECC), as shown in Figure 22. These materials function either by replacing
sand or cementitious components with sediment.

5.1. Deposited Fine Sand as Partial Sand Replacement

(1) Pervious concrete: Compared to conventional concrete, pervious concrete has lower
thermal conductivity and heat capacity, helping to mitigate urban heat island ef-
fects [24]. Beddaa et al. [39] found that finer dredged sediments, used to fully replace
sand, produced denser concrete with reduced porosity and permeability and im-
proved compressive strength.

(2) Lightweight and thermal-insulating concrete: A porous ceramic masonry mortar
using Yellow River sediment and coal dust fully replaced standard sand and offered
lightweight properties [23]. Zhang et al. [113] further improved the performance by
incorporating biochar, enhancing water retention, water resistance, and insulation,
making it suitable for green building applications.

(3) Polymer-based mortar: Maherzi et al. [101] developed a polymer mortar by replacing
traditional sand with sediment. The resulting material showed enhanced chemi-
cal resistance and thermal stability, with superior durability under corrosive and
thermal conditions.

(4) Autoclaved aerated concrete (AAC) and non-AAC blocks: AAC blocks made with
30-34% dredged silt, 24% cement, 10% quicklime, 30% fly ash, 2% gypsum, 0.09%
aluminum powder, and a 0.5 water-to-material ratio, cured under 2.2 MPa for 6 h,
achieved 4.5 MPa strength and 716.56 kg/m? dry density [25]. Non-AAC blocks using
15% sediment, 48% cement, 20% lime, and the same water ratio reached 3.1 MPa and
924.19 kg/m?>. Both met national standards.

(5) High-performance structural concrete: Ultrafine Yellow River sand enabled high-
strength UHPC with a refined pore structure even at high substitution levels [26].
Yuan et al. [139] applied it to ECC, achieving full quartz sand replacement. At 75%
substitution, the material showed optimal ductility, crack control, and mechanical
performance, supported by finite element modeling.

5.2. Fine-Grained Sediment as Binder Replacement

(1) Foam concrete for sound insulation and air purification: Foam concrete combines
sound insulation, low thermal conductivity, and photocatalytic performance. How-
ever, sediment addition lowers pH, weakening the foaming effect. At 40% cement
replacement, the mixture achieves optimal performance: best sound insulation
(1767 m/s, 9% foaming agent), lowest thermal conductivity (0.2831 W/m-K, 6%
foaming agent), and excellent photocatalytic efficiency (14.1%, BigTizO3). Under
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optimized sediment and foaming agent ratios, it shows strong multifunctionality,
making it suitable for green building applications [5]. Heavy metals in the sediment
are well encapsulated, with low leaching even in acidic conditions. Silica fume can
also be added as a pore-refining agent [38]. Jiang et al. [27] used Yellow River silt in
alkali-activated fly ash foam concrete and studied the effects of sediment and alkali
content on fluidity, mechanical properties, pore structure, and thermal performance,
confirming its feasibility as a supplementary material.

Self-compacting and high-flow mortar: Mehdizadeh et al. [28] prepared self-
compacting mortar by replacing 5-15% of cement with ultrafine Yangtze River sed-
iment. The resulting mortar maintained good flowability and mechanical strength,
meeting construction needs for complex structures.

Alkali-activated cementitious materials (AAMSs) concrete: Li et al. [45,106] used sed-
iment from the lower Yangtze River to prepare AAMs concrete and found that a
25% replacement rate improved strength, microstructure, and shrinkage resistance,
offering good durability for green infrastructure. Yu et al. [29] combined Yellow
River silt with fly ash and cement to develop alkali-activated materials for coal mine
backfilling. They studied the effects of Ca(OH)2, NaOH, and water glass, revealing
that the formation of C—(A)-S-H gel enhanced hydration, pore structure, strength,
and workability, achieving both resource utilization and environmental benefits.
Application of Sediments in Ternary Cementitious Systems: Literature confirms
sediments are a promising component in ternary systems. Some studies show sed-
iments as key ternary blend components, enhancing mechanical properties and re-
fining microstructure. First, explorations have focused on ternary systems with cal-
cined sediment, limestone filler, and cement. Bellara, Zeraoui, Hadj Sadok, and
others [13,14,140,141] prepared low-carbon binders by combining GGBS and ce-
ment with clay dam, flash-burned, or canal sediments. By optimizing the sedi-
ment/GGBS/ cement ratio and moisture content, they enhanced fluidity and strength,
developing an eco-friendly hydraulic road binder (HRB). The hydration mechanism
was clarified: flash-burned sediment provides activity, GGBS adds strength, and
cement supplies alkalinity synergy. Furlan et al. [142] studied fly ash reinforcement in
lime—cement stabilized dredged sediment. They detailed the pozzolanic and micro-
filling effects of fly ash on pore structure and products, linking them to improved
strength and water resistance. Second, other ternary systems combined sediments
with different mineral admixtures. Zhang et al. [143] showed that mixtures of sed-
iment, slag, and fly ash achieved good compactness and mechanical performance.
Yu [29] and Wang [75] focused on Yellow River sediment, formulating alkali-activated
or cementitious ternary systems (sediment—fly ash—cement) for backfill and mortar.
These studies achieved high strength and workability while controlling efflorescence
by lowering alkaline ion concentrations. Collectively, these works confirm the strong
potential and practicality of using sediments in ternary cementitious systems.

By replacing sand or cement, sediment-based concrete enables material recycling

and functional enhancement. It meets structural safety requirements and offers energy-

saving, environmental, and multifunctional advantages. Current applications include

urban infrastructure, green buildings, functional materials, and ecological restoration.

Future work should focus on standardizing classification, dosage control, and engineering

adaptability to promote broader application.
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6. Exploring the Classification and Application Scenarios of
Sediment-Based Multifunctional

Urbanization has increased domestic and industrial wastewater discharge into rivers,
leading to heavy metal accumulation in dredged sediments. For sediment concrete to be
safely applied, the heavy metal content in leachate must not exceed that of control concrete
or inert waste limits [39].

Environmental studies show that appropriate sediment incorporation can effectively
immobilize heavy metals, ensuring environmental safety. Kai [25] used inductively coupled
plasma mass spectrometry to test heavy metal levels in aerated concrete blocks. Except for
Cr (average 4.23 pg/L), other metals were below detection limits. Leachate tests at 12 h and
18 h showed variation within 0.1%, confirming stable immobilization and environmental
safety during use.

Mostafaei et al. [144] showed that replacing part of cement and sand with ze-
olite achieved 85 MPa compressive strength and reduced the carbon footprint to
659.72 kg CO,/m?, supporting the feasibility of sustainable materials such as sediment.
Economic analysis showed that sediment-based C30 concrete costs 41% less than conven-
tional concrete. If the quarry is over 30 km away from the sediment site, sediment concrete
can reduce the carbon footprint equivalent to 5% added cement [39]. For high-performance
cementitious materials, Jun Yan [26] showed that replacing quartz sand with Yellow River
ultrafine sediment in UHPC reduced primary energy use by up to 7% while maintaining
mechanical strength, as assessed by EN ISO 14040 [145]. Costs were cut to 55% under full
substitution, highlighting the potential of sediments in green and high-value materials.

Based on a case study in Zhengzhou, China, where Yellow River sediment replaced
25% of cement in mortar production, a life-cycle cost and carbon emission analysis was
carried out. The functional unit was defined as 1 m® of ready-mixed mortar, in line with
industry standards, to ensure comparability of environmental and economic impacts [146].
The system boundary followed a cradle-to-gate approach, with analysis focusing on key
cost and carbon emission factors [146-148]. Key assumptions were as follows: cement
transportation distance was set at 30 km, with a cost of 0.6 RMB/kg; Yellow River sediment
transportation distance was set at 20 km, classified as waste utilization with no raw material
cost. The results indicated that using Yellow River sediment reduced cost by about 24.2%
and carbon emissions by 24.8% per cubic meter of mortar, highlighting its considerable
economic and environmental potential.

In summary, sediment used in cementitious materials can significantly reduce produc-
tion costs while ensuring environmental safety. It also offers clear advantages in carbon
emission reduction and ecological performance, supporting the green transformation of
construction materials and high-value utilization of solid waste. Future work should fo-
cus on assessing long-term environmental stability under complex conditions to facilitate
engineering applications and industrialization of sediment-based materials.

7. Conclusions and Outlook
7.1. Conclusions

Based on an extensive review of the literature and experimental results, this paper
systematically evaluates the use of river sediments in concrete. Key findings and research
directions are as follows:

(1) The resource properties and application potential of river sediments were evalu-
ated. With wide particle size distribution, high SiO; content, and cementitious
potential, sediments can replace natural sand, gravel, and partial cement as fine
aggregates, lightweight aggregates, or pozzolanic materials after proper grading
and decontamination.
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(2) The activation mechanisms and property enhancement strategies were summarized.
Synergistic activation with alkali (NaOH or Ca(OH);) and water glass promotes full
consumption of Ca(OH); and formation of dense C-5-H/C-A-S-H networks. Ther-
mal treatment above 650 °C enhances the activity of clay minerals like kaolinite and
chlorite, though activity declines beyond 900 °C. Mechanical milling and incorpora-
tion of additives such as biochar and fibers form a “micro-cement + filler” composite
structure, improving 28-day compressive strength by 10-20%.

(3) Optimized mix design strategies were established. Combining minimum paste theory
with packing density optimization reduces paste volume by 8-12% while maintaining
a slump > 180 mm. Optimal mechanical and durability performance is achieved
when the sediment replacement rate is controlled at 25% = 5%.

(4) The environmental and economic benefits of sediment reuse were confirmed. Life
cycle assessment shows that replacing 30% of cement with sediment can reduce
CO, emissions by approximately 180 kg/m? and material costs by 10-15%, offering
substantial ecological and economic advantages.

7.2. Outlook

(1) A unified evaluation system for sediment grading, activation level, and application
classification is urgently needed to support large-scale engineering deployment.

(2) Multi-scale coupling mechanisms should be explored using in situ neutron/X-ray
techniques and molecular dynamics to uncover sediment-cement interface reactions
and long-term degradation behavior.

(3) Future work should study the durability of mud-sand concrete under coupled degra-
dation, focusing on synergistic effects between carbonation and other stresses such as
chloride intrusion, dry-wet cycling, or mechanical loading.

(4) Low-energy activation processes such as microwave-alkali synergy should be devel-
oped to reduce energy use and secondary emissions.

(5) Future research should focus on intelligent functionalization, including sediment-
based materials with temperature control, phase-change energy storage, and photo-
catalytic functions to achieve multifunctionality and high-value applications.
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