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Preface

This Reprint, “Advances in Pavement Materials and Civil Engineering,” brings together fifteen
peer-reviewed articles originally published in the Special Issue of Coatings. It addresses recent
innovations in pavement materials, sustainable construction practices, multi-scale modeling, and
geotechnical engineering, with a focus on enhancing infrastructure durability and performance. The
Reprint was compiled to provide researchers, engineers, and practitioners with a cohesive overview
of emerging trends, experimental techniques, and numerical approaches in civil engineering.
The motivation for assembling this Reprint is to showcase interdisciplinary advances that
integrate material science, structural engineering, and environmental sustainability, reflecting both
fundamental research and practical applications. We hope this collection serves as a valuable resource
for academics, industry professionals, and students seeking insight into the latest developments in

high-performance and sustainable infrastructure.

Jiujiang Wu
Guest Editor






o Z
. coatings mI\D\Py

Editorial
Advances in Pavement Materials and Civil Engineering

Jiujiang Wu 12* and Wenjie Jiang !
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University of Science and Technology, Mianyang 621010, China; 7220240762@mails.swust.edu.cn
Department of Civil and Environmental Engineering, Western University, London, ON N6A 5B9, Canada

*  Correspondence: wujiujiang1988@swust.edu.cn

1. Introduction and Scope

Pavement materials and civil engineering constitute the backbone of modern infras-
tructure systems, directly supporting economic development, urbanization, and societal
resilience [1-3]. With the continuous expansion of transportation networks and increasing
demands for infrastructure durability and serviceability, the performance requirements
imposed on engineering materials have become progressively more stringent [4-7].

In recent years, significant advances have been achieved in the development of high-
performance pavement materials, including polymer-modified asphalt [8], composite
binders [9], and multifunctional cement-based materials [10]. These innovations aim to
enhance mechanical properties such as strength, stiffness, and fatigue resistance, while also
improving resistance to rutting, cracking, moisture damage, and aging [11]. At the same
time, the integration of nanomaterials and advanced additives has enabled the tailoring of
material properties at multiple scales, opening new pathways for optimizing pavement
performance under extreme service conditions [12].

Parallel to material innovation, sustainability has emerged as a central theme in civil
engineering research. The increasing emphasis on circular economy principles has driven
the exploration of recycled and waste-derived materials, such as crumb rubber, industrial
by-products, and construction waste, for use in pavement and structural applications [13].
These approaches not only reduce environmental burdens but also contribute to resource
efficiency and cost-effectiveness. However, the incorporation of such materials introduces
additional complexities in terms of durability, environmental impact, and long-term perfor-
mance, necessitating comprehensive experimental and analytical investigations [14].

Another important trend is the rapid development of advanced modeling and sim-
ulation techniques [15]. Traditional empirical design methods are increasingly being
complemented or replaced by multi-scale and multi-physics approaches that capture the
intrinsic relationships between material composition, microstructure, and macroscopic
behavior. Numerical modeling, image-based analysis, and data-driven methods are now
widely used to predict performance, optimize material design, and evaluate structural
responses under complex loading and environmental conditions [16].

Moreover, civil engineering research is becoming increasingly interdisciplinary, inte-
grating concepts and methods from materials science, geotechnical engineering, environ-
mental science, and computational mechanics [17]. This interdisciplinary perspective is
particularly important for addressing complex engineering problems, such as infrastructure
resilience under natural hazards, soil-structure interaction, and the environmental impacts
of construction materials.

Coatings 2026, 16, 592 1 https://doi.org/10.3390/ coatings16050592
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Within this context, the Special Issue entitled “Advances in Pavement Materials and
Civil Engineering” in Coatings was launched to provide a platform for disseminating
recent advances and emerging trends in this field. The collection aims to bring together
contributions that address novel pavement materials, sustainable engineering practices,
recycling and reuse technologies, advanced modeling and simulation methods, and the
influence of environmental factors on material performance and infrastructure durability.

2. Statistics of the Special Issue

A total of fifteen peer-reviewed papers have been published in this collection, includ-
ing original research articles and one comprehensive review. The proportion of articles in
different categories is shown in Figure 1. These contributions cover a wide range of topics,
including asphalt modification and aging mechanisms, sustainable material utilization,
multi-scale mechanical analysis, and geotechnical engineering applications. Collectively,
they provide valuable insights into both fundamental mechanisms and practical engi-
neering solutions, reflecting the current state of the art and future directions in pavement
materials and civil engineering.

70

s Research Topic Research Method Material Type

60_ p=

50

- 1

40

30+ 7

20
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Figure 1. The proportion of articles in different categories.

3. Contributions
3.1. Advanced Asphalt Materials and Modification Technologies

A major portion of the Special Issue focuses on the modification and performance
enhancement of asphalt materials. Zhao et al. [Contribution 1] constructed a hierarchical
ZnO-loaded porous activated carbon (ZnO/PAC) nanostructure and incorporated it into
SBS-modified asphalt, achieving a synergistic enhancement in performance. The modified
asphalt exhibited superior resistance to both rutting at high temperatures and cracking at
low temperatures. Zhao and Yang [Contribution 2] modified epoxy asphalt by introducing
desulfurized rubber powder and an organodisulfide plasticizer (WJFL). This approach not

2 https://doi.org/10.3390/ coatings16050592
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only improved curing efficiency but also significantly enhanced low-temperature performance
while reducing construction costs, thereby effectively addressing the inherent limitations of
conventional epoxy asphalt in terms of toughness and low-temperature behavior.

Feng et al. [Contribution 3] systematically investigated the effects of different types of
rubber powder, dosages, and additives on volatile organic compound (VOC) emissions
from modified asphalt, providing critical insights for environmental assessment and the
design of eco-friendly asphalt materials. Zhou et al. [Contribution 4] preprocessed and
segmentally analyzed the infrared spectral signals of asphalt to determine an appropriate
signal analysis range and developed a corresponding aging model. This enables the
estimation of actual pavement service time through infrared spectroscopy, offering a
more refined approach for pavement condition evaluation. Zhan et al. [Contribution 5]
provided a comprehensive review of the multi-scale rheological properties of asphalt,
linking microstructural characteristics to macroscopic performance and highlighting key
challenges in multi-scale characterization. Xu et al. [Contribution 6] investigated the effects
of emulsifier hydrophobic chain length and aggregate properties on the interfacial adhesion
performance between emulsified asphalt and aggregates, providing a theoretical basis for
emulsifier structural optimization and interface compatibility design.

These studies collectively demonstrate that asphalt research is evolving toward multi-
scale, multi-physics approaches, integrating nanotechnology, environmental considerations,
and advanced characterization techniques.

3.2. Sustainable Materials and Recycling Technologies

Sustainability is another core theme across the Special Issue. Tan et al. [Contribution 7]
evaluated the feasibility of using water-based drilling cuttings, stabilized with a composite
curing agent, as pavement base materials, demonstrating both environmental and engi-
neering viability. Yan et al. [Contribution 8] investigated the effects of different crushing
methods on the alkali-silica reaction (ASR) in waste glass aggregate mortar, providing
a theoretical basis for the safe utilization of waste glass in cement-based materials and
promoting resource recycling in the construction industry.

These contributions highlight the increasing emphasis on circular economy principles,
where industrial waste is transformed into valuable construction materials while mitigating
environmental risks.

3.3. Mechanical Behavior and Multi-Scale Modeling

Several papers focus on understanding material behavior through advanced experi-
mental and numerical approaches. Wang et al. [Contribution 9] developed a numerical
model linking void morphology to mechanical properties in porous asphalt mixtures,
emphasizing the importance of internal structure in performance prediction. Wei et al.
[Contribution 10] proposed a three-dimensional grid-based simulation method for gen-
erating the random distribution of concrete aggregates. The approach effectively avoids
particle overlap and significantly improves computational efficiency during the generation
process, thereby enhancing both the accuracy and efficiency of aggregate spatial distri-
bution modeling. This provides a reliable tool for investigating the random distribution
characteristics of aggregates in concrete. Liu et al. [Contribution 11] proposed a new aggre-
gate spacing coefficient model for self-compacting concrete, which improves the prediction
of macroscopic performance based on mix composition. Zhao et al. [Contribution 12]
constructed master curves based on the time-temperature superposition principle and mul-
tiple rheological models to investigate the dynamic rheological behavior of open-graded
and dense-graded polyurethane asphalt mixtures (PUM-OGFC and PUM-AC). The results
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indicate that the open-graded structure combined with a polyurethane binder achieves
a favorable balance between elasticity and rutting resistance, demonstrating promising
potential for engineering applications.

These studies illustrate the growing role of mesoscale modeling and structural charac-
terization in bridging the gap between material composition and engineering performance.

3.4. Geotechnical Engineering and Infrastructure Performance

This collection also includes important contributions in geotechnical and infrastruc-
ture engineering. Wu et al. [Contribution 13] proposed a load-transfer-based settlement
prediction model for estimating the settlement of large-diameter cast-in-place pipe piles,
which addresses the limitations of conventional settlement prediction approaches and
demonstrates good rationality and practical applicability in engineering practice. Zhang
et al. [Contribution 14] developed an energy-based pore water pressure model for liquefac-
tion evaluation, offering a novel framework for assessing seismic soil behavior. Xue et al.
[Contribution 15] experimentally investigated pipeline—soil interaction under translational
landslides, providing insights into failure mechanisms and infrastructure safety.

These works demonstrate the integration of advanced theoretical models with prac-
tical engineering applications, addressing critical issues in foundation engineering and
hazard mitigation.

4. Concluding Remarks and Outlook

The contributions collected in this Special Issue reflect the multidisciplinary nature
of modern pavement materials and civil engineering. Key trends emerging from these
studies include:

1. The transition toward multi-scale characterization and modeling, linking microstruc-

ture to macroscopic performance;
2. The increasing importance of sustainable materials and recycling technologies;

®

The integration of advanced numerical methods with experimental validation;
4. The expansion of research from traditional pavement materials to broader infrastruc-
ture and geotechnical systems.

These developments are consistent with recent progress reported in related journals
such as Construction and Building Materials, Journal of Cleaner Production, and Materials
and Structures, where sustainability, durability, and data-driven modeling are central re-
search themes.

The Guest Editor sincerely thanks all authors for their valuable contributions and the
reviewers for their rigorous evaluations, as well as the editorial team for their professional
support throughout the publication process.

With the publication of these papers, this Special Issue is now formally closed. It
is expected that the findings presented herein will contribute to future advancements in
sustainable infrastructure and high-performance engineering materials.

Conflicts of Interest: The authors declare no conflicts of interest.
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Effect of Hierarchical ZnO/PAC Nanosheets on the Rheological
Performance of SBS-Modified Asphalt

Kunpeng Zhao 1Yi Leng 2 Qinxi Dong 1 Yongling Ding 1% Huadong Sun L* Chunbao Ding 2, Ping Song 2,

Yanan Ni 2, Chunyu Wang ? and Hong Yin 3

Shandong Key Laboratory of Technologies and Systems for Intelligent Construction Equipment, School of
Transportation and Civil Engineering, Shandong Jiaotong University, Jinan 250357, China

2 Weihai Municipal Highway Development Center, Weihai 264200, China

School of Engineering, Australian National University, Canberra, ACT 2601, Australia

*  Correspondence: dingyongling198715@163.com (Y.D.); 204113@sdjtu.edu.cn (H.S.)

Abstract

To improve the rutting resistance and low-temperature cracking performance of polymer-
modified asphalt under extreme conditions, hierarchically structured ZnO-loaded porous
activated carbon (ZnO/PAC) nanosheets were introduced as a synergistic reinforcing agent
for SBS-modified asphalt. The ZnO/PAC hybrids were synthesized via template-assisted
carbonization followed by hydrothermal growth, and their effects were evaluated by
microscopic characterization and rheological tests, including temperature sweeps, multiple
stress creep and recovery (MSCR), and bending beam rheometer (BBR) analyses. ZnO was
successfully anchored onto the PAC, forming a three-dimensional flower-like nanostructure.
Among the investigated samples, ZPS3 with 3 wt.% ZnO/PAC showed the best overall
performance. At 64 °C, the rutting factor increased from 4.2 kPa for the SBS-modified
asphalt to 6.8 kPa for ZPS3, representing a ~62% enhancement and indicating markedly
improved high-temperature deformation resistance. MSCR results further confirmed
the superior rutting resistance of ZPS3, which exhibited the highest recovery and the
lowest non-recoverable creep compliance. In addition, BBR results showed that the low-
temperature performance grade improved from —12 °C for conventional the SBS-modified
asphalt to —18 °C for the ZnO/PAC-modified system. These results demonstrate that
ZnO/PAC nanosheets can effectively enhance both the high-temperature rutting resistance
and low-temperature cracking resistance of SBS-modified asphalt.

Keywords: ZnO/PAC nanosheets; asphalt binder modification; SBS; rutting resistance;
low-temperature cracking; rheological properties

1. Introduction

Asphalt pavements are a critical component of global highway infrastructure, and
their performance is largely governed by the properties of the asphalt binder. In particular,
resistance to high-temperature rutting and low-temperature cracking directly determines
pavement durability and service life [1,2]. To meet the challenges of evolving climatic
conditions and increasing traffic loads, extensive efforts have focused on modifying asphalt
using materials such as rubber, resins, and polymers. Among these, styrene-butadiene—
styrene (SBS) is widely recognized as one of the most effective modifiers for enhancing both
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high- and low-temperature performance [3,4]. With advances in nanotechnology, nano-
materials, including nano-silica, nano-titanium dioxide, nano-zinc oxide, and nano-clay,
have attracted considerable attention due to their high specific surface area and unique
interfacial effects, which contribute to improved rutting resistance, aging resistance, and
moisture stability [5,6]. More recently, carbon-based nanomaterials such as graphene,
graphene oxide (GO), and carbon nanotubes (CNTs) have shown strong potential because
of their superior mechanical properties and barrier effects. However, their practical appli-
cation is often hindered by poor dispersion and limited interfacial compatibility with the
asphalt matrix [7,8]. Nano-ZnO exhibits excellent UV-shielding capability and interfacial
activity, but its tendency to agglomerate reduces its effectiveness when used alone [9]. To
address this limitation, hybridizing nano-ZnO with porous activated carbon (PAC) to form
a hierarchical, flower-like ZnO/PAC structure offers a promising strategy. This approach
combines the interfacial activity of ZnO with the barrier effect of PAC, thereby improving
dispersion and overall modification efficiency. Nevertheless, systematic investigations into
the synergistic effects of ZnO/PAC composites on the high- and low-temperature perfor-
mance of SBS-modified asphalt remain scarce. Therefore, this study aims to synthesize
hierarchical flower-like ZnO/PAC composites and comprehensively evaluate their impact
on the rheological properties, rutting resistance, and low-temperature cracking resistance
of SBS-modified asphalt.

Despite its widespread use as an effective polymer modifier, SBS-modified asphalt
still exhibits inherent limitations. The unsaturated butadiene segments in SBS are prone to
thermal-oxidative and ultraviolet (UV) degradation during service, leading to reduced elas-
tic recovery, increased brittleness, and diminished durability under harsh environ-mental
conditions [10,11]. In addition, the compatibility between SBS and the asphalt matrix
remains problematic, as phase separation can occur during high-temperature storage,
resulting in uneven performance and reduced modification efficiency [12,13]. Although
nano-ZnO and carbon-based materials have both been used in asphalt modification, most
previous studies have focused on single-component systems or simple physical blending.
Such strategies often suffer from nanoparticle agglomeration, weak interfacial compatibil-
ity, and limited synergistic effects, particularly in SBS-modified asphalt systems [14-16].
Moreover, the relationship between the microstructure of hierarchical inorganic/carbon
hybrid modifiers and their rheological enhancement mechanisms has not been sufficiently
clarified [17-19].

To address this gap, this study proposes a hierarchical flower-like ZnO/PAC hybrid,
in which PAC serves as a porous support to anchor ZnO and suppress its aggregation,
while also providing barrier and interfacial effects within the asphalt matrix. The ob-
jective of this work is to synthesize the ZnO/PAC hybrid, evaluate its influence on the
high- and low-temperature rheological properties of SBS-modified asphalt, and reveal the
structure—property relationship responsible for the observed performance enhancement.
Field durability, storage stability, and scale-up feasibility are important practical issues and
will be considered in future work. The ZnO/PAC hybrid will be synthesized via a template-
assisted carbonization method combined with hydrothermal growth. Its microstructure,
chemical composition, pore characteristics, and thermal stability will be comprehensively
characterized using XRD, SEM, EDS, XPS, Raman spectroscopy, BET, and TGA. The dis-
persion behavior and interfacial interactions of ZnO/PAC within the asphalt matrix will
be further analyzed to clarify the modification mechanism. The high-temperature rutting
resistance will be evaluated using temperature sweeps and MSCR tests with a dynamic
shear rheometer (DSR), while low-temperature cracking resistance will be assessed via
bending beam rheometer (BBR) tests. Finally, a structure-performance relationship will
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be established through multi-scale characterization to reveal the synergistic reinforcement
mechanism responsible for enhancing performance across temperature ranges.

2. Materials and Methods
2.1. Materials

1,4-benzenedimethanol, p-toluene sulfonic acid, anhydrous ethanol, N,N-
dimethylformamide, zinc acetate ((CH3COO),Zn) and N-methyl-2-pyrrolidone were pur-
chased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). The
basic properties of base asphalts (70*, SK-70) and SBS polymer modifier are presented in
Tables 1 and 2. Coal pitch was acquired from Hebei Fengtaiyuan Energy Technology Co.
Ltd (Handan city, Hebei, China). Linear SBS with a block ratio of 30/70 was obtained from
Yueyang Petrochemical Co., Ltd (Yueyang city, Hunan, China).

Table 1. Basic properties of SK-70# base asphalt [20].

Index Results Standard Values

Penetration (25 °C, 0.1 mm) 64.6 60-80
Softening point (°C) 492 >46

15 °C Ductility (cm) >100 >100

60 °C Viscosity (Pa-s) 218 >180

mass loss (%) 0.45 <=+0.8
RT,FdOT Residual penetration ratio (25 °C, %) 75.2 >61
residue Residual ductility (cm) 24.8 >15

Table 2. Technical indicators of SBS additive.

Tensile Strength Constant Tensile Stress . o Permanent Deformation
Sample S/B (MPa) (MPa) Elongation (%) %)
SBS 30/70 >18 >1.9 >700 <45

2.2. Synthesis of Modified Coal Pitch

In a typical synthesis, 10 g of coal tar pitch was melted in a 250 mL round-bottom
flask at 140 °C. Subsequently, 3.0 g of p-xylylene glycol (crosslinking agent) and 0.5 g of
p-toluene sulfonic acid (catalyst) were added. The mixture in the flask was heated to 150 °C
under stirring for 3 h, yielding a viscous black product. After cooling to room temperature,
the resulting coal tar pitch-based resin was collected for further use.

2.3. Preparation of Pitch Resin-Based Carbon Nanosheets

Micron-sized NaCl templates were synthesized using planetary ball milling at 400 rpm
for 30 min. Subsequently, 0.5 g of pitch resin was dissolved in 30 mL of N-methyl-2-
pyrrolidone with vigorous stirring, followed by the incorporation of 5 g of ball-milled NaCl
templates. Following 1 h of stirring, the mixture was evaporated at 180 °C to eliminate the
solvent. The pitch resin/NaCl composite was carbonized at 750 °C for 2 h under argon,
with a heating rate of 5 °C per minute. Upon cooling to ambient temperature, the composite
was meticulously rinsed with deionized water to remove the template and subsequently
dried to obtain pitch resin-based carbon nanosheets (PAC). The schematic design for the
synthesis of PAC is illustrated in steps 1 and 2 of Figure 1.
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Figure 1. Schematic illustration for pitch resin-based carbon nanosheets.

2.4. Synthesis of ZnO-Loaded PAC (ZnO/PAC)

Initially, 1 g of PAC, infused with 0.88 g of zinc acetate, was dispersed in 20 mL of
deionized water while stirring to create a homogenous solution. Subsequently, 20 mL of
NaOH solution (2.0 mol/L) was added to the suspension, followed by ultrasonic treatment
for 15 min. The mixture was subsequently placed in an autoclave and subjected to hy-
drothermal treatment at 200 °C for 3 h. The resultant product was sequentially washed with
deionized water and ethanol, followed by drying at 70 °C. The dried sample was further
calcined in a muffle furnace at 400 °C for 2 h to produce ZnO-loaded PAC (ZnO/PAC).
Figure 1 depicts the manufacturing process.

2.5. Preparation of ZnO/PAC and SBS Composite Modified Asphalts

The preparation process of the composite of ZnO/PAC and SBS composite was as follows:
firstly, the matrix asphalt was first heated and maintained at 150 + 5 °C until it melted. The
SBS content was fixed at 3 wt.% as a representative dosage commonly used in SBS-modified
asphalt, while the ZnO/PAC content (1-3 wt.%) was varied to evaluate its reinforcing effect.
Furfural extract oil was heated to 180 °C, followed by the gradual addition of SBS (3% by
mass) and ZnO/PAC to obtain the composite modifier mixture. Subsequently, the mixture
was subjected to high-speed shearing at 4000 rpm for 2 h at 180 °C using a high-speed shear
machine. Finally, the mixtures were further stirred using mechanical agitator for 1 h at 1000
rpm to produce the ZnO/PAC/SBS-composite-modified asphalt. The same processing process
as described above was applied to SBS modified asphalt and PAC/SBS-modified asphalt as
control groups. The final products were named as ZPS1, ZPS2 and ZPS3, when the dosages of
ZnO/PAC is 1%, 2% and 3% by weight of asphalt, respectively.

2.6. Microscopic Analyses

Powder X-ray diffraction (XRD) measurements were employed to examine the phase
composition and ascertain the crystalline phase (D8 ADVANCE, Bruker, Germany). The
surface chemical characteristics and morphologies of the materials were analyzed utilizing
scanning electron microscopy (SEM, Zeiss Sigma-500, Germany). Energy-dispersive X-ray
spectroscopy (EDS) was utilized to analyze and quantify the constituents of the samples’
surface. High-performance X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250, USA) was utilized to analyze the chemical states of the produced materials. The
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materials” specific surface areas and pore distributions were measured using a specific
surface area analyzer (ASAP 2460, Micromeritics, McMurray (Shanghai) Instrument Co.,
Ltd. China). The Raman spectra were obtained utilizing a laser Raman spectrometer
(LabRAM HR Evolution, France). The thermal stabilities of the materials were evaluated
using thermogravimetric analysis (TGA) utilizing a synchronous thermal analyzer (STA
449 F3 Jupiter, NETZSCH, Germany). The experiment was performed at temperatures
ranging from 0 °C to 800 °C, with a heating rate of 10 °C/min.

2.7. Temperature Sweeping Test

The temperature sweep test was conducted using a dynamic shear rheometer (DSR,
Smart Pave 102, Anton Paar) based on AASHTO T315 to evaluate the viscoelastic properties
of the modified asphalt binders over a range of temperatures. Specimens with a diameter of
25 mm and a gap thickness of 1 mm were prepared for testing within the linear viscoelastic
region. The temperature sweep was performed under controlled-strain mode at a constant
frequency of 10 rad /s, covering a temperature range from 46 °C to 82 °C in increments of
6 °C. During the test, the complex shear modulus (G*) and phase angle (5) were recorded
as functions of temperature to characterize the rheological behavior. Three parallel tests
were conducted for each sample.

2.8. MSCR Tests

The anti-deformation potential of asphalt binders containing graphene was also as-
sessed using the multiple stress creep and recovery (MSCR) test at pressures of 0.1 kPa and
3.2 kPa (58 °C), respectively. The procedure was performed ten times during the test, with
a stress duration of 1.0 s and a recovery time of 9.0 s. For assessing the recovery (R) and
non-recoverable creep compliance (Jnr) values based on AASHTO T350, three parallel tests
were conducted for each sample.

2.9. BBR Tests

BBR studies were carried out utilizing TE-BBR equipment at three testing tempera-
tures (i.e., 12 °C, 18 °C, and 24 °C) in compliance with AASHTO T313-12 guidelines to
examine the low-temperature anti-cracking behavior of the modified binders [21]. For
the repeatability test, three duplicate samples were created. Two common indicators of
the asphalt binders’ capacity to withstand cracking at low temperatures were the creep
stiffness and m-value as determined by three-point bending tests.

3. Results and Discussion
3.1. Structural and Morphological Analysis

The XRD patterns of PAC and ZnO/PAC are shown in Figure 2. Two distinctive diffrac-
tion peaks for PAC are seen at around 24° and 43°, which correspond to the graphitic carbon
crystal planes (002) and (100), respectively. The broad and intense (002) peak at 24° indi-
cates well-ordered graphitic stacking with an interlayer spacing of 0.421 nm calculated using
Bragg’s law. The relatively weak (100) peak appearing at 43° suggests the coexistence of
amorphous carbon characteristics [22,23]. After ZnO incorporation, the ZnO/PAC exhibits dis-
tinct crystalline features. The sharpened diffraction peaks confirm the enhanced crystallinity
through hydrothermal treatment and subsequent calcination of the ZnO particle precursors.
All observed diffraction peaks perfectly match well with the standard hexagonal wurtzite
structure of ZnO (JCPDS No. 03-0888), representing high crystallinity.

Raman spectra provide further insight into the graphitization degree of pitch resin-
based carbon materials in Figure 2b. Two characteristic peaks are clearly observed: the
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disorder-induced D-band at 1350 cm ™!, representing sp? hybridized carbon and structural
defects, while graphitic G-band at 1580 cm ! reflecting the ordered structure. The intensity
ratio (Ip/Ig) serves as a quantitative indicator of the graphitization degree, where lower
values correspond to a higher graphitization degree. The calculated Ip /Ig for ZnO/PAC
is 0.86, significantly lower than that of PAC (0.92). These results demonstrate that ZnO
incorporation promotes graphitization in the pitch-derived carbon matrix [24].

(2) =) —PAC (b) ——PAC
= —— ZnO/PAC ZnO/PAC

G-band

Intensity (a.u)

10 20 30 40 50 60 70 80 900 1200 1500 1800 2100 2400
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Figure 2. (a) Raman spectra and (b) XRD patterns of PAC and ZnO/PAC.

The increased graphitization with higher ZnO loading enhances electrical conduc-
tivity, while the resulting high thermal conductivity facilitates efficient heat transfer and
dissipation under loading. This reduces localized heat accumulation from friction, thereby
mitigating asphalt damage [25,26].

Figure 1 shows the PAC manufacturing process. A combination of modified pitch
and the NaCl template was carbonized in an Ar environment to create PAC, which was
then cleaned and dried. To create a rigid template for the production of carbon frame-
works, NaCl particles were first ball-milled from around 500 pm (Figure 3a) to less than
15 um (Figure 3b). Post-carbonization, the composite exhibited a black coloration, indi-
cating a uniform carbon coating on the NaCl particles. Microscopic analysis revealed
a three-dimensional macroporous network structure of the PAC composed of intercon-
nected carbon nanosheets.

Figure 3. SEM image of NaCl particles before (a) and after (b) ball-milling.

As shown in Figure 4a, PAC exhibits a foam-like skeletal structure with cavities (3-10 um)
formed by the templating effect of NaCl. The high-magnification SEM image (Figure 4b)
reveals that the foam-like framework consists of interconnected carbon nanosheets with
thicknesses below 100 nm (typically 30-50 nm). PAC possesses a long-range disordered
microstructure with enlarged interlayer spacing. The strong -7 interactions among planar
coal-tar pitch molecules impart a graphitization tendency to PAC, while the three-dimensional
molecular structure of the pitch resin significantly suppresses aromatic stacking during
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carbonization, resulting in higher amorphousness [27]. As a soft carbon material, the large
interlayer spacing, amorphous nature, hierarchical porosity, and high specific surface area
collectively provide abundant active sites and enhanced mass transport [28]. Furthermore,
the multilayered nanosheet architecture facilitates multiple light reflections and refractions
between interlayers, making PAC an effective supporting carrier for ZnO decoration and
synergistically improving its UV-shielding performance. The micro-lamellar structure of
PAC was leveraged to facilitate the in situ growth of ZnO and to inhibit its agglomeration,
culminating in a uniformly dispersed nanoscale ZnO/PAC composite.

Figure 4. (a) SEM images of PAC with different magnification and (b) an enlarged view of (a).

Figure 5 presents the SEM images of ZnO/PAC with various contents of ZnO loadings.
As shown in Figure 5a,b, ZnO are constructed by divergent nanoplates and is homoge-
neously distributed on the surface of PAC, exhibiting dimensions ranging from 500 nm
to 1 um and a thickness of approximately 30 nm. The synthesized regular hierarchical
flower-like ZnO nanostructures assemble by nanosheets and display the uniform sizes,
intersecting configurations, and two-dimensional structures perpendicular to the PAC
surfaces with irregular edge morphologies. The results indicate that the incorporation of
nanocomposite technology facilitates the embedding or supporting of ZnO nanoflakes
within carrier matrices, thereby mitigating agglomeration to a certain extent. Superior to
its 1D and 2D counterparts, the interwoven-growth 3D flower-like ZnO exhibits a loose
and highly porous morphology with a large specific surface area, which offers abundant
active sites for chemical reactions and enhances UV-light reflection paths for improved
shielding performance [29]. EDS elemental mapping and images (Figure 6) indicate the
homogeneous distribution of C, O, and Zn elements, confirming the successful formation
of a uniform composite through the in situ growth of ZnO with PAC.

Figure 5. (a) SEM images of ZnO/PAC and (b) an enlarged view of (a).
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Figure 6. EDS elemental mapping of ZnO/PAC: element layered image (a), C (b), O (c), Zn (d); EDS
images of (e) PAC and (f) ZnO/PAC.

The combined SEM and EDS analyses demonstrate that the micron-sized NaCl tem-
plate facilitates the formation of hollow carbon nanobox structures, within which ZnO
nanoflakes uniformly dispersed in an ordered arrangement throughout the carbon ma-
trix. This distinctive multilayered architecture can create either exfoliated or intercalated
structures within the asphalt, effectively blocking UV radiation and thermo-oxidative pene-
tration into the asphalt interior [30,31]. The structural configuration not only suppresses
the volatilization of light asphalt components but also notably improves the material’s
resistance to UV-induced and thermo-oxidative aging [32].

XPS was used to further examine the bonding states and surface chemical composition
of the as-prepared samples. The survey spectrum (Figure 7a) exhibits dominant peaks
corresponding to C, O, and Zn elements of ZnO/PAC. The O 1s spectrum in Figure 7b
was deconvoluted into four components at binding energies of 530.5 eV, 531.4 eV, 532.9 eV,
and 536.7 eV, respectively. The lower binding energy peaks at 530.5 eV and 531.4 eV are
attributed to the lattice oxygen (Zn-O bonds in ZnO), while the higher binding energy
peaks at 532.9 eV and 536.7 eV correspond to the surface-adsorbed oxygen species, such
as -COOH and -OH groups [33]. The surface functional groups of zinc oxide (ZnO),
particularly hydroxyl terminations (OH), significantly influence its optical properties by
enhancing absorption and reflectivity in the ultraviolet region [34,35]. The C 1s spectrum
in Figure 7c was fitted into four peaks at 284.2 eV, 284.8 eV, 286.9 eV, and 291.2 eV, assigned
to C-C, C-O-C, C=0, and O-C=0 bonds, respectively [36]. Moreover, the peak observed
at 284.2 eV is attributed to the pure graphitic carbon within the PAC matrix [37]. The
Zn 2p spectrum in Figure 7d, two spin-orbit splitting peaks were observed at 1044.3 eV
(Zn 2p'/?) and 1021.1 eV (Zn 2p3/2), confirming the presence of Zn?* in ZnO/PAC [38].
Hitherto, all results unequivocally demonstrate that the as-prepared ZnO/PAC materials
are not physical mixtures of separate PAC and ZnO phases, but rather well-integrated
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composites derived from the calcination of hydrothermally treated precursor mixtures.
Evidence confirms the formation of covalent bonds between PAC and ZnO.
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Figure 7. Wide scan (a) and high-resolution XPS spectra of as-prepared ZnO/PAC at binding energies
corresponding to (b) Cls, (c) Ols and (d) Zn 2p.

3.2. TGA- DTG Analysis

TGA was conducted to analyze the thermal stability of the samples. As observed in
Figure 8, all samples exhibited approximately 50% weight loss from room temperature to
650 °C, followed by negligible mass changes up to 800 °C. The weight loss process can
be divided into two distinct regions: (1) the first region (100-250 °C) corresponds to the
evaporation of adsorbed moisture, showing similar weight loss trends across all samples;
(2) the second region (250-650 °C) is associated with the thermal decomposition of PAC
in the composites [39]. The DTG analysis reveals a significantly higher maximum weight
loss temperature for ZnO/PAC (610 °C) compared to pure PAC (521 °C), demonstrat-
ing enhanced thermal stability. This observation aligns with the established correlation
between carbon material stability and microstructure [40]. Specifically, the presence of
active sites (e.g., intrinsic defects and sp3-hybridized edge sites) in PAC facilitates oxygen
interactions, leading to lower thermal stability. These findings corroborate the results of
Raman spectroscopy, confirming the lower graphitic crystallinity and higher defect density
of PAC. Quantitative analysis revealed a ZnO content of 16.5% in ZnO/PAC. As evidenced
in Figure 8, the ZnO/PAC exhibited higher carbon yields compared to PAC. The presence
of ZnO significantly increased the pyrolysis temperature of PAC, attributed to its relatively
higher graphitization degree, which is consistent with the Raman spectroscopy results.
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Figure 8. (a) TG and (b) DTG curves of PAC and ZnO/PAC.

3.3. Pore Structure Analysis

Nitrogen adsorption—desorption analysis was employed to characterize the pore
structure and specific surface area of samples. As shown in Figure 9a, the PAC and
ZnO/PAC composites exhibited typical Type IV isotherms with three distinct regions:
(1) rapid N; adsorption capacity at low relative pressures (P/Py < 0.1), indicating abundant
micropores; (2) pronounced adsorption in the 0.4-0.6 P/Py range, suggesting capillary
condensation in mesopores, with the ZnO/PAC displaying the most significant mesoporous
character; and (3) a steep rise at high pressures (P/Py > 0.9), confirming the presence of
macropore (>50 nm). The H,-type hysteresis loops observed at 0.8-1.0 P/Py further verified
the well-developed mesoporous structure. BET analysis revealed decreasing specific surface
areas with increasing ZnO loading: 1502 m?-g~! (PAC) and 942 m?-g~! (ZnO/PAC). As
summarized in Table 3, both pore volume and average pore diameter followed similar
decreasing trends. This textural evolution can be attributed to two primary factors: (1) ZnO
crystal growth and particle aggregation progressively blocking existing pore channels, and
(2) ZnO infiltration into the interparticle voids of the PAC matrices. These combined effects
result in systematic pore filling and a consequent reduction in available surface area and
pore volume at higher ZnO concentrations.
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Figure 9. Nitrogen adsorption—desorption isotherms (a) and pore width distribution (b) of PAC and
Zn0O/PAC.

Table 3. Pore characteristics of different samples.

Samples Spet (m?-g~1) Vpore (cm?-g~1) Pore Size (nm)
PAC 1502 0.68 28.9
ZnO/PAC 942 0.46 22.1

The pore size distribution analysis (Figure 9b) confirms a well-developed hierarchical
pore structure in synthesized samples, spanning microporous (1.5-2 nm), mesoporous
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(2-50 nm), and macroporous (>50 nm) regimes. The macropores may result from a small
amount of nanoscale NaCl particles after ball milling. Previous studies have shown
that nanopores within graphite-like carbon nanosheets can regulate the nucleophilic and
electrophilic characteristics, as well as the polarity, of graphene nanosheets by altering their
molecular electrostatic potential, thereby enhancing the compatibility of complex modified
asphalt systems containing components with varying polarity [41]. Nanopores in graphene
can impart electrophilic characteristics, enabling the adsorption of nonpolar molecules
present in asphalt, whereas the non-porous regions interact with polar molecules through
conventional 7-7t stacking interactions [42].

3.4. Temperature Sweep

In Figure 10a, the G* of all asphalt binders decreases progressively with increasing
temperature from 52 °C to 82 °C. Among the samples, the SBS-modified asphalt shows the
most pronounced decline in G* with increasing temperature, indicating relatively poor resis-
tance to rutting at elevated temperatures. Incorporating PAC into the SBS-modified asphalt
produces a modest increase in G*, suggesting that the carbon nanosheets improve the struc-
tural rigidity of the binder. In contrast, the ZPS3 composite-modified asphalt consistently
exhibits the highest G* values, particularly above 70 °C, where the reduction in modulus is
markedly suppressed. This behavior indicates that the introduction of ZnO/PAC modifies
the viscoelastic response of the binder by enhancing its resistance to temperature-induced
softening. This enhancement can be attributed to the combined structural and disper-
sion effects of the hierarchical ZnO/PAC hybrid. The three-dimensional-flower-like ZnO
nanosheets anchored on the PAC scaffold provide rigid inclusions that restrict the mobility
of asphalt molecules and SBS chains. At the same time, the increased interfacial contact
area promotes stress transfer within the binder. Consequently, it enhances rutting resistance
at high service temperatures and postpones the softening process as well.
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Figure 10. The complex modulus G* (a) and phase angle 6 (b) of the SBS-, PAC/SBS- and ZPS
modified asphalt binders.

As shown in Figure 10b, § increases with temperature for all samples, indicating
a gradual transition from predominantly elastic to more viscous behavior. All modified
asphalt samples exhibit this increasing trend, suggesting a rapid loss of elastic recovery at
elevated temperatures. Compared with SBS, the PAC/SBS system shows a slightly lower
5 at equivalent temperatures, implying that the incorporation of PAC enhances elastic
recovery. Notably, the ZPS3 composite exhibits the lowest § values throughout the entire
temperature range and the smallest rate of increase, indicating that the binder maintains
a predominantly elastic character even at high temperatures. This improved elastic re-
sponse is mainly attributed to the well-dispersed ZnO/PAC nanofillers, which interact
with the SBS polymer network through physical entanglement and possible interfacial
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bonding. As a result, the three-dimensional polymer network is reinforced, viscous flow
is delayed, and resistance to permanent deformation is enhanced. In addition, oxygen-
containing functional groups (e.g., -OH and -COOH) on the ZnO/PAC surface can form
hydrogen bonds or polar interactions with components in the asphalt and SBS, further
anchoring the polymer network to the rigid filler. This effect reduces molecular mobility
and delays the transition from elastic to viscous behavior.

3.5. High-Temperature Performance

In Figure 11, the G*/sin § values for all samples fall as the temperature rises, indicating
the transition from an elastic to a viscous condition of the binders. The ZPS3 consistently
demonstrates a higher rutting factor (G*/sin §) throughout the temperature spectrum of 46
°C to 82 °C. For instance, at 64 °C, the G*/sin 6 values for SBS, PAC/SBS, and ZPS3 are
4.2 kPa, 5.1 kPa, and 6.8 kPa, respectively. G*/sin 6 exhibits a reduced rate of decline at
elevated temperatures exceeding 70 °C, thereby indicating enhanced high-temperature
rutting resistance relative to both SBS-modified and PAC/SBS-modified binders. This
improved performance is mainly due to two complementary mechanisms. The shear-
induced in-plane orientation of ZnO/PAC nanosheets establishes a convoluted diffusion
pathway that significantly restricts the mobility of polymer chains and light components
within the asphalt matrix at elevated temperatures, similar to the barrier enhancement noted
in aligned graphene nanosheet composites [19]. Secondly, the multilayered architecture
and elevated graphitization level of the ZnO/PAC hybrid create an efficient physical
barrier that obstructs heat and oxygen infiltration, thereby maintaining the elastic network
structure during high-temperature operation [43,44]. These mechanisms collectively allow
the ZPS composite to sustain a high G*/sin 4 and remarkable structural stability under
thermal stress.
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Figure 11. The G*/sin 6 of the SBS-, PAC/SBS- and ZPS modified asphalt binders.

Additionally, the MSCR test was used to further examine the high-temperature perfor-
mance in order to identify significant rutting resistance outside of the linear viscoelasticity
range [45]. As illustrated in Figure 12, the ZPS composite-modified asphalt exhibits sig-
nificantly higher R and lower J,,; compared to the SBS-modified and PAC/SBS-modified
binders at both stress levels of 0.1 kPa and 3.2 kPa. At 0.1 kPa, the R values for SBS,
PAC/SBS, ZPS1, ZPS2, and ZPS3 are 72.6%, 78.5%, 84.9%, 89.5% and 93.3%, respectively,
while the corresponding Jnr values are 1.7 kPa~!, 1.1 kPa 1, 0.7 kPa!, 0.4 kPa—!, and
0.1 kPa—l. At the higher stress level of 3.2 kPa, the R values decrease to 47.7%, 58.5%,
66.8%, 72.7% and 75.1%, and the Jnr values increase to 3.1 kPa~!, 1.5 kPa~!, 0.9 kPa" 1,
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0.7 kPa~!, and 0.3 kPa~!, respectively. The introduction of PAC and ZnO/PAC markedly
alters the high-temperature deformation behavior of the asphalt binder. As the most critical
parameter of rutting resistance, the progressive reduction in Jnr indicates that the com-
posite modifiers effectively suppress the irreversible deformation under repeated loading.
Among all samples, ZPS3 demonstrates the lowest ], and highest R, reflecting its superior
resistance to permanent deformation and optimal high-temperature performance. In the
case of the ZPS modifier, the ZnO/PAC component adsorbs onto the surface of the SBS
copolymer, promoting interfacial cross-linking between the SBS phase and the asphalt
matrix. The hierarchical ZnO/PAC nanosheets effectively restrict molecular chain mobility
and facilitate efficient stress transfer under sustained loading [46]. Moreover, the enhanced
interfacial compatibility between the nanofiller and the asphalt matrix, attributed to the
oxygen-containing functional groups present on the ZnO/PAC surface, improves the load
transfer and reduces energy dissipation during creep—recovery cycles [47,48]. Collectively,
these results demonstrate that the ZPS composite-modified binders possess favorable
resistance to permanent deformation under high-temperature conditions [49].
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Figure 12. The R (a) and Jnr (b) of the SBS-, PAC/SBS- and ZPS modified asphalt binders.

3.6. Low-Temperature Performance

The creep stiffness (S) and creep rate (m) obtained from the bending beam rheome-
ter (BBR) test are two effective indicators for evaluating the low-temperature cracking
resistance of asphalt binders, with lower stiffness and higher m-values being favorable
for enhanced anti-cracking performance. As shown in Figure 12, both the PAC/SBS- and
ZPS-modified binders exhibit reduced creep stiffness and increased m-values, indicating
improved low-temperature capability. According to ASTM D6648-2008, the specification
requires a creep stiffness below 300 MPa and an m-value above 0.3. All asphalt binders
demonstrate distinct temperature-dependent variations in S and m, with the ZPS composite-
modified asphalt series exhibiting superior low-temperature performance compared to the
SBS-modified and PAC/SBS-modified binders. At —18 °C, the S values for base asphalt,
SBS, PAC/SBS, ZPS1, ZPS2, and ZPS3 are 345 MPa, 305 MPa, 251 MPa, 240 MPa, 232 MPa
and 225 MPa, and the m-values are 0.23, 0.29, 0.31, 0.32, 0.33 and 0.33, respectively. Notably,
all ZPS-modified binders satisfy the standard requirements at —18 °C, whereas the SBS-
modified binder only meets the criteria at —12 °C. The ZPS series consistently maintains
lower S and higher m-values relative to the control binders across all test temperatures,
with ZPS3 exhibiting the most favorable combination of low stiffness and high relaxation
capability, suggesting superior resistance to low-temperature cracking (Figure 13).
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Figure 13. The creep stiffness S (a) and m-value (b) of the SBS-, PAC/SBS- and ZPS modified
asphalt binders.

1

3.7. Microscopic Analysis of Modified Asphalt

As shown in Figure 14, the SBS-modified asphalt (Figure 6a) exhibits a rough surface
with pronounced SBS-rich domains and phase-separated structures, whereas ZPS3 in
Figure 6b presents a uniform and compact morphology, in which the flower-like ZnO/PAC
structures are homogeneously dispersed throughout the asphalt matrix. This improvement
can be mainly attributed to the following factors: PAC, acting as a porous carrier, effectively
suppresses the agglomeration of ZnO nanoparticles, while its oxygen-containing surface
functional groups form strong interfacial interactions with SBS and the polar components of
asphalt, thereby promoting the uniform swelling of SBS and the formation of a continuous
network. Meanwhile, the three-dimensional hierarchical structure of ZnO/PAC generates
steric hindrance and physical barrier effects within the asphalt, thereby restricting the
migration of SBS molecular chains and mitigating phase separation. The optimization of
the microstructure provides a structural basis for the synergistic enhancement of the high-
and low-temperature performance of ZPS3.

Figure 14. SEM images of SBS-modified asphalt (a) and ZPS3 (b).

4. Conclusions

(1) The ZnO/PAC hybrid was successfully synthesized via template-assisted carboniza-
tion combined with hydrothermal growth. Characterization results confirm that ZnO
nanoparticles are uniformly anchored on the porous carbon nanosheets, forming
a hierarchical flower-like morphology with a high specific surface area and abundant
oxygen-containing functional groups. ZnO incorporation promotes the graphitiza-
tion of the carbon matrix and enhances thermal stability, as evidenced by Raman
spectroscopy and TGA analyses.

(2) Rheological evaluations demonstrate that the ZPS composite modified asphalt exhibits
superior high-temperature performance. The ZPS3 formulation shows the highest
complex modulus (G*) and lowest phase angle (8) across the temperature range of
46-82 °C. MSCR test results indicate that the ZPS series achieves significantly higher R
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and lower Jnr compared to SBS-modified and PAC/SBS-modified binders, with ZPS3
exhibiting the most favorable combination, reflecting superior resistance to permanent
deformation under repeated loading.

(38) The enhanced high-temperature performance is primarily attributed to the formation
of a rigid percolating network by the ZnO/PAC nanosheets within the asphalt matrix.
The three-dimensional flower-like morphology and abundant functional groups fa-
cilitate strong interfacial interactions with the SBS polymer and asphalt components,
restricting molecular chain mobility, promoting efficient stress transfer, and delaying
the transition from elastic to viscous behavior.

(4) BBR test results reveal that the ZPS series exhibits superior low-temperature cracking
resistance. All ZPS-modified binders satisfy the ASTM D6648-2008 requirements at
—18 °C, whereas the SBS-modified binder only meets the criteria at —12 °C. The
consistent maintenance of S and higher m-values across all test temperatures indicates
enhanced stress relaxation capability, attributed to the homogeneous dispersion of the
nanofiller and the preservation of binder flexibility.

(5) The synergistic reinforcement provided by the ZnO/PAC hybrid, combining the
barrier effect of the carbon nanosheets and the interfacial reinforcement of the ZnO
nanoflowers, effectively mitigates the performance deterioration associated with high-
temperature softening and low-temperature embrittlement. This study demonstrates
that ZnO/PAC/SBS composite modified asphalt represents a promising solution for
high-performance pavement applications subjected to severe thermal and mechanical
loading conditions.

This study focuses on binder-scale evaluation of rheological performance and
microstructure-property relationships. Further investigations, including chemical interac-
tion analysis (e.g., FTIR), storage stability, standard aging procedures (RTFOT and PAV),
and mixture-level performance tests (e.g., wheel tracking and fatigue), are necessary for
comprehensive engineering validation and will be addressed in future work. Although the
results demonstrate consistent improvements in rheological properties at the binder level,
further investigations, including aging evaluation, storage stability analysis, and mixture-
level performance tests, are necessary to validate the long-term engineering applicability of
the ZnO/PAC-modified asphalt.
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Abstract

Epoxy asphalt, as a thermosetting material, has received increasing attention due to its out-
standing mechanical properties and durability. However, its insufficient low-temperature
resistance, limited toughness, and relatively high material cost still restrict its large-scale
application in pavement engineering. To improve its low-temperature performance and
reduce construction costs, this study investigates the low-temperature behavior of epoxy
asphalt modified with desulfurized crumb rubber. In this study, a functional additive,
hereafter referred to as WJFL (a laboratory-designated organic disulfide-based rubber plas-
ticizer), was incorporated during the preparation of the desulfurized rubber-asphalt binder
to enhance the curing rate of the modified epoxy asphalt. The addition of WJFL promotes
the devulcanization and activation of rubber powder, enhancing the overall performance of
the modified epoxy asphalt. When the desulfurized rubber content is 20%, WJFL additive
dosage is 2%, and asphalt content is 300% of epoxy resin mass, the modified epoxy asphalt
not only meets the specification requirements but also exhibits excellent low-temperature
crack resistance and improved economic efficiency. The addition of crumb rubber increased
tensile strength by 15.38% and elongation at break by 17.24%. Furthermore, WJFL additive
increased tensile strength by 80% and elongation at break by 25% when WJFL content was
increased from 0% to 2%. Additionally, optimizing the asphalt-to-epoxy ratio, with asphalt
content increased from 100% to 300%, resulted in an 80% increase in tensile strength and a
28.57% improvement in elongation at break. Moreover, desulfurized crumb rubber modifi-
cation enhanced the low-temperature stiffness modulus, highlighting better performance
in cold regions. Relaxation tests conducted at —10 °C, —15 °C, —20 °C, and —25 °C show
that the modified epoxy asphalt has significant potential for use in pavement surfacing,
particularly in cold climates.

Keywords: desulfurized crumb rubber; epoxy resin; asphalt; additive; low-temperature
performance

1. Introduction

With the continuous increase in traffic volume and the frequent occurrence of overloaded
vehicles, together with the intensified influence of extreme climate events, asphalt pavement
distress—such as cracking, raveling, potholes, and premature failures—has become increas-
ingly severe. These issues highlight the limitations of conventional paving asphalt in meeting
the modern requirements for high durability and high performance in road engineering [1-4].
Consequently, modified asphalt has emerged as a major research focus. Common polymer
modifiers for asphalt binders include natural rubber (NR), styrene-butadiene rubber (SBR),
styrene-butadiene-styrene (SBS) block copolymer, polyethylene (PE), and ethylene—vinyl
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acetate (EVA). However, these modifiers predominantly interact with asphalt through physical
blending rather than chemical reactions, and thus do not fundamentally alter the thermoplas-
tic nature of the binder. As a result, issues such as insufficient high-temperature stability, poor
low-temperature toughness, and limited mechanical strength remain [5-7].

Epoxy asphalt, as a new class of thermosetting binder, is formed through the cross-
linking reaction between epoxy resin and asphalt in the presence of a curing agent, pro-
ducing a stable three-dimensional network structure. This significantly enhances strength,
stiffness, and high-temperature stability, while providing excellent fatigue resistance and
durability [1,8,9]. Recent state-of-the-art reviews and long-term field evaluations have
further confirmed the superior functional and in-service performance of epoxy asphalt
mixtures on steel bridge decks [10,11]. Nevertheless, due to the intrinsic high stiffness
and limited elongation of epoxy networks, conventional epoxy asphalt is prone to brittle
fracture under low-temperature or large-deformation conditions. Its high viscosity and
narrow workable time window further limit its engineering applicability [12].

To achieve better stiffness—flexibility balance and improve environmental sustainabil-
ity, the use of waste tire crumb rubber as a modifier has attracted significant attention.
On one hand, crumb rubber can enhance the performance of epoxy asphalt and reduce
material costs. On the other hand, the continuous growth in global vehicle ownership
has resulted in a massive accumulation of waste tires, leading to environmental pollution
and land occupation, making their recycling an urgent global issue [13]. Processing waste
tires into crumb rubber for use in pavement engineering helps promote resource recycling
and alleviates environmental pressure [14-18]. Laboratory and field investigations have
consistently shown that waste rubber—-modified asphalt mixtures can deliver improved
rutting and fatigue resistance compared with conventional mixtures [19,20].

Previous studies have confirmed the beneficial effects of crumb rubber modification in
epoxy asphalt. Gong et al. (2022) [21] incorporated waste tire rubber into epoxy asphalt for
bridge expansion joint mixtures and found that increased rubber content improved viscosity,
deformation resistance, and fatigue performance, although workable time decreased. Similar
conclusions were drawn in other epoxy-rubber systems, where the inclusion of tire rubber
waste or polymer-rubber composites was shown to improve the toughness and cracking resis-
tance of epoxy asphalt mixtures under service-like loading conditions [22]. Xu et al. (2022)) [23]
demonstrated that rubber particles can form effective energy-dissipating zones, thereby en-
hancing fatigue damage resistance. Li et al. (2019) [7] compared conventional and desulfurized
rubber-modified asphalt and reported that desulfurized rubber significantly improves vis-
cosity, storage stability, and high-temperature rutting resistance while maintaining good
fatigue performance. Zhang et al. (2022) [24] further revealed that the desulfurization process
promotes rubber swelling, refinement, and uniform dispersion within asphalt, resulting in
superior modulus—phase angle characteristics across a wide temperature range.

In addition, Xu et al. (2021) [25] showed that the composite modification of desulfurized
crumb rubber and SBS enhances the elastic network structure of asphalt and improves both high-
and low-temperature performance. Wang et al. (2022) [26] systematically evaluated high-content
desulfurized rubber asphalt and confirmed its excellent durability in terms of rutting resistance,
crack resistance, fatigue life, and temperature susceptibility. Cong et al. (2023) [27] further
demonstrated that incorporating waterborne polyurethane into crumb rubber-modified asphalt
can effectively reduce emissions of volatile organic compounds (VOCs) during production,
thereby supporting the development of more environmentally friendly asphalt materials. More
recently, process-oriented studies have clarified how desulfurization variables and improved
rubber-asphalt compatibility govern the rheological response and workability of desulfurized
crumb rubber-modified asphalt, especially in high-rubber systems [28-32].

26 https://doi.org/10.3390/ coatings16010102



Coatings 2026, 16, 102

Despite the above progress, most existing studies have focused on desulfurized rubber-
modified base asphalt and conventional asphalt mixtures [33-35], rather than epoxy asphalt
systems. Current research on rubber-modified epoxy asphalt predominantly uses untreated
crumb rubber and mainly examines the influence of rubber dosage on viscosity, mechanical
performance, and fatigue behavior, with relatively limited attention paid to desulfurized
crumb rubber. Furthermore, systematic investigations into the coupled effects of desul-
furized rubber content, additive dosage, and asphalt proportion on the low-temperature
performance of epoxy asphalt binders remain scarce.

Based on these gaps, this study focuses on the low-temperature performance of
desulfurized crumb rubber-modified epoxy asphalt. A series of formulations with different
rubber contents, additive dosages, and asphalt—epoxy ratios was designed to evaluate their
low-temperature mechanical responses, specifically at temperatures of —10 °C, —15 °C,
—20 °C, and —25 °C, and identify the optimal composition. The findings deepen the
understanding of the toughening mechanism of desulfurized rubber in epoxy asphalt
systems and provide scientific guidance for its application in steel bridge deck surfacing
and pavement engineering in cold regions.

To address the above research gaps, this study presents several novel aspects. First,
desulfurized crumb rubber is introduced into an epoxy asphalt system, extending its ap-
plication beyond conventional base asphalt and untreated rubber-modified epoxy asphalt.
Second, the low-temperature mechanical and rheological behavior of desulfurized crumb
rubber-modified epoxy asphalt is systematically investigated, with particular emphasis on
relaxation and deformation characteristics under cold conditions. Third, the coupled effects
of rubber content, functional additive dosage, and asphalt—epoxy ratio are comprehensively
evaluated, rather than considering individual parameters in isolation. Finally, the study
adopts an engineering-oriented perspective to identify optimal formulations for steel bridge
deck surfacing and pavement applications in cold regions. These contributions provide new
insights into the toughening mechanism of desulfurized crumb rubber in epoxy asphalt
systems and support the development of durable, low-temperature-resistant epoxy asphalt
materials.

2. Materials and Methods
2.1. Materials

The preparation of the desulfurized crumb rubber-modified epoxy asphalt in this
study involved the following materials: base asphalt, desulfurized crumb rubber, additive,
curing agent, and epoxy resin.
2.1.1. Asphalt

A 70# base asphalt produced in Taizhou was used. Its physical and technical properties
are presented in Table 1.

Table 1. Technical properties of 70# base asphalt.

Technical Index Specification Requirement Test Result

Penetration/0.1 mm

(25°C,100 g, 5 5) 60~80 69
Penetration Index —15~1.0 0.2
Softening Point/°C >46 47.6
Ductility (15 °C, 5 cm/min/cm) >100 165
Dynamic Viscosity (60 °C)/Pa-s >180 256
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Table 1. Cont.

Technical Index Specification Requirement  Test Result
Flash Point (Cleveland Open Cup)/°C >260 285
Solubility /% >99.5 99.8
Residues after RTFOT
RTFOT Mass Change /% <4£0.8 0.26
Retained Penetration (25 °C)/% >61 68.7
Retained Ductility (15 °C)/cm >15 48

2.1.2. Desulfurized Crumb Rubber

An 80-mesh desulfurized crumb rubber with good modification performance was
used. Its physical and chemical properties are listed in Table 2.

Table 2. Properties of desulfurized crumb rubber (80 mesh).

Category Item Technical Value (80 mesh)
Relative Density 115
Moisture Content (%) 0.85
. . Metal Content (%) 0.02
Physical Properties Fiber Content (%) 0.22
Ash Content (%) 8.4
Heating Loss (163 °C, 5 h, %) 1.8
Acetone Extract (%) 17.6
Chemical Properties Carbon Black Content (%) 29.8
Rubber Hydrocarbon Content (%) 54.6

2.1.3. Additive

To enhance the curing rate of the modified epoxy asphalt, a functional additive (WJFL)
was incorporated during the preparation of the desulfurized rubber—asphalt binder. WJFL
can be classified as an organic disulfide-based rubber plasticizer, with a typical chemical
structure represented as R-S-S-R’, where R and R’ denote alkyl or phenyl groups.

The incorporation of WJFL introduces disulfide bonds (-S5-S-) into the rubber—asphalt
system, which can participate in dynamic sulfur exchange reactions under thermal and
shear processing. As a result, these disulfide bonds may partially cleave into thioether
(-5-) structures and generate a small amount of thiol (-SH) groups, thereby promoting the
devulcanization and activation of rubber powder [36].

Consequently, the modified rubber-asphalt binder is able to act not only as a filler
in the epoxy system but also as a curing-active component for the epoxy resin. The alkyl
groups contribute to the plasticization and flexibility of the rubber phase, while the phenyl
groups enhance compatibility with the aromatic components of asphalt, which improves
the compatibility between asphalt and epoxy resin and significantly enhances the overall
performance of the modified epoxy asphalt.

2.1.4. Epoxy Resin

There are various types of epoxy resins, among which bisphenol A epoxy resin is
commonly used as a modifying resin in epoxy asphalt due to its excellent mechanical
properties, heat resistance, and cost-effectiveness. It has high tensile strength and flexural
strength, which significantly enhance the stiffness, durability, and fatigue resistance of
epoxy asphalt. Bisphenol A epoxy resin also has good adhesion, which improves the
bonding between the modified asphalt and other materials, ensuring long-term stability
under extreme environmental conditions. Moreover, its low cost and availability make it
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an ideal choice for the preparation of epoxy asphalt. Therefore, in this study, bisphenol
A epoxy resin is used as the modifying resin in desulfurized crumb rubber-modified
epoxy asphalt.

2.2. Experimental Methods

The experimental design followed these steps:

(1) Determine the appropriate crumb rubber content;

(2) Investigate the effect of additive dosage on the performance of the modified
epoxy asphalt;

(3) Study the influence of different asphalt-epoxy ratios based on economic considerations;

(4) Simulate practical application conditions to evaluate the combined effects of
all parameters.

During modification, the rubber-asphalt binder was stirred for 1 h and sheared for
15 min. The curing agent and epoxy resin dosage remained constant throughout the tests
to ensure a fair comparison between different influencing factors. Each test was repeated at
least three times to ensure the reliability and reproducibility of the results, and the reported
data represent the average values with standard deviations.

2.2.1. Performance Evaluation Methods

Through extensive analysis and research on U.S. epoxy asphalt, domestic scholars have
successfully developed a domestically produced version of epoxy asphalt and proposed a
set of technical specifications tailored to domestic conditions, as shown in Table 3.

Table 3. Technical specifications for domestic epoxy asphalt.

Technical Index Specification Requirement Test Method

Tensile Strength (20 °C, MPa) >1.5 ASTM D 638
Elongation at Break (20 °C, %) >200 ASTM D 638

Time for Viscosity t;)n l;f)ach 1000 cp (120 °C, >50 JTJ052-2000

Since desulfurized crumb rubber-modified epoxy asphalt shares similar characteristics
with conventional epoxy asphalt, viscosity, tensile strength, and elongation at break were
selected as the core performance evaluation indices.

(1) Viscosity

The viscosity of the modified epoxy asphalt directly affects the uniformity of mixture
blending. Excessively low viscosity leads to insufficient coating of aggregates, while
excessively high viscosity hinders asphalt dispersion during mixing, resulting in poor
mixture homogeneity. Maintaining stable viscosity during compaction is essential for
achieving desirable pavement performance [37].

In this study, the viscosity-time behavior of the modified epoxy asphalt was measured
using a Brookfield rotational viscometer (spindle No. 27).

(2) Tensile Strength and Elongation at Break

The tensile properties of cured epoxy asphalt were evaluated using dumbbell-shaped
specimens according to ASTM D638.

Component A (epoxy resin) was heated to 70 &= 5 °C and Component B to 130 £ 5 °C,
then mixed thoroughly before casting into rectangular molds. After curing at 120 °C
for 4 h, specimens were demolded and cut into standard dumbbell shapes. Tests were
conducted on a universal testing machine with a loading rate of 500 = 50 mm /min. The
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force—displacement response was recorded to calculate tensile strength and elongation
at break.

2.2.2. Preparation of Desulfurized Crumb Rubber-Modified Epoxy Asphalt

Based on the preparation processes of both conventional rubberized asphalt and epoxy
asphalt, the following steps were used:

1.  Heat the base asphalt in an oil bath at 190 °C and add rubber powder at the target
proportion; stir for 1 h.

2. Preheat the colloid mill to 190 °C and feed the rubber-asphalt mixture. The mill gap
was initially set at its maximum and gradually reduced to 0.2 mm during the 15 min
shearing process while maintaining constant temperature.

3. Calculate the mass of Component A and Component B according to predetermined
proportions and asphalt dosage. Mix both components under controlled temperature
to prepare the desulfurized crumb rubber-modified epoxy asphalt.

2.2.3. Rubber Content

Three rubber contents (10%, 20%, and 25% by mass of base asphalt) were used to
prepare rubberized asphalt binders. Each binder was then blended with epoxy resin and
curing agent, using a fixed asphalt-to-epoxy mass ratio of 300%. The viscosity, tensile
strength, and elongation at break of the cured modified asphalt were tested to evaluate the
effect of rubber dosage.

2.2.4. Additive Dosage

After determining the optimal rubber content, different WJFL dosages (0%, 1%, 2%,
and 3% of the rubber-asphalt binder) were added during mixing and shearing. The asphalt-
to-epoxy ratio remained 300%. Performance tests were conducted to evaluate the influence
of additive dosage on the modified epoxy asphalt.

2.2.5. Asphalt Content

To further enhance economic efficiency, the asphalt content in the epoxy system was
varied. The rubber—asphalt binder was used at 150%, 300%, 450%, 600%, and 750% of
the epoxy resin mass. Brookfield viscosity, tensile strength, and elongation at break were
evaluated to determine the optimal asphalt dosage.

2.2.6. Low-Temperature Performance Evaluation

Low-temperature behavior was characterized using a stress relaxation test similar to
the Bending Beam Rheometer (BBR) test. Modified epoxy asphalt beams were tested under
three-point bending with constant displacement. Since epoxy asphalt has higher stiffness
than conventional binders, the displacement was adjusted through multiple trials to match
its mechanical range.

The beam dimensions were 10 mm x 20 mm x 160 mm. Tests were conducted at
—10 °C, —15 °C, —20 °C, and —25 °C. Specimens were conditioned for 60 min at each
target temperature before loading. A constant displacement of 10%-30% of the fracture
deformation was applied, and load-time curves were recorded over 240 s.

Relaxation stiffness S(t) and relaxation rate k were calculated using:

PL3
8(t) = 0 ™
_ d(logS)
k= d(logt) @
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where S(t) = relaxation stiffness at time t, MPa; P = applied load, N; L = span length, mm;
b = specimen width, mm; / = specimen height, mm; §(¢) = mid-span deflection at time
t, mm.

The effects of rubber modification on low-temperature performance were analyzed

by comparing relaxation stiffness and relaxation rate among different temperatures and
material formulations.

3. Results and Discussion

3.1. Effect of Crumb Rubber Content
3.1.1. Viscosity Analysis

Figure 1 presents the viscosity—time curves of epoxy asphalt modified with three
different desulfurized crumb rubber contents (10%, 20%, and 25%). As shown in the figure,
all three formulations exhibit similar viscosity-growth patterns. During the initial stage,
the viscosity increases slowly. When the curing time reaches approximately 20 min, the
viscosity rises to around 1000 mPa-s, after which it enters a rapid growth phase. In the
final stage, the viscosity increases sharply and quickly exceeds the measuring range of the
rotational viscometer.
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10,0004 —* 20% Rubber Powder
—&— 25% Rubber Powder
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Figure 1. Viscosity-time curves of desulfurized crumb rubber modified epoxy asphalt with different
crumb rubber contents.

A comparison of the three curves shows noticeable differences in the initial viscosities.
The initial viscosity of the 10% rubber content is 410 mPa-s, followed by 343 mPa-s for
the 20% content, and only 230 mPa-s for the 25% content. Moreover, as the rubber dosage
increases, the rate of viscosity growth gradually decreases. For example, the time required
for the viscosity to reach 8000 mPa-s is 45 min for the 10% formulation, 47 min for the
20% formulation, and 50 min for the 25% formulation.

This phenomenon is attributed to the increasing number of rubber particles within
the modified asphalt colloid. At higher dosages, part of the desulfurized crumb rubber
is not fully swollen and forms agglomerated particle clusters. The internal particles of
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these clusters exhibit poor cohesion and insufficient interfacial bonding with asphaltene
structures. These free clusters hinder the curing reaction of the epoxy asphalt binder,
resulting in reduced initial viscosity and slower viscosity growth.

3.1.2. Tensile Strength and Elongation at Break

Figure 2 shows the tensile test results of epoxy asphalt modified with different crumb
rubber contents. The tensile strengths of the 10%, 20%, and 25% formulations are 0.49 MPa,
0.62 MPa, and 0.55 MPa, respectively—much lower than the strength of unmodified epoxy
asphalt (approximately 3 MPa). This significant reduction can be explained by two reasons:
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Figure 2. Tensile test results of desulfurized crumb rubber modified epoxy asphalt with different
crumb rubber contents.

(1) Incomplete swelling of rubber clusters: Large rubber agglomerates with insufficient
development exhibit poor internal cohesion and behave as stress concentration points,
reducing the tensile strength of the cured binder.

(2) Intrinsic incompatibility of epoxy resin and asphalt: Epoxy resin and asphalt
are inherently poorly compatible due to their large difference in solubility parameters.

Introducing rubber particles further worsens phase compatibility, causing additional
strength degradation.
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Although the overall strength is low, the variation among the three contents shows a
clear trend: the tensile strength first increases and then decreases with increasing rubber
dosage, reaching a maximum at the 20% content. This indicates that moderate rubber
addition contributes to strength improvement, whereas excessive rubber introduces too
many poorly bonded clusters, reducing strength.

Despite the low strength, all three formulations exhibit high elongation at break, ex-
ceeding 300%, which demonstrates that desulfurized crumb rubber significantly improves
the elastic extensibility of the epoxy asphalt binder.

Based on viscosity, tensile strength, and elongation evaluations, 20% desulfurized
crumb rubber was determined to be the optimal dosage, providing a balance between
mechanical performance and workability.

3.2. Effect of Additive (WJFL) on Modified Epoxy Asphalt

The above results show that although desulfurized crumb rubber improves ductility,
the overall strength of the modified epoxy asphalt remains insufficient and cannot meet
performance requirements. Simply adjusting the rubber dosage is not enough to achieve
desirable properties. Therefore, the additive WJFL was introduced to chemically modify
the rubber—asphalt binder, improving its reactivity with epoxy resin and enhancing the
performance of the resulting composite binder.

The base formulation contained 20% rubber by mass of asphalt, and different WJFL
dosages were introduced during the shearing process. Modified binders were then evalu-
ated to determine the influence of additive dosage.

3.2.1. Viscosity Analysis

Figure 3 shows the viscosity—time curves for formulations with varying WJFL dosages.
It is evident that the addition of WJFL accelerates viscosity growth compared with the
control sample without WJFL. Higher WJFL dosages produce faster viscosity increases.
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Figure 3. Viscosity-time curves of desulfurized crumb rubber modified epoxy asphalt with different
WJFL contents.

WJFL chemically modifies the rubber-asphalt binder, enabling it to serve as a curing
component rather than merely as filler in the final epoxy asphalt network. This enhances
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the compatibility between asphalt and epoxy resin and increases the degree of cross-linking,
thereby accelerating curing and causing a faster rise in viscosity.

3.2.2. Tensile Strength and Elongation at Break

Figure 4 shows the tensile properties of epoxy asphalt modified with different WJFL
dosages. The tensile strength of the binder without WJFL is approximately 0.99 MPa. Even
a small amount of WJFL noticeably improves strength: the tensile strength increases to
1.31 MPa and up to 1.86 MPa, demonstrating a significant enhancement.
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Figure 4. Tensile test results of desulfurized crumb rubber modified epoxy asphalt with different
WIJFL contents.

This improvement results from the increased reactivity of the modified asphalt binder.
The WJFL-modified rubber-asphalt binder participates more effectively in the curing
reaction with epoxy resin, forming a stronger cross-linked structure. However, the tensile
strength does not increase monotonically with WJFL dosage; instead, it reaches a maximum
at 2%, then decreases. This behavior is attributed to incomplete conversion of WJFL during
modification. At higher dosages, WJFL may not fully participate in the asphalt modification
reactions, and part of the additive can remain in a free or physically dispersed state, which
hinders the formation of an effective crosslinked network.
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The elongation at break also increases with higher WJFL content, rising from 241%
to 305%. This indicates that WJFL not only enhances strength but also promotes network
formation, improving extensibility and overall mechanical performance.

3.3. Effect of Asphalt Content on Modified Epoxy Asphalt

To address the high production and construction costs of conventional epoxy asphalt,
this study explored the feasibility of adjusting the asphalt dosage in the desulfurized crumb
rubber-modified epoxy asphalt system. The goal is to improve economic efficiency while
maintaining acceptable performance. A binder containing 20% desulfurized crumb rubber
and 2% WJFL (by mass of rubber-asphalt binder) was prepared. The rubber-asphalt binder
was incorporated at 150%, 300%, 450%, 600%, and 750% of the epoxy resin mass. The
viscosity and mechanical performance of the resulting epoxy asphalt were evaluated.

3.3.1. Viscosity Analysis

Figure 5 illustrates the viscosity—time curves for epoxy asphalt prepared with different
asphalt contents. All binders exhibited an initial viscosity of approximately 300 mPa-s,
followed by a gradual increase showing a similar growth trend across formulations.
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Figure 5. Viscosity—-time curves of desulfurized crumb rubber modified epoxy asphalt with different
asphalt contents.

A clear relationship was observed between asphalt dosage and viscosity development.
When asphalt was added at 150%, 300%, and 450% of the epoxy resin mass, the modified
epoxy asphalt reached 1000 mPa-s in roughly 22 min. However, for the 600% and 750%
dosages, the time required to reach 1000 mPa-s increased to approximately 32 min, with
subsequent viscosity growth occurring much more slowly.

In laboratory preparation, samples containing higher asphalt dosages exhibited signifi-
cant curing difficulties, including incomplete curing and demolding failure. This is because
the fixed amount of curing agent could not fully react with excessive rubber—asphalt binder,
resulting in reduced curing efficiency and slower viscosity development.
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3.3.2. Tensile Strength and Elongation at Break

Figure 6 presents the tensile strength and elongation at break of epoxy asphalt with
different asphalt dosages. Unlike the viscosity trend, the tensile strength increased at first
and then decreased as the asphalt dosage increased, reaching a peak of 1.86 MPa at the
300% dosage. Beyond this point, the tensile strength dropped sharply, with the 600% and
750% formulations exhibiting values below 0.55 MPa.

This behavior indicates that an optimal asphalt dosage exists for the desulfurized
crumb rubber-modified epoxy asphalt. When the asphalt dosage is too low, part of the
epoxy resin fails to participate in the curing reaction, resulting in insufficient load-bearing
network formation. Conversely, when the asphalt dosage is too high, the fixed curing agent
cannot fully cure the rubber—asphalt component. As a result, the final composite binder
contains two distinct phases: uncured rubber-asphalt binder and cured epoxy asphalt,
leading to severe strength reduction.
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Figure 6. Tensile behavior of desulfurized crumb rubber-modified epoxy asphalt with different
asphalt contents.

The elongation at break exhibited a similar non-linear trend, increasing initially and
then decreasing. The maximum elongation (272%) was observed for the 300% asphalt
dosage. Overall, based on viscosity behavior, tensile strength, and elongation performance,
the optimal asphalt dosage is determined to be 300% of the epoxy resin mass.

3.4. Low-Temperature Performance Analysis

The relaxation performance of both unmodified epoxy asphalt and modified crumb
rubber epoxy asphalt was tested at four different temperatures using the above-mentioned
relaxation tests. The relaxation force-time comparison curves for both are shown
in Figures 7 and 8.
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Figures 7 and 8 present the relaxation curves of the desulfurized crumb rubber—
modified epoxy asphalt at three different temperatures. Using Equation (1), the relaxation
stiffness values at 60 s, 120 s, and 180 s were calculated. Relaxation stiffness (S) reflects
the resistance of a binder to imposed deformation under constant displacement. A higher
stiffness indicates a more brittle material, which is more susceptible to cracking under
low-temperature loading.
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Figure 7. Relaxation curves of epoxy asphalt without crumb rubber at four temperatures. (a) Relax-
ation curve of neat epoxy asphalt at —10 °C. (b) Relaxation curve of neat epoxy asphalt at —15 °C.

(c) Relaxation curve of neat epoxy asphalt at —20 °C. (d) Relaxation curve of neat epoxy asphalt at
—25°C.

As shown in Figure 9, the relaxation stiffness of the modified epoxy asphalt is signifi-
cantly lower than that of the unmodified epoxy asphalt at all test temperatures. This demon-
strates that the internal stress generated within the modified binder during low-temperature
deformation is substantially reduced, resulting in superior low-temperature performance.

Based on Equation (2), the relaxation rates k at 30 s, 60 s, and 120 s were calculated. The
relaxation rate represents the rate of stiffness variation with time during the displacement-
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controlled loading process. By combining the relaxation curves shown in Figures 7 and 8
with the analysis presented in Figure 10, it can be observed that, when larger time control
points are selected, the relaxation rates of the crumb rubber-modified epoxy asphalt are
consistently lower than those of the epoxy asphalt without crumb rubber. This behavior
indicates that the modified epoxy asphalt undergoes most of its deformation relaxation
within a relatively short period and subsequently enters a stable deformation stage, leading
to a reduced rate of stiffness change over time. Consequently, the relaxation rates obtained
at 60 s and 120 s are not suitable indicators for characterizing stiffness evolution.
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Figure 8. Relaxation curves of desulfurized crumb rubber-modified epoxy asphalt at four tem-
peratures. (a) Relaxation curve of desulfurized crumb rubber-modified epoxy asphalt at —10 °C.
(b) Relaxation curve of desulfurized crumb rubber-modified epoxy asphalt at —15 °C. (c) Relaxation
curve of desulfurized crumb rubber-modified epoxy asphalt at —20 °C. (d) Relaxation curve of
desulfurized crumb rubber-modified epoxy asphalt at —25 °C.

Therefore, 30 s was selected as the control point for evaluating the relaxation rate in
this study. The results show that, at extremely low temperatures, the relaxation rate k of
the crumb rubber-modified epoxy asphalt is relatively high. This suggests that, when
temperature reduction induces pavement contraction, the asphalt mixture responds in
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a manner similar to a material with reduced stiffness, resulting in lower tensile stress
development and, consequently, a reduced susceptibility to low-temperature cracking.

Furthermore, the experimental results indicate that the incorporation of crumb rub-
ber significantly decreases the low-temperature stiffness modulus of the modified epoxy
asphalt, accompanied by a corresponding reduction in the k value. These findings demon-
strate that the addition of crumb rubber effectively enhances the low-temperature creep
and deformation performance of crumb rubber-modified epoxy asphalt.

The improvement can be explained by several mechanisms. During the swelling pro-
cess, the desulfurized crumb rubber particles absorb light components (such as aromatics
and saturates) from the base asphalt, leading to an increased proportion of colloidal struc-
tures and reduced brittleness at low temperatures. In addition, the fine rubber particles
promote the formation of micro-scale “crazing zones” under tensile stress at low tempera-
ture. These zones help dissipate external energy and delay the initiation and propagation

of cracks.
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Figure 9. Comparison of stiffness modulus between the two materials. (a) Comparison of the stiffness
modulus of the two materials at 60 s. (b) Comparison of the stiffness modulus of the two materials at
60 s. (¢) Comparison of the stiffness modulus of the two materials at 60 s.
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Furthermore, the rubber hydrocarbons present in the desulfurized crumb rubber
contribute additional elasticity and flexibility, significantly enhancing the binder’s crack-
resistance capability at low temperatures. Overall, the incorporation of desulfurized
crumb rubber markedly improves the inherent low-temperature limitations of conventional

epoxy asphalt.
0.06 - —®— Desulfurized Crufnh Rubber Moqiﬁed Epoxy Asphalt 0.08 = #— Desulfurized Crumb Rubber Modified Epoxy Asphalt
—— Epoxy Asphalt without Desulfurized Rubber Powder 4— Epoxy Asphalt without Desulfurized Rubber Powder
T T 0.07 o
0.05 4
ar
% % 0.06
& 0.04 1 &
% £, 0054
& 0.03 & 0.04 4
g £
'.:: ":f 0.03 o=
% 0.02 4 = +*
S ¥ 0.02 -
o & 0.
0.01 4 0.01 4
0.00 ~— T T T
0.00 <= T T T
=25 -20 =15 -10
=25 =20 -15 -10
Temperature (°C)

Temperature (°C)

(a) (b)

0.016 — —— Desulfurized Crumb Rubber Modified Epoxy Asphalt
) —A— Epoxy Asphalt without Desulfurized Rubber Powder

0.014
0.012 4 4
1
0.010 H

0.008

0.006

Relaxation Rate (MPa/s)

0.004

0.002 +

0.000 == T T T
=25 —-20 -15 -10

Temperature (°C)
()

Figure 10. Comparison of the relaxation rates of the two materials. (a) Relaxation rate of the two
materials at 30 s. (b) Relaxation rate of the two materials at 60 s. (c) Relaxation rate of the two
materials at 120 s.

4. Conclusions

This study investigated the influence of desulfurized crumb rubber content, additive
dosage, and asphalt content on the performance of modified epoxy asphalt. The conclusions
are summarized as follows:

(1) Without additional modification, incorporating desulfurized crumb rubber reduces
the tensile strength of epoxy asphalt but significantly improves its ductility. An optimal
dosage of approximately 20% was identified, balancing strength and extensibility.
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(2) The additive WJFL effectively accelerates viscosity growth and significantly en-
hances the tensile strength of the modified epoxy asphalt. The optimum dosage was
determined to be 2% of the rubber—asphalt binder, at which the degree of cross-linking and
mechanical performance are maximized.

(3) Adjusting the asphalt dosage showed that excessive rubber—asphalt content leads
to incomplete curing and a sharp reduction in tensile strength, along with brittle failure at
low temperatures. The optimal dosage was determined to be 300% of the epoxy resin mass,
providing the best balance between performance and economic feasibility.

(4) Low-temperature relaxation tests revealed that desulfurized crumb rubber con-
siderably enhances the low-temperature crack-resistance of epoxy asphalt. Mechanistic
analysis based on viscoelastic behavior confirmed that rubber modification reduces stress
concentration and improves deformation recovery under low-temperature loading. This
effectively addresses the inherent brittleness of conventional epoxy asphalt in cold environ-
ments.
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Abstract: Crumb rubber used in asphalt modification can generally improve the road
performance of asphalt mixture pavement while offering substantial environmental and
economic benefits. This study investigates the volatile organic compound emissions from
crumb rubber-modified asphalt binders via gas chromatography-mass spectrometry, focus-
ing on the effects of crumb rubber types (e.g., activated crumb rubber, non-activated crumb
rubber), contents, and additives (warm-mix agents, deodorants, styrene-butadiene-styrene
(SBS)). The analysis encompasses total volatile organic compound emissions, compositional
variations, secondary organic aerosol and ozone formation potentials, and carcinogenic
risks. Results indicate that non-activated crumb rubber increases volatile organic com-
pound emissions initially, peaking at a 15% content (3.99 times higher than base asphalt),
dominated by trichloroethylene. The surfactant-based warm-mix additive significantly
reduces emissions by 73%, whereas deodorants exhibited limited efficacy. At equivalent
contents, activated crumb rubber-modified asphalt emits more volatile organic compounds
than non-activated crumb rubber-modified asphalt and leads to a higher ozone formation
potential. Activated crumb rubber/SBS-modified asphalt blends reduce emissions by 69%—
81% due to synergistic effects. In contrast, non-activated crumb rubber/SBS blends increase
emissions, likely due to phase separation. All samples contain carcinogens, primarily
trichloroethylene (20%-79%) and benzene (0.1%-9%). These findings underscore the criti-
cal importance of crumb rubber activation status and SBS addition in controlling volatile
organic compound diffusion. The activated crumb rubber/SBS combination achieves a
synergistic reduction exceeding the sum of individual effects (“1 + 1 > 2”). These findings
provide valuable insights for designing eco-friendly asphalt.

Keywords: VOCs; crumb rubber modification; emission characteristic; SBS

1. Introduction

The increased demand for vehicles generates growing volumes of end-of-life tires [1].
The waste rubber tires are difficult to dispose of owing to their chemical inertness and
excellent resistance to thermal, mechanical, and biological degradation [2], resulting in
black pollution. Accumulated end-of-life tires pose serious risks, including environmental
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pollution, land occupation, auto-ignition hazards, and resource wastage [3]. Numerous
studies demonstrate that end-of-life tires can be processed into crumb rubber (CR) pow-
der and incorporated into asphalt binder at optimal quantities. This enhances overall
performance through improved elasticity, recoverability, and reduced glass transition tem-
perature [4-14]. Studies internationally confirm that CR modified asphalt binder (CRMA)
outperforms conventional asphalt by (1) enhancing resistance to high-temperature rutting,
low-temperature cracking, fatigue, and aging; (2) improving pavement skid resistance and
noise reduction; and (3) reducing distresses, delaying maintenance procedures, and extend-
ing service life [5,15-28]. Utilizing CR in asphalt provides an environmentally sustainable
recycling solution for end-of-life tires, mitigating black pollution [29]. Evolving CRMA
technology addresses environmental issues from end-of-life tire accumulation through
resource-efficient recycling [6,27,30-34]. These demonstrated outstanding environmen-
tal and socio-economic benefits promote the sustainable utilization of end-of-life rubber
resources, offering comprehensive economic and environmental advantages [11,19,35-37].

However, CRMA technology faces significant challenges limiting its widespread
utilization and potential applications [14,27,38-43]. During production, mixing, transporta-
tion, and paving, CRMA generates substantial odorous and hazardous gases—primarily
volatile organic compounds (VOCs) and volatile sulfur compounds—resulting from partial
swelling and degradation of CR particles at high temperature [44-54]. CRMA's higher vis-
cosity [55] requires elevated construction temperature to achieve workability, significantly
increasing odorous and hazardous gases [45,46,56,57]. These emitted toxic odor gases pose
greater environmental and occupational health risks than base asphalt [58-61]. Studies re-
port that the CRMA mixture produces offensive odors and carcinogens [43,46,62-65] during
production and paving. Growing demand for cleaner asphalt paving and environmental
concerns have intensified focus on controlling CMRA'’s toxic odor emissions [60,66,67].
Significant research focuses on environmental hazards from CR-modified asphalt [68-70].

Pretreatment, warm-mix additive, and deodorant are internationally recognized as
the most effective solutions to inhibit the total released VOC emissions [22,46,53,56,71-77].
Specific pretreatment methods include microwave activation [78-81], surface active treat-
ment and chemical modification [82-84] of CR, plasma treatment [85], microbial desul-
furization [86], supercritical carbon dioxide (CO,) treatment [87], pre-swelling, pre-
degradation, pre-oxidation, graft activation, polymer coating, solution immersion, and
radiation [88-92]. These methods enhance CR-asphalt compatibility by modifying physi-
cal properties (e.g., altering cross-link network structures) and chemical structures (e.g.,
activating surfaces of CR particles). CR pretreatment significantly reduces polycyclic
aromatic hydrocarbons (PAHs) and sulfur-containing compounds, thereby minimizing
odor during CRMA production [80,81]. Asphalt exhibits temperature-sensitive proper-
ties. Warm-mix additives improve fluidity and modify viscosity characteristics, reduc-
ing VOC generation through lower construction temperature [46,74,77,93-102]. Chem-
ical reactants may also neutralize toxic gases emitted from CRMA [103,104]. Deodor-
ants reduce fume emissions through (a) high internal specific surface area, (b) porous
structure, and (c) strong intermolecular forces on pore walls [8,76,105-108]. These prop-
erties enable physical absorption of lightweight fractions and fumes via lattice energy
and van der Waals forces [27,38,53,62,71,80,109-114]. Alternatively, deodorants chemi-
cally capture emitted fumes by reacting with small molecules and volatile components
in CRMA [20]. Researchers have incorporated absorption materials—activated carbon,
organic mon-montmorillonite, nano-calcium carbonate, and metal-organic frameworks
(MOFs) materials, and zeolite—into CRMA to surpass volatilization of lightweight fractions
(particularly hydrocarbons and benzene) [38,95,111-113,115-124].
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Previous studies have revealed that various factors influence the emission behavior of
CRMA. Refs. [125-129] identified that base asphalt binder composition critically determines
CRMA emission behavior. Substantial research [125,129] demonstrated that temperature
dramatically affects the composition and concentration of VOC emissions from CRMA.
Furthermore, other factors significantly influence CRMA emission behavior and must
be considered during fume assessment, including CR particle size [125], CR types and
activated method [130,131], CR content, warm-mix additive, preparation process [125], de-
odorant type, and content [28,38,95,111-113,115-124]. However, previous studies typically
focus on one or a few factors influencing CRMA emission behavior. Comparing results
and conducting in-depth exploration across studies is challenging due to variations in base
asphalt binders, test temperatures, CR sources, contents, or additives. Therefore, this study
employs a consistent preparation process to fabricate CRMA with various compositions.
It aims to investigate the influence of CR types, CR content, warm-mix additive type, de-
odorant content, and SBS polymer on CRMA emission release behavior, providing insights
into the VOCs release mechanism. Using an indoor fume collection system, GC-MS was
employed to identify and quantify compositions within the fume emissions. A hazardous
evaluation of the CRMA asphalt fumes was also performed. The findings enhance un-
derstanding of the multifaceted impacts of CRMA asphalt fumes and propose optimal,
targeted measures to mitigate VOC emissions.

2. Materials and Methods
2.1. Raw Materials

The crumb rubber particles were recycled and activated through the combined ac-
tion of heat, chemical agents, and controlled mechanical shearing using a twin-screw
extruder. The activated process breaks the S-S and C-S bonds to the greatest possible
extent while preserving the C—C main chain, ensuring the high strength of activated CR
materials. Two types of rubber particles were used to modify the base asphalt. The
first type is non-activated crumb rubber (NCR) particles produced through mechanical
grinding of end-of-life tires at ambient temperature. The second type is activated re-
claimed rubber (ACR) particles produced using twin-screw extruder at high temperatures
(200220 °C). The characteristics and particle size distributions of ACR and NCR are pre-
sented in Tables 1 and 2, respectively.

Table 1. The characteristics of activated and non-activated CR particles.

Test Result
NO. Test Item

ACR NCR
1 Relative density 118 1.17
2 Ash content/% 5.40 6
3 Acetone extract content/ % 13.40 11
4 Rubber hydrocarbon content/% 53 51
5 Carbon black content/% 30.60 30

Table 2. The screening results of the activated and non-activated CR particles.

Mesh 30 40 50 60 70 80 >80
ACR (%) 3.1 47.6 16.1 57 12.4 5.1 8.7
NCR (%) 10.3 422 15.9 54 11.5 43 8.5

The base asphalt binder used was 70#, supplied by Qingdao Luhuitong Industrial Co.,
Ltd., Qingdao, China. Two warm-mix additives were used: (1) liquid warm-mix additive

46



Coatings 2025, 15, 1043

(W1) (recommended content of 0.5%) from Beijing Road Animal Husbandry Technology
Co., Ltd., Beijing, China; and (2) liquid warm-mix additive (W2) (recommended content
of 0.5%) from Meidewei Shiwek Company. The deodorant additive was developed in
solid form by Qingdao University of Science and Technology. The CR particles, warm-mix
additives, and deodorant are shown in Figure 1.

APPROX

(e)

Figure 1. The additives used in this paper. (a) Activated CR particles; (b) non-activated CR particles;
(c) liquid warm-mix additive; (d) solid warm-mix additive; (e) deodorizer.
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2.2. Preparation of CR Modified Asphalt

This study investigated the influence of multiple factors, including CR type, CR
content, warm-mix additive type, deodorant content, and SBS modifier. The experimental
design (Table 3) comprised 18 sample groups, with BA and SBS-modified asphalt samples
serving as controls. Additive content is expressed as a percentage relative to the mass of
the asphalt binder.

Table 3. The descriptions of all tested groups.

NO Label Description
1 BA 70# base asphalt
2 SBS 70# base asphalt + 4 wt.% SBS
3 SA10 70# base asphalt + 2 wt.% SBS + 10 wt.% ACR
4 SA15 70# base asphalt + 2 wt.% SBS + 15 wt.% ACR
5 SA20 70# base asphalt + 2 wt.% SBS + 20 wt.% ACR
6 SN15 70# base asphalt + 2 wt.% SBS + 15 wt.% NCR
7 SN10 70# base asphalt + 2 wt.% SBS + 10 wt.% NCR
8 N10 70# base asphalt + 10 wt.% NCR
9 N15 70# base asphalt + 15 wt.% NCR
10 N20 70# base asphalt + 20 wt.% NCR
11 N15W1 70# base asphalt + 15 wt.% NCR + 0.5 wt.% W1
12 N15W2 70# base asphalt + 15 wt.% NCR + 0.5 wt.% W2
13 N15D1 70# base asphalt + 15 wt.% NCR + 1 wt.% deodorizer
14 N15D2 70# base asphalt + 15 wt.% NCR + 2 wt.% deodorizer
15 N15D3 70# base asphalt + 15 wt.% NCR + 3 wt.% deodorizer
16 A10 70# base asphalt + 10 wt.% ACR
17 Al5 70# base asphalt + 15 wt.% ACR
18 A20 70# base asphalt + 20 wt.% ACR

Samples were prepared according to the following procedure:

(a) Base asphalt heating

Base asphalt was heated in an oven until flowable, then transferred to a reaction vessel
maintained at 175 °C with continuous stirring (500 rpm).

(b) SBS modifier addition

Control Group: At 175 °C, 4 wt% SBS modifier was added and mixed at 500 rpm for
60 min while maintaining temperature. The blend was then processed through a colloid
mill five times, followed by additional mixing (500 rpm, 120 min).

Test Group: At 175 °C, 2% wt SBS modifier was added and stirred at 500 rpm
for 60 min.

(c) Crumb rubber addition

Following SBS modification, the set temperature was increased to 190 °C. Pre-weighed
CR was added incrementally over 60 min with continuous stirring (500 rpm), while main-
taining the temperature at 190 + 5 °C.

(d) Final processing and additive incorporation

After CR incorporation, blends were processed through a colloid mill for five cycles,
then mixed at 500 rpm and 190 °C for 120 min to ensure complete dispersion and the
desired microstructure. Other additives were incorporated during this final mixing stage.

2.3. Generation and Collection Process for VOC Emissions

A custom-designed gas generation and collection apparatus (Figure 2) was employed
to simulate high-temperature VOC release behavior from asphalt binder under laboratory
conditions while preventing fugitive emissions. The collecting apparatus is composed of (a)
a temperature-controlled fume generation platform and (b) a VOC collection/absorption
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module using a ZR-3922 environmental air particulate matter sampler with a mercury suc-
tion intake, which captures both direct and indirect asphalt VOC emissions. A Teflon tube
connects the fume generation platform to the collection module. During heating/stirring,
fresh air was continuously pumped into the flask to (1) maintain constant internal pressure
and (2) simulate the VOC-air reaction occurring during actual mixing/construction.

Figure 2. The VOC collection apparatus.

The VOC emission generation and collection procedure of all samples, including
N15W1 and N15W2, comprised the following:

(a) Asphalt samples were melted to a fluid state. Next, 600 g+5 g was transferred into
a glass flask sealed with a three-neck glass lid.

(b) The flask was placed in a temperature-controlled oil bath (180 °C) with a magnetic
stirrer. The asphalt binder was stirred at 500 rpm to ensure uniform heating and facilitate
VOC fume generation.

In this study, all samples, including those with and without the warm-mix additive,
were tested under identical temperature conditions. This approach was taken to control
for the temperature variable and to isolate the effect of the additive itself on viscosity and
VOC reduction.

(c) The VOC collection system (0.2 L/min) was connected, using pre-aged Tenax TA
tubes (6 mmx 150 mm). After temperature stabilization, absorption was processed for
30 min, collecting 6 L of VOC-laden air.

2.4. VOC Emission Composition Analysis

Collected VOC emissions were analyzed using thermal desorption gas chromatography—
mass spectrometry (GC-MS; Trace GC Ultra DSQII, Thermo Fisher Scientific, Waltham,
MA, USA), which identifies compound types and relative proportions. VOC samples
underwent thermal desorption using Tenax TA tubes, with separation on an HP-5 MS
ultra inert capillary column (30 m x 0.25 mm x 0.25 um) and detection via quadrupole
mass spectrometer (PerkinElmer, Waltham, MA, USA). Thermal desorption conditions
were as follows: initial adsorbent tube temperature: room temperature; initial focusing
trap temperature: room temperature; dry purge flow rate: 40 mL/min; dry purge time:
2 min; desorption temperature of adsorbent tube: 300 °C; desorption time of adsorbent
sampling tube: 3 min; desorption flow rate: 40 mL/min; focusing trap temperature: —10 °C;
desorption temperature of focusing trap: 300 °C; trap desorption time: 5 min; and transfer
line temperature: 150 °C.
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Compounds were identified by matching mass spectra against the NIST database
(match threshold >85%), with quantification based on characteristic ion peak areas. Concen-
trations were quantified against liquid standards (2000 mg/L) using external calibration.
Calibration employed 34 compounds per HJ 644-2013 standard, predominantly benzene
derivatives and chlorinated organics.

3. Results
3.1. Total Concentration

VOCs, the primary asphalt fume emissions, are defined as organic compounds
with >70 Pa vapor pressure at 25 °C and a boiling point < 260 °C. VOCs comprise
complex mixtures classified by functional groups and molecular weight: oxygenated
hydrocarbons (OXHs), halogenated alkenes (HKE), halogenated alkanes (HKA), aro-
matic hydrocarbons (ARHs), aromatic hydrocarbon derivatives (ARHD), and sulfides
(SCs) [22,23,38,76,125,132-135]. Using 34 standard solutions, compounds in fume sam-
ples were categorized into four groups: HKE, HKA, ARHs, and ARHD. Analysis of all
18 samples detected only 21 compounds. All detected compounds fell into these four
groups. Group concentrations per sample are shown in Figure 3 and Table 4. Total VOC
concentrations (sum of all groups) appear above each bar.
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Figure 3. Total and composition concentration of all test groups.
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Table 4. The total and composition concentration of all test groups (ng/ m?).

Total | HKE HKA ARHs ARHD
Group Concentration (me/m?) (ug/m?) (me/m?) (ug/m?)
(mg/m3) & Hg & Hg
BA 14 0.5 20.2 0.8 0.0
SBS 2.9 14 0.0 1.5 0.0
SA10 1.3 0.5 3.0 0.8 0.0
SA15 2.0 0.4 2.5 1.6 0.0
SA20 3.1 2.7 7.2 0.4 0.0
SN15 8.1 3.0 1.1 5.1 0.0
SN10 7.3 2.4 1.9 49 0.0
N10 3.2 15 0.0 1.7 0.0
N15 5.5 3.2 7.2 2.3 7.2
N20 3.9 2.2 6.9 1.7 3.9
N15W1 1.5 0.7 16.4 0.7 0.0
N15W2 5.2 1.8 11.8 3.5 0.0
N15D1 3.6 1.9 0.0 1.7 0.0
N15D2 6.4 2.6 15.8 3.7 0.0
N15D3 5.8 2.0 2.9 3.8 0.0
A10 6.9 2.6 0.0 4.2 2.6
Al5 6.7 5.4 13.9 14 0.0
A20 4.6 3.5 0.0 1.1 0.0

3.2. Composition Concentration Variation

Figure 4 and Table 5 show, for each sample group, the number of VOC compounds
categorized by concentration proportion: >10%, 1%-10%, and <1%. It also displays the
cumulative concentration proportion from compounds exceeding 10%.
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Figure 4. Total and proportion of compounds in VOC emissions of all test groups.
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Table 5. Total and proportion of compounds in VOC emissions of all test groups.

>10% Percent 1%-10%

Group (%) >10% Number Number <1% Number
BA 83.9 3 5 1
SBS 71.6 3 4 1

SA10 83.1 3 5 1
SA15 88.8 3 3 4
SA20 82.3 1 6 7
SN15 87.6 3 3 5
SN10 78.7 3 4 4
N10 55.6 2 8 0
N15 77.5 2 6 2
N20 75.5 2 5 4

N15W1 86.7 3 2 5

N15W2 81.8 3 6 3

N15D1 67.5 2 7 2

N15D2 82.3 3 4 5

N15D3 81.3 3 4 5
A10 67.9 3 7 2
Al5 794 1 5 2
A20 91.2 2 3 2

3.3. Potential of Secondary Organic Aerosols (SOA) and Ozone (O3) Formation

VOC emissions harm humans and the environment through photochemical re-
actions that generate ozone (Os3) and secondary organic aerosols (SOA) [136]. Two
indices—ozone (O3) formation potential (OFP) and secondary organic aerosol formation
potential (SOAFP)—identified key VOC species contributing to O3/SOA formation and
qualified environmental burden across all samples. OFP was calculated using the maximum
incremental reactivity (MIR) coefficient (Equation (1)) [137-144].

OFP; = VOCs; x MIR; 1)

where OFP; is the ozone formation potential of certain compound i in VOCs (ug/m?);
VOCg; is the corresponding compound concentration (ug/m?3); and MIR; is the maxi-
mum incremental reactivity coefficient of certain substance i in VOCs from William P.L.
Carter [140].

The fractional aerosol coefficient (FAC) method estimates SOA formation using re-
ported FAC values (the ratio of the aerosol yield from a specific compound to its initial
concentration [138,139]) and the measured VOC concentrations [145-147]. The potential
of SOA formation (or SOA concentration, j1g/m?) of a species i can be calculated by the
following equation: [148].

SOAFP; = VOCs; x FAGC; ()

where SOAFP; is the SOA formation potential of certain compound i in VOCs (ng/m?);
VOCs; is the compound concentration (ug/m?), and FAC; is the aerosol formation coeffi-
cient of certain compound i in VOCs from Derwent et al. [138,148-150].

To assess the environmental burden of compounds in VOC emissions, Table 6 summa-
rizes the contribution ratios of VOC species to SOA and O3 formation across all sample
groups. “N” in Table 6 denotes a negligible contribution to SOA /O3 formation. Consistent
with U.S. Environmental Protection Agency (EPA) stationary sources AP-42 and California
Air Resources Board (CARB) VOC exemptions, the HKE compounds exhibit negligible SOA
formation potential. The ozone (O3) and SOA formation potential of the VOC emissions
are calculated using Equations (1) and (2), based on the contribution ratios for all tested
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compounds (Table 6) and their concentrations (Figure 3 and Table 4). All calculated results

are presented in Figure 5.

Table 6. The contribution ratios of detected substances in VOC emissions.

Serial c d Contribution Value Serial c d Contribution Value
No. ompoun SOA/% 05 No. ompoun SOA 0;
1 1,1-dichloroethylene N 1.7 11 tetrachloroethene N 31 x 1072
2 chloropropene N 12.22 12 chlorobenzene N 0.32
3 methylene chloride N 1.87 x 1072 13 ethylbenzene 5.4 3.04
cis-1,2-
4 dichloroethene N 1.79 14 pm-xylene 3.15 9.75
5 chloroform N 0.03 15 styrene 5.7 1.73
6 1,2-dichloroethane N 0.21 16 o-toluene 5 7.64
7 benzene 2.6 0.72 17 4-ethyltoluene 2.5 4.44
8 carbon tetrachloride N 0 18 1,3,5-triethyltoluene 29 11.76
9 toluene 5.4 4 19 1,2,4-triethyltoluene 2 8.87
10 1,1,2-trichloroethane N 8.6 x 1072 20 124 N N
trichlorobenzene
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Figure 5. Formation potential of ozone (O3) (a) and SOA (b) by VOC emissions of all test groups.

3.4. Human Carcinogen Risk Analysis

According to the International Agency for Research on Cancer (IARC) carcinogen

list of the World Health Organization, substances classified as group 1 carcinogens are

confirmed anthropogenically determined human carcinogens with unequivocal evidence of

carcinogenicity from extensive scientific investigation. Group 2A carcinogens are probable

human carcinogens, with limited human evidence but sufficient evidence in experimental

animals. Group 2B carcinogens are possible human carcinogens with inadequate human

evidence and insufficient animal data. Carcinogen risk indices for detected compounds in

VOCs with potential human carcinogenic risk are presented in Table 7. Figure 6 presents

human carcinogenic and non-carcinogenic risk analysis results of VOC emissions across all

sample groups.
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Table 7. Human carcinogen risk analysis results.

No. Name Carcinogen Risk
1 Benzene TARC 1
2 1,2-dichloroethane IARC 1
3 Trichloroethylene TIARC 1
4 Tetrachloroethylene IARC 2A
5 Methylene chloride TARC 2A
6 Styrene TIARC 2A
7 Carbon tetrachloride IARC 2B
8 1,1-Dichloroethylene IARC 2B
9 Chloroform IARC 2B
10 Ethylbenzene IARC 2B
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Figure 6. Human carcinogen risk analysis of VOC emissions of all test groups.

4. Discussion
4.1. Total Concentration Analysis

Figure 3 shows that not all four compound groups appear in every sample; some
contain only two or three groups. ARHD and HKA concentrations fell below the 20 pg/m?
detection threshold and thus are not displayed. Consequently, HKA and ARHD did not
constitute primary sample components. Since HKA and HKE are halogenated hydrocar-
bons (HHs) and ARHD derives from ARHs, compounds were regrouped as HHs and
ARHs. VOC results are therefore categorized as HHs and ARHs, with their proportions
showing a consistent trend across samples. Asphalt fume emissions constitute a complex
system influenced by multiple factors.

Total VOC concentrations in Figure 3 represent the sum of four compound groups.
SBS-modified asphalt emitted 2.9 mg/m3 total VOC emissions, 2.1 times higher than the
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BA sample (BA, 1.4 mg/m?). This result could be explained by the fact that the resin and
asphaltene in SBS-modified asphalt binder began to volatilize at a higher temperature
(180 °C) [151], while its spatial network structure only constrains the evaporation of certain
compounds ~ 180 g/mol. Previous work [23] confirms higher VOC emissions from SBS-
modified versus base asphalt mixture. However, other studies [102,134,152,153] reported
that SBS could mitigate the VOC emissions and exhibit a fume suppression effect; the
analyzed VOC profiles in these prior studies differed substantially from those in this paper.

Non-activated CR-modified sample groups (N10, N15, and N20) showed total VOC
emissions 2.3 times, 4.0 times, and 2.9 times higher than BA, respectively. This aligns
with the existing literature [28,125,129,154-156]. Prolonged high-temperature exposure
causes non-activated CR particles to swell and degrade, resulting in significant VOCs.
At 10%-15% CR content, increased non-activated CR particle loading required greater
absorption of base asphalt’s lightweight fractions for swelling. Consequently, the molecular
chain (main chain/crosslink bond) approached maximum tensile strength, increasing
susceptibility to disruption [157]. Elevated temperature ruptured certain main chain and
crosslink bonds within non-activated CR particles, releasing additional VOCs [44]. Above
15% non-activated CR content, excessive non-activated CR particles continued to absorb
more lightweight fractions, inhibiting VOCs evaporation [80,130,158]. Depleted lightweight
fractions prevent full non-activated CR particle swelling and degradation, also suspending
volatilization of small/medium asphalt components. Similar non-activated CR-dependent
emission behavior at higher temperatures is documented [154,159].

N15W1 and N15W2 samples contained 0.5% liquid (W1) and solid (W2) warm-mix
additives, respectively, added to the N15 group. At identical temperatures, the N15W1 sam-
ple emitted significantly fewer VOCs than N15 and N15W2, while remaining slightly above
BA sample levels. N15W2 sample emissions were marginally lower than the N15 sample
but 3.58 times that of N15W1. It can be calculated that the doping of W1 warm-mix additive
reduced the total VOC emissions by 73%. The W1 warm-mix additive is a surfactant-based
additive containing both lipophilic and hydrophilic groups. When blended with asphalt,
surfactant gel groups envelop smaller asphalt molecules via lipophilic interactions. This
encapsulation inhibits the emission of smaller molecular or lightweight fractions in the
asphalt binder [151]. Simultaneously, the nitrogenous organic compounds (Lewis bases) in
the W1 warm-mix additive react with asphalt sulfides (Lewis acids), further prompting the
decline of VOC emissions. The W2 warm-mix additive’s stable structure limits reactivity
with asphalt. Consequently, the N15W2 sample showed minimal VOC emission reduction
versus the N15 sample. In this paper, samples containing warm-mix additives were tested
with the same temperature as those without additives. Consequently, the isolated effect of
the warm-mix additives was analyzed. Future studies should investigate the combined
influence of temperature and warm-mix additives.

Solid deodorant was added to the N15 sample at 0.1% (N15D1), 0.2% (N15D2), and
0.3% (N15D3). The N15D1 sample showed 34% lower VOC emissions than the N15 sample
at 0.1% deodorant loading. However, the VOC emissions increased by 18% and 6% at 0.2%
and 0.3% deodorant loading. Without a micropore/layered structure, the deodorant’s VOC
absorption ability would not be enhanced regardless of content.

Activated CR particle was incorporated at 10% (A10), 15% (A15), and 20% (A20). The
A10 sample showed peak VOC emissions, with the A15 and A20 samples decreasing by
2% and 33%, respectively, versus the A10 sample. Higher activated CR content absorbs
more lightweight fractions in the asphalt binder, increasing asphalt viscosity. The increased
asphalt viscosity restricts molecular mobility, limiting VOC emissions. Activated CR
samples emitted 2.15 times (A10), 1.24 times (A15), and 1.17 times (A20) more VOC
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emissions than non-activated CR counterparts at equivalent CR content conditions. This
result can be explained by the fact that the activation procedure used in this paper breaks
certain chemical bonds of the CR particle; the fume would more easily escape, which
contributes to the increased VOC emissions. This outcome was inconsistent with the
findings in reference [130], in which CR pre-treated with microwave activation, waste
cooked oil (WCO) swelling, microwave/WCO combined, HCI solution soaking, and NaOH
solution soaking reduced VOC emissions in the corresponding modified asphalt. Microbial
pretreatment (7-14 days) for CR helped in reducing VOC emissions of the corresponding
CR-modified asphalt [131]. The outcome suggested that solution immersion removes VOC
precursor substances from CR particles but minimally weakens the chemical bond of CR
particles. The chemical bond, like the S-S bond, prefers to rupture at high temperature due
to lower dissociation energies [160].

Adding 2% SBS modifier to non-activated CR-modified asphalt increased VOC emis-
sions by 128% (SN10) and 49% (SN15), respectively. SN15 and SN10 samples showed
the highest and the second-highest VOC emissions overall. The SBS modifier absorbs
the lightweight fractions in the asphalt binder. Leaving insufficient lightweight fractions
for non-activated CR particles swelling, this prolongs the degradation of untreated CR
particles under thermal conditions and increases VOCs release. The CR particles undergo
simultaneous swelling /degradation during prolonged thermal conditions [161]. Degrada-
tion weakens chemical bonds and ruptures the net structures of the CR particles, releasing
additional fumes.

With activated CR, SBS addition reduced VOC emissions by 81% (SA10), 69% (SA15),
and 33% (SA20), respectively. Gel permeation chromatography (GPC) analysis [151]
showed VOC emission molecular weight ranging from 0 to 1000 across binders. According
to the analysis results, most VOC emissions (83%) comprised 100-299 g/mol compounds,
with 15% at 300 to 399 g/mol. Thus, low molecular weight species dominated the VOC
profiles. Consequently, the additive or the structure of modified asphalt that immobilizes
lightweight asphalt fractions effectively suppresses VOC emissions. Activated CR’s broken
chemical bonds enhance reactivity with SBS modifiers, forming a stable, easily spatial
network structure that traps saturates/aromatics as less volatile compounds [162]. The
improved net-shaped structure encapsulates lightweight fractions or smaller molecular
substances, preventing leakage. It further prompts small molecule conversion to macro-
molecular, enhancing the cohesive force of molecules and increasing the viscosity of the
combined modified asphalt [153]. This mechanism inhibits VOCs volatilization, aligning
with [151], where absorption of lightweight components reduced 200-400 g/mol volatiles.

4.2. Composition Concentration Variation Analysis

As evident from Figure 4, the number of VOC compounds emitted from all tested
samples ranged from 7 to 13. In samples SA10, SA15, and SA20, the number of emitted
VOC compounds increased with the proportion of activated CR. A similar trend occurred
in groups of SN10, SN15, and N10, N15, and N20. An increased proportion of CR par-
ticles enhanced interaction with the asphalt binder, consequently prompting the release
of VOCs compounds.

Compositional analysis revealed that only one to three kinds of compounds per sample
exceeded 10% concentration. However, these dominant compounds collectively accounted
for 56% to 91% of total VOC emissions. In three samples (N10, N15D1, and A10), dominant
compounds (>10% concentration) accounted for less than 70% of total VOC emissions. This
indicates that higher-concentration compounds contribute over half of VOC emissions in
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all samples, while other species are trace substances. Targeting these dominant compounds
is therefore the most effective strategy for reducing total VOC emissions.

Six VOC compounds consistently exceeded 10% concentration: trichloroethylene, toluene,
p.m-xylene, styrene, o-xylene, and 4-ethyltoluene. Trichloroethylene was detected in all sam-
ples, with concentrations ranging from 20% to 79%, consistent with reference [133]. Therefore,
based on convergent evidence for its definitive identification, trichloroethylene—which ex-
hibited the highest concentration in most samples—is the primary target for mitigation, with
the exception of samples SA15 and N15W2. However, numerous previous studies have
not detected the trichloroethylene in VOCs of tested samples. It is widely accepted that
trichloroethylene should not be present in asphalt binder, SBS, or CR. This consensus contrasts
sharply with the findings of this study. It is hypothesized that the trichloroethylene may
originate from the base asphalt, which was contaminated with trichloroethylene. Further
studies should focus on the original base asphalt resource to eliminate the influence of un-
usual composition. Toluene was detected in 13 groups (excluding SA20, N10, N15, A15,
and A20), with concentrations ranging from 12% to 55%, making it the second mitigation
priority. Styrene and o-xylene were detected in five samples, 4-ethyltoluene in three groups,
and p-xylene/m-xylene solely in sample A20. Trichloroethylene and toluene were the most
prevalent compounds across all tested samples.

4.3. Potential of Secondary Organic Aerosols (SOA) and Ozone (O3) Formation Analysis

According to the analysis in Section 4.2, although trichloroethylene is a compound
detected at relatively high concentrations, the previous literature suggests that its presence
may result from contamination of the base asphalt. In order to more accurately assess the
potential risks of VOCs in asphalt, trichloroethylene will be excluded from the discussion
in Sections 4.3 and 4.4. Figure 5a shows that ARH compounds were the main contributors
to OFP. Aromatic hydrocarbons (ARHs) contribute to OFP by participating in tropospheric
photochemical reactions with nitrogen oxides (NOx = NO + NO;) and radicals. This
process involves sunlight-driven chain reactions, where ARHs act as key precursors. The
OFP contribution of VOC emissions did not correlate with their total concentration of
distribution across all samples. Sample N15W1 exhibited lower OFP values, indicating that
the W1 warm-mix additive inhibits ozone formation. Samples SN10 and SN15 contributed
most to OFP, whereas groups N10, N15, and N20 contributed less. This difference arises
because the SBS modifier prompts emissions of toluene and o-xylene, compounds exhibiting
high concentrations and high ozone formation potential. The W2 warm-mix additive had
an adverse effect on ozone formation inhibition. OFP results for samples N15D1, N15D2,
and N15D3 indicate that deodorant content did not significantly influence ozone formation
inhibition. Activated CR-modified asphalt sample (A10) showed higher OFP values than
non-activated samples, while samples of A15 and A20 showed smaller OFP values. Samples
SA10, SA15, and SA20 exhibited lower OFP values than the corresponding activated CR-
modified asphalt samples (A10, A15, and A20). This demonstrates that the combined
CR and SBS modification enhanced ozone formation inhibition, thereby reducing the
environmental impact of CR-modified asphalt application.

Since not all compounds contribute to SOA formation, the SOAFP distribution differed
from both OFP and total VOCs concentration distribution across samples. HH compounds
contributed most significantly to SOA formation. Samples N10, N15, and N20 exhibited higher
SOAFP values than the BA and SBS samples. Similarly, activated CR-modified samples (A10,
A15, and A20) exhibited higher SOAFP, indicating that CR particles comparably promote
SOA formation in the asphalt binder. The W1 warm-mix additive significantly inhibited
SOA formation, reducing its harmful environmental effects. Conversely, the W2 warm-mix
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additive and deodorant showed a moderate inhibitory effect on SOA formation. CR/SBS-
modified asphalt samples (SA20, SN10, and SN15) exhibited elevated SOAFP values due to
high trichloroethylene concentration. Trichloroethylene, with an aerosol formation coefficient
(AFC) of 5%, emerged as the primary SOA formation contributor, heightening the risk of haze
pollution (e.g., PM2.5). Therefore, a VOC species’ contribution to SOA depends not only on its
AFC value but also on its concentration. Consequently, trichloroethylene is the primary target
for SOA pollution control; reducing its emissions would effectively mitigate SOA pollution.

4.4. Human Carcinogen Risk Analysis

According to the carcinogen risk indices of compounds in VOCs detected in all sam-
ples, Table 5 identifies three class 1 carcinogens in VOC emissions: benzene and 1,2-
dichloroethane. As previously noted, benzene and trichloroethylene were detected in all
samples. Trichloroethylene concentration varied significantly across samples, ranging from
0.4 mg/m? (SA15) to 5.3 mg/m? (A15). The percentage of concentration of trichloroethylene
in total VOC emissions exhibited an enlarged range, accounting for 20% (SA15) to 79% (A15).
Only the SA15 sample contained <30% trichloroethylene, while five samples exceeded 50%.
Thus, trichloroethylene represents the highest-priority carcinogen due to its dominant concen-
tration and risk. Therefore, it is crucial to verify the origin of trichloroethylene. Consequently,
trichloroethylene will be excluded from the discussion in this section to enable a more precise
analysis. Benzene (also a class 1 carcinogenic substance) was detected in all samples, with
concentrations ranging from 1.9 ug/ m3 (N15W1) to 0.6 mg/ m?3 (N15D1). Benzene concen-
trations were consistently lower than trichloroethylene’s concentration, constituting 0.1% to
9% of total VOC emissions. Given its lower but non-negligible concentration, benzene reduc-
tion measures are warranted. 1,2-Dichloroethane appeared in six samples (2.5-11.8 ug/m?),
contributing <0.3% of total VOC emissions—insignificant for carcinogen risk.

Tetrachloroethane, methylene chloride, and styrene are class 2A carcinogens (probable
human carcinogens). Methylene chloride appeared only in the N15 sample (1.1 pg/m?) and
the N15W1 sample (13 pg/ m?). Tetrachloroethane occurred in six samples (0.8-11.7 ug/ m?),
exceeding 2 pg/m? only in the N15W1 sample. Dichloromethane and tetrachloroethane
(class 2A carcinogens) showed lower concentrations and limited occurrence compared to
class 1 carcinogens. Thus, tetrachloroethane and methylene chloride (class 2A carcinogens)
pose minimal carcinogen risk. Styrene was the predominant class 2A carcinogen, detected
in 13 samples at 12.8 ug/m>-1.1 mg/m? (0.2%-26% of total VOC emissions).

Four class 2B carcinogens were identified: carbon tetrachloride, 1,1-dichloroethene,
chloroform, and ethylbenzene, showing variable occurrence and concentrations. Carbon
tetrachloride appeared solely in N15W1 (3.3 pg/m?). 1,1-Dichloroethene occurred in the
SA20 sample (4.6 pg/m3) and the N15W2 sample (21.9 pg/m?). Chloroform appeared in
six samples (0.8 ug/m?), contributing <1% of total VOC emissions. Ethylbenzene occurred
in ten samples (7-474 pug/m3, 0.1%—7%), making it the most significant class 2B carcinogen.

HHs constituted a significantly larger proportion of Table 5 compounds than ARHs.
Thus, HH contributed most to the human carcinogen risk for all VOC emissions. Mitigation
strategies should target HHs volatilization and concentration to reduce human carcinogen
risk in CR-modified asphalt.

According to previous research, not all VOC compounds pose a human health risk.
Non-carcinogenic risks encompass VOCs” health effects excluding cancer and genetic
mutations [133,163]. Compounds of VOC emissions should be classified via the globally
harmonized system of classification and labeling of chemicals (GHS) for health hazards,
acute toxicity, or environmental hazards. Figure 6 shows varying proportions of non-
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carcinogenic risk substances across samples, with all samples exceeding 70% (72%-98%).
Therefore, non-carcinogens dominate VOC emissions in most samples.

4.5. VOC Emission Mechanism Analysis

VOC emissions in non-activated CR-modified asphalt arise from physical volatil-
ity and chemical decomposition. Non-activated CR particles contain networks of stable
S-S bonds and C-S bonds, resulting in a smooth surface and inertia characteristic that
exhibits poor compatibility with asphalt binder [130,154]. Non-activated CR particles
(crosslink density >1.5 x 10* mol/cm?) [154] illustrate poor interfacial interaction with as-
phalt binder and limited swelling (<120%), absorbing minimal lightweight asphalt fractions.
Non-activated CR modification relies on physical filling and limited swelling, exhibiting
poor absorption of lightweight asphalt fractions. Most lightweight fractions remain sus-
pended in the asphalt binder and volatilize at elevated temperatures. However, unevenly
distributed non-activated CR particles partially inhibit the volatilization of lightweight frac-
tions through the physical barrier [76]. The volatilized substances in processing additives
(vulcanization accelerators, antioxidants, plasticizers) remain trapped within non-activated
CR’s dense crosslink net structure due to limited swelling rate (<120%), inhibiting volatiliza-
tion [154]. Elevated temperatures and shear degrade swollen non-activated CR particles,
breaking part of 5S-5/C-S bonds and releasing low molecular weight additive decomposi-
tion products that increase VOC emissions [134,154,155].

Activated CR modification employs absorption inhibition and structural stability to
control VOC emissions. Activation disrupts CR particles” crosslink networks and dense
structure, therefore increasing specific surface area (30%-50%) while reducing crosslink density
(<0.3 x 10~* mol/cm?) [154]. This enhances asphalt compatibility and swelling capacity (from
<120% to 200%-300%) [130,154,155]. Activated CR modification involves multi-level swelling
and interface enhancement, where VOC adsorption occurs when the pore diameter of porous
materials exceeds molecular size [164]. Activated CR’s spongy-like micropore structure and
swelling ability absorb lightweight asphalt components (saturated and aromatic components)
via van der Waals force and capillary effect, preventing high-temperature volatilization
and reducing VOC emissions [131,155]. Excessive activation (too many crosslink bonds
were disrupted) or high-temperature cleavage of unstable bonds (e.g., single sulfur bond)
overwhelms the absorption ability of lightweight asphalt fractions, increasing VOC emissions
through accelerated molecule mobility at high temperature [154,155].

Activated CR particles exhibit significantly enhanced swelling, absorbing substan-
tial lightweight asphalt fractions during the early modification stage. Over-enhanced
compatibility between activated CR particles and asphalt binder causes (1) excessive
swelling loosens activated CR structure, weakening van der Waals force/capillary ab-
sorption forces/lightweight asphalt fraction absorption ability. Absorbed lightweight
fractions by activated CR particles volatilize under increased high-temperature molecular
motion [154]. (2) Active surface groups (-SH, C=C) on the surface of activated CR parti-
cles generated during the activation effectively bond with polar asphalt components (e.g.,
resin), improving activated CR/asphalt compatibility, but compatibility remains limited.
Small gaps, existing in the interface of activated CR particles and asphalt binder, became
the evaporating tunnel for VOC substances [76]. The activated CR particles aggregated
due to limited compatibility, which displaces the lightweight asphalt fraction within the
activated CR particles aggregation area to free phases [61,154], thus, high-temperature
VOC volatilization was enhanced [76,130].

SBS modifier forms a continuous 3D elastic network: styrene hard segments in SBS
create physical crosslinking while butadiene soft segments establish an elastic continuous
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phase. This network encapsulates lightweight asphalt fractions (saturated and aromatic
components) and volatile substances evaporated from the swelling of CR particles [76,134].
SBS reduces total VOC emissions by 47%. The core mechanism of VOC decline was that the
network formed by the SBS modifier significantly reduces the diffusion rate of lightweight
fractions and inhibits high-temperature volatilization [134].

The emission suppression of non-activated CR/SBS combined modified asphalt binder
relies on limited physical absorption. The match between non-polar rubber and polar segments
of SBS is low; therefore, non-activated CR particles and SBS modifier exhibit poor compatibility
and cannot form a collaborative network. The modification mechanism of non-activated
CR/SBS combined modified asphalt binder is an independent network and a limited hybrid.
The inert surface of non-activated CR particles is difficult to combine with the chain segment
of the SBS modifier; the SBS modifier constructs a network alone, and non-activated CR
particles would be embedded into the network in the form of an isolated island. The network
of SBS cannot effectively package the non-activated CR particles; the effect of the SBS network
is influenced by the reunion of non-activated CR particles, and the synergistic effect of the
SBS network and non-activated CR particles is difficult to exhibit. The gap that existed in the
network due to the interface separation phenomenon in the combined modification system
became a volatilizing tunnel of VOCs and cannot hinder the VOCs dispersion [76].

The introduction of the SBS modifier increases swelling in non-activated CR particles
but inadvertently promotes VOC emissions. In the combined modification system, the SBS
acts as an interface compatibilizer: its butadiene segments bond to the rubber chain segment
in non-activated CR particles, increasing swelling from <120% to 150%—180%. Enhanced
swelling disrupts the dense crosslinking structure in non-activated CR particles, releasing
part of the encapsulated volatile substances (vulcanization accelerators, antioxidants, plas-
ticizers) [154]. Improved compatibility of asphalt/non-activated CR particles enables more
uniform dispersion of non-activated CR particles, partially disrupting agglomeration-induced
physical barriers. Lightweight asphalt fraction volatilizes through the phase gap between as-
phalt and non-activated CR particles [61,76]. At 2% concentration, SBS forms a discontinuous
elastic network that inadequately encapsulates volatile substances. The compatibility effect of
SBS outweighs the inhibition effect; therefore, SBS may turn out to be the evaporating tunnel
for VOCs, increasing the total VOC emissions concentration. Low SBS content thus reduces
the inhibition effect on VOC emissions in non-activated CR/SBS combined modified asphalt
binder.

Activated CR/SBS systems inhibit VOC emissions through three mechanisms: physi-
cal absorption, chemical control, and network collaboration. Enhanced physical absorp-
tion/chemical control of activated CR particles was previously described. The effect of
SBS addition will be discussed. Activated CR particles exhibit a higher swelling rate.
The high temperatures, excessive swelling rate, and broken micropore structure of non-
activated CR particles cause the non-activated CR structure to become loose, leading to the
desorption and volatilization of absorbed lightweight asphalt fractions. The SBS spatial
network restricts excessive swelling of activated CR particles through steric hindrance.
SBS chain segments interpenetrate pores in activated CR particles, forming mechanical
constraints and interpenetrating structures between SBS and activated CR particles that
maintain swelling at 180%-220% and prevent the activated CR structure from loosen-
ing [76]. SBS acts as an interface compatibilizer, enhancing asphalt-activated CR particle
compatibility. Its butadiene segments (non-polar) bind surface-activated groups (-SH, C=C,
—-OH, -COOH) on activated CR particles [165], immobilizing absorbed VOC precursors
at the interface of CR-SBS and reducing desorption probability [61,76]. Its styrene seg-
ments in SBS (highly polar) bond polar asphalt fractions (asphaltenes, resin) via hydrogen
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bonding/dipole interactions, strengthening the interface bond. SBS butadiene segments
(non-polar) combined with a rubber chain (polyisoprene, butadiene) [61,76] to form a
dense, three-phase continuous structure by the interpenetration of the swelling phase of the
activated CR particles and the SBS spatial network [61,154]. This structure prompts uniform
activated CR particle dispersion and minimized phase gaps that serve as VOC migration
pathways. VOC diffusion coefficient emissions decreased by 40%—60% due to restricted
volatilization through phase interfaces in the dense three-phase structure [61,76]. The net-
work physically blocks VOC emissions, particularly small-molecule alkanes and aromatics.
Uniform activated CR particle dispersion prevents localized high-temperature areas that
concentrate lightweight fractions evaporation [130,154]. Activated CR particles exhibit
enhanced micropore thermal stability, and the swelling—shrinking process of activated CR
particles is more gentle. The interpenetration networks formed by SBS distribute thermal
stress, maintaining structural integrity. Thus, this network cannot be easily destroyed,
preventing sudden VOC release at high temperatures. Consequently, activated CR/SBS
systems maintain stable, low-concentration VOC emissions [61,154]. Table 8§ summarizes

VOC emission inhibition mechanisms across all CR-modified asphalt samples.

Table 8. The inhibition mechanism of different CR-modified asphalt.

System Type

Structural Characteristics

VOC Emission Mechanism

Key Difference Symbols

Non-activated
CR-modified
asphalt

Activated
CR-modified
asphalt

Non-activated
CR/SBS combined
modified asphalt

Activated CR/SBS
combined
modified asphalt

Dense crosslink network (intact
5-S/C-S bonds)

Limited swelling (<120%)

Gaps exist in the asphalt matrix

Porous sponge-like structure
(broken crosslinks)

High swelling (200%-300%)

Capillary adsorption effect

”

CR agglomerates into “islands
Fragmented SBS network
Obvious phase separation with
&aps

Activated CR and SBS form an
interpenetrating continuous
network

Triple suppression mechanism
(adsorption, bonding,
encapsulation)

Good high-temperature stability

1. Physical volatility: Light fractions
escape through gaps (k% —11)

2. Chemical decomposition: Additive
release (XX

3. High volatility (gaps act as emission
channels)

1. Adsorption: Porous structure traps

light fractions 3
2. Capillary retention: Restricts light
fraction escape (" ")

3. Over-activation: Structural collapse
leads to desorption (L4—11)

1. Gaps act as VOC tunnels
/= XX)

2. SBS-enhanced emission (additive
release)

3. Low SBS (2%) causes network
discontinuity, failing to contain
emissions

1. Synergistic suppression: Physical
adsorption + chemical bonding
(-SH/SBS binding) + network
encapsulation

2. VOCs diffusion reduced by 40%-60%

3. Uniform heat distribution and stable
structure at high temperatures

% % : Floating light fractions
X X: Volatilized VOCs
11: Emission direction

Adsorbed fractions

" " Capillary retention
LI: Structural collapse

YOVE Gap channels
X X: VOC emissions

5. Conclusions

This study analyzed VOC emission characteristics from CR-modified asphalt binder
with varying CR types, CR contents, and additives using GC-MS. How CR-modified
asphalt binder parameters influence total VOC emissions, composition concentration
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variation, potential of secondary organic aerosols (SOA) and ozone (O3) formation, and
human carcinogen risk analysis was evaluated. The VOC emission mechanisms across CR
modification types were analyzed, with conclusions summarized below.

(1). Increasing non-activated CR content initially elevates total VOC emissions.
Peak VOC emissions occur at 15% non-activated CR content (3.99 times that of base
asphalt). At 20% CR content, VOC emissions decrease due to the lightweight asphalt
fraction. Higher non-activated CR contents increase compound diversity and shift the
composition of VOC emissions toward the HHs group, dominated by trichloroethylene
(20%—-79%). These also elevate SOA formation potential while showing lower OFP values
than SBS-modified asphalt.

(2). Surfactant warm-mix additive (W1) reduces the total VOC emission concen-
tration by 73% in 15% non-activated CR content asphalt through lightweight fractions
encapsulation and sulfide reaction. Warm-mix additive (W2) shows a negligible reduction.
W1 significantly suppresses OFP, while W2 marginally reduces SOAFP, demonstrating
differential efficacy. W1 minimizes carcinogenic trichloroethylene and benzene.

(3). Additionally, 0.1% deodorant reduces VOC emissions by 34% in 15% non-activated
CR-modified asphalt, but higher doses (0.2%-0.3%) increase emissions by 6%-18% due to
the non-porous structure. Deodorants show limited VOC emission inhibition efficacy and
negligible OFP/SOAFP impact.

(4). Activated CR-modified asphalt shows peak VOC emissions at 10% CR content
(A10); A15 and A20 show 2% and 33% reductions versus A10. However, activated CR-
modified asphalt VOC emissions exceed non-activated counterparts at equal contents.
Trichloroethylene dominates, with diversity increasing with CR content. OFP increases due
to ARHs, while SOAFP remains high (HHs-driven).

(5). Non-activated CR/SBS compound blends increase VOC emissions by 128% (10%
CR content) and 49% (15% CR content) due to phase gaps and additive release. OFP peaks
are due to toluene/o—xylene. Activated CR/SBS compound blends reduce VOC emissions
by 81% (10% CR content) and 69% (15% CR content) through triple synergy: adsorption,
SBS-CR bonding, and network encapsulation. OFP decreases, while SOAFP correlates with
trichloroethylene.

(6). Class 1 carcinogen benzene (0.1%-9%) was ubiquitous. HHs contribute >70% of
the carcinogenic risk. Non-carcinogenic risks exceed 70% in all samples. Activated CR/SBS
combinations reduce carcinogen proportions.

(7). Non-activated CR particles feature dense crosslinks and low swelling (<120%),
releasing VOCs through bond breakage and poor lightweight asphalt fraction absorption.
Activated CR exhibits a porous structure and high swelling (200%-300%), absorbing VOCs
but risking structure collapse at high temperatures, which prompts VOCs. SBS addition
creates interpenetrating networks with activated CR, reducing VOCs by 40%—-60%. Non-
activated CR/SBS blends suffer phase separation, creating VOCs diffusion pathways.

Non-activated CR’s dense crosslink structure and poor compatibility create barri-
ers that inhibit inner compound release, lowering total VOC emissions. SBS improves
compatibility with asphalt and prompts non-activated CR swelling (150%-180%), disrupt-
ing physical barriers and creating an incomplete network. Then, the diffusion tunnels
and releasing efficiency of VOCs will be enhanced, and the volatilizing composition in
non-activated CR particles and lightweight asphalt fractions will evaporate by the phase
gap between non-activated CR and asphalt. SBS/non-activated CR interactions decom-
pose part of the stable fractions (heavy aromatic hydrocarbons) into small molecular VOC
compounds, increasing VOC emissions. Thus, SBS dose and CR activation status jointly
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influence VOC emissions, with low SBS dose in a non-activated CR system weakening
VOC emission inhibitions.

Activated CR particles rely only on porous structures to absorb part of the VOC
precursors. Without physical network restraint, excessive swelling loosens the structure of
activated CR particles, increasing VOC emissions. In an activated CR/SBS system, porous
structure, network isolation, optimized compatibility, inhibition of excessive swelling,
and reduced temperature sensitivity collectively inhibit VOC volatilization. SBS forms a
higher effective collaborative inhibiting mechanism with activated CR particles, yielding
lower VOC emissions than the non-activated counterparts at equal CR content. This
highlights CR activation’s critical role in VOC emission inhibition. Activation maximizes
SBS network inhibition and CR absorption, demonstrating a synergistic (“1 + 1 > 2”)
emission reduction effect.

While this study provides a comprehensive profile of VOC emissions, certain limita-
tions should be acknowledged. Firstly, although GC-MS is the standard technique for such
analyses, the quantitative accuracy of MS can be influenced by factors such as ionization
efficiency and matrix effects. Although we employed internal standards to calibrate and
improve quantitative reliability, these inherent limitations of the method may affect the
absolute concentrations reported. Secondly, the unexpected presence of compounds like
trichloroethylene, while strongly indicated by convergent evidence (including characteristic
isotope patterns), could be further confirmed in future work using high-resolution mass
spectrometry to achieve unambiguous identification. These points highlight avenues for
more precise methodological development in subsequent studies.
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Abbreviations

The following abbreviations are used in this manuscript:

CR crumb rubber

CRMA  crumb rubber-modified asphalt binders
GC-MS  gas chromatography-mass spectrometry
ACR activated crumb rubber

NCR non-activated crumb rubber
SOA secondary organic aerosol
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Abstract: Infrared spectroscopy is an effective method for studying asphalt aging. To improve the
effectiveness of infrared spectroscopy in asphalt aging, this paper first performs preprocessing of the
infrared spectral signals and divides the full spectrum into six segments. By quantitative analysis
of the relation of noise and signals of different segments, a correlation model between noise and
errors was established and a reasonable signal analysis range was determined. A stable method for
describing the aging degree, which is based on the area change values of the infrared spectral curve
over a wide wavelength range, was determined, and the aging model was established. Based on
the relationship between PAV aging and natural aging, a model has been established to describe the
relationship between the spectral area increase and aging in the asphalt pavement aging process. This
model can be used to determine the actual service time of the asphalt pavement through infrared
spectral analysis.

Keywords: asphalt aging; infrared spectrum analysis; signal preprocessing

1. Introduction

The asphalt pavement, with superior performance and driving comfort, accounts
for a large proportion in high-grade highways and urban roads around the world [1,2].
However, asphalt pavements generally suffer from early diseases such as cracking, rutting,
and raveling, as well as short service life [3]. Apart from design and construction reasons,
the main factors affecting the performance [4] and durability of asphalt pavements under
normal construction conditions are aging and water damage, especially the aging problem,
which is the most common and difficult to prevent. Asphalt aging refers to the physical
and chemical changes that occur on the asphalt’s chemical composition and microstructure
due to long-term exposure to air during storage, transportation, construction, and road
use processes, under the influence of environmental factors such as heat, oxygen, sunlight
(UV), and water. In the early stages of asphalt aging, stiffness and elasticity increase, and
viscosity decreases [5-7]. While in further aging, asphalt modulus increases, leading to
the formation of numerous cracks in the asphalt pavement [8], which deteriorates rapidly
and eventually fails to meet the requirements of traffic loads. In conclusion, asphalt aging
significantly affects the performance of pavement. Therefore, studying the aging process of
asphalt is of great significance [9].

Currently, a large amount of research has been carried out on asphalt aging, and many
experimental methods and indicators have been proposed to evaluate the aging degree of
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asphalt. So far, the most widely studied asphalt aging degree indicators are still the changes
in physical property indicators. Many scholars have studied asphalt aging by conducting
aging experiments on asphalt and then analyzing the changes in asphalt physical properties
such as penetration, softening point, ductility, viscosity, four component contents, creep
stiffness, and dynamic viscoelasticity [10,11]. After years of uninterrupted experimental
exploration, pavement researchers have gained a profound understanding of the changes
in physical properties and performance degradation of asphalt after aging. It is generally
believed that the aging performance changes of different asphalts follow a similar pattern,
namely, with the increase of aging time, the penetration of asphalt gradually decreases,
the penetration index PI increases, the softening point increases, the ductility decreases,
while the viscosity, complex shear modulus, and creep stiffness gradually increase. This
indicates that aging enhances the elasticity of asphalt, weakens temperature sensitivity,
impairs fatigue cracking resistance, and shortens the service life of the pavement.

Although the aging performance of asphalt changes consistently, the differences in
anti-aging performance and durability among different asphalts are significant, which is
the external manifestation of the asphalt’s chemical composition, molecular structure, and
transformation. Therefore, studying the influence of the asphalt’s chemical composition
and molecular structure on its aging performance is of great significance for revealing the
aging laws and mechanisms of asphalt [12,13]. With the advancement of chemical analysis
techniques, research on asphalt aging has gradually shifted from changes in macroscopic
indicators to understanding at the microscopic level. Asphalt belongs to organic molecular
materials, and many researchers use chemical microscopic characterization methods such
as infrared spectroscopy, gel chromatography, elemental analysis, thermogravimetry, mass
spectrometry, etc., to study the changes in the microscopic properties of asphalt before
and after aging and explore the aging mechanism of asphalt. Studies have shown that the
aging of asphalt is mainly due to the reaction of active groups in asphalt with oxygen in the
air, and the oxidation products are mainly carbonyl and sulfoxide functional groups, with
the possibility of generating carboxyl functional groups during deep aging; in addition,
aging also causes changes in the composition and structure of asphalt [14], such as the
volatilization of light components, the transformation of aromatic components into resins,
and the transformation of resins into asphaltene (A (aromatic fraction) — R (resin) — As
(asphaltene)); at the same time, due to the association and condensation between molecules,
the average molecular weight of aged asphalt increases.

However, there are some problems in current research, whether based on physical
performance indicators or microstructure characterization, such as long testing times,
the need for expensive precision instruments, and stringent test conditions. Especially
in the research of the long-term aging performance of asphalt, there are still significant
limitations [15,16]. Furthermore, predicting and evaluating the aging performance changes
of asphalt during long-term use is one of the key technologies for studying the service life
of asphalt pavements [17]. The structural performance of asphalt pavements is directly
related to the aging degree of the asphalt in order to clarify the actual situation of the
pavement, reverse research should be conducted through the indicators of asphalt aging to
achieve optimal control of the timing for preventive maintenance of asphalt pavements.
However, there is currently limited research on the identification of asphalt aging levels
and the prediction of macro performance indicators, which hinders the development of
the road construction and maintenance industry. Therefore, it is crucial to study a fast and
convenient method to predict the service time and performance indicators of asphalt.

The infrared spectroscopy technique is widely used in asphalt material research for
its outstanding advantages, such as easy sample preparation, being label free, fast, non-
destructive, and having low analysis cost [18,19]. Infrared spectroscopy can reflect the
fundamental frequency information of the vibration and rotation of material molecules,
which is the functional group information. By analyzing the intensity of the absorption
peaks, it is possible to qualitatively and quantitatively identify the functional groups
present in asphalt materials. The infrared spectra of asphalt samples generally exhibit

72



Coatings 2024, 14, 1505

12 distinct characteristic absorption peaks, corresponding to the following wavenumbers:
723cm 1,812 em 1,872 ecm 1,969 em 1, 1032 em 1, 1166 cm 1, 1380 cm !, 1460 cm 1,
1600 cm ™1, 1700 cm ™1, 2850 cm ™!, 2920 cm~!. Among them, the strong absorption peaks
near 2920 cm ! and 2850 cm ! are attributed to the stretching vibration of the methylene
C-H bond; the very weak absorption peak near 1700 cm~! corresponds to the stretching
vibration of the C=0 bond; at 1600 cm~!, and in the critical region below 1300 cm~ 1,
the absorption peak at 1032 cm ™! is caused by the stretching vibration of the S=O bond;
the weak absorption peak near 969 cm~! is due to the stretching vibration of C-H; the
absorption peaks appearing between 900-700 cm ™! are attributed to the out-of-plane
rocking vibration absorption peaks of =C-H on the benzene ring. Ren et al. [16,19] identified
asphalt samples from different oil sources by using Fourier transform infrared spectroscopy
and chemometrics. Petersen [20] found that the content of sulfoxide functional groups
reaches a maximum value during asphalt aging. Hda B et al. [21] discovered that the peak
positions in the 2919-2856 cm ! range shift to lower wavenumbers at lower temperatures,
based on Fourier transform infrared spectroscopic analysis of aging experiments at 20 h
and 60 h. In contrast, the peak positions in the 1456-1465 cm~! range shift to higher
wavenumbers. Ge DD et al. [22] found that the IC=0 bond and IS=O bond are important
indicators to evaluate the extent of asphalt aging at different temperatures. Xu Meng
et al. [23] also found that the IC=O bond has the greatest impact on asphalt aging behavior.
Despite many researchers using infrared spectroscopy to study asphalt aging behavior.

However, when using infrared spectroscopy to test complex compounds such as
asphalt, there are often large differences in absorption peak areas and serious interference
from noise, which leads to significant impacts on the accuracy of infrared analysis by the
selection of test spectrum segments and algorithms. Therefore, many scholars have adopted
correlation algorithms to process the spectra and have achieved good results. Zhihui Li,
et al. [15], after comparing various algorithms, including Monte Carlo uninformative
variable elimination (MC-UVE), moving window partial least squares (mwPLS) with
support vector machine (SVM) classifiers, determined 42 discriminant wavenumbers and
examined their stability, providing a feasible method for the rapid identification of asphalt
quality on road construction sites. B. Hofko, et al. [24], based on a large amount of
data, conducted a statistical study on the reproducibility of Fourier transform infrared
(FTIR) spectroscopy analysis, using the coefficient of variation (CV) as the benchmark
parameter, and calculated the carbonyl index and sulfoxide index using baseline correction,
tangent integration, and baseline integration methods. Kang Wang, et al. [25], combined
partial least squares regression (PLS), background correction, and log-scaled unit variance
(LSUV) to achieve detection across the entire spectrum range, demonstrating robustness
in determining the SBS content in modified asphalt in the mid-infrared region. Chuangi
Yan, et al. [26] used PLS for quantitative analysis of REOB content in asphalt binders and
compared the accuracy with traditional PIB peak analysis, obtaining an accurate prediction
model. Sun XT, et al. [27], combined attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) with spectral representation algorithms to quickly determine
spectral characteristics.

Although researchers have provided many calibration models for asphalt infrared
spectroscopy, the establishment of these models often requires a large amount of sample
data, and they have disadvantages such as high workload, high maintenance costs, and
poor stability and cannot be related to the macroscopic performance indicators of asphalt.
To address these issues, this study proposes a new method combining spectral segmen-
tation and signal preprocessing, which solves the problem of poor stability of infrared
measurement technology. Specifically, this method divides the full spectrum into six spec-
tral segments for quantitative analysis of noise and signals, establishes the correspondence
between noise and errors, and achieves detection of the entire spectral range. This method
has the advantages of accuracy, speed, and directness.
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2. Materials and Methods
2.1. Material

The matrix asphalt was selected from China, ZH AH-70 asphalt, referring to the
Chinese standard JTG E20-2011 [28]. The matrix asphalt was short-term aged using the thin
film oven test (TFOT), followed by long-term aging for 5 h, 10 h, 15 h, and 20 h to obtain
six asphalt samples with different aging levels. According to JTG E20-2011, the physical
performance indicators such as penetration, softening point, ductility, rotational viscosity,
and dynamic viscosity of the 6 asphalt samples were tested, and the results are shown in
Table 1.

Table 1. Physical performance indicators of asphalt samples.

Test Items Test Results Technical Requirements
Penetration (25 °C, 100 g, 55)/0.1 mm 64.4 60-80
Softening point (R&B)/°C 48.7 >46
Ductility (15 °C, 5 cm/min)/cm >100 >100
Flash point/°C 267 >260
Solubility /% 99.8 >99.5
Relative density (25 °C/25 °C) 1.030 As measured

2.2. ATR-FTIR Analysis

Fourier transform infrared spectroscopy (FTIR), also known as mid-infrared spec-
troscopy, has a wavelength range of 4000 cm~!~400 cm~!. It is based on the vibrational and
rotational fundamental frequency information of molecules, specifically functional group
information, combined with the strength of absorption peaks to identify compounds [29].
Infrared spectroscopy includes four acquisition modes: transmission, attenuated total re-
flectance (ATR), diffuse reflectance, and specular reflectance (Microscope). ATR is generally
considered the best FTIR test mode for characterizing asphalt, as it provides faster sample
preparation and excellent sample-to-sample reproducibility. Therefore, this paper used
ATR-FTIR (Thermo fisher IS5, Thermo Fisher Scientific, USA) to measure the infrared
spectrum of asphalt samples. The scan number is 128, the resolution is 4 cm ™!, and the
range is 4000-400 cm~!. The initial infrared files obtained from the test were pre-processed
using Thermo Scientific'™ OMNIC Specta™ software, including baseline correction to
eliminate the effects of baseline differences, and the spectrum files were saved in CSV
format for future use.

2.3. Signal Preprocessing

The original signal of the infrared spectrum is influenced by electrical noise, sample
background, and stray light, all of which contain certain errors. Therefore, in order to
improve the accuracy and stability of the model, noise in the spectrum should be eliminated
and the signal-to-noise ratio of the spectrum should be improved before establishing a
regression model for the infrared spectrum. This process is called spectral preprocessing.
Currently, widely used preprocessing methods in near-infrared spectroscopic analysis
techniques include mean centering, standardization, derivatives, smoothing, standard
normal variate transformation, and multivariate scatter correction.

(1) Mean centering (MC)

This method is commonly used in the process of establishing quantitative and qual-
itative models. It can increase the differences between sample infrared spectra, thereby
improving the stability and predictive ability of the models. It is one of the most com-
monly used preprocessing methods for infrared spectra. The process of mean centering
transformation of sample infrared spectra is shown in Equation (1) below:

Xy = Xjp — Xg (1)
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The Xj—mean value of n samples.
x,—mean-centered feature values.
x;x—original feature values.

(2) Standardization

The standardized variation of the spectrum is based on the mean-centered infrared
spectrum, and the specific calculation process is shown in Equation (2):

n 2

Xix — Xk 1 _
Xty = lka;Sk =\ =7 Y (xik — %) )
izl

x' y—standardized feature value.
x;jy—original feature value.
Sy—standard deviation.

(3) Normalization Processing

The purpose of normalization is to make data points fill the data space. The commonly
used method for normalization is interval normalization. This method involves subtracting
each element in the original data set by the minimum value in the column and then dividing
by the range of that column, as shown in Equation (3):

;o Xile — min(xk)
Yike = max(xy) — min(xy) @)

x'—standardized feature value.

x;jy—original feature value.

min(xk)—minimum value in the original data.

max(xy)—maximum value in the original data.

This method can express variables with different dimensions and ranges as data that
are all within the range of 0 to 1. However, this method is very sensitive to outliers, and if
outliers exist, all processed data will be nearly equal.

(4) Derivative method

Spectra may undergo shifts, tilts, and other positional changes due to noise interfer-
ence, which can lead to spectral overlap and affect subsequent modeling. The derivative
preprocessing method can effectively address this issue by eliminating background inter-
ference, correcting drift in baselines, separating overlapping spectra, enhancing spectral
resolution, and sensitivity. However, at the same time, the derivative method can introduce
noise, reduce the signal-to-noise ratio of spectra, and ultimately lower the predictive ability
and regression effect of models. There are two common derivative methods: first-order
derivative (1st derivative) and second-order (2nd derivative) derivative, as in Equations (4)
and (5):

1st derivative N N
_ Ak+i k—i ( 4)

2nd derivative e +
Xgi — &Xk T X
Xjond = —— 2 : @)
Xi1;—a certain data point in the original spectral data.
Xy 1s+—derivative value.
Xk 2ng—second derivative value.

(5) Multiple scattering correction

The purpose of multiple scattering correction is the same as standard normal variable
transformation, mainly to eliminate the scattering effects caused by the uneven distribution
of particles and the sizes of particles, often used to process solid diffuse reflection and
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transmittance (reflection) near-infrared spectra of pasty materials, with the specific process
as shown in Equations (6)—(8):

n
Average spectrum : A =) 4 /1 (6)
i=1
Linear regression : A; = m;A + b; (7)
Ai — bi

MSC calibration : A;ysc) = (8)

m;
Aj—original spectral data.
n—the number of samples.

(6) Smoothing Filter

The basic idea of this method is to measure spectral data multiple times to obtain the
average distribution error in order to reduce the impact of errors on useful information in
the spectrum. The relationship between the two is as in Equation (9):

m

1
Yrp = 2m+142 Ykt )

j=—m

yx—original signal value.

yx—filtered value.

In the formula, k represents the index of the original data point, 2m + 1 indicates
the size of the window (filter bandwidth), and m is the parameter for adjusting the filter
bandwidth. As the window moves, a series of filtered signal values are obtained. Filtering
reduces noise in the data, but it is important to carefully select the filter bandwidth in
practical applications to avoid distorting the data structure.

After testing, five times of smoothing filtering can effectively filter out the spectral
noise while preserving the original signal information, achieving the purpose of noise
reduction. The specific process of five times smoothing filtering is as Equations (10)—-(14):

Y, = 7% (69Y 5 +4Y_ 1 —6Yp+4Y; — Yo) (10)
Y| = 317)(21/,2 +27Y_1 +12Yy — 8Y; +2Y,) (11)
Yy = %(—31/_2 +12Y 1 +17Yy + 12Y7 — 3Y3) (12)
Y, = 3% (2Y 5 —8Y_1 +12Yy +27Y; +2Y>) (13)
Y, = %(—Y_z +4Y 1 —6Yy +4Y] +69Y>) (14)

The Y; is improvement value of Y;.

2.4. Asphalt Infrared Spectral Analysis

During the aging process of asphalt, the absorbance peak strength of certain functional
groups may increase. Therefore, based on the Lambert-Beer law, quantitative analysis of
the FTIR spectra of asphalt binders can be performed [30]. Currently, there is no unified
standard for the quantitative analysis of FTIR data of asphalt binders. Many studies use
the peak area of absorbance peaks for analysis. To establish a stable and systematic FTIR
spectroscopic quantitative analysis method, this study plans to select different spectral
areas as reference benchmarks. As shown in Figure 1, the area enclosed by O1, O;, O3, and
Oy is used as the reference point to calculate the difference in the infrared spectra between
aged asphalt and original asphalt in the 900-1020 cm~! range. By systematically comparing
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the influence of different reference benchmarks on the quantitative analysis of the infrared
spectra of asphalt at different aging levels, a method for quantitative analysis of asphalt
infrared spectra will be established. Through the quantitative analysis of infrared spectra
of aged asphalt during the aging process, the aging law of asphalt and the prediction of
changes in performance indicators of asphalt will be studied.
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Figure 1. Infrared spectroscopy projection area.

Establishment of an asphalt performance prediction model based on infrared spec-
troscopy.

Based on the analysis above, a linear fitting is performed between the area of the
infrared spectrum curve of asphalt not passing the aging degree and the macro performance
indicators in order to obtain the correlation between the two and use it for predicting the
performance of asphalt. The model is as Equation (15):

A=axT+b (15)

A is the area of the infrared absorption peak, with the unit of cm~1%, and T is the
aging time, with the unit of h.

And evaluate the model’s fitting accuracy by using the coefficient of determination R?,
where the calculation method of R? is as Equation (16):

R2 —-1— Z?:l(yi - ]21')2 (16)
Tie (i — Im)’

3. Results
3.1. Signal Noise Anslysis

As shown in Figure 2a, the blue curve represents the original infrared spectrum values
before asphalt aging, and the red curve represents the difference in spectral transmittance
before and after denoising. It can be concluded that the bands with drastic changes in the
original curve waveform have relatively high noise errors, while the bands with gentle
changes in the original curve have relatively small errors. In order to quantitatively analyze
the infrared spectrum, the full spectrum is divided into six spectral segments and calculated
separately to investigate the relationship between noise errors in different spectral segments
and the wavenumber curvature of the curve, as shown in Figure 2b. It can be observed that
noise errors have a good correlation with spectral wavenumber curvature. The larger the
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curvature, the larger the noise error, and a relationship between the two is established, as
shown in Equation (17).
E, = 0.1521S, + 0.0047 (17)

E,,—error of noise.
S.—spectral wavenumber curvature.

Filtering effect and full spectrum noise error
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Figure 2. Infrared spectrum noise error analysis. (a) Filtering effect and full spectrum noise error;
(b) relationship between noise errors and spectral wavenumber curvature.

By the infrared spectrum noise error figure, it could be concluded that the error
increases as the spectral curvature increases. It should be noted in the subsequent signal
analysis that errors are larger at locations where the spectral curvature changes dramatically,
which can be avoided or dealt with by performing in-depth preprocessing.

The quantitative analysis results of the signals and noise for the six segments of
the full spectrum range of asphalt spectrum are shown in Table 2, with the signal in the
400-650 waveband serving as the baseline value. The signal of each segment compared
to the 400-650 waveband indicates its signal is a multiple of the first segment. It can be
concluded that the signal-to-noise ratio is higher in the 650-1800, 2750-3000 wavebands,
which can be used as key analysis bands; while the signal-to-noise ratio is lower in the
3000—4000 waveband, special attention should be paid to the impact of noise.

Table 2. Study on the noise laws of infrared spectrum.

Band Noise Signal
400-650 1 1
650-1300 1.3838 3.1956
1300-1800 7.7475 17.2311
1800-2750 0.3939 0.7244
2750-3000 7.3333 22.7556
3000-4000 0.5657 0.3600

3.2. Analysis of Spectral Changes During Asphalt Aging Process
3.2.1. Comparison of Spectra Before and After Asphalt Aging

FTIR tests were conducted on asphalt binders with different aging periods to research
the changes in infrared spectra of asphalt during the aging process, as shown in Figure 3.
In Figure 3a, the original asphalt, short-term aged asphalt, and four long-term aged asphalt
samples are presented. It can be observed from the figure that the overall shape of the
asphalt spectrum remains consistent before and after aging, with an increase in absorbance.
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Figure 3. Comparison of infrared spectra between original asphalt and aged asphalt. (a) original
bitumen and aged bitumen Infrared spectra; (b) difference spectra between aged bitumen and
original bitumen.

Figure 3b shows the results of the infrared spectroscopy absorbance values of short-
term aging and four different aging periods of asphalt minus the absorbance values of the
original asphalt. It can be concluded from the figure that, from different spectral regions,
the difference curves differ significantly from the shape of the asphalt spectrum itself, with
less prominent peak protrusion and the peak region not corresponding to the peak region
of the original spectrum curve. In terms of the aging process, the growth trend of the
difference curves for the four different aging periods of long-term aging is relatively stable.

In order to accurately compare the spectral difference curve and the original value
curve, the PAV-4-original difference curve is compared with the original asphalt curve. As
shown in Figure 4, the blue curve represents the original spectral curve of asphalt, and the
red curve represents the difference curve. It can be concluded that the difference curve has
4 peaks, with two major peaks (800-1300, 1600-1750) on both sides of the original curve
peak at 1400, and the position of the peak in the original curve is exactly the valley in the
difference curve. However, the overall difference in the 600-1750 wavenumber range is
relatively high (about 3/4 of the whole curve) when viewed in full spectrum, which can
achieve a more stable area calculation value. The local band difference curve is negative,
indicating that the value of the difference spectral transmittance may decrease locally
during the aging process.

PAV2 T T T T T T 0.02
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Figure 4. Comparison of asphalt spectrum difference—original spectrum curve.
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3.2.2. Study on the Different Sectional Variation Laws of Infrared Curves

The asphalt spectrum varies greatly in different spectral regions. In order to accurately
analyze the changes in the asphalt spectrum, this paper conducts a segmented study of the
spectrum, and the results are shown in Figure 5, comparing the spectra of aged asphalt and
original asphalt. The spectra of asphalt aged in the short term cannot be analyzed together
with asphalt aged in the long term and require separate research. The regularity of asphalt
aged in different age periods in the long term is very good, with a stable increase in the
difference values, and the results of the subdivision comparison indicate that the curves
in the 600-1600 wavebands have large values and stable growth rates, showing the best
regularity. It indicates that in the long-term aging process, the infrared curve of asphalt
varies regularly, and the analysis of infrared spectra of aged asphalt can well characterize

the aging process of asphalt.

Penetration

Figure 5. Spectral difference curve segmented comparison.

3.3. Study on Variation Law of the Infrared Curve with Aging Time in the Aging Process

Increase the area of the red infrared spectrum curve and focus on the aging process of
asphalt with aging durations of 5 h, 10 h, 15 h, and 20 h.
The specific fitting accuracy is as Table 3.

Table 3. Accuracy of fitting of asphalt infrared curve aging degree with time segments.

Segment R? Value Segment R? Value
1 0.1038 11 0.3832
2 0.9434 12 0.9778
3 0.9956 13 0.9035
4 0.9978 14 0.9764
5 0.9663 15 0.4722
6 0.9826 16 0.8505
7 0.9949 17 0.8878
8 0.8974 18 0.2834
9 0.9592 19 0.3210
10 0.9904 20 0.1171

Segments 3, 4, 7, and 10 have fitting accuracies of above 0.99. This suggests that the
infrared changes in asphalt during the aging process are very stable, and these four sections

can be used to reflect the aging time of the asphalt.

The relationship between the increase in spectral area and aging time is represented

by Equations (18) and (19) in the 3rd and 4th paragraphs.

A =16.89T —10.14
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A =19.13T — 9.527 (19)

The aging time can also be estimated by increasing the area value, specifically as in
Equations (20) and (21):
T = 0.05920A + 0.003335 (20)

T = 0.05225A + 0.002766 (21)

Referring to Geng Jiuguang’s [31] research on the relationship between PAV aging and
natural aging, a general correspondence between the increase in spectral area and aging
time can be established during the aging process of asphalt, as in Equations (22) and (23).

T, = 0.2344A + 0.01321 (22)

T, = 0.2069A + 0.01095 (23)

Among Equations (18)—-(23), A stands for area, with the unit of: T stands for time, with
the unit of month.

4. Conclusions

1. The noise error is not significantly related to the spectral wavenumber but shows
a good correlation with the curvature of the spectral wavenumber. A relationship
model between noise error and spectral wavenumber curvature has been established.

2. Through quantitative analysis using signal-to-noise ratio (SNR), it was determined
that in the 1350-1480 cm ™! and 28502950 cm ™! regions, the infrared spectrum
noise is higher, and the area increase during aging is small, making these regions
unsuitable for area analysis of asphalt aging. In contrast, in the 900-1300 cm~! and
1550-1800 cm ™! regions, the noise is lower, and the area increase during aging is
larger, making them suitable for area analysis of asphalt aging.

3. Based on the analysis of the area change pattern of the infrared spectrum curves in
selected key segments, a reliable model for asphalt aging has been established.

4. Based on the relationship between PAV aging and natural aging, a model has been
established to describe the relationship between the spectral area increase and aging
in the asphalt pavement aging process. This model can be used to determine the
actual service time of the asphalt pavement through infrared spectral analysis.
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Highlights

What are the main findings?

e A full review of the chemicals in asphalt, ideas about its structure, and how it flows
when subjected to different forces.

What are the implications of the main findings?

e A revelation of the rheology of colloidal structures and supramolecular models.
e A thorough and detailed evaluation of large-amplitude oscillatory shear testing.

Abstract

Asphalt rheological properties are fundamental to pavement performance, yet their accurate
assessment requires multi-scale characterization due to asphalt’s inherent complexity. This
article reviews the connections between asphalt rheology across chemical, microstructural,
and macro-mechanical scales, employing a methodological analysis of supramolecular
and colloidal models for micro-scale behavior and dynamic shear rheometry for macro-
scale properties. Current research confirms asphalt as a complex multiphase continuum,
where micro-scale rheology is explained by intermolecular interactions and colloidal struc-
tures, while macro-scale analysis successfully characterizes linear viscoelasticity through
established empirical and mechanical models. However, the study identifies critical gaps:
nonlinear viscoelastic characterization under large-amplitude oscillatory shear (LAOS)
remains underdeveloped, and fundamental issues like directly probing molecular interac-
tions and the origin of microstructures like the “bee structure” are unresolved. The primary
conclusion is that a comprehensive understanding of asphalt rheology hinges on future
research that integrates experimental and simulation data across these scales to bridge the
gaps between chemical composition, microstructure, and macroscopic performance.

Keywords: asphalt binder; colloid; rheological properties; multiscale; supramolecular

1. Introduction

Asphalt rheology primarily focuses on studying the properties of asphalt, such as
elasticity, viscosity, viscoelasticity, and deformation, and their responses to variations in
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temperature, time, and loading conditions [1], which is closely connected to the asphalt
pavement performance. The asphalt’s rheological properties are influenced by various
factors, including atmospheric conditions, temperature, sunlight, moisture, and loading.
Understanding these properties is crucial for improving asphalt pavement performance
and preventing pavement deterioration.

Asphalt compounds can be categorized into different components based on specific
properties. Researchers often study the rheological mechanisms of asphalt by examining
the rheological properties of these individual components. Extensive research indicates that
at room temperature, polar components primarily contribute to elasticity, while non-polar
components primarily contribute to viscosity [2]. The 12-molecule model, commonly used
in numerical simulations of asphalt, is based on the four asphalt components and the eight
average molecular models proposed by the Strategic Highway Research Program (SHRP).
This model enables a more in-depth investigation of asphalt rheological mechanisms,
including intermolecular interactions and molecular aggregation behavior. However, the
asphalt system is complex, consisting of hundreds of thousands of compounds [3]. Each
component remains intricate, making it difficult to create precise molecular models for
numerical simulations. As a result, simulation results often show only trends similar to
those of experimental results. Scattering experiments have confirmed the presence of
asphalt micelles, indicating that the macroscopic properties of asphalt materials depend
not only on the physicochemical properties of individual molecules but also on molecular
aggregation behavior and aggregation structures.

The action of wheel loading on asphalt pavements can be understood as low-frequency
vertical oscillations and localized impacts. Asphalt, which serves as a binder in pave-
ments, exhibits linear or nonlinear viscoelastic behavior under environmental and load-
ing conditions [4]. As a result, researchers often use rheological parameters obtained
through dynamic mechanical analysis to assess the performance of asphalt pavements.
Viscoelasticity is the most prominent rheological property of asphalt. Currently, numerous
well-established empirical algebraic and mechanical element models describe the linear
viscoelasticity of asphalt over a wide frequency or temperature range. However, these
models have drawbacks, including a lack of universality across different types of asphalt,
an inability to describe viscoelasticity under extreme conditions, and excessive parame-
terization and inflexibility. Creep tests under steady shear loads are the most commonly
used method to study the nonlinear viscoelasticity of asphalt. However, these testing
methods cannot fully reflect the actual stress conditions experienced by asphalt pavements.
In addition, methods for predicting the fatigue life of asphalt often underestimate it by
neglecting factors such as nonlinear viscoelasticity and thixotropy. This leads to overly
conservative predictions.

The research methods for the rheological properties of polymer materials can be
divided into structural and phenomenological approaches. The structural approach uses
thermodynamics and statistical mechanics to construct microscale models that describe
the internal structure of materials, enabling the study of microscale rheological properties.
Phenomenological approaches, on the other hand, do not consider the microstructure.
Instead, they employ mathematical methods from continuum mechanics to study the
macroscopic rheological properties. In the realm of asphalt materials, ongoing research is
predominantly centered on macroscopic rheology [5]. Indeed, establishing a connection
between rheological mechanisms and macroscopic rheological properties is essential for a
better understanding of asphalt’s constitutive behavior.

In recent years, research in asphalt rheology has progressively advanced towards
more complex nonlinear behaviours and deeper multiscale correlations [6,7]. In the realm
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of nonlinear rheology (LAQS), investigations have transcended the linear viscoelastic
regime to systematically characterise asphalt’s intricate responses under high-amplitude
shear. This includes quantifying nonlinearity through higher-order harmonic analysis and
Lissajous curve decomposition, revealing pronounced higher-order harmonic intensity
within the nonlinear domain for specific modified asphalts.

Regarding the time-temperature superposition principle (TTSP) in modified bitumen,
research focus has shifted towards identifying its failure boundaries [8,9]. For instance,
certain polymer modifiers or high wax content may disrupt temperature-frequency equiv-
alence, leading to failure in constructing the master curve. This is often assessed by
examining the continuity of data within black plots. However, most current studies remain
focused on observing macroscopic rheological responses through alterations in microstruc-
ture, whilst research systems for reverse-predicting or quantifying specific microstructural
features based on rheological parameters remain underdeveloped.

Compared to recent reviews focusing on specific modification techniques or fatigue
damage mechanisms, this work provides a multiscale correlative framework centred more
squarely on the rheological mechanisms themselves. In light of this, this work thoroughly
reviews significant advancements in the field and methodically contrasts research findings
on asphalt rheological mechanisms by conducting a systematic search of the Elsevier library
using the keyword “asphalt rheology” from the 1950s to 2024, with each section encom-
passing approximately 50 publications. It not only systematically reviews the microscopic
systems—from chemical composition, intermolecular interactions, and colloidal structures
to honeycomb structures—alongside linear and nonlinear macroscopic rheology, but also
places particular emphasis on elucidating the specific, mechanistic connections between
these scales.

The core contributions lie in: (1) explicitly proposing a physical picture for the trans-
formation of microscopic parameters (such as interaction strength and colloid index) into
macroscopic rheological parameters (such as | G*| and ); (2) emphasising the importance
of establishing structure-property relationships in the nonlinear regime, alongside the
dynamic transition of colloidal structure from ‘sol” to “gel” to ‘aged gel” and its direct
influence on rheological properties; (3) It systematically identifies the current research gap
between linear viscoelastic testing and microstructural prediction, alongside the limitations
of existing rheological models in terms of universality, thereby providing a clear direction
for future research.

The structure—performance relationship of asphalt materials is depicted in Figure 1.
Figure 1 outlines the multiscale structure-property relationship framework for asphalt
discussed herein. From left to right, it clearly illustrates the logical chain extending from
the molecular scale (chemical composition, intermolecular interactions) to the mesoscale
(microscopic structures such as micelles and honeycomb structures), then to the macroscale
(rheological parameters), ultimately influencing pavement performance at the engineering
scale. The figure particularly emphasises the intervention of “dynamic regulation’ (such as
ageing and modification) at each scale, alongside the pivotal role of rheological parameters
as the core bridge linking microscopic mechanisms to macroscopic resistance against
external stimuli (wheel loads, environmental factors).
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Figure 1. Structure—performance relationship based on rheological properties of asphalt.

2. Chemical Composition
2.1. Element Composition and Functional Groups

Chemically, asphalt is a complex mixture primarily composed of carbon (80%~88%)
and hydrogen (8%~12%). It also contains sulfur (0%~9%), oxygen (0%~2%), nitrogen
(0%~2%), as well as trace amounts of metals such as nickel, iron, vanadium, and man-
ganese [10-13]. Asphalt primarily contains aliphatic compounds, aromatic compounds, or
a combination of both [3,14]. Other elements present in lower amounts combine with these
compounds to form heteroatomic compounds with various functional groups. Sulfur exists
in the form of sulfides or dibenzothiophenes [15]. Alkaline nitrogen exists in the form of
pyridine, while non-alkaline nitrogen exists in the form of pyrrole [2]. When asphalt under-
goes oxidation, it introduces oxygen elements and forms new heteroatomic compounds.
Benzyl groups are prone to oxidation to ketones, and further oxidation can lead to the
formation of carboxyl groups and even anhydrides [10]. Oxygen atoms also exist in the
form of phenols, quinones, and sulfoxides. Metal elements are often present in the form
of porphyrins [16]. Figure 2 illustrates common compounds and characteristic functional
groups found in asphalt. Due to the complex composition of asphalt, its compounds are
often categorized into different fractions based on their properties, including molecular
size, ionic nature (acidic, basic, or amphoteric), and polarity.

thiophenes pyridines pyrroles ketones

oM
o N o
o
\ s

phenols quinolones sulfoxides porphyrins

Figure 2. Typical functional groups in asphalt.
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2.2. SARA Fractions (Saturates, Aromatics, Resins and Asphaltenes)
2.2.1. Basic Properties of SARA Fractions

Corbett’s SARA separation method is the most commonly used technique for separat-
ing compounds in asphalt based on their polarity differences. This method uses solvent
precipitation and chromatographic column techniques to separate asphalt into asphaltenes,
resins, aromatics, and saturates [17]. The four fractions mentioned above are referred to as
SARA fractions. The properties of the SARA fractions are presented in Table 1 [10,11,18-20].

Table 1. Properties of SARA fractions.

Saturates Aromatics Resins Asphaltenes
State (room temperature) white translucent liquid yellow or red liquid black semisolid black powder
Density/(g-cm%) 0.90 1.00 1.07 1.15
Weight percent/% 3.0~19.1 22.4~46.6 30.0~50.0 4.0~22.9
Molar weight/(g-mol 1) 600~780 500~800 830~1100 800~3500
Solubility parameter/(MPa ") 15.0~17.0 17.0~18.5 18.5~20.0 17.6~21.7
Carbon-hydrogen ratio 2.00 1.5 1.38~1.69 1.15
Carbon percentage/% 78.0~84.0 80.0~87.0 67.0~88.0 80.0~88.6
Hydrogen percentage/ % 8.0~12.0 9.0~13.0 9.0~12.0 7.1~10.0
Nitrogen percentage/% <0.1 0~0.4 0.2~1.7 0.3~0.4
Oxygen percentage/% <0.1 0.2 0.3~2.0 0.3~5.0
Sulfur percentage/% <0.1 0~4.0 0.4~5.0 3.0~10

NOTE: Due to the complexity of the chemical composition of asphalt, the physical and chemical properties of the
SARA fractions of different asphalts may be outside the range in the table.

The aromatics and saturates exhibit similar Fourier-transform infrared (FTIR) spectra,
indicating that they have similar covalent bonds or functional groups. The differences in
peak intensities in their spectra suggest variations in the content of these similar bonds or
functional groups. Figure 3a demonstrates that aging leads to a notable rise in the carbonyl
peak (at wavenumber 1700 cm~ 1) and sulfone peak (at wavenumber 1030 cm ™) within
the aromatics. This suggests that oxidative aging affects the aromatic fraction more than
the saturate fraction.

Aromatics Unaged b Asphaltenes Unaged
a Aromatics RTFOT+PAV Asphaltenes RTFOT+PAV
10 v v 10 F—————y

Aromatics VBA(3days) Asphaltenes VBA(3days)

Saturates Unaged Resins Unaged
Saturates RTFOT+PAV Resins RTFOT+PAV
Saturates VBA(3days) Resins VBA(3days)

[

Absorbance[‘]
o
w
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0,04
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Comparison of infrared spectra

Comparison of infrared spectra between resins and asphaltenes

between saturates and aromatics

Figure 3. (a) Comparison of infrared spectra between saturates and aromatics [21]. (b) Comparison
of infrared spectra between resins and asphaltenes. NOTE: In Figure (a): RTFOT—Rolling Thin Film
Oven Test; PAV—Pressure Aging Vessel, VBA—Vienna Binder Aging [21].
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The resins and asphaltenes are the polar fractions. Resins contain a significant num-
ber of ketone functional groups (Figure 3b). Asphaltenes molecules primarily consist of
island-type structures (typically consisting of 4 to 10 aromatic rings). Sabbah et al. [22]
utilized two-step laser desorption-ionization mass spectrometry (L2MS) to characterize
asphaltenes. Their findings revealed that under high-power laser irradiation, archipelago-
type compounds undergo single-molecule decomposition.

2.2.2. Correlation Between SARA Fractions and Rheological Properties

Robertson et al. [23] conducted a study on the correlation between chemical com-
position and rheological properties of asphalt. They found that polar molecules play a
significant role in the elasticity of asphalt materials, whereas nonpolar molecules primarily
affect viscosity. Dealy [24] studied how the ratio of asphaltenes to maltene affects the rheo-
logical properties of asphalt. The results showed that as the asphaltenes content increased,
the asphalt viscosity also increased significantly. Conversely, an increase in maltene led to
a significant decrease in viscosity. In the study by Sultana and Bhasin, a similar pattern
was observed. They found that the modulus of asphalt increased with an increase in the
content of polar components, particularly influenced by the presence of asphaltenes [25].
Eberhardsteiner et al. [26] proposed a micromechanical model to predict the viscoelastic
behavior of asphalt based on the rheological properties of SARA fractions. The model’s
predictions showed good agreement with the experimental data.

However, methodological variations and any inconsistencies should be carefully con-
sidered when comparing findings from various investigations of the relationship between
chemical composition and rheological characteristics. For example, SARA separation re-
sults for bitumens from various sources show intrinsic heterogeneity, despite numerous
studies confirming the main influence of polar components (especially asphaltenes) on
elastic modulus. Additionally, the definition and quantification of components are direct.

This might lead to inconsistent reported relationships between rheological parameters
and the “colloidal index (IC)” or “asphaltic index (IA)” across investigations using various
separation procedures. Some of the research listed in Table 5 investigated rheological
parameters only in the linear viscoelastic (LVE) domain, suggesting that these correlations
might not apply directly to the high-strain, nonlinear conditions frequently encountered
in real paving. This restriction underscores how insufficient it is to construct universal
“structure-property correlations” based solely on LVE parameters. Non-linear viscoelastic
(NLVE) characterization should be used.

Among the four fractions, saturates have the weakest polarity, while asphaltenes have
the strongest polarity, with aromatics and resins falling in between. Asphalt oxidation aging
increases the amount of polar components in asphalt. The content of saturates remains con-
sistent before and after asphalt aging, while aromatics and resins decrease, and asphaltenes
content increases. This is because, as asphalt ages, the number of functional groups, such as
sulfoxides, in aromatic components and resins increases. This causes aromatic components
with higher polarity or molecular weight to be categorized as asphaltenes [11,26,27]. As a
result, aged asphalt typically has lower flowability compared to the original asphalt.

2.2.3. Waxes

Wax, as a special component, has similarities in chemical composition and properties
with the saturates. It typically makes up less than 5% of asphalt used for roads but
significantly affects its rheological properties [28]. Wax in asphalt can be defined in various
ways, and this paper distinguishes it into macrocrystalline wax and microcrystalline wax.
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Macrocrystalline wax (typically containing 24 to 40 carbon atoms) is composed of n-alkanes
with few or no side chains [29,30]. It forms a uniform, ordered, periodic crystalline structure,
which gives it strong shear resistance but poor plasticity. The main type of wax found in
asphalt is microcrystalline wax (typically with more than 40 carbon atoms). It is composed of
isoalkanes and cycloalkanes, which make it difficult for the wax to form a consistent, organized
crystalline structure. This lack of uniformity leads to improved plasticity [31]. When the
temperature falls below the wax’s melting point, the wax will crystallize, grow, and interconnect
to form a network-like structure. This structure surrounds and adsorbs other components of the
asphalt, making it less fluid and more deformable, thereby diminishing its low-temperature
performance [32-34]. However, in the high-temperature environment of asphalt production and
mixing for pavement laying, wax behaves as a low-viscosity Newtonian fluid, reducing asphalt
viscosity. Additionally, wax exhibits good compatibility with asphalt [35]. Therefore, despite the
various adverse effects of wax on asphalt, in recent years, research has also focused on using
wax as an additive to improve asphalt rheological properties and facilitate the development of
warm-mix asphalt technology. The petroleum waxes mentioned above have large, flat plate-like
crystals that can negatively impact the adhesion between asphalt and aggregates. On the other
hand, waxes used as additives are commonly referred to as “commercial waxes”, including
synthetic waxes, mineral waxes, modified montan wax (similar to petroleum wax but with a
higher molecular weight [35]), and functionalized waxes (containing polar functional groups
such as amide groups, and so on [36]).

Asphalt is a chemically continuous system without distinct boundaries between
its components [37]. Any separation method (for example, Ion Exchange Chromatogra-
phy (IEC), Size-Exclusion Chromatography (SEC), Thin-Layer Chromatography (TLC),
etc.) [2] results in components that remain heterogeneous, with different components sep-
arated under specific conditions. When conditions change, the separation results also
change accordingly.

2.3. Molecular Simulation Models
2.3.1. All-Atom Simulation

Molecular Dynamics (MD) simulation is an effective tool for studying the relationship
between molecular structure and function. In MD simulations, all atoms follow the laws of
Newtonian motion. Interactions between atoms are constrained using force field functions.
Kinetic and mechanical properties of materials are obtained using statistical mechanics and
by calculating atomic trajectories and relative positions through simulations [38]. The estab-
lishment of molecular models is a prerequisite for conducting MD simulations. SHRP has
proposed average models for eight different types of asphalt (AAA-1, AAB-1, AAC-1, AAD-],
AAF-1, AAG-1, AAK-1, and AAM-1) based on average molecular weight, elemental analysis,
and nuclear magnetic resonance data [39]. Li et al. [40] further refined the average molecular
models of AAA-1, AAK-1, and AAM-1 based on asphalt’s SARA fractions and 12 typical
molecular models. The improved AAA-1 model shows a density close to that of AAA-1
asphalt, differing by 0.06 g/cm?. This provides a more reliable model for establishing the
connection between asphalt chemical composition and rheological properties. You et al. [41]
employed a 12-component all-atom model to predict the rheological properties of asphalt at
the microscale. The results demonstrated a good agreement between the simulated viscosity
and laboratory data.

Additionally, as the temperature increased, the simulation results closely approxi-
mated the experimental data. Kang et al. [42] used full-atom MD simulations to investigate
the glass transition of asphalt. They concluded that asphalt undergoes a transition from
viscoelasticity to a Newtonian fluid state at 400 K. Given the intricate nature of asphalt
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systems, it is presently unfeasible to construct asphalt models that precisely replicate real
conditions. Furthermore, cumulative errors may arise during simulations. Therefore, it is
essential to validate simulation results with experimental data.

2.3.2. Coarse-Grained Simulation

The coarse-grained model simplifies atom interactions, providing a lower resolution
than the full-atom model. However, it enables more efficient long-term mesoscale simulations.
Standard mesoscale simulation methods for modeling asphalt molecule behavior include
coarse-grained molecular dynamics (CGMD), Monte Carlo (MC) methods, and dissipative
particle dynamics (DPD) [43]. Li et al. [44] constructed a coarse-grained asphalt model suitable
for CGMD and explored the aggregation behavior of asphalt molecules employing the Martini
force field. The simulation results showed significant changes in diffusion coefficients across
different temperatures, spanning several orders of magnitude, consistent with the viscoelastic
behavior of asphalt. Aguilera-Mercado et al. [45] employed the (MC) method to investigate
the aggregation behavior of asphaltenes and resins in crude oil. Compared to the methods
mentioned above, DPD is capable of simulating large, complex colloidal systems and is better
suited for asphalt-related research. This method maps multiple atoms into a single bead based
on the structure of the all-atomic model. It calculates interaction parameters between beads
using Flory-Huggins parameters and maintains the rigidity of the aromatic system by setting
average bond lengths and spring constants. Guan et al. [38] employed the DPD method to
explain the self-assembly behavior of polycyclic aromatic hydrocarbon systems within heavy
petroleum. Tang et al. [46] utilized the DPD method to investigate the compatibility between
SBS modifiers and asphalt. The simulation results provided molecular-level insights into the
modification mechanism, demonstrating good agreement with rheological experiments.

Given the intricate nature of asphalt system:s, it is presently unfeasible to construct
asphalt models that precisely replicate real conditions. Furthermore, cumulative errors
may arise during simulations. Therefore, it is essential to validate simulation results with
experimental data [47,48].

3. Microstructure
3.1. Intermolecular Interactions

Intermolecular interactions in asphalt cause molecules to bond together, forming a
network structure. The strength of these bonds affects the viscosity and hardness of asphalt,
making it a crucial factor in its rheological properties [14,49]. Typical intermolecular
interactions in asphalt systems are summarized in Table 2.

Table 2. Intermolecular interactions in the asphalt system.

Interactions Existence

dipole-dipole interaction Between molecules with uneven electron distribution

dispersion force Between all molecules

hydrogen bond O, S, N and other atoms with large electronegativity often appear in asphaltenes, so N-H. . .O,

O-H...N, S-H...O, O-H.. .S and other forms of hydrogen bonds often appear in asphaltenes [50].

-1t stacking often occurs between aromatic compounds in asphalt, which is a non-covalent bond
-7t interaction interaction as important as hydrogen bonds. The number of benzene rings, arrangement and side
chain length of aromatic compounds in asphalt have a certain influence on 7-7t interaction [50].

S, N, O heteroatoms with lone pair electrons in asphaltene molecules, which provides the
metal coordination possibility of coordination between asphaltene molecules and porphyrin nickel and porphyrin
vanadium containing empty valence orbitals [50].
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The intermolecular interactions mentioned above not only dictate the form of asphalt
and its fractions (especially asphaltenes) but also determine the molecular behavior and
microstructure within asphalt. The intermolecular interactions in asphalt restrain cer-
tain molecules, giving asphalt its elastic characteristics. When relatively free molecules
overcome these constraints and begin to move, asphalt exhibits its viscous characteristics.
Functional groups within asphalt compounds also contribute to the intermolecular network
binding. Asphaltenes, containing nearly all functional groups present in asphalt, thus
have the strongest binding capability [51-53]. Furthermore, temperature influences the
establishment of a new equilibrium in intermolecular interactions. At low temperatures,
asphalt molecules with lower energy tend to form tighter network connections. Conversely,
higher temperatures provide asphalt molecules with greater kinetic energy, allowing them
to break free from these constraints and move more freely, resulting in a less compact
network structure [2].

3.2. Supramolecular Structures

While characterizing the exact strength of intermolecular forces in asphalt systems
remains difficult, it is clear that the properties of asphalt materials are influenced not
only by individual molecule properties but also by the aggregation states formed through
intermolecular interactions, i.e., the supramolecular structures consisting of covalent bonds
and intermolecular interactions. Molecular interactions are considered the key determi-
nants of the behavior of supramolecular structures. These interactions are highly sensitive
and fragile when exposed to external factors such as temperature and loading [54]. Cho
et al. [55] established a supramolecular assembly model for asphalt based on a solvent-
solute system using the host-guest system from supramolecular chemistry. In this model,
host molecules act as the solvent and guest molecules act as the solute. Together, they form
the preorganized supramolecular body (PSB). PSBs can explain some fundamental rheolog-
ical properties of asphalt. External actions, such as stirring or shearing, can disrupt PSBs,
leading to deformation of the asphalt. PSBs with dipole-dipole interactions contribute to
the viscosity of asphalt, while those with 7-7t interactions enhance the ductility of asphalt.
The mutual adhesion between PSBs allows for self-assembly, resulting in the formation
of supramolecular structures. The PSBs will assemble into two types of structures: one is
an irreversible structure with chain-like or linear morphology containing strong covalent
bonds, while the other is a reversible structure with certain sliding ability.

The asphalt supramolecular model primarily explains asphalt’s fundamental rheologi-
cal properties through intermolecular interactions. However, due to current limitations in
characterizing intermolecular interactions, this model remains largely conceptual. When
explaining the rheological properties of asphalt under complex conditions, researchers
often turn to another higher-scale model, the colloidal structure. This model is also based
on a solvent-solute system.

3.3. Early Stage Colloidal Structure

In 1923, based on the characteristics of the Tyndall effect, Brownian motion, and the
inability of asphaltene solutions to pass through a semipermeable membrane, Nellensteyn
proposed the colloid structure of asphalt [56]. Mack conducted further research into the
colloidal structure of asphalt. He proposed that asphaltene constituted the dispersed
phase, while the resin-oil mixture served as the dispersed medium [57]. In 1940, Pfeiffer
introduced a new colloidal structure model for asphalt, building upon previous findings.
This novel structure is centered on asphaltene, with soluble components adsorbed on its
surface or within its interior, forming micelles. In micelles, the maltenes with the high-
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est molecular weight and strongest aromaticity encapsulate the asphaltenes, while these
maltenes are surrounded by other maltenes with lower molecular weight and aromaticity
until reaching the inter-micellar phase [58]. Based on the content of each fraction in asphalt
and its rheological properties, asphalt can be classified into the following structures: (1)
Sol Structure: When there is a sufficient amount of oil and resins, asphaltene clusters are
completely dispersed and can move freely within a viscosity permissible range. The rheo-
logical behavior resembles that of a Newtonian fluid. (2) Gel Structure: When the amount
of oil and resin is low, and the asphaltene content is high, the concentration of asphaltene
clusters increases, forming an irregular network structure. The rheological behavior is that
of a non-Newtonian fluid. (3) Sol-Gel Structure: Most pavement asphalts belong to the
sol-gel structure, which is an intermediate state between sol and gel structures [59]. In the
sol-gel structures, the asphaltene content is moderate, and there is an appropriate amount
of resin to maintain colloid stability. The rheological behavior exhibits viscoelasticity.

The interaction and aggregation of asphaltene micelles are important factors determin-
ing the colloid type and influencing the rheological properties. Gaestel et al. [60] introduced
the colloid index IC to describe the degree of colloidization, which is expressed as shown
in Equation (1).

Ic = Xasph + Xfloc )
Xsurf

In Equation (1), xi represents the mass of various fractions in asphalt, asph represents
asphaltene, floc represents flocculant, referring to components in the maltenes that cause
asphaltenes flocculation, and surf represents surfactant, referring to components that gener-
ate surface activity and promote asphaltenes dispersion. For SARA fractions, Equation (1)

can be rewritten as:

I X Asphaltenes + XSaturates 2)
C =
XResins + X Aromatics

As I¢ increases, colloidal stability decreases. The I of road asphalt is typically between
0.5and 2.7. When I¢ > 1.2, asphalt exhibits typical gel-like structural characteristics, with
high stiffness and an elastic network. When I¢ < 0.7, it exhibits typical sol structural
characteristics [11,61]. In general, aging will gradually transform the sol-gel structure
of asphalt into a gel structure, leading to an increase in Ic. Li et al. [62] found that
although some asphalts had similar I¢, they displayed different levels of I¢ reduction after
aging. This indicates that even though these asphalts have similar colloid structures, their
resistance to aging may differ.

In addition to the colloid index I¢, the asphaltene index IA (Equation (3)) can also be
used to describe colloidal stability [63].

X Asphaltenes + XResins

Iy =
XSaturates + X Aromatics

®)

The methods mentioned above all incorporate asphaltenes as a critical factor, since
micelles are dispersed in the maltenes, with asphaltenes at their cores. The flocculation
ratio-dilution method (Equation (4)) is also employed to assess colloidal stability. This
method offers a simpler experimental procedure, as it eliminates the need to separate

asphalt fractions [64]. ,
_ 0
1-P,

where Pa represents the degree of anti-flocculation, which refers to the difficulty of asphalt

P

4)

being dissolved and dispersed in soluble solvents; a smaller value indicates that asphalt is
more difficult to form a stable colloidal structure. Py denotes the ability of the solvent to
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disperse the asphaltenes, i.e., the solvent’s capacity to dissolve asphaltene. P represents a
comprehensive indicator of the colloidal state of asphalt, with higher values indicating a
more stable colloidal structure that is less prone to flocculation [64].

3.4. Modern Colloidal Structures
3.4.1. Asphaltene Micelles

With advances in experimental methods, more precise descriptions of colloid struc-
tures have emerged. X-ray, small-angle scattering, and neutron small-angle scattering
studies have shown that asphaltenes will form micelles in organic solvents, crude oil,
and asphalt [65-71]. Yen et al. [72] proposed the Yen model, suggesting that asphaltene
molecules aggregate into micelles driven by 7t-7t interactions or weak covalent bonds. In
the Yen model, multiple aromatic layers stack parallel to each other and are surrounded by
extending aliphatic chains. Asphaltene micelles can further aggregate into supermicelles,
clusters, and flocs. Wang et al. [73] used transmission electron microscopy (TEM) to observe
the microstructure of asphaltene. Asphaltene exhibited two forms under TEM, namely,
needle-like and plate-like structures. At higher resolutions (10 nm), both forms displayed
a highly ordered layered structure, indicating the presence of a crystalline structure in
asphaltene, consistent with the Yen model.

Mullins revised the Yen model in 2010 based on previous research findings. The
modified Yen model suggests that asphaltene molecules form two levels of aggregation:
nanoclusters and clusters. The asphaltenes are in a dispersed state in a low-concentration
asphaltene solution. As the solution concentration increases, dimers, trimers, and other
oligomers begin to appear. When the concentration of the asphaltene solution reaches
a certain level, the additional asphalt molecules aggregate to form new aggregates. The
newly formed aggregates remain relatively constant in size and number. At this stage,
they are referred to as nanoaggregates. As the concentration of the asphaltene solution
increases, the nanoaggregates come closer together to form clusters (<30 nm) and even
flocculate (>300 nm) [31,74,75]. The shape, size, and stability of aggregates are significantly
influenced by temperature, solution concentration, and the source of asphaltenes, which in
turn affect the colloidal structure of asphalt.

3.4.2. Correlation Between Colloidal Structures and Rheological Properties

The proposal and modification of the Yen model provide strong evidence for explain-
ing the rheological properties of asphalt and offer a clearer description of the transition
process between colloidal structures.

Lesueur et al. [76] studied the relationship between asphalt’s linear viscoelastic proper-
ties and its internal structure. The study found that the Newtonian fluid behavior of asphalt
at high temperature is caused by the Brownian motion of colloidal particles, which can be
fully described by zero shear viscosity and temperature dependence. When the asphalt
is at a lower temperature, longer loading time, or higher loading frequency, the viscosity
of the maltenes increases and hinders the diffusion of the asphaltene micelles, so that the
asphalt exhibits elasticity. This transition from Newtonian fluid behavior to viscoelasticity
is called o relaxation [11]. The elastic behavior of asphalt becomes more significant as the
temperature decreases, eventually exhibiting glassy elasticity. This process is known as 3
relaxation. Although the main reason for this phenomenon is the solute undergoing a glass
transition, the interaction between micelles also plays an important role, as it is inversely
related to the relaxation rate and asphaltenes content [27].

Aging leads to the transformation of non-polar fractions into polar groups, thereby
altering the original colloidal structure. The change in colloidal structure is reversible with
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the aid of additives; that is, the aged asphalt can reconstruct its colloidal structure with the
help of additives (rejuvenators [77], warm-mix agents [78], etc.), bringing its rheological
properties closer to those of the original asphalt. Filippelli et al. [78] combined the inverse
Laplace transform with nuclear magnetic resonance relaxation times to calculate P(T2),
which represents the probability density function (a function that describes the structure of
substances). By comparing the relaxation times of original asphalt, aged asphalt, and aged
asphalt with warm mix additives, it was observed that the additives effectively extended
the relaxation times of various fractions in the asphalt. This indicates that additives
reconstructed the colloidal structure of aged asphalt, making it more fluid, but they could
not restore the light fraction lost during the aging process.

Colloidal structure models explain why asphalt exhibits rheological properties and provide
a theoretical foundation for the relationship between its chemical composition and rheology. As
illustrated, the transition from sol-type to sol-gel-type, and ultimately to gel-type structures,
is accompanied by a shift in micelles from a dispersed state to a continuous network. This
structural evolution directly leads to systematic changes in macroscopic rheological parameters:
the complex modulus and viscosity increase significantly, while the phase angle decreases
(i.e., enhanced material elasticity). This theory links the increase in colloidal index, chemical
composition changes due to ageing, and the resulting mechanical property hardening, providing
a clear physical picture for understanding processes such as ageing and modification.

3.5. Bee Structure
3.5.1. Morphology of Asphalt Under Atomic Force Microscopy

Asphalt is a heterogeneous multiphase material with a complex microstructure [79].
Understanding the origin, chemical composition, and mechanical properties of asphalt’s
microstructure helps further elucidate its rheological characteristics. Currently, various
optical and electron microscopy techniques, such as scanning electron microscopy, en-
vironmental scanning electron microscopy, fluorescence microscopy, and atomic force
microscopy (AFM), are commonly used to investigate the microstructure of asphalt materi-
als. In contrast to other observation techniques mentioned above, AFM not only provides
the ability to capture the microstructure of samples at sub-nanometer resolution but also
allows for the quantitative assessment of mechanical properties, including modulus and
deformation [80], which is more conducive to the construction of the correlation between
the microstructure and rheological properties of asphalt.

In 1996, Loeber et al. [81] were the first to utilize AFM to observe the “bee structure”
of gel-type asphalt. Masson and co-workers [82] used a combination of AFM and phase-
contrast microscopy to investigate the structure and behavior of asphalt at low temperatures,
categorizing AFM-imaged asphalt into three phases: Catanaphase, Periphase, and Paraphase.

In addition to the typical bee structure, AFM also observed other structures. Across dif-
ferent asphalts and sample preparation methods, dendrite structures, flower-like domains,
flake-like domains, and other microscopic morphologies can be observed (Table 3).

Table 3. AFM imaging of asphalt under different conditions and different sample preparation methods.

Morphology Asphalts Sample Preparation Methods

A gel-type binder (unknown
crude source)
Dendrite structure [84] Sasobit modified asphalt Solution-cast
Binder B1 from a high-sulphur
Middle East crude source
Flake-like domain [61] SHRP binder AAM Heat-cast

Bee structure [81,83] Heat-cast

Flower-like domain [85] Solution-cast
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However, there is no consensus on the origin of asphalt’s bee structure, which is
mainly divided into three viewpoints: asphaltenes [86,87], trace metals in asphalt [82], and
crystalline waxes [88-90].

These contradictory theories about the structure’s origin highlight the shortcomings
of the characterization methods used today. It is challenging to perform non-destructive
in situ chemical characterization of specific microdomains, as atomic force microscopy
(AFM) primarily provides surface topography information. As a result, based on sample
parameters (e.g., high wax or high asphaltene concentration) and observed topographical
correlations, various study teams may propose different dominant mechanisms. This
discrepancy also raises the possibility that honeycomb patterns are a collective surface
expression of phase separation and aggregation behaviors across several ingredients rather
than the result of a single chemical component. To settle this dispute, AFM must be more
widely integrated with supplementary methods that can provide chemical information,
such as AFM-IR, to directly establish it.

3.5.2. Correlation Between Bee Structure and Rheological Properties

As outlined in Section 3.5.1, AFM has revealed diverse microscopic morphologies on
bitumen surfaces, including honeycomb, dendritic, and floral structures. However, owing

7”7

to the “honeycomb structure’s” most pronounced characteristics and the overwhelming
focus of existing research on its correlation with macroscopic rheological properties, this sec-
tion will primarily review findings on honeycomb structures. The rheological significance
of other morphologies remains to be elucidated by future studies.

Many research teams have employed AFM to study the mechanical behavior of
different phases of the bee structure [59,91-94]. This imaging can be described as follows:
the Catanaphase, composed of asphaltenes, is surrounded by the Periphase, consisting of
resins and aromatics, and dispersed within the Paraphase, composed of saturates. This
is consistent with modern theories of asphalt colloid structure, further supporting the
validity of using colloid structure models to explain asphalt rheological properties. In
the study by Dourado et al. [92], it was observed that the overall elastic modulus of the
honeycomb structure is lower than that of the phase gaps, and the elasticity recovery of the
bee structure is highly dependent on the colloidal structure of asphalt. Zhang et al. [95]
obtained different derived asphalts by blending the SARA fraction content of asphalt, and
studied the micro-morphology and micro-rheological properties of the samples by AFM.
The results show that the number of bee structures in asphalt is related to the asphaltenes
content. The storage modulus and loss modulus increase with the increase in asphaltenes
and resins content and decrease with the increase in saturates and aromatics content, which
is consistent with the results obtained from the dynamic shear rheometer (DSR) test.

The effect of aging on the rheological properties of asphalt is also reflected in AFM
imaging. Asphalt tends to form more small bee structures with lower peaks after aging.
These small bee structures tend to aggregate and may even form cracks [62]. Xing et al. [96]
obtained the distribution of functional groups before and after aging of asphalt at the
nanoscale using AFM-based infrared spectroscopy (AFM-IR; chemical analysis can be
performed at the resolution of AFM). Ganter et al. [97] found that, compared with unaged
asphalt, the AFM images of short- and long-term-aged asphalt showed more bee structures,
and the moduli of each phase changed significantly.

3.6. Summary

In conclusion, the colloidal network structure is determined by the strength of intermolec-
ular contacts, and its properties directly translate into quantifiable rheological parameters.
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From colloidal structure to interactions: Bituminous nano-aggregate formation and stability
are determined by the strength of intermolecular forces in bitumen, such as hydrogen bonding
and 77 stacking. By affecting colloidal indices (such as IC), the total of these forces ulti-
mately decides whether bitumen displays a sol, sol-gel, or gel structure. Age-related increases
in polar functional groups, such as carbonyl groups, for example, improve intermolecular
polar contacts and encourage the transformation of resins and aromatics into bituminous
components. IC rises as a result, and the structure becomes more gel-like.

The type and strength of the colloidal structure directly govern macroscopic rheological
responses. A reinforced gel network implies greater structural rigidity and stronger constraints
on molecular motion. Interactions and aggregation behaviours at the microscopic level are
“materialised” through the mesoscopic scale of the colloidal structure, ultimately captured by
dynamic shear rheometers (DSR) as specific parameters such as | G*| and 5.

Among these: Complex modulus | G*|: Characterizes the material’s overall resistance
to deformation. Stronger colloidal networks provide a more robust framework to resist
shear, directly leading to higher |G| values.

Phase angle 5: Reflects the ratio of viscous (dissipative) to elastic (storage) response.
Within gel structures, deformation induces reversible elastic deformation of the network
rather than irreversible viscous flow; hence, 6 diminishes. The commonly observed in-
crease in |G*| and decrease in § following aging precisely manifests the macroscopic
manifestation of microstructural gelation.

Relaxation behavior: a-relaxation correlates with the glass transition and corresponds
to large-scale cooperative motion of colloidal network units. A denser gel network sig-
nificantly prolongs its relaxation time. {3-relaxation relates to more localized molecular
motion (e.g., movement of small-molecule components) and is less directly influenced by
the network structure.

Viscosity: As a measure of flow resistance, viscosity increases sharply with enhanced
interaction strength and network connectivity within the colloidal network. This explains
the marked viscosity increase observed in high-asphalt-content or aged bitumens.

4. Rheological Properties of Asphalt Under Dynamic Shear Loading

Asphalt exhibits a range of rheological properties, including viscoelasticity, shear
thinning, and thixotropy [98]. Various microscale studies can help elucidate the rheological
mechanisms of asphalt and provide a theoretical basis and direction for its modification.
However, these methods often have strict requirements for instruments and the environ-
ment, and cannot directly reflect asphalt performance.

Therefore, a series of research methods for asphalt rheological properties based on
dynamic mechanics and quasi-static mechanics has also been developed. Among them,
the dynamic mechanical analysis method measures the material’s mechanical response by
applying a periodically varying stress or strain. When the vehicle passes through a specific
point on the asphalt pavement, the point can be regarded as bearing a load with a minor
frequency. At the same time, due to the unevenness of the asphalt pavement, wheel loads
induce vertical vibration and localized impacts on the pavement. The complex dynamic
mechanics between the vehicle and pavement can be simulated by superposing multiple
simple steady shear loads. Hence, it is more practical to study the rheological properties of
asphalt by the dynamic mechanics analysis method.

4.1. Linear Viscoelasticity

Over five years, SHRP conducted a series of studies and established a comprehensive
set of methods for grading and evaluating asphalt performance. One of SHRP’s key recom-
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mendations was the utilization of DSR testing to test the dynamic viscoelastic properties of
asphalt binder under dynamic shear loading [99]. The main output parameters of the DSR
test are dynamic modulus and phase angle. The dynamic modulus characterizes the ability of
viscoelastic materials to resist deformation, that is, the elastic part of asphalt. The phase angle
characterizes the time lag in the response, representing the viscous part of asphalt [100].

In the 1950s, Van der Poel developed a nomogram for asphalt based on penetration and
softening-point test results, and determined the stiffness modulus of asphalt as a function of
loading process, frequency, and temperature [101]. However, a nomogram cannot effectively
characterize the viscoelasticity of modified asphalt [102]. At the same time, with the develop-
ment of modern computer technology, to better describe the dynamic viscoelastic mechanical
characteristics of asphalt materials, researchers established functions of asphalt viscoelasticity
as a function of frequency, temperature, and strain. These viscoelastic mechanical models are
mainly divided into empirical algebraic models and mechanical element models.

Viscoelasticity is the most prominent rheological behavior of asphalt. It is generally
believed that the strain produced by asphalt under vehicle loading is linear viscoelastic,
but under high temperature and heavy loading, the asphalt strain far exceeds its linear
viscoelastic region [103,104]. Therefore, research on the viscoelasticity of asphalt is primarily
divided into two categories: linear viscoelasticity (LVE) and nonlinear viscoelasticity
(NLVE). The methods of dividing linear and nonlinear viscoelastic regions are mainly done
in two ways: (1) Linear and nonlinear viscoelastic regions in asphalt are defined by the
transition point in the stress or strain sweep curves from the plateau to the descending
region [105]. (2) Linear and nonlinear viscoelastic regions are divided according to the
decrease in dynamic modulus to 95% of the initial modulus [3].

4.1.1. Time-Temperature Superposition Principle

Throughout the entire lifecycle of asphalt materials, they experience a wide range
of temperature and frequency loads. However, existing testing equipment and methods
are challenging to replicate such broad testing conditions [4]. The time-temperature
superposition principle (TTSP) states that the mechanical behavior of viscoelastic materials
under long-term (or low-frequency) loading can be approximated by short-term (or high-
frequency) tests at higher temperatures (or loading frequencies) [11]. In general, the TTSP is
also applicable to asphalt materials [106,107]. Based on the TTSP, data measured at different
temperatures (within the same testing frequency range) can be shifted appropriately relative
to a reference temperature to form a continuous, smooth curve, known as the master curve.
The master curve is a function that characterizes a material’s viscoelasticity and depends
on factors such as temperature, frequency, and strain. It serves as a tool for studying the
viscoelastic properties of asphalt materials over a wide temperature and frequency range.

The master curve constructed from the TTSP must use the temperature-shift function
to calculate the shift factor «(T). As shown in Equation (5), the shift factor is multiplied by
the frequency to obtain the reduced frequency & of the master curve.

&= f(a(T)) (5)

The shift factor plays an important role in constructing the master curve. At present,
the methods for calculating the shift factor mainly include: numerical methods (no func-
tional form shift factor), the WLF equation, log-linear, quadratic polynomial, and Viscosity
Temperature Susceptibility (VTS, mainly for unaged asphalt). The commonly used calcula-
tion methods are listed in Table 4.
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Table 4. Calculation equations of the shift factor.

Methods Equations Parameter
WLF equation [108] loga(T) = %, a(T): shift factor
T > T (glass transition temperature) T: temperature (°C)

Tp: reference temperature (°C)
Cy, Cy: constant

Arrhenius equation [109] loga(T) = 2%% (% — Tio), AE,: Apparent activation energy
T<T, R: Universal gas constant, (8.315 K-mol~1)

T: temperature (K)
Tp: reference temperature (K)

Log-linear [110] logu(T—To) =pB(T—Tp) B: slope

VTS [111] loga(logn) = A+ VTS[log(Tr)] 1z viscosity (cPoise)
A: regression intercept
VTS: VTS equation regression slope
Tgr: temperature (°R)

Quadratic polynomial [4] log&, =1og¢ + C1(To — T) + Co(Tp — T)? &+ educed frequency (Hz)
T: temperature (°C)
Tp: reduced frequency (°C)
¢: frequency (Hz)

When selecting displacement factor equations, their applicable conditions must be consid-
ered. The WLF equation is an empirical formula that is generally effective for many bitumens
over a temperature range approximately Tg + 100 °C above the glass transition temperature
Tg. However, it is unsuitable for regions where temperatures are close to Tg or significantly
exceed its upper applicability limit. For the latter, the Arrhenius equation may prove more
appropriate. The VTS method is explicitly intended for use with unaged bitumen. Different
asphalts, particularly modified or high-wax varieties, may exhibit temperature dependencies
deviating from these classical equations. This can cause failure or errors in master curve
construction, manifesting in black plots where data points fail to overlap into a single curve.
Consequently, no displacement factor model is universally applicable; its suitability must be
rigorously validated by superimposing experimental data.

The methods for constructing the master curve based on the TTSP allow data compari-
son across different test conditions (temperature or frequency). To reduce errors caused
by the calculation and use of the shift factor, Wicket diagrams [112,113], the least-squares
method [114], Kramers—Kronig relations [107,115], Bueche-Rouse theory [116], and other
methods are used to optimize the calculation of the shift factor. However, the TTSP is
not applicable to all asphalt materials, such as asphalt with high wax content, high as-
phaltenes content, and some modified asphalt [11]. When constructing the master curve, it
is necessary to select an appropriate model based on the material’s viscoelastic mechanical
characteristics. The viscoelastic properties of asphalt materials are typically categorized
into two types: viscoelastic liquids and viscoelastic solids. Under dynamic loading with
sufficiently low frequencies, the complex modulus of liquid materials approaches 0°, and
the phase angle approaches 90°, while for solid materials, the complex modulus approaches
a constant value, and the phase angle approaches 0° [102]. Generally, asphalt binder is
regarded as a viscoelastic liquid, and a few polymer-modified asphalt binders are regarded
as viscoelastic solids [4]. In addition, the master curve needs to be established in the
LVE region, where the macromolecules in the asphalt material do not undergo structural
rearrangement with temperature changes [117], to ensure the effectiveness of the TTSP.

The black diagram is a rheological relationship diagram based on phase angle and
complex modulus. It does not need to use the TTSP to shift the test data and can reflect
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the original data characteristics. Therefore, the validity of the TTSP is often judged by the
shape of the black space diagram (Figure 4).
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Figure 4. Black diagram [118].

From a microscopic perspective, the efficacy of TTSP stems from the fact that molecular
motion rates (relaxation times) at different temperatures follow the same principles of
activation energy. In other words, elevated temperatures impart greater kinetic energy to
molecular segments or colloidal aggregates, enabling them to overcome energy barriers and
rearrange more rapidly. This effectively accelerates the relaxation process on the temporal
scale. Consequently, shifting high-frequency data at elevated temperatures towards lower
frequencies via a horizontal displacement factor (e.g., the WLF equation [26]) can simulate
the response observed under prolonged loading at lower temperatures.

However, when asphalt’s microstructure undergoes fundamental changes within
the test temperature range (e.g., wax crystallisation/melting or colloidal structure phase
transitions), the activation energy for molecular motion becomes non-constant. Conse-
quently, TTSP becomes ineffective, as evidenced by Black’s diagram, in which data from
different temperatures do not overlay into a single curve. This further underscores that
microstructural stability is a prerequisite for the validity of macroscopic rheological models.

4.1.2. Empirical Algebraic Models

The empirical algebraic model usually uses a concise mathematical formula to fit the
master curve. The commonly used empirical algebraic models are summarized in Table 5.

When fitting the linear viscoelastic behavior of asphalt using empirical algebraic models,
the selection of an appropriate model is essential based on the test data. In most instances, these
models provide a good fit within specific conditions. However, it is critical to recognize that
these models are not universally applicable and their validity is constrained by temperature,
frequency range, and binder type. For instance, some models may not effectively characterize
the LVE properties of modified asphalt at low temperatures or of asphalt with high wax
content. The widely used Christensen-Anderson (CA) model and its derivatives are typically
calibrated in the intermediate temperature range relevant to pavement performance and
may not accurately capture behavior near the glass transition or at very high temperatures.
Furthermore, these empirical algebraic models employ mathematical analytical formulas that
may not inherently satisfy the fundamental Kramers—Kronig relations between the storage
and loss moduli, limiting their physical basis and extrapolation reliability [4].

To describe the linear viscoelasticity of bitumen, researchers have proposed various
empirical algebraic models. Among these, the Christensen-Anderson (CA) model and its
variants are widely applied due to their formal simplicity and minimal parameter require-
ments. This model characterises the variation of the complex modulus with equivalent
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frequency using two asymptotes (glass and rubber moduli) and a shape parameter. How-
ever, the CA model exhibits reduced fitting accuracy at extremely low temperatures near
the glass transition and at very high frequencies. The sigmoidal model, by introducing
additional parameters, offers greater flexibility in fitting and is particularly suitable for
modified bitumen. A comprehensive list of models is provided in Appendix A.1.

4.1.3. Mechanical Element Models

The mechanical element model investigates the dynamic viscoelastic behavior by
elucidating the constitutive relationship of asphalt materials. Researchers typically employ
spring elements, which adhere to Hooke’s law, to represent the material’s elasticity, and
dashpot elements equipped with Newtonian fluid to represent its viscosity. These two types
of mechanical elements are combined using various connection modes (series, parallel, or
both) to depict the material’s mechanical behavior, and the material’s complex mechanical
characteristics are described by adding or removing elements. The classical mechanical
element models employed to characterize the viscoelastic properties of asphalt include
the Kelvin, Maxwell, Kelvin—Voigt, Burgers, modified Burgers, generalized Kelvin, and
generalized Maxwell models, among others [119-121]. While these classical models offer
intuitive theories with well-defined physical concepts, they occasionally do not align closely
with experimental findings [122-125].

In the definition of a Newtonian dashpot, for viscoelastic materials, it is assumed
that they adhere to the constitutive relationship given by Equation (6). Building upon this
assumption, a fractional derivative constitutive equation is introduced.

o(t) ~ d;it(t) O<a<1) ©)

where o (t) denotes shear stress, €(t) denotes shear strain, t denotes time, and « denotes
differential order.

Mechanical element models originate from the material’s constitutive relations. Whilst
classical models such as Burgers offer physical intuitiveness, they struggle to accurately describe
asphalt behaviour across its broad temperature and frequency domains. Fractional-order
derivative models (e.g., Huet and 2S52P1D models) achieve precise characterisation of broadband
viscoelastic behaviour with fewer parameters by incorporating differential operators of non-
integer orders. For instance, the 252P1D model successfully simulates the transition from the
glassy to the flow state through a combination of two springs, two parabolic elements, and
a damping pot. Key parameters of these models—such as the fractional order—are closely
related to the colloidal structure of asphalt, though their physical interpretation requires further
elaboration. The complete model equations and parameters are detailed in Appendix A.2.

Although these mechanical element models can describe the viscoelastic properties of
asphalt materials, they lack flexibility for simulating complex materials such as asphalt due to
the large number of parameters [104]. In addition, these models cannot accurately describe the
viscoelasticity under extreme conditions (i.e., the fitting degree of the two ends of the master
curve is poor), and they also lack versatility in the face of different asphalt materials [117]

4.1.4. Correlation Between Microstructures and Rheological Properties

The rheological properties of polymers are susceptible to molecular weight distri-
bution [126]. Themeli et al. [127] used the 6-method to determine the molecular weight
distribution of asphalt based on the phase angle. The method’s validity was verified by gel
permeation chromatography (GPC) results. Furthermore, they introduced the concept of
aging molecular distribution displacement as a parameter to assess the aging progression
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of asphalt. Pipintakos et al. [128] used a variety of statistical methods to demonstrate a
significant relationship between the chemical composition of asphalt and its rheological
properties. Merusi et al. [129] used the multiphase filler model to explain the stress yield
behavior of asphalt at low shear rates. Obviously, the rheological parameters are the bridge
between the microscopic mechanism and the macroscopic performance.

Table 5 summarizes some studies on the relationship between microstructure and
asphalt rheological properties, organized into two sections. (a) focuses on chemical com-
position and colloidal structure parameters, while (b) summarises studies correlating
microstructural features with rheological properties.

Interpretation of Table 5a: This table demonstrates that the colloid index or bitumen
index generally exhibits a positive correlation with the complex modulus. Interpretation
of Table 5b: This table is primarily based on atomic force microscopy (AFM) observations.
Studies by Soenen et al. and Li et al. both found that the dimensions, quantity, and
distribution of the ‘honeycomb-like structures’ are closely correlated with variations in the
asphalt’s storage modulus and loss modulus.

Table 5. (a) Correlation between microstructures and rheological properties. (b) Correlation between

microstructures and rheological properties.

Reference Factors Methods Findings
(a)
Charagterlzmg various types of aspha.lt The complex modulus of asphalt is
and their fractions using DSR to establish ionificantly correlated with the colloid
Wang et al. [130] Colloid index () the relationship signiticantly corre-ated w ¢ cotlo

between colloid index and
rheological parameters.

index, increasing with the increase in colloid
index.

Siroma et al. [131] Molecular weight

Based on the phase angle master curve of
asphalt, the molecular weight distribution
of asphalt was calculated by 5-method.

The molecular weight distribution (MWD)
calculated by 6-method has the same trend
as the GPC test results. The molecular
aggregation index (MAI) was proposed to
quantify the aggregation rate of asphaltene.

Krolkral et al. [132] Molecular weight

Based on the phase angle master curve of
asphalt, the MWD of asphalt is calculated
by 6-method. The molecular weight
distribution is decomposed into four
Gaussian functions, and the asphalt
structure is inversely calculated by
viscoelastic master curve.

During the aging process of asphalt, the
proportion of low molecular weight
components gradually decreased, while that
of high molecular weight components
increased.

Paliukaite et al. [133] Chemical composition

The strength of functional groups in
asphalt was determined
semi-quantitatively using Fourier
transform infrared spectroscopy, and the
metal content in asphalt was indirectly
assessed using an organic element
analyzer. The impact of chemical
composition on asphalt was evaluated by
comparing the changes in these
parameters and the master curve before
and after aging.

Carbon, oxygen, and sulfur are the primary
elements that significantly impact asphalt
performance. The presence of heavy metals
in asphalt results in reduced asphaltenes
content and heightened sensitivity of sulfur
to oxygen within the structure.

Weigel et al. [134] Chemical composition

Through a variety of statistical methods to
explore whether there is a relationship
between the chemical composition of
asphalt and its rheological parameters.

There is a significant relationship between
asphaltenes content and phase angle and
complex modulus, but the accuracy of the
established prediction model decreases
above 50 °C.
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Table 5. Cont.

Reference Factors

Methods

Findings

(b)

Chemical composition,

Yuetal. [135] Bee structure

Derived asphalt was prepared by blending
four groups of components of two kinds
of original asphalt. Based on the AFM and
DSC test results of original asphalt, SARA
fractions and derived asphalt, as well as
their viscoelastic properties, the
relationship between chemical
composition, microstructure and
rheological properties was established.

Increasing the asphaltenes content in the
derived asphalt can approximately simulate
asphalt aging. With the increase in
asphaltenes content, the micelles in the
asphalt gradually increase, and the
transition from sol structure to gel structure
is gradually realized. The higher the
asphaltenes content, the higher the glass
transition temperature of asphalt, and the
smaller the phase angle.

Oldham et al. [136]

Bee structure

By comparing the morphology and
rheological parameter changes in asphalt
before and after aging, as well as after the
addition of rejuvenators using AFM and

DSR, a connection between asphalt’s
morphology and rheological properties
was established.

The length of bee structure is significantly
related to the hardness and viscosity of
asphalt, and the addition of rejuvenator will
significantly affect the length of bee
structure.

Soenen et al. [137]

Interactions between
polycyclic aromatic
structures

The size of aromatic structure was
semi-quantitatively analyzed by spectral
techniques, and the relationship between

the interaction force between aromatic
structures and the rheological properties
of asphalt was established by combining

Under higher temperature or longer loading
times, the viscoelasticity of asphalt is
primarily influenced by its larger conjugated
aromatic structure. Conversely, at lower
temperatures or shorter loading times, the
viscoelasticity of asphalt is notably
associated with its smaller

the master curve. .
aromatic structure.

Establish a continuous relaxation
spectrum using the storage modulus and
loss modulus from the master curve. Then,

calculate the equivalent asphalt particle
size based on the longest relaxation time
in the relaxation spectrum.

The equivalent asphaltene particle size aeq
was proposed. The longest relaxation time
and equivalent asphaltene particle size of
asphalt increase with the increase in
aging degree.

Lietal. [138] Asphaltene particle size

NOTE: The rheological parameters in these works are derived from the LVE region of asphalt, and only the
complex modulus at this time has a clear and precise physical meaning.

4.2. Nonlinear Viscoelasticity
4.2.1. Nonlinear Viscoelastic Characterization Methods

Under high strain or stress, asphalt is more likely to exhibit NLVE behavior [139].
Masad and Somadevan [140] developed a finite element model of the microstructure of
hot-mix asphalt to investigate the impact of local strain on the strain distribution within
aggregates and the binder. The findings indicate that the average binder strain is ap-
proximately 8 times greater than the overall mixture strain. The linear viscoelastic strain
of certain asphalt binders is 1% [141], yet the strain amplitude in the linear amplitude
scanning (LAS) test can reach 30%. This significant deviation from linear behavior in
the strain amplitude during testing can potentially impact the assessment of asphalt fa-
tigue performance due to NLVE. The simplified viscoelastic continuum damage theory
(S-VECD) is commonly used to study the fatigue performance of asphalt. However, NLVE
effects are rarely accounted for, thereby diminishing the accuracy of asphalt fatigue life
prediction [142].

Currently, NLVE of asphalt is commonly assessed through multiple stress creep
recovery (MSCR) [143], repeated stress sweep (RSS) [139], and incremental stress sweep
(ISS) tests [142], with analysis using models such as the Schaper model [144], Delgadillo
model [104], Narayan model [98], and others. The mechanical behavior of asphalt damage
is similar to the nonlinear viscoelastic behavior, as reflected in the increase in the phase
angle and the decrease in the dynamic modulus. To improve the prediction accuracy of
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asphalt fatigue life, Safaei et al. [142] used the LAS test to calculate the nonlinear dynamic
shear modulus based on the S-VECD theory. An et al. [139] determined the NLVE strain
threshold of asphalt binder using an ISS test and separated it from the damage process.

In addition to the steady-shear load-based test methods mentioned earlier, the large-
amplitude oscillatory shear (LAOS) test is also used to assess nonlinear viscoelasticity [145].
This approach is not only more versatile but also more representative of the actual stresses
experienced by road asphalt materials [146,147].

In a stress-controlled LAOS test, the strain-time curve of asphalt can be divided
into three stages: the unstable zone, the stable zone, and the damage zone. In strain-
controlled mode, the stress-time curve can be divided into two stages: the stable zone and
damage zone [103]. With an increase in LAOS loading cycles, the microstructure of the
asphalt material changes, leading to damage [148,149]. Therefore, it is necessary to select
undamaged data for analysis of LAOS test results.

The input strain and input strain rate under the strain-controlled mode are shown as
formula (7):

Y(t) = yosinwt, y(t) = wyycos wt (7)

where y(t) denotes the dimensionless input shear strain, (t) represents the input shear
strain rate (in units of s~!), and Y0 denotes the strain amplitude, and w is the angular
frequency (in units of rad/s).

The corresponding output stress can be expressed by Equation (8):

o(t) = opsin(wt + 6) 8)

where o(t) denotes the output stress, 00 denotes the stress amplitude, and 6 denotes the
phase angle.

4.2.2. Nonlinear Viscoelastic Evaluation Methods in the LAOS Test

Unlike LVE test methods, in the nonlinear viscoelastic region of stress—strain response
during LAOS testing, the stress—strain response is no longer a sine waveform, and the
complex modulus loses its precise physical meaning at this point. Therefore, it is necessary
to develop alternative methods to qualitatively and quantitatively analyze the NLVE of
asphalt under LAOS testing. The commonly used evaluation methods are shown in Table 6.

Table 6. Evaluation methods of NLVE under the LAOS test.

Methods Equations or Definitions Parameters Uses and Legends
Relative intensity of the Strain-controlled mode: I, /1: n-order harmonic Evaluate the degree of NLVE
higher order harmonic [103] Iy = %‘ = %’ = relative intensity ratio of asphalt.
/(€08 3,2+ (T,5in 3,2 T, n-order harmonic stress Legend [103]:
(ticos &1)2+(tysin 61)2 7 Yn: n-order harmonic strain
n=135... d,: n-order harmonic
Stress-controlled mode: phase angle

I
[n/lzﬁ:%:

v/ (Yn €08 6,12+ (yusin 6,)2
(y1cos 51)2+(y,-sin 51)2
n=135...

7
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Table 6. Cont.

Methods

Equations or Definitions

Parameters

Uses and Legends

Lissajous curve [150-152]

The Lissajous curve is mainly
divided into two types:
(D Elastic Lissajous curve
(stress—strain curve)
@ Viscous Lissajous curve
(stress—strain rate curve)

(D Elastic Lissajous curve:
-Strain-controlled mode:
G’y minimum strain
modulus, the tangent slope
aty=0
G'r: maximum strain
modulus, the slope from
¥ = Yo to the origin

-Stress-controlled mode:
J'yr: minimum
nonlinear compliance
J'L: maximum
nonlinear compliance

@ Viscous Lissajous curve
-Strain-controlled mode:
7' M: minimum strain rate
viscosity, the tangent slope
at ’y =0
7' L: maximum strain rate
viscosity, the slope from

7 =70 to the origin

-Stress-controlled mode:
@' minimum fluidity
@' maximum fluidity

The viscoelastic state and
degree of asphalt are judged
according to the curve shape.

Legend (Elastic Lissajous

curve) [150]:

Stress decomposition and
strain decomposition
[153,154]

(D Nonlinear stress:
T(t) = ToB(t) + TBO()
@ Nonlinear strain:
v(8) ="'(t) + 7" (1)

Tog(x): apparent elastic stress,
X = /v = sinwt
Teo(y): apparent viscous

stress, x = /¢ = coswt

The rheological behavior of
the material was judged
according to the Chebyshev
coefficient (commonly

(® Chebyshev polynomials: +': apparent elastic strain used third-order
~];leastic: +": apparent viscous strain Chebyshev coefficient).
T(x) =7 L en(w,70)Tu(x)  en=Gy'(—1)0D/2: n-order Legend [145]:
=0 Chebyshev coefficient
Y(#) -1 L cn(w, 1)Tu(x) vp = Gy''/w: n-order
"\7.0 ) Chebyshev coefficient
iscous: /
o ¢ = Ji': n-order
' (x) =70 ;1 vn(w,70) Tu (y) Chebyshev coefficient
" fu = nwly": n-order
y'(t) =70 X fu(w, t0)Tu(x) Chebyshev coefficient
=1 T, (x): n-order
Chebyshev coefficient
Constitutive model Jeffreys model [155]: ¢: constant The NLVE behavior under

ooy o T\ 4 oo s
G(]+770_<€+77A),Y+G07

Noo: infinite shear viscosity
Go: shear modulus

Bergstrom-Boyce model [156]:

Y=g -1+
_1m
é’)c {R Tb:se - Tcu}

Toyu: cut-off stress below
which no flow will occur
¢: strain adjustment factor
@: viscoelastic chain stretch

LAOS loading is described.

Shan et al. [149] found that the matrix asphalt only has the first-order harmonic inten-
sity in the LVE state, and the third-order and fifth-order harmonic relative intensity ratios
appear in the NLVE state, and that the NLVE behavior of the asphalt is more significant
with the increase in loading level. In the LAOS test, different control modes will have dif-
ferent results. For instance, in the strain-controlled mode, the third-order relative harmonic
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strength (I1/13) of asphalt increases with higher strain and frequency, and decreases with
lower temperature. In other words, asphalt exhibits more pronounced NLVE behavior
under high-strain, low-temperature, and high-frequency conditions [157-159]. However,
under stress-controlled mode, the NLVE of asphalt becomes increasingly pronounced under
high stress, high temperature, and low-frequency conditions [149,160]. For example, in the
strain-controlled mode, the Lissajous curve exhibits substantial distortion under high stress,
low frequency, and low temperature, indicating a more pronounced NLVE [157,158,161].
Conversely, under stress-control mode, asphalt exhibits enhanced nonlinear viscoelasticity
under high stress, low frequency, and high temperature [149].

The stress decomposition and strain decomposition method is mainly used to judge
the rheological properties of asphalt, such as stress (strain) softening (hardening) and shear
thinning (thickening) [149,158]. There are many classical nonlinear viscoelastic constitutive
models under LAOS loading [103,145,162-165], but few researchers have applied them to
asphalt materials. Padmarekha et al. [152] developed a Frame-Invariant model to fit the
stress—strain curves of matrix asphalt and rubber-powder-modified asphalt under LAOS
loading. Diab et al. [156] used the Bergstrom-Boyce model to fit the stress—strain curves
of asphalt in the LVE and NLVE regions. These models can effectively capture the NLVE
behaviors exhibited by various asphalt types. However, as with the aforementioned NLVE
analysis methods that rely on the LAOS test, the parameters in these models often lack
physical significance or fail to correlate with pavement performance. In the study by
Saboo et al. [159], it was found that I1/I3 was significantly correlated with the fatigue
life Nf of asphalt, and a relationship independent of temperature, aging condition, and
asphalt type was established. Therefore, it is feasible to establish a relationship between the
evaluation index and road performance under the LAOS test, which can be further studied
in the future.

4.3. Thixotropy

Due to the combined effects of vehicle load and the external environment, fatigue
failure of asphalt pavement will occur during its service life, resulting in a series of pave-
ment issues. In many early investigations on asphalt fatigue, researchers believed that
asphalt fatigue is caused by damage and is an irreversible process. The fatigue factor,
cumulative dissipated energy ratio, and other indicators are proposed to evaluate the
fatigue characteristics of asphalt [120,166-168], and a series of models are used to predict
the asphalt fatigue life [120,169,170]. In fact, changes in rheological parameters during
asphalt fatigue damage are not solely due to damage, but also to the coupling effects of
other factors, such as thixotropy and NLVE [171-175].

As depicted in Figure 5a, asphalt thixotropy refers to the orientation, extension, and
unwinding of asphalt molecules under long-term loading, resulting in a decrease in viscos-
ity. When the loading stops for a period of time, the asphalt molecules gradually return to
the state before the load, and the viscosity gradually recovers [176].

The variation in viscoelastic parameters caused by thixotropy can be fully restored,
but fatigue damage will decrease the effective area of asphalt, and the variation in vis-
coelastic parameters will be wholly or partially restored at a relatively low rate [177]. To
enhance the precision of asphalt fatigue life prediction, researchers have delved deeper
into examining the impact of thixotropy on asphalt’s fatigue characteristics. The findings
indicate that fatigue-life prediction models based on damage theory tend to overestimate
the extent of asphalt damage. H. Di Benedetto et al. [178] took into account the influence
of thixotropy when investigating asphalt fatigue characteristics. They divided the fatigue
process into three stages (Figure 5b). During the time sweep test, reversible phenomena
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such as thixotropy or nonlinear viscoelasticity occur in the initial stage of asphalt, leading
to a rapid decrease in the complex modulus, followed by stabilization (stage 1). As loading
cycles increase, the asphalt develops small cracks due to fatigue, leading to a gradual
decrease in the complex modulus (stage 2). Subsequently, these cracks grow and connect,
forming larger cracks leading to asphalt failure, accompanied by a rapid drop in the com-
plex modulus (stage 3). Shan [176] and Lv et al. [172] studied the effect of thixotropy on
the fatigue characteristics of asphalt, and also believed that the decrease in modulus at the
initial stage was caused by thixotropy and nonlinear viscoelasticity.
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Figure 5. The variation of rheological parameters of asphalt during fatigue process.

5. Conclusions and Future Perspective

This study systematically reviews advances in the multiscale rheological behaviour of
asphalt pavement materials, aiming to bridge the cognitive gap between their microstruc-
ture and macroscopic performance. Key consensus points, existing knowledge gaps, and
priority areas for future research can be summarised as follows:

5.1. Conclusions

Current research has confirmed that bitumen constitutes a complex multiphase chemi-
cal continuum, with its macroscopic rheological properties rooted at the microscopic scale.
The chemical composition, particularly the proportions and polarities of SARA components,
fundamentally governs bitumen’s viscoelasticity. Polar constituents (such as asphaltenes)
primarily contribute elasticity, whilst non-polar components predominantly influence
viscosity. Colloidal structure theories, notably the Yen-Mullins model, provide a robust
framework for explaining asphaltene nanoaggregation and its performance implications.
Regarding macroscopic characterisation, dynamic shear rheometer (DSR) testing within the
linear viscoelastic (LVE) region has been standardised. Master curves constructed via the
time—temperature superposition principle (TTSP), alongside various empirical algebraic
and mechanical element models, effectively describe asphalt’s linear response across broad
temperature and frequency domains. Significant correlations exist between rheological
parameters and microscopic morphologies such as the honeycomb structure” observed
via atomic force microscopy (AFM), further substantiating the notion that microstructure
governs macroscopic performance.

Despite the aforementioned consensus, several critical knowledge gaps continue to
impede the establishment of a comprehensive structure-property relationship. Firstly, there

107 https://doi.org/10.3390/ coatings16030355



Coatings 2026, 16, 355

remains a lack of universal bridging models capable of quantitatively linking intermolecu-
lar interactions, colloidal structural indices, and measurable rheological parameters (such
as |G*l, §) across micro- and macro-scales. Secondly, the understanding of non-linear
viscoelasticity (NLVE) remains far from mature. Most microstructure-property correlation
studies remain confined to the linear viscoelastic (LVE) regime, whilst large-amplitude
oscillatory shear (LAOS) testing methods—capable of authentically reflecting complex
pavement loading conditions—and their data interpretation are still in their infancy. Fur-
thermore, existing rheological models (e.g., empirical and fractional-derivative models)
frequently suffer from limitations, including insufficient universality, ambiguous physical
interpretations of parameters, and inadequate descriptions of extreme conditions. Finally,
no definitive consensus has been reached regarding the chemical origins of microstructural
features such as ‘honeycomb structures’ or their representativeness within the bulk matrix.

5.2. Future Perspective

Future research should focus on the following areas in order to address the aforemen-
tioned challenges:

(1) Developing deeply integrated multi-scale methodologies: There is an urgent need
to combine advanced molecular simulations (such as coarse-grained molecular dynamics),
high-resolution chemical imaging techniques (such as AFM-IR), and macroscopic rheologi-
cal measurements to establish quantitative, verifiable models spanning molecular motion
to colloidal network evolution, thereby bridging the theoretical gap between scales.

(2) Establish a universal model encompassing both linear and nonlinear behaviours:
Focus on developing constitutive models that can accurately describe linear viscoelasticity
across a wide temperature and frequency range while effectively characterising nonlinear
responses under low-amplitude oscillatory stress (LAOS). Model parameters should pos-
sess clear physical significance and be directly linked to the chemical/colloidal properties
of asphalt, thereby enhancing predictive capability and universality across different asphalt
types, including various modified asphalts.

(3) Enhancing Fatigue Life Prediction Frameworks: Designing novel experimental
protocols and analytical theories to isolate and quantify the coupled effects of reversible
non-linear viscoelastic and thixotropic behaviour alongside genuine irreversible damage
during fatigue processes, thereby developing more precise asphalt fatigue life prediction
methodologies.

6. Patents

Patent: Training method, component content analysis method, and equipment for
component content analysis (202511720449X).
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Appendix A
Appendix A.1

Table A1. Algebraic models.

Models

Parameters

Jongepier and Kuilman'’s
model [179]

Equations
G ()1
H(t) = FuReP| = —E

H(7): relaxation spectrum
B: width of relaxation spectrum
T: relaxation time
T,,: mean relaxation time

Dobson’s model [117]

— _ 5-G, 7
logw; 7 = log(G; 7 — 1) + 25

w; = nowar/Gg
Gr = |G*|/Gg
b: shear-susceptibility index

Dickinson and Witt’s
model [180]

logG, = 0.5{10gw, - (loga]y)z + (2‘3)2}0.5 }
O(wy) = 45{1 — logwy <logwr)2 + (2'3)2]—05 }

logGy = 8.88 4 0.58Bpw
Bep = logGg — logGy

Christensen and Anderson
(CA) model [181]

—log2 ﬁ
Gg = {1—&- <w,) R }
— 90
o= Log2
1+ (wy) R

R =1logGy — logGy
Gg: Glass transition modulus (Pa),
w: Angular frequency (rad/s)

Fractional model [182]

1
1G] = 0w [m:l )

6=F+4-1 {% actan(jugew) — - octan(?\ka))]
1 1

(n—m)

Uk, Ag: relaxation time, (py, Ax > 0)

n,m: numbers of relaxation time, (n >> m)
w: fourier transform of the Dirac delta function

—w

Christensen, Anderson and |G*| = Gg {1 + (%)”] v v =1og2/R
Marasteanu (CAM) model s— 90w
[183] ()]
Modified Christensen, |G*| = G, + LGCM Ge = |G*|(f = 0)
Anderson and Marasteanu 1+( L )k] k Gy = |G*|(f — )
model [102] 4
Al-Qadi and co-workers’ cl-c. 1 wo: the scale parameter
model [184] 1G*| = S|t []+(u%)v} v, m: dimensionless parameters
5= 90

Polynomial model [185]

log|G*| = A(logfr)3 + B(log +)? + C(logfy) + D

fr: reduced frequency (Hz),
|G*1: complex modulus (Pa)

Sigmoidal model [185]

13

10g|G"| = 0 = T gy

v: lower asymptote

«: the difference between the values of the upper and

lower asymptote

wy = 100-7)
Appendix A.2
Table A2. Fractional derivative models.
Models Equations Parameters
Huet model [186] G* = WW’ Geo: limit of the complex modulus
O<h<k<l) Ty: mean relaxation time
o: dimensionless constant
Huet-Sayegh (HS) model [187] G* =Go+ % Go: elastic modulus

Di Benedetto and Neifar (DBN) model

[188]

S E N —
Go =1 G +iwn(T)

Go: elastic modulus of the single spring
17;(T): a viscosity function of the temperature

2S2P1D model [189]

Goo—Go

G =Go+ 1o (iwn) (i) ot (iwr p) T

0, B: dimensionless constan
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Abstract

To elucidate the mechanisms by which the hydrophobic hydrocarbon chain length of
emulsifiers and the surface properties of aggregates influence the adhesive performance
at the emulsified asphalt-aggregate interface, this study employed molecular dynamics
simulations to construct interface models. Key parameters, including relative concentration,
diffusion coefficients, and interfacial adhesion work, were systematically analysed to reveal
the intrinsic effects of imidazoline-type emulsifier chain length and aggregate type on
interfacial behaviour. The results indicate that increasing the hydrophobic chain length of
the emulsifier suppresses the adsorption of emulsified asphalt at the aggregate interface.
The diffusion coefficients of both emulsifier and asphalt molecules initially increase and
subsequently decrease with chain length, with the non-polar asphalt components (aromatics
and saturates) exhibiting greater sensitivity to chain length variations. Moderate extension
of the hydrophobic chain enhances interfacial adhesion work, whereas exceeding the
optimal chain length reverses this trend, weakening adhesion. Aggregate surface properties
exert a significant influence on interfacial behaviour. Compared with the acidic SiO, (00 1)
surface, the basic CaCOj3 (1 0 4) surface exhibits lower peak relative concentrations of
emulsified asphalt, reduced sensitivity to variations in emulsifier chain length, lower
molecular diffusion coefficients, and stronger interactions with asphalt molecules, resulting
in superior interfacial adhesion. This study provides a molecular-level theoretical basis
for the targeted design of emulsifier structures and the efficient adaptation of emulsified
asphalt to different aggregate systems.

Keywords: molecular dynamics; emulsifier molecular structure; aggregate characteristics;
adhesion performance

1. Introduction

Emulsified asphalt, as a low-carbon and energy-efficient material, has been widely
applied in road engineering, offering both economic and environmental advantages, including
ease of low-temperature construction, significant energy savings, and extended pavement
service life [14]. It is a water-in-oil emulsion in which asphalt serves as the dispersed
phase and water as the continuous phase, with emulsifiers adsorbing at the water-asphalt
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interface to stabilise asphalt dispersion at ambient temperature [5]. In practice, emulsified
asphalt is typically mixed with mineral aggregates to produce asphalt mixtures for cold-mix,
cold recycling, and surface treatment applications [6,7], with macroscopic properties such as
mechanical strength, water stability, and high-temperature performance largely determined
by the adhesion and coating effectiveness between the emulsified asphalt and aggregates [8].

At the microscopic level, the adhesive performance of the emulsified asphalt-aggregate
interface is governed by a combination of interfacial properties and molecular interactions [9].
Among these, the role of the emulsifier at the interface is particularly critical. As a typical
surfactant, the polar head group of the emulsifier interacts with water or active sites on the
aggregate surface, while the hydrophobic hydrocarbon chain inserts into the asphalt phase,
forming an ordered adsorption layer at the interface. This interfacial adsorption layer reduces
the water-asphalt interfacial tension, facilitating asphalt wetting and spreading on the aggregate
surface, while simultaneously enhancing interfacial stability through electrostatic repulsion and
steric hindrance, thereby preventing detachment of the asphalt film in aqueous environments.

Beyond the emulsifier, aggregate type and its physicochemical surface properties also
play a crucial role in the adhesive performance of emulsified asphalt [10,11]. Different aggre-
gates exhibit significant variations in chemical composition, surface charge characteristics,
and polar functional groups, which directly influence their interfacial interactions with emul-
sified asphalt [12]. Studies have shown that carbonate aggregates, such as limestone, exhibit
markedly higher interfacial adhesion strength with asphalt than acidic aggregates, such as
granite or quartz, which are primarily composed of SiO, [13,14]. Under ambient condi-
tions, the influence of aggregate type on adhesion is notably greater than that of asphalt
type [15]. Moreover, under humid or combined heat-moisture conditions, acidic aggregates
are more prone to debonding and stripping than basic aggregates [16], further highlighting
the significant impact of aggregate surface properties on emulsified asphalt adhesion.

Molecular dynamics (MD) simulation provides an efficient approach to investigate
the dynamic evolution of materials at the molecular scale and has been widely applied in
the field of road materials. This method not only enables the study of how modifiers affect
asphalt viscosity, interfacial adhesion, and the interaction mechanisms between asphalt and
aggregates [17,18], but also allows detailed analysis of molecular diffusion and distribution
at interfaces, thereby elucidating the microscopic mechanisms underlying adhesion [19].
In recent years, numerous studies have employed MD simulations to explore interfacial
behaviour in emulsified asphalt systems. Liu et al. [20] used MD to examine the adhesion
mechanisms and characteristics of emulsified asphalt residue—aggregate interfaces under
varying emulsifier contents. Zhu et al. [21] investigated the effect of cationic emulsifier alkyl
chain length on the demulsification of cationic emulsified asphalt on CaCOj3 surfaces. Kong
etal. [22,23] combined MD modelling and macroscopic experiments to study mechanisms at
aggregate interfaces, quantifying the role of phenyl functional groups at the molecular level
and assessing the influence of hydrocarbon chain length on adhesion between emulsified
asphalt and acidic aggregates. Zhang et al. [24] employed MD simulations to examine
asphalt-basalt and asphalt-steel slag interfacial adhesion. Meng et al. [25] provided atomic-
scale insights into asphalt-aggregate adhesion and failure behaviour. Wang et al. [26]
constructed MD models of emulsified asphalt-aggregate interfaces with varying water
contents to investigate the effect of moisture on adhesion. Sun et al. [27] used MD to study
molecular interactions between matrix and aged asphalt binders with silica and calcite.
Collectively, these studies confirm that emulsified asphalt adhesion to aggregates is closely
related to emulsifier molecular structure and aggregate surface properties, with molecular
dynamics simulation serving as a critical tool for probing their relationships and underlying
mechanisms at the microscopic level.
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In view of the aforementioned background, this study employed molecular dynamics
(MD) simulations to systematically investigate the influence of hydrophobic hydrocarbon
chain length of imidazoline-type emulsifiers on the adhesion and adsorption behaviour
of emulsified asphalt on CaCOj3 (1 0 4) and SiO; (0 0 1) surfaces. The findings provide
theoretical guidance for the optimisation of emulsified asphalt systems and hold significant
practical value for enhancing the quality of road engineering construction.

2. Materials and Methods
2.1. Base Asphalt Molecular Model

Asphalt is a complex multicomponent mixture composed of tens of thousands of
hydrocarbons with varying molecular weights and structural characteristics [28,29]. In
recent years, extensive research has been conducted both domestically and internationally
to achieve precise microscopic characterisation of asphalt composition and structure. The
most widely used molecular models of asphalt include the average molecular model, the
three-component model, and the four-component model. In this study, based on Corbett’s
SARA fractionation method, representative compounds from the four fractions—saturates,
aromatics, resins, and asphaltenes—were selected as the fundamental molecular units for
constructing the asphalt molecular model [30-32].

Using Materials Studio (MS), representative molecules of the four asphalt fractions were
constructed as fundamental molecular units, and their initial geometries were optimised
to verify structural plausibility. Based on this, the Construction tool in the Amorphous
Cell (AC) module of MS was employed to fill the four types of molecules into a cubic
simulation box with periodic boundary conditions according to the predefined component
ratios (Table 1), thereby establishing the asphalt molecular model (Figure 1). It should be
noted that the molecular model in this study was entirely constructed based on literature data
and the SARA fractionation method, without direct experimental verification via microscopic
imaging techniques such as AFM, SEM, or TEM. The plausibility of the model was confirmed
through geometry optimization and comparison with reported molecular characteristics in
the literature.

Asphaltene

B Carbon Atom O Sulphur Atom B OxygenAtom ® Nitrogen Atom 0O Hydrogen Atom

Figure 1. Molecular model of four-component asphalt.
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Table 1. Number of molecules in the asphalt molecular model.

Molecular Name Molecular Molar Mass Number Proportion
Formula (g/mol—1) Added (%)
Saturate CpHyg 310.61 5 7.3
Aromatics CyHz0S 634.966 7 20.8
Resin C59HgsNOS 856.395 3 12
Asphaltene C149H177N30282 2106.19 1 9.9

2.2. Emulsified Asphalt Molecular Model

The interfacial behaviour between emulsified asphalt and aggregates is largely governed
by the action of emulsifiers. Emulsifier molecules contain both hydrophilic and lipophilic
groups, which preferentially adsorb at the asphalt-water interface to form a stable interfacial
adsorption layer. Under the influence of this layer, the asphalt phase is dispersed as droplets
within the continuous aqueous phase, allowing the emulsified asphalt to come into contact
with mineral aggregate surfaces. Upon contact, the emulsifier molecules act as a critical
mediator linking the asphalt phase, aqueous phase, and aggregate surface; their interfacial
configuration and molecular orientation directly influence the spreading, wetting, and ad-
hesion of asphalt on the aggregate surface, thereby determining the interfacial interaction
characteristics and adhesion stability of the emulsified asphalt-aggregate system.

Building on previous studies, this work selected long-chain aliphatic imidazoline-
type emulsifiers to construct molecular models [33]. These emulsifiers are synthesised via
amidation—cyclisation of tetraethylenepentamine with organic acids. Their hydrophilic
groups (polar imidazoline rings) form hydrogen bonds with water molecules, enhancing
interfacial compatibility, while the hydrophobic groups (long-chain alkanes) interact via
van der Waals forces with the hydrophobic structures of asphalt molecules, anchoring the
emulsifier at the surface of asphalt droplets. To distinguish molecular structural variations,
the C,Nm nomenclature is adopted, where n denotes the number of carbon atoms in
the long alkyl chain and m the number of nitrogen atoms in the hydrophilic group; the
corresponding emulsified asphalt system is referred to as the C,Ny emulsified asphalt
system. Molecular models of the long-chain aliphatic imidazoline-type emulsifiers with
different alkyl chain lengths, together with water molecules, are shown in Figure 2.

(@) &7Ns (b) CoNs

(d) C1sNs

)

(e) C1sNs (f) H20

Figure 2. Molecular models of long-chain aliphatic imidazoline-type emulsifiers with varying alkyl
chain lengths and water molecules.

121 https://doi.org/10.3390/ coatings16030330



Coatings 2026, 16, 330

Based on the aforementioned molecular models of imidazoline-type emulsifiers and
water, the emulsified asphalt molecular model was constructed using the Amorphous Cell
(AC) module in Materials Studio (MS). The model was configured with a molar ratio of
emulsifier to water of 15:85 [34], while the molar ratio of the emulsifier—water solution
to asphalt was set at 5:5. A cubic simulation box with periodic boundary conditions was
generated to represent the infinite extent of the real system, ensuring that the simulation
results are representative. The detailed composition of the emulsifier—water solution
molecular model is listed in Table 2.

Table 2. Model molecular composition of emulsifier aqueous solutions.

Composition Molecular Name Molecular Formula l\l(lg()/l;roll\{?is Number Added
C-N Emulsifier C16H35N5 297.491 5
75 Water molecule H,0 18.015 502
CoN Emulsifier C18H39N5 325.545 5
9 Water molecule H,O 18.015 502
C1«N Emulsifier C20H43N5 353.599 5
1 Water molecule H,0 18.015 502
C1-N Emulsifier C22H47N5 381.653 4
1395 Water molecule H,O 18.015 502
C1=N Emulsifier C24H51N5 409.707 4
15755 Water molecule H,0 18.015 502

The optimisation procedure for the emulsified asphalt molecular model and the
parameters used in the molecular dynamics simulations were kept consistent with those
of the asphalt molecular model, thereby enhancing the reliability and consistency of the
results. The schematic diagram of the molecular model structure of C;;N5 emulsified
asphalt, constructed based on the number of molecules in Tables 1 and 2, is shown in
Figure 3.

R, S W BDe) g o oY
:gf’?:t&,'. PO S ¥ B Carbon Atom
B b (Y .
O Sulphur Atom
B Oxygen Atom

B Nitrogen Atom

O Hydrogen Atom

Figure 3. Molecular model of C11N5 emulsified asphalt.
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2.3. Aggregate Molecular Model

In road engineering materials, mineral aggregates are complex inorganic mixtures
with diverse sources, primarily composed of oxides such as SiO,, CaO, and Fe,Os. Given
the complexity and variability of actual aggregate mineral compositions, molecular dy-
namics simulations typically employ single-mineral crystal models to represent aggregates
equivalently, enabling analysis of their interfacial interactions with asphalt systems. Based
on existing studies and model applicability, this work selected SiO, and CaCOs as repre-
sentative acidic and basic aggregates, respectively, and employed the widely used SiO, (0
0 1) and CaCOs (1 0 4) crystal planes to construct aggregate surface models for molecu-
lar dynamics analysis of emulsified asphalt-aggregate interfacial behaviour. The lattice
parameters of the aggregate unit cells used are listed in Table 3.

Table 3. Lattice Constants of CaCO3 and SiO,.

Lattice Constant

A t i i t
geregate A b/A A of° BI° vI°
CaCO; 499 499 17.061 90 90 120

SiO, 4193 4193 5.4052 90 90 120

During the construction of the aggregate models, the Cut tool in Materials Studio (MS) was
used to cleave the mineral unit cells to generate specific crystal planes, with the number of layers
set to control model thickness. It should be noted that cleavage of the SiO, crystal surface pro-
duces unsaturated atomic structures. If used directly in molecular dynamics simulations, these
may undergo unrealistic interactions with water molecules or oxygen atoms, compromising
the accurate representation of quartz aggregate interfacial behaviour under service conditions.
Therefore, it is necessary to repair the broken bonds on the SiO, crystal surface to obtain a
structurally stable and chemically reasonable aggregate surface model.

On this basis, the constructed crystal plane models were periodically extended in the
x and y directions to achieve the model dimensions required for interfacial studies. A 30
A vacuum layer was then introduced perpendicular to the crystal plane to mitigate the
influence of periodic boundary conditions on the interface system, converting the original
two-dimensional crystal plane into a three-dimensional supercell suitable for molecular
dynamics simulations. The final aggregate unit cell molecular models are shown in Figure 4.

(2) CaCOs (01 4) (b) Si02 (00 1)

Figure 4. Molecular model of C11N5 emulsified asphalt.
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2.4. Emulsified Asphalt—Aggregate Interfacial Model

Based on the emulsified asphalt molecular models and aggregate unit cell models
constructed in Sections 2.1-2.3, the emulsified asphalt-aggregate interface models were
assembled using a “lower aggregate-upper emulsified asphalt” spatial stacking approach.
To mitigate potential interference from periodic boundary conditions on interfacial mi-
crostructure and molecular dynamics behaviour, a 50 A vacuum layer was added above the
emulsified asphalt layer. A schematic of the final emulsified asphalt-aggregate interface
molecular model is shown in Figure 5.

Vacuum layer
Vacuum layer u Y

Emulsified asphalt layer

Emulsified asphalt layer

Aggregate layer

Aggregate layer

(2)CaCO,(1 0 4) (b)Si0,(00 1)

Figure 5. Molecular model of the emulsified asphalt-aggregate interface.

2.5. Simulation Parameters and Validation
2.5.1. Parameter Settings

Molecular simulation techniques can reveal the static structures and dynamic diffusion
behaviours of substances at the microscopic scale, with atomic model construction and the
choice of force field being critical [35]. The COMPASS force field, widely used in molecular
simulations, accurately describes various interactions within molecular systems, making
it well suited for simulating molecular aggregation and geometry optimisation during
initial model construction [36]. Accordingly, the COMPASS III force field was employed
throughout all simulations in this study.

It should be noted that periodic boundary conditions (PBCs) were imposed in the x, y,
and z directions to minimize the boundary effects on the simulation results.

The constructed base asphalt molecular model was first subjected to geometry optimi-
sation to eliminate unreasonable initial configurations. During geometry optimisation, the
system temperature was set to 298 K, the non-bonded interaction cutoff radius was 15.5 A,
and energy minimisation was carried out using the conjugate gradient algorithm. The
Coulombic electrostatic interactions and van der Waals interactions were calculated using
the Ewald summation method and the Atom-Based method, respectively. After geometry
optimisation, a 300 ps molecular dynamics pre-equilibration was performed to ensure the
stability and reliability of the base molecular structure. The time step was set to 1 fs, and the
simulation was conducted under the NPT ensemble. During the simulation, the Andersen
thermostat and Berendsen barostat were employed to maintain the system temperature
and pressure at 298 K and 1.0 x 10~* GPa, respectively.

For the constructed emulsified asphalt/aggregate interface model, geometry optimi-
sation was likewise performed using the same parameters and computational settings
as those applied to the base asphalt model. Subsequently, pre-equilibration, annealing,
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and final equilibration were carried out in sequence. First, a 200 ps pre-equilibration was
conducted under the NPT ensemble to eliminate the influence of the initial configuration.
Then, the system was subjected to five heating—cooling annealing cycles between 298 K
and 500 K to release internal stresses and promote structural relaxation. After annealing, a
1000 ps final equilibrium simulation was performed under the NPT ensemble to ensure that
the system reached a stable state. The pre-equilibration and final equilibration processes
of the emulsified asphalt/aggregate system adopted the same simulation parameters and
settings as those used for the base asphalt molecular pre-equilibration.

2.5.2. Model Validation

To validate the constructed asphalt molecular model, density and glass transition
temperature were selected as key evaluation indicators. Density is a critical physical
parameter reflecting asphalt’s brittleness and thermal stability [37], while Tg denotes the
characteristic temperature at which asphalt transitions from a glassy to a viscoelastic state,
strongly correlating with its low-temperature mechanical behaviour and in-service stability,
thus serving as an important criterion for assessing the reasonableness and accuracy of
the molecular model [38]. Based on this approach, molecular dynamics simulations were
conducted to examine the evolution of density over simulation time (Figure 6a) and to
determine the model’s glass transition temperature (Figure 6b). As shown in Figure 6a,
density fluctuations of the asphalt model gradually converged after 50 ps and stabilised
at an equilibrium value of 1.011 g-cm ™3, within the typical range of 1.01-1.04 g-cm 3 for
real asphalt materials, indicating that the system had essentially reached thermodynamic
equilibrium after 300 ps of dynamics. From Figure 6b, the glass transition temperature of
the model was determined to be 253.3 K, falling within the temperature range of 238.15 K
to 258.15 K, which is typical for asphalt transitioning from the glassy to viscoelastic state.
These results demonstrate that the constructed asphalt molecular model is both reasonable
and reliable, providing a robust foundation for subsequent construction of emulsified
asphalt systems and simulation of interfacial interactions.
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Figure 6. (a) Density evolution of the asphalt molecular model over time and (b) glass transition
temperature of the asphalt molecular model.

Based on the validated reliability of the asphalt molecular model through density and
glass transition temperature, it is essential to further verify the thermodynamic equilibrium
of the constructed emulsified asphalt-aggregate interface model to ensure the scientific
validity of subsequent molecular dynamics simulations. In MD simulations, system tem-
perature and total energy are the primary indicators of equilibrium, with their stability
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directly determining the credibility of interfacial behaviour analyses. Figure 7 presents the
evolution of temperature and total energy of the interface model over a 1000 ps simulation.
As shown, the system’s total energy converges clearly without significant drift, while the
temperature fluctuates slightly around the set value. This indicates that, following 1000 ps
of equilibration, the system has reached a stable thermodynamic equilibrium, confirm-
ing the model’s reliability and providing a solid foundation for quantitative analysis of
interfacial adhesion, adsorption, and diffusion behaviours.
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Figure 7. Temporal evolution of (a) total energy and (b) temperature in the emulsified asphalt—
aggregate molecular model.

3. Results

3.1. Effect of Hydrophobic Hydrocarbon Chain Length on the Interfacial Distribution of Emulsified
Asphalt-Aggregate Systems

Relative molecular concentration is an important parameter for characterising the
spatial distribution of molecules within the interfacial region of the model. The position
of the peak in the concentration profile quantitatively reflects the degree of molecular
enrichment in that region. By analysing the number density of molecules along different
spatial coordinates, this parameter provides a direct visualisation of molecular aggregation
and spatial distribution at the interface, offering foundational data for further analysis of
interfacial interaction mechanisms. The relative molecular concentration is calculated using

Equations (1) and (2):
_La
Cr=5t M
MA X Nnp
Dy=——+ 2
AT TN XV )

In the equations, C4 denotes the relative concentration, while D 4, L4, M 4, and N, repre-
sent the actual concentration, the local density, molecular weight, and number of molecules of
species A, respectively. N, and V correspond to Avogadro’s constant and the system volume.

In this study, molecular dynamics simulations were used to analyse the relative molecular
concentration distribution of emulsified asphalt molecules along the z-axis (i.e., the vertical
direction of the simulation box) in the emulsified asphalt-aggregate systems. Five time points—
200 ps, 400 ps, 600 ps, 800 ps, and 1000 ps—were selected to systematically examine the
spatiotemporal evolution of asphalt molecules across different interface models. Based on these
results, the effects of the hydrophobic hydrocarbon chain length of imidazoline-type emulsifiers
and aggregate surface properties on the distribution behaviour of emulsified asphalt molecules
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were further evaluated. The resulting relative molecular concentration profiles are presented in
Figures 8 and 9, with the boxes indicating the positions of the curve peaks.
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Figure 8. Relative concentration distribution of emulsified asphalt molecules along the z-axis on the
CaCOs (1 0 4) surface.
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Figure 9. Relative concentration distribution of emulsified asphalt molecules along the z-axis on the
SiO, (0 0 1) surface.

Analysis of Figure 8 shows that the vertical coordinate range of 015 A corresponds to
the CaCOg (1 0 4) aggregate region, where the relative concentration of emulsified asphalt
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is zero. Within the range of hydrophobic hydrocarbon chain lengths studied, the relative
concentration of emulsified asphalt molecules near the CaCOj3 (1 0 4) surface increases
significantly, forming a single concentration peak. This indicates that the active structures
in emulsified asphalt preferentially interact with the CaCOs (1 0 4) surface, resulting in
adsorption and the formation of a stable monolayer. As the vertical distance from the
aggregate surface increases, the relative concentration gradually stabilises, reflecting the
reduced influence of aggregate surface functional groups and the transition of molecules to
a freely distributed state.

Moreover, the adsorption peak of emulsified asphalt on the CaCO; (1 0 4) surface
decreases progressively with increasing emulsifier hydrophobic chain length, indicating
a negative correlation between asphalt adsorption and chain length on this basic aggre-
gate. This behaviour arises because long-chain emulsifier molecules tend to form micellar
structures through intermolecular hydrophobic interactions, reducing the effective contact
probability of individual emulsifier molecules with the aggregate surface and thus lowering
asphalt adsorption. Among the five emulsifier systems examined, the C;N5 emulsified
asphalt system exhibits the highest concentration peak, reaching 5.5 at a vertical coordinate
of 17.2 A. When the hydrophobic alkyl chain length of the emulsifier increases from Cy
to Cy, the adsorption concentration peak decreases most significantly, with a reduction of
approximately 9.1%. On average, for every additional two carbon atoms in the hydrophobic
chain, the corresponding adsorption peak decreases by about 6.0%.

Figure 9 shows the relative concentration profiles of emulsified asphalt molecules on
the SiO; (0 0 1) surface. As observed, the vertical coordinate range of 0-38 A corresponds
to the SiO, (0 0 1) aggregate region, where no asphalt molecules are present and the relative
concentration is zero. For emulsified asphalt systems with different chain lengths, distinct
concentration peaks appear on the SiO; (0 0 1) surface. Consistent with the trend observed
on the CaCOj; (1 0 4) surface, the peak relative concentration of emulsified asphalt on the
SiO; (0 0 1) surface decreases with increasing hydrophobic chain length of the emulsifier,
dropping from 7.8 for the C;Nj5 system to 5.4 for the Ci5N5 system. On average, the
adsorption peak decreases by approximately 8.6% for every two-carbon increase in the
hydrophobic chain length. These results further confirm the influence of the hydrophobic
hydrocarbon chain length of imidazoline-type emulsifiers on the adsorption behaviour
of emulsified asphalt at the aggregate interface, and indicate that this effect is consistent
across aggregates with different surface characteristics.

By comparing the relative concentration distributions of emulsified asphalt molecules
on CaCOs (1 0 4) and SiO; (0 0 1) surfaces, it is evident that, for systems with the same
hydrophobic hydrocarbon chain length, both the spatial distribution patterns and adsorp-
tion intensities differ significantly between aggregates with distinct surface characteristics.
Specifically, the z-axis concentration profile of asphalt on the CaCOs (1 0 4) surface exhibits
a clearly stabilised concentration region, whereas the concentration distribution on the
Si0O; (0 0 1) surface shows more pronounced oscillatory behaviour. Quantitative analysis
further indicates that the peak relative concentrations on the CaCOj3 (1 0 4) surface are
considerably lower than those on SiO;, and the average decrease in peak concentration
with increasing emulsifier chain length is smaller on CaCOj3 (1 0 4) than on SiO;.

Mechanistically, for acidic aggregates such as SiO, (0 0 1), van der Waals interactions
are the primary force governing the adsorption of emulsified asphalt at the interface. In-
creasing the hydrophobic hydrocarbon chain length of the emulsifier significantly strength-
ens both intermolecular and molecule-aggregate van der Waals interactions, rendering the
SiO, surface highly sensitive to changes in chain length. In contrast, CaCO3 (1 0 4), as a
basic aggregate, exhibits a more complex interaction mechanism with asphalt molecules,
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potentially involving a combination of electrostatic forces, hydrogen bonding, and other
interactions, resulting in a comparatively moderate response to variations in emulsifier
chain length. This distinction further elucidates the coupled influence of aggregate sur-
face chemistry and emulsifier molecular structure on the adsorption behaviour at the
asphalt-aggregate interface.

Upon contact with the aggregate surface, the polar head groups of emulsifier molecules
interact with functional groups on the aggregate. Driven by these interfacial forces, the
molecular arrangement within the emulsified asphalt system undergoes reorganisation,
causing active asphalt molecules to separate from the originally stable colloidal dispersion
and orientationally adsorb onto the aggregate surface, completing the asphalt demulsifica-
tion process. Analysis of the relative concentration distributions of emulsified asphalt on
CaCOj3 (1 04) and SiO; (0 0 1) surfaces indicates that by 800 ps, both the peak concentra-
tions and their spatial positions have stabilised, demonstrating that the demulsification
process is essentially complete [14]. By 1000 ps, asphalt demulsification is fully achieved,
forming a structurally stable adsorption layer at the emulsified asphalt-aggregate interface,
providing a microscopic structural basis for the subsequent enhancement of interfacial
bonding strength.

Figures 10 and 11 illustrate the microscopic distribution of the four asphalt compo-
nents on CaCOj (1 0 4) and SiO, (0 0 1) surfaces after demulsification. The results show
that all four asphalt components exhibit distinct concentration peaks on both aggregate
surfaces, confirming that demulsification is complete and that the asphalt molecules have
successfully adhered to the aggregates. Mechanistically, the conjugated benzene rings in
the aromatic fraction can undergo m—m stacking with conjugated groups or polar sites on
the aggregate surface, enabling directional adsorption. Saturates, such as small-chain alka-
nes, can aggregate around the hydrophobic tails of emulsifier molecules via hydrophobic
interactions and migrate with the emulsifier toward the aggregate surface. Polar functional
groups in resins and asphaltenes (e.g., hydroxyl and carboxyl groups) can form hydro-
gen bonds, electrostatic interactions, or other intermolecular forces with either the polar
head groups of the emulsifier or active sites on the aggregate surface, such as hydroxyl or
carbonyl groups. These mechanisms collectively allow effective adsorption of all asphalt
components, though the spatial positions, intensities, and shapes of the concentration peaks
differ significantly among components. Furthermore, both CaCOj3 (1 0 4) and SiO, (0 0
1) are hydrophilic mineral aggregates, enabling water molecules to adopt various stable
conformations at the interface. This indicates that, regardless of the hydrophobic chain
length of the emulsifier, water molecules readily orient and form a continuous interfacial
layer on the aggregate surface. The MD simulation results (Figures 10 and 11) further
confirm that water molecules stably adsorb on both aggregates, with their distribution
closely linked to the chemical characteristics of the aggregate surfaces.

3.2. Effect of Hydrophobic Hydrocarbon Chain Length on the Interfacial Diffusion Behaviour of
Emulsified Asphalt-Aggregate Systems

The diffusion coefficient is a key parameter characterising the dynamic activity of
molecules within the interfacial region and plays a crucial role in studies of interfacial
mechanisms at the molecular scale. Its value is typically derived from the Einstein diffusion
equation and is closely related to molecular mobility: a larger diffusion coefficient indicates
higher interfacial dynamic activity and faster molecular migration. The Einstein relation
describes the diffusion behavior of particles in Brownian motion. It estimates the self-
diffusion coefficient through the mean square displacement of particles over time. The
diffusion coefficient is calculated using the following equation:
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In the equation, D denotes the molecular diffusion coefficient, N is the number of
molecules in the simulation system, ¢ represents the elapsed time, <-> denotes the ensem-
ble average (or time average), ;(t) and r;(0) are the positions of particle 7 at times t and 0,
respectively, and k is the slope of the mean square displacement.
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Figure 10. Relative concentration distribution of components along the z-axis on the CaCOs;
(10 4) surface.
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In the emulsified asphalt-aggregate interfacial system, the variation in diffusion coeffi-
cients for emulsified asphalt and emulsifier molecules is shown in Figure 12. As illustrated,
both types of molecules exhibit the same trend: when the emulsifier’s hydrophobic hydro-
carbon chain length ranges from 7 to 13 carbon atoms, the diffusion coefficients increase
with chain length; however, when the chain length reaches 15 carbon atoms, the diffusion
coefficients decrease.
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Figure 12. Diffusion coefficients of emulsified asphalt molecules and emulsifier molecules on the
(a) CaCOs3(1 0 4) and (b) SiO,(0 0 1) aggregate surfaces.

The hydrophobic chain length of the emulsifier is a key factor affecting its hydrophilic—
lipophilic balance (HLB). As the chain length increases, the interaction between the hy-
drophobic segments of the emulsifier and asphalt molecules becomes stronger, which
facilitates the formation of a more ordered and stable interfacial structure at the water—
asphalt interface. This structural enhancement improves local molecular mobility, leading
to an increase in diffusion behavior. However, when the hydrophobic chain length becomes
excessively long, the molecular chains tend to undergo folding and entanglement. This
strengthens the van der Waals interactions between the emulsifier and asphalt molecules or
the aggregate surface, thereby increasing interfacial adsorption constraints. Consequently,
molecular motion is restricted, resulting in a decrease in the diffusion coefficients of both
the emulsifier and the emulsified asphalt. Additionally, the difference between the diffusion
coefficients of emulsified asphalt and the emulsifier on the same aggregate surface reflects
the influence of chain length on the overall mobility of asphalt molecules. Furthermore,
the self-diffusion coefficients of both emulsified asphalt and the emulsifier on the CaCOj3
(1 0 4) surface are generally lower than those on SiO; (0 0 1), indicating more restricted
molecular motion, lower migration rates, and reduced mobility on the basic aggregate
surface. This phenomenon highlights the effect of aggregate surface chemistry and inter-
facial interaction strength on asphalt diffusion behaviour. Specifically, the CaCO3 (1 0 4)
surface contains abundant Ca®* active sites, which strongly interact electrostatically and
coordinatively with the polar head groups of the emulsifier and polar asphalt components,
significantly enhancing interfacial binding and limiting molecular mobility. In contrast, the
SiO; (0 0 1) surface is primarily composed of Si-OH and Si-O-5i units, with weaker surface
polarity, resulting in lower interfacial interaction with emulsifier and asphalt molecules
and allowing greater molecular freedom, which is reflected in higher diffusion coefficients.

Further quantitative analysis of the diffusion coefficients reveals notable differences
in sensitivity to hydrophobic hydrocarbon chain length between emulsifier and emulsi-
fied asphalt molecules. When the emulsifier’s hydrophobic chain length increases from
9 to 11 carbon atoms, the diffusion coefficient of the emulsifier exhibits the most pro-
nounced change: rising by over 100% on the CaCOj3 (1 0 4) surface and by 75.6% on
the SiO; (0 0 1) surface. This indicates that, within this chain length range, the mobility
of emulsifier molecules is particularly sensitive to chain length. For emulsified asphalt
molecules, the change in diffusion coefficients is also primarily concentrated within the
9-11-carbon-atom chain length range, with increases exceeding 38% on both aggregate
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surfaces. These findings demonstrate that structural variations in emulsifier molecules
with shorter hydrophobic chains have a more significant impact on the overall migration
ability of asphalt molecules.

In summary, the hydrophobic hydrocarbon chain length of the emulsifier and the
chemical characteristics of the aggregate surface have a significant influence on the molecu-
lar mobility of the individual asphalt components. To further elucidate this mechanism, a
targeted analysis of the diffusion coefficients of the four asphalt components and water
molecules was conducted. The variation in diffusion coefficients for the asphalt components
and water molecules is presented in Figure 13.
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Figure 13. Diffusion coefficients of the four asphalt components and water molecules on the
(a) CaCOs3 (1 0 4) surface and (b) SiO, (0 0 1) surface.

The analysis of diffusion coefficients in Figure 13 indicates that differences in the
surface characteristics of CaCOs (1 0 4) and SiO, (0 0 1) aggregates significantly affect the
mobility of polar asphalt components (asphaltenes and resins), whereas the motion of
non-polar components (aromatics and saturates) is primarily governed by the hydrophobic
hydrocarbon chain length of the emulsifier.

Specifically, the diffusion coefficients of asphaltenes and resins on the two aggregate
surfaces exhibit opposite trends, likely reflecting the contrasting chemical properties of the
aggregates. In contrast, the diffusion of aromatics and saturates is relatively insensitive to
the aggregate surface type but shows a non-monotonic trend with increasing emulsifier
chain length, first decreasing and then increasing. This confirms that the mobility of
non-polar components is mainly controlled by the emulsifier’s hydrocarbon chain length.
Within a certain chain length range, longer emulsifier chains can markedly hinder the free
diffusion of non-polar molecules, thereby affecting the microscopic packing density in the
interfacial region. In both aggregate systems examined, the C;1N5 emulsifier corresponds
to an inflection point in the diffusion coefficients of saturates, aromatics, and asphaltenes,
suggesting that this chain length represents a critical threshold for influencing the diffusion
behaviour of non-polar and asphaltene molecules. Additionally, water molecules exhibit
relatively high diffusion coefficients in both interfacial systems, indicating rapid mobility
throughout the system. In comparison, emulsified asphalt and emulsifier molecules, due to
their larger molecular size and stronger intermolecular interactions, experience significantly
restricted free motion.
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3.3. Effect of Hydrophobic Hydrocarbon Chain Length on the Interfacial Adhesion Performance of
Emulsified Asphalt-Aggregate Systems

Adhesion work is a key parameter for quantitatively characterising the interfacial
bonding strength between two phases. In an emulsified asphalt-aggregate system, a
positive adhesion work indicates that emulsified asphalt can spontaneously adsorb onto
the aggregate surface, with higher values corresponding to stronger interfacial adsorption.
Conversely, a negative adhesion work implies that emulsified asphalt cannot form a stable
adsorption layer on the aggregate, and spontaneous interfacial adsorption is unlikely. In
this study, adhesion work was calculated according to Equation (4).

Ep: —E; —[Etotat — (E4 +E
Wudhesion _ an _ Anter _ [ total A( A B)] « K (4)

In the equation, Ey;,,; represents the binding energy of the A-B interface; Ej; 4, is the
interaction energy between A and B, with negative values indicating attraction and positive
values indicating repulsion; E;,;,;; denotes the total free energy of the fully relaxed A-B
system; E 4 and Ep are the free energies of the fully relaxed A and B models, respectively; K
is a conversion factor, taken as 659.

Based on the above equation, the interfacial adhesion work for the CaCO;5 (1 0 4) and
SiO; (0 0 1) surfaces was calculated, as shown in Figure 14.
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Figure 14. Variation in interfacial adhesion work of emulsified asphalt-aggregate systems with
emulsifier hydrocarbon chain length.

Figure 14 shows that the adhesion work for both aggregate interfaces is positive,
indicating that the interfacial adhesion of emulsified asphalt to the aggregates occurs
spontaneously. For the CaCOs (1 0 4) surface, adhesion work initially increases with the
emulsifier’s hydrophobic hydrocarbon chain length but decreases when the chain exceeds
13 carbon atoms. In contrast, adhesion work on the SiO, (0 0 1) surface continues to rise
steadily with increasing hydrocarbon chain length. These results indicate that moderately
extending the emulsifier’s hydrophobic chain promotes the formation of a dense, stable
adsorption layer at the interface, thereby enhancing interfacial adhesion performance.
Further quantitative analysis reveals that when the hydrocarbon chain length increases
from 11 to 13 carbon atoms, the adhesion work reaches its maximum increase for both
surfaces, at 61.0% for CaCOs (1 0 4) and 34.3% for SiO, (0 0 1). Notably, when the chain
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length reaches 15 carbon atoms, adhesion work on SiO; (0 0 1) continues to increase, but by
only 1.8%, whereas that on CaCOs (1 0 4) decreases by 7.9%. These findings indicate that
beyond 13 carbon atoms, further chain elongation contributes little to enhancing interfacial
adhesion and may even reduce adhesion strength, particularly on basic aggregates. At
the molecular level, short-chain emulsifiers have shorter tails, resulting in low adsorption
density, limited hydrophobic interactions, and consequently low work of adhesion. In
contrast, the tails of long-chain emulsifier (Cy5) is excessively long, increasing molecular
flexibility and making them prone to coiling or entanglement. This leads to a decrease in
adsorption arrangement density and restricted diffusion, hindering an increase in the work
of adhesion. The tail length of the C13 emulsifier ensures sufficient hydrophobic contact
with the surface without causing steric hindrance due to excessive length. Simultaneously,
its highest diffusion coefficient enables the molecules to rapidly reach and uniformly
cover the surface, thereby forming the most stable adsorption layer and minimizing the
interfacial free energy. Furthermore, the hydrophilic head group of the Cy3 emulsifier
can form effective electrostatic or hydrogen-bonding interactions with both acidic and
alkaline aggregate surfaces, allowing it to exhibit relatively strong adhesion under different
surface chemical environments. Moreover, under identical emulsifier chain lengths, the
adhesion work on CaCOs (1 0 4) consistently exceeds that on SiO, (0 0 1), demonstrating
that emulsified asphalt exhibits stronger interfacial adhesion with basic aggregates, in
agreement with previous studies [14].

Based on the adhesion work calculations, the contributions of electrostatic and van
der Waals interactions were further decomposed, as shown in Figure 15, illustrating the
relative roles and dominant mechanisms of these interactions in interfacial adhesion.
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Figure 15. Contribution ratios of interaction energies for the (a) CaCO;3 (1 0 4) and (b) SiO,
(001) systems.

Analysis of Figure 15 indicates that, for both aggregate surfaces, the contribution
of van der Waals interactions to adhesion work initially increases and then decreases as
the emulsifier’s hydrophobic chain lengthens, whereas the contribution from electrostatic
interactions exhibits the opposite trend. This suggests that extending the hydrophobic chain
of imidazoline-type emulsifiers can enhance van der Waals interactions to a certain extent;
however, beyond an optimal chain length, emulsifier molecules tend to aggregate and
entangle within the asphalt phase and at the interface, preventing uniform spreading on
the aggregate surface and consequently reducing the van der Waals contribution. Overall,
the variation in adhesion work with hydrophobic chain length closely follows the trend
of van der Waals contribution. The effect of imidazoline-type emulsifier chain length
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on interfacial adhesion is fundamentally mediated through modulation of van der Waals
interactions: as the hydrophobic chain length increases, intermolecular van der Waals forces
are strengthened, promoting the formation of a dense and stable interfacial adsorption
structure and thereby enhancing interfacial adhesion performance.

Further analysis reveals that on the CaCOj3 (1 0 4) basic aggregate surface, electrostatic
interactions contribute over 50% of the interfacial adhesion work, serving as the dominant
force governing adhesion. In contrast, on the SiO; (0 0 1) acidic aggregate surface, van
der Waals interactions account for more than 80% of the adhesion contribution. This
observation highlights a fundamental difference in the microscopic adhesion mechanisms
between these two representative aggregate crystal planes. For the basic CaCO; (1 0 4)
surface, electrostatic forces—including ionic coordination and electrostatic adsorption—
constitute the primary source of interfacial bonding strength, with van der Waals forces
playing only a secondary, supportive role. Conversely, the interfacial adhesion of the
acidic SiO; (0 0 1) surface relies predominantly on van der Waals interactions between the
imidazoline-type emulsifier and the aggregate surface.

Analysis of the energy contribution proportions reveals, at a mechanistic level, the fun-
damental reason why basic aggregates exhibit higher adhesion work than acidic aggregates:
electrostatic interactions—dominated by Coulombic forces and ionic coordination—belong
to the category of strong interactions, whereas van der Waals forces are weak physical
interactions. Consequently, in basic aggregate systems governed by strong electrostatic
interactions, the adhesion work of emulsified asphalt is higher, and interfacial adhesion
performance is superior. In conjunction with the findings on hydrophobic chain length,
optimizing chain length is crucial for enhancing adhesion on van der Waals-dominated
acidic aggregates, while it has limited impact on electrostatically dominated basic aggre-
gates. Therefore, different emulsifier molecular design strategies are required for the two
aggregate types to achieve optimal interfacial adhesion performance.

4. Discussion

Within the carbon chain length range from C7 to Cy5, the adsorption peak shows a
continuous decreasing trend. This is attributed to the increase in molecular occupied area
caused by the lengthening of the carbon chain, which reduces the saturated adsorption
capacity per unit surface area. However, the mere decrease in adsorption capacity is
insufficient to evaluate the performance of different chain lengths, and a comprehensive
consideration of adsorption quality and efficiency is still required. Both the diffusion
coefficient and the work of adhesion reach their maximum values at Cy3. This synergistic
peak reveals that C;3 achieves the optimal balance between kinetics and thermodynamics.
Specifically, the largest diffusion coefficient indicates that C13 molecules experience the
lowest migration resistance in the bulk phase and can migrate to the interfacial region
at the fastest rate. Meanwhile, the maximum work of adhesion demonstrates that the
adsorption layer formed by Cy3 at the interface is the most stable and exhibits the strongest
anti-peeling ability.

The chain length of Cy3 avoids the loose adsorption layer caused by insufficient
binding force in short-chain molecules, and also overcomes the increased mass transfer
resistance and reduced utilization of effective adsorption sites resulting from molecular
curling and steric hindrance in overly long carbon chains. Therefore, although C;3 does
not exhibit the highest adsorption peak, it trades moderate adsorption capacity for the
optimal interfacial bonding strength and fastest adsorption rate, making it the critical chain
length in this system that achieves the best synergy between efficient mass transport and
strong adsorption.
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This study systematically investigates the adsorption behavior, diffusion character-
istics, and adhesion properties of emulsifiers with chain lengths ranging from Cy to Cy5
on different aggregate surfaces, elucidating the influence mechanism of imidazoline emul-
sifiers on the interfacial adhesion performance of emulsified asphalt/aggregate from a
molecular perspective. The results reveal the critical regulatory role of emulsifier tail chain
length on the emulsified asphalt/aggregate interfacial interaction, providing a theoret-
ical basis for optimizing interfacial molecular arrangement and adhesion performance.
From the perspective of road engineering applications, the adhesion performance between
emulsified asphalt and aggregate is a crucial factor affecting the initial strength, interface
stability, and durability of pavement structures. Based on the findings of this study, select-
ing emulsifiers with appropriate tail chain lengths enables the formation of highly stable
adsorption layers on different types of aggregate surfaces, thereby optimizing the interfacial
performance of emulsified asphalt mixtures and enhancing pavement stripping resistance
and long-term service life. This research not only provides molecular-level support for an
in-depth understanding of the emulsified asphalt-aggregate interface mechanism but also
offers a scientific basis for the formulation design and construction process optimization of
emulsified asphalt materials in road engineering.

5. Conclusions

This study, based on molecular dynamics simulations and key characterization param-
eters including relative concentration, diffusion coefficient, and interfacial adhesion work,
systematically investigated the influence of imidazoline-type emulsifier molecular structure
on the adhesion performance of the emulsified asphalt-aggregate interface, and further
analyzed the effect of aggregate surface properties on the interfacial adhesion mechanism.
The main conclusions are as follows:

(1) The hydrophobic alkyl chain length of imidazoline-type emulsifiers exerts a significant
regulatory effect on interfacial behavior: increasing the hydrophobic chain length
suppresses the adsorption amount of emulsified asphalt at the interface. Hydrophobic
chains of appropriate length enhance molecular mobility, thereby improving the
interfacial adhesion performance between emulsified asphalt and aggregates. When
the chain length exceeds the optimal value (C;3), both molecular diffusion rates and
interfacial adhesion performance are weakened. In addition, the diffusion behaviors
of nonpolar components (aromatics and saturates) respond noticeably to changes in
alkyl chain length. Based on the combined analysis of adsorption behaviour, diffusion
coefficient, and adhesion work, the interfacial performance reaches the optimum at
an alkyl chain length of Cy3.

(2) The surface properties of aggregates significantly influence interfacial adhesion: com-
pared with the acidic SiO, (0 0 1) aggregate, the CaCOs3 (1 0 4) basic aggregate exhibits
overall lower relative concentration peaks of emulsified asphalt, with peak values
less sensitive to variations in the hydrophobic alkyl chain length of the emulsifier.
Molecular mobility is lower, adhesion work is higher, and interfacial adhesion per-
formance is superior. These observations collectively indicate strong interactions
between emulsified asphalt and the surface of basic aggregates.

(3) The dominant energetic mechanism of interfacial adhesion depends on the type of
aggregate: the adhesion of emulsified asphalt on the acidic SiO; (0 0 1) aggregate is
primarily governed by van der Waals interactions, whereas the interfacial adhesion
on the basic CaCOjs (1 0 4) aggregate is dominated by strong electrostatic interactions.
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Abstract

Water-based drill cuttings generated during onshore natural gas development are com-
plex solid wastes that may pose environmental risks if improperly managed. This study
evaluates the feasibility of reutilizing water-based drill cuttings as pavement base mate-
rials after stabilization using a novel composite stabilizer composed of cement, stabilizer
liquid agent, and water-reducing powder (CLP stabilizer). Mix proportion optimization
was conducted through compaction and 7-day unconfined compressive strength tests,
followed by evaluation of road performance, including strength, compressive rebound
modulus, water stability, and temperature shrinkage, with stabilized powder stabilized
soil as a control. Microstructural characteristics were analyzed using X-ray diffraction
and scanning electron microscopy, and environmental safety was assessed through heavy
metal leaching tests and background soil investigation. The results show that the optimal
mixture ratio of curing agent (5% cement + 2% liquid stabilizer + 8% superplasticizer
powder) satisfies the strength requirement for pre-drilling road bases, exhibiting superior
performance compared to the control group. When the stabilizer dosage reaches 9%, the
7-day unconfined compressive strength achieves a maximum of 3.38 MPa, representing
a 51% increase over the control group. At a stabilizer dosage of 12%, the splitting tensile
strength reaches a peak value of 0.901 MPa, showing a 60.3% improvement. These results
indicate enhanced deformation resistance, water stability, and reduced temperature shrink-
age rates. Microstructural analysis indicates that the formation of calcium silicate hydrate
(C-S-H) gel and ettringite (AFt phase) leads to a denser structure and enhanced durability.
Heavy metal concentrations comply with relevant standards, demonstrating controllable
environmental risks and supporting sustainable pavement base application.

Keywords: water-based drill cuttings; CLP stabilizer; pavement base; road performance;
environmental safety; microstructural mechanism

1. Introduction

Large quantities of water-based drill cuttings are generated during natural gas exploration
and development. These cuttings are typically complex in composition and may contain heavy
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metals and residual chemical additives. If improperly managed, they can contaminate soil
and groundwater, posing risks to surrounding ecosystems and public health [1]. Therefore,
the resource utilization of water-based drill cuttings after harmless treatment, particularly in
pavement base engineering, represents a promising approach to mitigating environmental
pressure while alleviating shortages of conventional construction materials, such as sand and
gravel [2].

Driven by infrastructure demands (roads, foundations) and material shortages, soil
solidification technology has rapidly developed and been widely adopted. Qin et al. [3]
used three components, namely, cement clinker, sodium bisulfate, and Na,SiFg, as the main
materials of the stabilizer to chemically reinforce the coastal silt. The 28-day strength of the
consolidated soil was verified by the unconfined compressive strength test. The test results
show that the activity of the slag in the stabilizer is fully stimulated, and the consolidation
effect on the silt is very significant. In the study, Babatunde et al. [4] used gum Arabic as a
sustainable soil stabilizer and employed three different contents of biopolymers to investigate
the effects of gum Arabic on the rheological behavior, strength, and stiffness characteristics of
treated sand. The compressive strength of the treated specimens was significantly enhanced
after 28 days of curing. Li et al. [5] used the method of ionic soil stabilizer (ISS)—cement
synergistic solidification in the study to solidify coastal pickled dispersed soil. The results
showed that the solidification effect was the best when the ISS content was 5%. Zhong et al. [6]
use high-content slag soil to prepare controllable low-strength filling materials to treat and
effectively utilize the engineering sludge generated by urban development projects, achieving
engineering performance reconstruction and resource utilization.

Scholars have conducted extensive research on the harmless disposal and resource
utilization of water-based drill cuttings, providing crucial insights for their high-value
applications in the fields of building materials and cementitious materials, such as Hu
et al. [7]. In this paper, the feasibility of water-based drilling cuttings as building materials
additives after treatment is discussed, and the reuse path of water-based drilling cuttings in
specific industrial processes is studied, which provides a solid scientific theoretical support
for the sustainable management of drilling cuttings. Xie et al. and Liuyang et al. [8,9]
successfully achieved the secondary pyrolysis resource utilization of oil-based drilling
waste ash by mixing drilling cuttings containing Cr(VI) pollutants with bauxite in different
ratios to prepare proppants, providing an effective solution for the disposal of heavy metal-
contaminated drilling cuttings. The study by Liu et al. [1] demonstrated that processed
water-based drilling cuttings exhibit high calcium content properties, enabling partial
substitution for conventional Portland cement. They proposed the preparation of highly
reactive supplementary cementitious materials through mechanical activation methods,
effectively achieving high-value resource recovery from water-based drilling cuttings. Liu
et al. [10] demonstrated that combining calcined drilling cuttings with waste glass not
only compensates for the low silicon content in water-based drilling cuttings but also
significantly accelerates cement hydration, thereby expanding the application prospects of
drilling cuttings in the cementitious materials field.

The application of solid waste materials as stabilizing agents in road engineering has
also been extensively explored. Tanyildizi et al. [11] evaluated the stabilizing effect of
waste hazelnut shell ash (WHSA) on expansive soil. The experiments showed that a WHSA
content of 2% to 10% could significantly reduce the plasticity, expansion, and contraction of
soil. The environmentally friendly and low-cost characteristics could effectively improve
the engineering properties of expansive soil and are suitable for road subgrade reinforce-
ment. Qiu et al. [12] replaced cement with calcium carbide residue, blast furnace slag, and
fly ash, and combined polypropylene fiber to reinforce the silt powder soil in Dongying
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City, significantly improving the mechanical properties of the stabilized soil. Sun et al. [13]
mixed fly ash (FA) and granulated blast furnace slag (GBFS) in a certain proportion as the
basic building material for low-carbon pavement, which can effectively replace traditional
materials and promote the utilization of waste materials in pavement applications.

Despite these advances, road base materials remain predominantly reliant on con-
ventional cementitious systems such as Portland cement, quicklime, industrial slags, and
natural aggregates. Developing new soil stabilizer systems with improved soil compatibil-
ity and environmental performance has become critical for addressing resource constraints
and ecological pressures in road engineering. Jia et al. [14] prepared subgrade materials
from iron tailings containing fly ash and lime and improved their mechanical strength
and frost resistance and reduced the dry shrinkage rate through ionic soil stabilizers (ISS).
The results show that when the ISS is 0.67%, the 7-day unconfined compressive strength
increases by 195.5%. Pushpakumara and Mendis [15] treated highly plastic clayey soil with
different ratios of rice husk ash (RHA) and lime. The results show that when the ratio is
10% rice husk ash + 20% lime, the unconfined compressive strength of the stabilized soil
increases by 54.05%, and the friction angle value in the shear strength parameter increases
by 60.48%. Lei et al. [16] and Hou et al. [17] successfully synthesized a multifunctional
polymer soil stabilizer (MPSS) by copolymerizing modified nano-zinc oxide with acrylic
acid and used it as an effective additive to prevent soil erosion. The results showed that the
stabilizer exhibited excellent water retention and plant compatibility.

Although substantial progress has been made in soil stabilization and solid waste uti-
lization, significant technical challenges remain in treating high-water-content water-based
drilling cuttings associated with oil and gas extraction. Conventional stabilizers often fail
to achieve efficient and economical solidification due to the high moisture content, complex
chemical composition, and potential heavy metal contamination of these materials. To
address these limitations, this study evaluates the feasibility of reutilizing water-based
drill cuttings as pavement base materials through stabilization with a novel composite
system composed of cement, stabilizer liquid agent, and water-reducing powder (CLP
stabilizer). At first, water-based drill cuttings collected from an engineering site were first
characterized in terms of their fundamental physical properties. The optimal stabilizer
proportion was determined through mix design, compaction tests, and 7-day unconfined
compressive strength tests, followed by stabilization treatment of the drill cuttings. Subse-
quently, the road performance of the stabilized materials under different curing ages and
stabilizer dosages was evaluated through unconfined compressive strength tests, splitting
tensile strength tests, compressive resilient modulus tests, temperature shrinkage tests,
and water stability tests, thereby identifying the optimal solidifying agent content. Finally,
microstructural evolution, pore morphology, and mineral composition of both stabilized
drill cuttings and powder-stabilized soil were analyzed. Heavy metal concentrations in
leachate and surrounding soil were examined to assess the environmental compatibility
and practical applicability of the stabilized material.

2. Material Analysis and Mix Design

2.1. Analysis of Basic Properties of Raw Materials
2.1.1. Water-Based Drill Cuttings

The water-based drill cuttings are taken from the engineering cuttings of a drilling
well with a depth of 500 m to 2000 m in Suining, Sichuan Province. Their lithology is
grayish-brown, in a moist state, with an unpleasant smell, and formed unevenly sized
blocky bodies after absorbing water. In the early stage of the experiment, the moisture
content of the on-site soil samples was analyzed first to clarify the composition of the soil
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samples in this area. The phase analysis of soil samples was conducted by X-ray diffraction
(XRD) detection [18], and the detection results are shown in Figure 1.
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Figure 1. XRD pattern of water-based drill cuttings.

It can be seen that the mineral composition of water-based drill cuttings mainly in-
cludes quartz, barite, calcite, etc., and it also contains a certain proportion of cuttings
particles. The composition of water-based drill cuttings was detected by an X-ray fluores-
cence spectrometer. The chemical composition and content are shown in Table 1. The heavy
metal detection results of water-based drill cuttings samples are shown in Table 2. The sam-
ples mainly contain mercury, arsenic, copper, petroleum, chlorides, and other substances,
and the content of each substance is far below the standard limit, which meets the relevant
requirements of the “Integrated wastewater discharge standard” (GB 8978-1996) [19] and
“Environmental quality standards for surface water” (GB 3838-2002) [20].

Table 1. Chemical components and contents of water-based drilling cuttings (%).

Material Name SiO, BaO SO; Al,O3 CaO Fe, O3 K,O Cl Na,O MgO Other
Content 39.6 20.33 13.81 10.55 4.43 3.28 2.74 1.91 1.41 1.14 0.8

Table 2. Heavy metal content detected in water-based drill cuttings (mg/L).

Surveillance Project Detection Value Standard Limit Surveillance Project Detection Value Standard Limit
PH 8.22 6~9 Pb ND ! 1.0
Hg 0.00026 0.05 Zn ND ! 2.0
As 0.00710 0.5 COD 53.8 100
Cd ND'! 0.1 Petroleum products 0.06 5.0
Cu 0.01 0.5 Chloride 0.64 10
Ni ND ! 1.0 - - -

1 “ND” indicates a test result below the detection limit.

According to the “Highway geotechnical test code” (JTG 3430-2020) [21], the basic
physical property indicators of water-based drill cuttings were determined, and the results
are shown in Table 3 and Figure 2. The particle analysis results show that the soil sample is
a fine-grained soil with uniform particle distribution but poor gradation. It is determined
to be a low liquid limit clay through plasticity diagram analysis.
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Table 3. Basic physical properties of soil samples.

Optimum

. Natural Water . Maximum Dry Liquid Plastic Plasticity Specific
Material Name (ot (%) Moisture ity (g/em®)  Limit(%)  Limit(%)  Index Gravity
Content (%)
Water-based drill 39.6 20.33 13.81 10.55 443 3.28 2.74
cuttings

100

Grain Composition

80 -

60 |-
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M
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Particle size (mm)

Percentage of soil below specified size (%)

Figure 2. Particle size curve.

2.1.2. Stabilizing Agent Materials

Cement

This experiment selected P.O42.5R ordinary Portland cement produced by Hongshi
Cement Co., Ltd. in Jiangyou City, Sichuan Province. Its chemical composition and main
physical property indicators are as Table 4.

Table 4. Chemical components of P.O42.5R cement (%).

Material Name CaO SiO, Al,O; Fe;O3 MgO SO; Na,O KO
C ontent 61.34 23.61 6.45 3.76 1.92 217 0.33 0.42

Basic Properties of Stabilizers

This experiment employed a novel soil stabilizer independently developed by South-
west University of Science and Technology. The stabilizer consists of stabilizing liquid,
water-reducing powder, and cement (as shown in Figure 3), abbreviated as CLP stabi-
lizer, which is mixed with cement in a specified proportion. The stabilizing liquid agent
comprises 20-35% aqueous epoxy resin, 4-8% isocyanates, 0.1-2% lignin fibers, 15-23%
neutral water glass, 10-18% acrylamide, 0.8-3% sodium polycarboxylate, 1-2% anionic
fibers, 0.2-0.4% magnesium oxide, and 150-200% water. The water-reducing powder is
a gray powdery solid made up of 20-41% potassium chloride, 4-10% sodium sulfide,
3-7% magnesium chloride, 16-26% calcium chloride, 3-5% polyanionic cellulose, and
0.3-2% desulfurized ash. Its core function lies in enhancing the density of the compacted
soil, reducing the soil’s water permeability and simultaneously strengthening the soil’s
compressive strength and water resistance.

2.2. Mix Proportion Design of Water-Based Drill Cuttings Stabilized Soil
2.2.1. Preliminary Selection of Mix Proportion

Taking the optimal moisture content, maximum dry density, and 7-day unconfined
compressive strength of the specimens as evaluation indicators, 9 sets of stabilizer mix ratio
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schemes, as shown in Table 5, were designed according to relevant test specifications [22],
aiming to explore the influence law of cement, stabilizer, and water-reducing powder
dosage on the performance of stabilized soil.

M SR
3
(a) Stabilizer liquid agent. (b) Water-reducing powder agent.
Figure 3. CLP stabilizer.
Table 5. Mix ratio design.
o Stabilizer Liquid Water Reducing
Test Number Cement Content (%) Agent (%) Powder (%)
GH1 4 0 0
GH2 5 0 0
GH3 6 0 0
GH4 4 1 6
GH5 5 1 6
GHe6 6 1 6
GH7 4 2 8
GHS 5 2 8
GH9 6 2 8

2.2.2. Determine the Maximum Dry Density and the Optimal Moisture Content

The maximum dry density and the optimal moisture content of the stabilized soil
are determined using the heavy compaction (Class II-2) method. After the curing of the
specimens was completed, a 7-day unconfined compressive strength test was conducted to
evaluate the maximum ability of the material to resist axial compressive stress.

Three test samples are prepared for each experimental configuration, with the final
test results analyzed using the average of valid data [23]. The experimental results are
shown in Figure 4. When only cement is added, the maximum dry density of stabilized
soil is relatively low, while the optimal moisture content is relatively high. The 7-day
unconfined compressive strength of GH1, GH2, and GH3 groups is 1.12 MPa, 1.18 MPa,
and 1.27 MPa, respectively. Under constant cement dosage, as the CLP stabilizer dosage
increases, the optimal moisture content shows a downward trend, whereas the maximum
dry density first increases and then decreases. However, the 7-day unconfined compressive
strength increases in all cases (comparisons between GH4 and GH7, GH5 and GH8, GH6
and GH9). When the cement dosage is 5%, stabilizer dosage is 2%, and superplasticizer
dosage is 8%, the maximum dry density reaches 1.919 g/cm?, the optimal moisture content
is 17.6%, and the 7-day unconfined compressive strength reaches its maximum value of
2.60 MPa. The compressive strength of stabilized soil with the addition of stabilizer is
significantly higher than that of pure cement-stabilized soil, indicating a linear relationship
between the stabilizer dosage and the 7-day unconfined compressive strength. The strength
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growth rate of stabilized soil is the fastest when the stabilizer dosage is increased from
0% to 1% stabilizer liquid agent plus 6% water reducing powder. As the stabilizer dosage
continues to increase, the strength growth rate gradually slows down. This phenomenon
suggests that a critical dosage of CLP stabilizer exists in the modification process of water-
based drilling cuttings. Once this critical value is exceeded, the strength of the stabilized
soil becomes difficult to further improve.

I Optimum moisture content (%)
—o— Maximum dry density (g/cm?) 2.0 3 2
28 - —o— 7-day Compressive strength (MPa) :l

T

26 |
24}
n|
200
13-

GHl GH2 GH3 GH4 GH5 GH6 GH7 GH8 GH9

Test number

Figure 4. Test results of samples with different mix ratios.

2.2.3. Optimized Design of Mix Proportion

Based on the analysis of the mix proportion test, compaction test, and 7-day unconfined
compressive strength test results, it can be known that the stabilizer liquid agent and
water-reducing powder agent have the most significant impact on the strength of water-
based drill cuttings stabilized soil, while excessive cement content will have an adverse
effect on the stability of the stabilized soil. According to the technical requirements of
“Application standard of soil stabilizer” (CJJ/T 286-2018) [24] and “Technical guidelines
for construction of highway roadbases” (JTG/T F20-2015) [25], the 7-day unconfined
compressive strength of the road base in the pre-drilling project should reach 2.5 MPa
to 3.0 MPa. Taking into account factors such as strength performance, economy, and
construction requirements comprehensively, the final optimal mix ratio was determined to
be 5% cement + 2% stabilizer liquid agent + 8% water-reducing powder.

3. Experimental Study on the Performance of Water-Based Drill Cuttings
Stabilized Soil Roads

Using the powdery soil from the rear hill of Southwest University of Science and
Technology as the control group, this study compared the road performance differ-
ences between powdery stabilized soil and water-based drill cuttings stabilized soil,
with 10 test groups designed as shown in Table 6. The CLP stabilizer dosage ratio is
5% cement + 2% stabilizer + 8% water-reducing powder, where the percentages represent
the proportion of each component relative to the total soil sample volume.

3.1. Unconfined Compressive Strength Test

To study the variation law of the unconfined compressive strength of water-based
drill cuttings stabilized soil under different factors, the soil sample ratio was determined
based on the optimal mix ratio in the previous text. According to the specification
requirements [26], four standard curing ages of 7 days, 14 days, 28 days, and 90 days
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are set. On the last day of each curing age, the specimens are immersed in water for 24 h,
and then the unconfined compressive strength test is carried out.

Table 6. The dosage scheme of the soil sample solidification test.

Soil Sample Classification Test Number Soil Sam]f,’le Stabilizer Dosage (%)
Dosage (%)
FGH1 100 0
FGH2 100 3
Powdery soil FGH3 100 6
FGH4 100 9
FGH5 100 12
ZGH1 100 0
ZGH2 100 3
Water-based drill cuttings ZGH3 100 6
ZGH4 100 9
ZGH5 100 12

The final failure mode of stabilized soil is shown in Figure 5a. During the test, the failure
process of water-based drill cuttings stabilized soil presented typical brittle failure characteristics,
which are specifically divided into the integrity stage, the crack propagation stage, and the
fracture failure stage. The test results are shown in Figure 5b. Under the same curing age and
dosage of stabilizer, the strength of water-based drill cuttings stabilized soil is much higher than
that of powdery stabilized soil. When the dosage of stabilizer is 9%, the strength reaches the
maximum value. After that, with the increase in the dosage of stabilizer, the strength of the
stabilized soil decreases. With the extension of the curing period, the strength of the stabilized
soil continues to increase. This occurs because when water-based drilling cuttings fully interact
with CLP stabilizer, the hydration reaction of the mixture produces increasing amounts of
substances such as alunite, hydrated calcium aluminate, and hydrated calcium silicate as the
stabilizer dosage increases. Consequently, the unconfined compressive strength of water-based
drill cuttings stabilized soil improves, while its cementation effect, filling capacity, and soil
particle compaction capability become more pronounced.

[ ——FGHI ——FGH2 —— ZGHl—o— ZGH2
4,0 | —°—FGH3 —o—FGH4 —o— ZGH3—o— ZGH4
| —>—FGH5 —o—ZGH5

Unconfined compressive strength (MPa)
£ Lol
[}
1 W
‘\

Curing age (days)
(a) Failure mode of stabilized soil specimen.  (b) Curve of unconfined compressive strength with age.

Figure 5. The final failure mode and test results of stabilized soil.

Among them, the growth rate is the fastest from 7 days to 14 days. At 90 days, the
strength of water-based drill cuttings stabilized soil reaches 3.38 MPa, with an increase
rate of 51%. In addition, the strength increase in water-based drill cuttings during the
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curing period is significantly higher than that of powdery stabilized soil. It can be seen
from this that a high dosage of stabilizer can more effectively enhance the compressive
performance of stabilized soil, and its enhancing effect is more prominent compared to
that of a low dosage of stabilizer. Therefore, effectively controlling the dosage of stabilizer
and optimizing the curing process to promote the full progress of hydration reaction are of
great significance for further enhancing the compressive strength of the stabilized soil.

3.2. Splitting Tensile Strength Test

This test prepared samples in accordance with relevant regulations and conducted
splitting tensile strength tests at different ages [27]. A 6.35 mm pressure strip was used
to load at a rate of 1 mm/min until the specimen reached the ultimate stress and failed.
The maximum pressure value at the time of specimen failure was recorded, and then the
splitting strength was calculated. The failure mode of the specimen is shown in Figure 6a.
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(a) Failure mode of the specimen. (b) Influence of curing age on the splitting strength.

Figure 6. The final failure mode and test results of stabilized soil.

The variation laws of splitting tensile strength of water-based drill cuttings stabilized
soil and powdery stabilized soil at different curing ages are shown in Figure 6b. Based on
the variation law of the unconfined compressive strength of different specimens with age
in the previous text, it can be known that the development trend of the splitting tensile
strength is similar to that of the unconfined compressive strength. Whether it is water-based
drill cuttings stabilized soil or powdery stabilized soil, with the increase in age, within the
period of 7 days to 28 days, the strength growth curve is relatively steep, and the splitting
strength increases significantly. During the period of 28 days to 90 days, the growth trend of
the curve gradually slows down, but it still maintains growth. For the powdering stabilized
soil without stabilizer, the splitting strengths at the ages of 7 days, 14 days, 28 days, and
90 days were 0.124 MPa, 0.146 MPa, 0.149 MPa, and 0.153 MPa, respectively. The splitting
strengths of water-based drill cuttings stabilized soil without stabilizer reached 0.253 MPa,
0.268 MPa, 0.269 MPa, and 0.271 MPa, respectively, during the corresponding curing time.
This indicates that when the CLP stabilizer is not added, the overall splitting tensile strength
of the stabilized soil is relatively low with the increase in age. However, after the addition
of stabilizers, although the splitting strength of powdery stabilized soil has increased, it is
still far lower than that of water-based drill cuttings stabilized soil. It can be seen that the
curing age has a very significant effect on the improvement of splitting strength.

As can be seen from Figure 7, the splitting tensile strength gradually increases with the
increase in stabilizer dosage and then tends to stabilize. Under the condition that the filler

149 https://doi.org/10.3390/ coatings16040406



Coatings 2026, 16, 406

is water-based drill cuttings, when the curing age was extended from 7 days to 90 days,
and the dosage of CLP stabilizer was 3%, the splitting strength increased from 0.478 MPa
to 0.641 MPa, with an increase of 34.1%. When the dosage was 6%, the splitting strength
increased from 0.541 MPa to 0.795 MPa, with an increase of 47.0%. When the dosage was
9%, the splitting strength increased from 0.553 MPa to 0.852 MPa, with an increase of 54.1%.
When the dosage was 12%, the splitting strength increased from 0.572 MPa to 0.901 MPa,
with an increase of 60.3%. This indicates that the dosage of the stabilizer has a significant
impact on the improvement of the splitting strength.
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Figure 7. Relationship between stabilizer content and splitting tensile strength.

Based on the above data analysis, it can be known that after the water-based drill
cuttings filler is added with a stabilizer, a series of physical and chemical reactions will
occur inside the stabilized soil during the mixing and compaction process, promoting the
formation of cementing substances between the mixtures. These cementing substances
enhance the agglomeration of stabilized soil, making the soil structure more compact.
Meanwhile, the ettringite crystals produced by the cement in the CLP stabilizer exert a me-
chanical interlocking effect [28]. However, excessive stabilizers will generate a considerable
amount of heat, causing local expansion or cracking of the soil and reducing the toughness
of the soil particles. Therefore, the selection of an appropriate amount of stabilizer plays a
significant role in enhancing the splitting strength of water-based drill cuttings stabilized
soil, and it plays a dominant role in the later strength improvement.

3.3. Compressive Rebound Modulus Test

The test results obtained by the method shown in Figure 8a are presented in Figure 8b.
When subjected to external forces, the anti-deformation ability of water-based drill cuttings
stabilized soil is significantly better than that of powdery stabilized soil [29]. During the curing
process, the internal restraint effect of water-based drill cuttings stabilized soil is enhanced,
specifically manifested as a reduction in elastic deformation and an increase in the rebound
modulus. At the 7-day curing age, there is no significant difference in the rebound modulus
between the stabilized soil without the addition of stabilizer and that with the addition of
stabilizer. This might be due to the fact that the early hydration reaction had not been fully
carried out, the internal framework structure of the material had not been fully formed, and
the strengthening effect of the stabilizer had not been fully manifested. However, as the curing
period extends, especially after 28 days or longer, the role of the stabilizer gradually becomes
prominent, making the internal structure of the stabilized soil denser and the cementing
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firmer, and the gap in the rebound modulus between the two gradually widens. This result
fully demonstrates that the addition of stabilizers can effectively increase the compressive
rebound modulus of stabilized soil and enhance its ability to resist deformation.
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Figure 8. Test and result of compression and rebound.

Figure 9 presents the relationship curves between unit pressure and rebound deforma-
tion of four groups of stabilized soil when no stabilizer is added and when the stabilizer
content is 12%, as well as the relationship graph of the rebound modulus of stabilized soil
with age. Under the action of vertical loads, as the curing time increases, the rebound
deformation of the specimens gradually decreases. This indicates that the water-based
drill cuttings cured subgrade structure with the addition of stabilizer has a stronger elastic
deformation capacity and a higher compressive strength of the subgrade.
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Figure 9. Relationship between unit pressure and rebound deformation.

3.4. Water Stability Test

To study the water stability of water-based drill cuttings stabilized soil and powdery
stabilized soil under different ratios [30], and to verify the curing effect of the stabilizer
at the same time, two groups of specimens were prepared according to the test scheme
shown in Table 7. A group of specimens was cured under standard curing conditions
(temperature 20 °C £ 2 °C, humidity > 95%), and then unconfined compressive strength
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tests were carried out. Another group of specimens was cured under the same standard
curing conditions until the last day and then taken out and immersed in water for 24 h
before undergoing an unconfined compressive strength test.

Table 7. Water stability test scheme.

Maintenance Days 7 14 28
Ry 7 days standard curing 14 days standard curing 28 days standard curing
R 6 days standard curing + 13 days standard curing + 27 days standard curing +
w 1 day soaking 1 day soaking 1 day soaking

The test results are calculated as shown in Figure 10. Under different curing ages,
the CLP stabilizer reacts with water-based drill cuttings, generating insoluble hydration
products such as calcium silicate hydrate with “hydrophobicity”. These reaction products
keep increasing, filling the pores of the stabilized soil, reducing the influence of water on
the stabilized soil, enhancing the compactness of the stabilized soil, and preventing it from
collapsing when exposed to water. The water stability of water-based drill cuttings stabi-
lized soil continuously improves with the increase in stabilizer dosage and age. The water
stability coefficient shows an upward trend and gradually stabilizes, ultimately meeting the
relevant specification requirements in the “Application standard of soil stabilizer” (CJJ/T
286-2018) [24]. However, the test results of powdery stabilized soil are exactly the opposite.
The electrostatic effect carried by water molecules replaces the adsorption force on the
surface layer of powder-stabilized soil particles, resulting in a decrease in the compactness
between particles, making the soil loose and weak, with poor water stability, and failing to
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Figure 10. Water stability coefficient of stabilized soil at different curing ages.
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3.5. Temperature Shrinkage Performance Test

In order to evaluate the crack resistance capacity of subgrade fill materials, small beam
specimens with a density of 96% and dimensions of 50 mm x 50 mm x 200 mm are prepared
in accordance with relevant test procedures. After drying the specimens to a constant weight,
they were standard-cured for 7 days. The temperature shrinkage performance test was carried
out in a high- and low-temperature alternating test chamber with a gradient of 10 °C within
the temperature range of 40 °C to —30 °C [31], as shown in Figure 11.
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Figure 11. Temperature shrink test specimen.

The curve of the temperature shrinkage coefficient varying with the temperature range
drawn from the test results of the temperature shrinkage test is shown in Figure 12.
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Figure 12. Comparison of the temperature shrinkage performance of the two stabilized soils.

During the process, when the temperature drops from 40 °C to —20 °C, the tempera-
ture shrinkage performance of water-based drill cuttings stabilized soil is superior to that
of powdery stabilized soil. Specifically, it is characterized by a lower temperature shrinkage
coefficient, smaller shrinkage deformation, stronger resistance to temperature shrinkage,
and the ability to effectively reduce volume shrinkage caused by temperature changes.

The temperature shrinkage coefficients of water-based drill cuttings stabilized soil and
powdery stabilized soil show a similar pattern with temperature variation: when the tempera-
ture drops from 40 °C to 0 °C, the temperature shrinkage coefficients fluctuate within a certain
range, and the overall variation amplitude is relatively small. When the temperature further
drops to —30 °C, the coefficient of temperature shrinkage rises rapidly. This is mainly because
when the temperature drops below freezing point, water freezes into ice and expands in volume,
and the coefficient of temperature contraction of ice is relatively large. In addition, the effect
of the stabilizer weakens the influence of temperature changes on water-based drill cuttings
stabilized soil. Its active groups form a randomly distributed grid structure through chemical
reactions, effectively inhibiting the severe shrinkage caused by the drop in temperature.

Under the same temperature conditions, the temperature shrinkage coefficient of
water-based drill cuttings stabilized soil is significantly lower than that of powdery stabi-
lized soil, indicating that it has a stronger resistance to temperature shrinkage deformation
and can more effectively resist the shrinkage effect caused by temperature changes. This
is mainly because the smaller the coefficient of temperature shrinkage, the smaller the
shrinkage deformation of the material when the temperature changes, thereby reducing
the structural stress concentration caused by temperature differences and lowering the risk
of cracks and damage.
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4. Microscopic Mechanism and Environmental Impact Analysis

4.1. Microscopic Mechanism Analysis
4.1.1. XRD Analysis

The DMAX-1400 X-ray diffractometer (Rigaku, Tokyo, Japan) was employed to analyze
the phase composition and relative crystalline content of both powdery stabilized soil and
water-based drilling cuttings stabilized soil [18]. Using MDI Jade 6.0 software to interpret
the diffraction patterns, the phase identification was performed by cross-referencing peak
positions and relative intensities against the ICDD/PDF standard diffraction database,
ultimately yielding the phase composition and relative content results of the specimens.

The mineral composition and relative content of powdery stabilized soil are shown in
Figure 13a. The primary mineral component is quartz (5i0,), along with feldspar and calcite
(CaCO3). After adding the stabilizer, the characteristic diffraction peaks of these minerals
did not disappear. In a strongly alkaline environment, the hydration reactions in the
stabilizer break, generating amorphous calcium silicate hydrate (C-S-H) gel. However, no
characteristic peaks of ettringite (AFt phase) and Ca(OH); were detected in the XRD pattern,
indicating minimal formation of hydration reaction products such as C-S-H gel, ettringite
(AFt phase), and Ca(OH),. This resulted in a loose structure and insufficient cementation of
the cured soil, ultimately leading to adverse effects, including low strength, poor hydraulic
stability, and susceptibility to shrinkage and cracking. This phenomenon is attributed to
the fact that SiO, and CaO in the powdery stabilized soil fail to fully dissociate during the
hydration process of the solidifying agent, resulting in insufficient OH™ concentration and
the inability to effectively release Ca?* and silicate ions, thereby inhibiting the formation of
calcium silicate hydrate, calcium aluminate hydrate, and Ca(OH); crystals.
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Figure 13. XRD results of different stabilized soils.

The XRD analysis of water-based drill cuttings stabilized soil (ZGH) is shown in
Figure 13b. The addition of the solidifying agent triggered a series of physical and chem-
ical changes, including hydration reaction, filling effect, carbonization, micro-expansion
phenomenon, and ion exchange. In CLP stabilizer, cement clinker rapidly hydrates upon
contact with water, forming Ca(OH), and C-S-H gel while releasing high concentrations
of Ca%*, OH™, and AlO; ™ ions. These ions react with water to form needle-like calcite
crystals. In water-based drilling cuttings, active Al,O3 and SiO, are activated under high
alkaline conditions, releasing AI** ions that serve as an aluminum source for calcite forma-
tion, thereby further promoting extensive calcite precipitation [32]. The gel encapsulates
internal particles within the structure, forming an interlocking network that enhances the
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compressive strength, splitting tensile strength, and deformation resistance of the structure.
The ettringite (AFt phase) fills the pores, increasing structural density, reducing structural
shrinkage, and improving water stability.

With increased curing agent dosage, the hydration products increase, leading to en-
hanced diffraction peak intensities for CaCOj3, ettringite (AFt phase), hydrated calcium
silicate (C-5-H), and hydrated calcium aluminate (C-A-H). The resulting structure demon-
strates superior mechanical properties and durability.

The increase in the dosage of stabilizer is positively correlated with the characteristic
peak intensity of gelling products and swelling products. The main expansive substance,
ettringite (AFt phase), forms stable calcium hydroxide by adsorbing calcium ions in the
aqueous phase. This process not only provides an alkaline environment for the continuous
formation of C-A-H and C-S-H gels but also its volume expansion effect, which can bridge
the particle gaps and promote the formation of a dense structure within the material. This
dual mechanism, through the synergistic effect of pore filling and volume micro-expansion,
enhances the mechanical and durability performance indicators of the curing system.

4.1.2. Microscopic Scanning Electron Microscopy Analysis

To explore the mechanism of action and microstructure changes of CLP stabilizer on
water-based drill cuttings stabilized soil and powdery stabilized soil, referring to relevant
research methods [33,34], the morphology, distribution density, and growth status of the
products were qualitatively assessed using a TM-4000 Zeiss scanning electron microscope
(Hitachi, Tokyo, Japan) at magnification levels of 1000 times, 2500 times, and 5000 times.

As shown in Figure 14, at 1000 times magnification, the particles of powder stabilized
soil are in a discrete accumulation state with clear boundaries between particles. A large
number of connected large pores exist, and no continuous cementing structure is formed,
resulting in a loose and porous structure overall. This is the main reason for the low strength,
poor water stability, and insufficient bearing capacity of the stabilized powder soil. At 2500
times magnification, only a small amount of flaky Ca(OH), crystals and trace flocculent
C-5-H gel can be observed. The cementing products are sparsely distributed and fail to form
effective wrapping and overlapping between particles. At 5000 times magnification, there is
no obvious interwoven network structure at the particle interface. The hydration products
are extremely scarce and unevenly distributed, which cannot achieve effective cementation
between particles and pore filling. On the whole, the powder stabilized soil group has a single
type of hydration products, an extremely low yield, and poor structural compactness.

At 1000 times magnification, the surface of soil particles in the water-based drill cut-
tings stabilized soil is completely covered by a large amount of flocculent C-S-H gel. The
gel bonds discrete particles tightly into an integral whole, the number and size of pores are
significantly reduced, and the structural integrity is greatly improved. At 2500 times mag-
nification, abundant punctate C-A-H gel and rod-like ettringite (AFt phase) are generated
in the system. The gel and acicular crystals interpenetrate and overlap with each other,
initially forming a three-dimensional framework structure with a remarkable pore-filling
effect. At5000 times magnification, C-S-H gel, C-A-H gel, and ettringite (AFt phase) crystals
coexist densely and interweave sufficiently, filling micropores and microcracks completely
with no obvious connected pores, resulting in a dense and continuous microstructure.
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Figure 14. SEM morphology comparison of powder-stabilized soil and water-based drill
bit-stabilized soil.

Based on the above analysis results, the amount of hydration products in the ZGH
group is much higher than that in the FGH group. The main reasons are as follows: the
flocculent C-S-H gel, as the dominant cementing phase, is produced in a large quantity,
which provides bonding force and structural strength for particles inside the system; a
great number of rod-like ettringite (AFt phase) crystals are formed, which exert the effects
of pore filling and micro-expansion, thus improving the compactness and deformation
resistance of the structure; the punctate C-A-H gel assists in cementation and enhances the
toughness of the matrix; and the generated CaCOj crystals fill the pores and strengthen the
chemical stability of the structure. The products of different reactions act synergistically,
transforming the structure of stabilized soil from loose to dense and significantly improving
the mechanical properties and road performance of the material.
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4.2. Environmental Impact Analysis

To evaluate whether water-based cuttings resource utilization meets environmental
requirements, the pH levels of leachate from drilling cuttings and surrounding soil were
measured, and metal content was analyzed in accordance with the “Leaching Method
for Toxicity of Solid Wastes-Sulfuric Acid and Nitric Acid Method” (HJ/T299-2007) [35].
Comparative analysis was conducted against the basic water quality requirements for sur-
face water subcategories specified in the national standard “Surface Water Environmental
Quality Standards” (GB3838-2002) [20] to assess compliance with environmental protection
standards for water-based cuttings leachate.

The test samples were dried at 105 °C, ground, and sieved through a 200-mesh sieve.
Pre-treatment was performed according to the microwave digestion method specified in
Table 8. After microwave digestion, the digestion solution was diluted with ultrapure
water to a final volume of 50 mL for testing.

Table 8. Pre-treatment methods of microwave digestion (unit: mL).

. Pre-Treatment Conditions for Acid
Pre-Treatment with HNO; Conditions HNO; HCI HF H,0, Reflux
Heated at 165 °C for 20 Acid removal at 175 °C for
5 . 6 3 3 1 .
min 35 min

4.2.1. Analysis of Water-Based Cuttings Leachate

The test results are shown in Table 9. The pH value of the water-based drill cuttings
leachate was measured to be 8.64. This is because the main curing component in the stabilizer
is an alkaline substance. No heavy metals, Co, V, or Pb, were detected in the leachate.
The contents of As, Ba, Mn, Fe, Ni, Zn, Cr, Cu, Cd, Ag, and Be all comply with the first-
level standards in Table 3 of the “Technical specification for co-processing of solid waste
in cement kiln” (GN30760-2024) [36], the “Integrated wastewater discharge standard” (GB
8978-1996) [19], and the “Technical specifications of water-based drilling waste treatment and
resource utilization for onshore oil & natural gas exploitation” (SY /T 7466-2020) [37].

Table 9. Test results of heavy metals and petroleum leaching solution in water-based drilling cuttings.

Surveillance Water-Based GB30760-2024 GB8978 Level 1 SY/T7466-2020
Project Cuttings Table 3 Standard Table 1

pH 8.64 - 6~9 6~9

As 0.05 0.1 0.5 0.5

Ba 0.85 - - 10.0
Mn <0.01 1.0 2.0 -
Fe 0.22 - - -
Co ND! - - -

Ni <0.02 0.2 1.0 1.0

7Zn <0.01 1.0 2.0 2.0
\Y% ND! - - -

Cr 0.07 0.2 1.5 1.5

Cu 0.03 1.0 0.5 0.5

Pb ND! 0.3 1.0 1.0

Cd <0.01 0.03 0.1 0.1

Ag <0.01 - 0.5 0.5
Be <0.004 - 0.005 -
Petroleum 0.07 - 5 5

1 “ND” indicates a test result below the detection limit.
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Therefore, the structural layer materials containing rock cuttings can withstand the
infiltration and erosion of rainwater for a long time. After the leachate seeps into the soil, it
will not cause the accumulation of heavy metals or the adsorption of organic toxins, nor
will it inhibit the activity of microorganisms or damage soil fertility. It has no significant
impact on the heavy metal content in groundwater or surface water quality.

4.2.2. Background Soil Heavy Metal Analysis

Most well sites are surrounded by farmland, and the background soil around the
well sites is also one of the raw materials for structural layer materials. To assess the
environmental pollution risks during the utilization of water-based drill cuttings stabilized
soil structural layer materials, it is necessary to conduct detection and analysis of the
background soil around the well site [38]. The detection results of heavy metal content in
the background soil around the well site are shown in Table 10.

Table 10. Test results of heavy metals and petroleum leaching solution in water-based

drilling cuttings.
Surveillance  Background Background GB15618-2018 Stricter SGF3662?-12 01? ;) ]%51/29‘;781-202.3
Project Soil Surface Soil Layer Value in Filter trlct;r. aluen tndef auem
ilter Filter

As 10.24 6.75 20 20 20
Hg 0.108 0.038 1.0 8 8
Ba 508 636 - - 2766
Fe 35,674 28,013 - - -
Mn 822 788 - - 3593
Co 16.0 15.6 - 20 20
Ni 51.9 39.2 190 150 150
/n 126.4 83.3 300 - -
VvV 93.4 77.2 - 165 -
Cr 75.6 56.8 250 150 1202
Cu 26.9 22.8 100 2000 2000
Sb 1.20 1.06 - 20 20
Pb 30.6 25.8 170 400 -
Ccd ND! ND! 0.6 20 20
Ag 0.9 0.9 - - -
Se ND'! ND'! - - 243
Be 1.57 1.46 - 15 15
Tl ND ! ND! - - 1.0
Ti ND! ND! - - -

1 “ND” indicates a test result below the detection limit.

According to Table 10, in terms of the total amount of heavy metals, no heavy metals,
Cd, Se, T1, or Ti, were detected in the surface and middle layers of the background soil
around the well site. Among them, the detection results of As, Hg, Ba, Fe, Mn, Co, Ni,
Zn, V, Cr, Cu, Sb, Pb, Cd, Ag, and Be were all relatively low. The test results do not
exceed the “Soil environmental quality risk control standard for soil contamination of
agricultural land” (GB15618-2018) [39] or the “Risk control standard for soil contamination
of development land in Sichuan Province” (DB51 2978-2023) [40]. The limit values were
stipulated. This indicates that under extreme conditions, the content of heavy metals in the
background soil around the field remains at a relatively low level. When the concentration
of heavy metals in the soil is equal to or lower than the standard limit, the impact on human
health can be ignored. If the limit is exceeded, it may pose health risks. Further detailed
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investigations and risk assessments are required to clarify the extent of pollution and the
degree of risk [41].

The research finds that the content of heavy metals in the soil structure layer of the
well site area has significant spatial heterogeneity, and the distribution varies greatly in
different regions. After treating water-based drill cuttings with improved curing technology
and using them as pavement base materials, during the curing process, heavy metals are
fixed in a stable matrix, and their migration ability is significantly reduced, making them
less likely to seep into groundwater or spread to the surrounding background soil due
to precipitation under long-term environmental effects. Therefore, this treatment method
effectively reduces the risk of heavy metal pollution, and the environmental risk is within
a controllable range. Meanwhile, the application of solidified fillers has enhanced the
resource utilization rate of drilling waste, achieving the reduction, harmless treatment, and
resource utilization of waste.

5. Conclusions

This study systematically investigated the engineering feasibility of utilizing water-
based drill cuttings from Suining, Sichuan Province, as pavement base materials through
mix design optimization, performance evaluation, microstructural analysis, and environ-
mental assessment. The main conclusions are summarized as follows:

(1) The water-based drill cuttings exhibit an optimum moisture content of 20.2%, a max-
imum dry density of 1.91 g/cm?, a liquid limit of 34.8%, a plastic limit of 15.5%, a
plasticity index of 19.3%, and a specific gravity of 2.96, classifying them as low liquid
limit soil suitable for subgrade filling. The optimal mix proportion determined by
orthogonal design is 5% cement + 2% CLP stabilizer + 8% water-reducing powder. Un-
der this condition, the 7-day unconfined compressive strength of specimens increased
by 51%; when the stabilizer dosage is 12%, the splitting tensile strength increased
by 60.3%. Excellent mechanical properties, deformation resistance, and hydraulic
stability all meet the technical requirements for pre-drilling engineering pavement
base layers.

(2) Microstructural analyses using XRD and SEM revealed that hydration of the CLP-
stabilized drill cuttings produces cementitious gels (C-A-H and C-S-H) and expansive
ettringite (AFt). The flocculent gels interwoven with needle-like AFt form a dense
three-dimensional network structure, enhancing particle bonding, reducing pore
space, and improving overall compactness and mechanical strength. The rational
properties of stabilized soil are, therefore, significantly improved.

(3) The heavy metal concentrations in the surrounding background soil meet the soil
pollution risk control standards for agricultural and construction land. Stabiliza-
tion treatment effectively immobilized heavy metals within the matrix, reducing
their leaching potential and controlling environmental risks, thereby achieving the
reduction, harmless treatment, and resource utilization of drilling waste.

This study focused on evaluating the road performance of water-based drill cuttings
stabilized soil for application in pre-drilling engineering pavement bases and medium- to
light-traffic highways. Long-term durability performance under freeze-thaw and wet-dry
cycles was not investigated, and its applicability to heavy-traffic highway base courses was
not further assessed. Future research should, therefore, examine long-term durability and
optimize mix design to verify its suitability for higher-grade pavement structures.

Author Contributions: S.T.: project administration and conceptualization. H.W.: writing—original
draft and supervision. H.T.: resources and data curation. W.E.: visualization; X.G.: investigation and

159 https://doi.org/10.3390/ coatings16040406



Coatings 2026, 16, 406

formal analysis. B.B.: methodology. J.W.: writing—review and editing. X.T.: writing—original draft
and visualization. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the CNPC Key Core Technology Research Project: Research on
Key Technologies and Equipment for the Resource Utilization of Drilling waste. (No. 2025ZG73).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study is available upon request from the
corresponding author.

Acknowledgments: The authors gratefully acknowledge the anonymous reviewers and the editor
for their constructive comments and valuable suggestions, which have significantly improved the
quality and clarity of this manuscript.

Conflicts of Interest: Authors Shucheng Tan, Hua Tang, Wentao Fu, Xiaoyan Guo, Biaotian Bai were
employed by the company CNPC Chuangqing Drilling Engineering Company Limited and CCDC
SHUYU Engineering Construction Co., Ltd. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References

1. Liu, Y.C; Yang, J.; Chen, M.Y,; Yan, X.; Wang, Z.M. Water-based drill cuttings, a shale gas extraction waste as supplementary
cementitious material and optimization. Constr. Build. Mater. 2022, 346, 128419. [CrossRef]

2. Zhou, X;; Wang, G.; Tang, G.; Jia, C.; Zhang, H. Microbial Synergistic Active Magnesium Oxide Solidification of Water-Based
Drilling Cuttings and Analysis of Its Durability Strength Loss Mechanism. ACS Sustain. Chem. Eng. 2024, 12, 11968-11979.
[CrossRef]

3. Qin, PE Experimental study on reinforcement treatment of coastal silty soft soil. Sci. Rep. 2026, 16, 7688. [CrossRef]

4. Babatunde, Q.O.; Byun, Y.H. Soil Stabilization Using Gum Arabic Biopolymer. Biopolymers 2026, 117, €70077. [CrossRef]

5. Li, G; Ren, Z.F; Liu, ] K,; Chen, H.; Wen, Z.; Fu, C.Q. Enhancing coastal saline dispersive soil with ionic stabilizer-cement synergy:
Mechanisms and performance. Case Stud. Constr. Mater. 2025, 23, €05519. [CrossRef]

6. Zhong, H.J.; Zhao, ].H.; Li, H.D.; Wang, N.N.; Zhao, X.; Zhang, L.; Fei, Y.L.; Quan, J. Eco-friendly controlled low strength material
by construction muck: A systematic study from rheological properties, mechanical performance and microstructure. J. Build. Eng.
2025, 112, 113981. [CrossRef]

7. Hu, Y.S;Mu, S.Q.; Zhang, J.J.; Li, Q.B. Regional Distribution, Properties, Treatment Technologies, and Resource Utilization of
Oil-Based Drilling Cuttings: A Review. Chemosphere 2022, 308, 136145. [CrossRef]

8.  Xie, P; Wu, HY,; Yang, H.; Zhang, Y.; Xia, S.B. Utilization of Cr-Contaminated Oil-Based Drilling-Cuttings Ash in Preparation of
Bauxite-Based Proppants. Environ. Eng. Sci. 2022, 39, 73-80. [CrossRef]

9. Liuyang, X.Y.; Yang, H.; Huang, S.Y.; Zhang, Y.; Xia, S.B. Resource Utilization of Secondary Pyrolysis Oil-Based Drilling Cuttings
Ash for Removing Cr (VI) contaminants: Adsorption properties, kinetics and mechanism. J. Environ. Chem. Eng. 2020, 8, 104474.
[CrossRef]

10. Liu, Y.C;Ma, ER,; Chen, M.Y;; Wu, ].W,; Yang, J.; Wang, Z.M.; Yang, L.; Li, H. Efficient mechanical activation for preparing highly
active supplementary cementitious materials: High-value resource recovery of water-based drilling cuttings. Process Saf. Environ.
Prot. 2026, 208, 108436. [CrossRef]

11. Tanyildizi, M.; Nasiroglu, S.; Zeybek, A.; Gokalp, 1. Sustainable use of waste hazelnut shell ash in road construction to stabilize
expansive subgrad. Constr. Build. Mater. 2024, 432, 136663. [CrossRef]

12. Qiu, X,; Yang, J.; Wu, Y,; Liu, Q. Effect of Fiber Content on Mechanical Properties of Fiber-Reinforced CGF All-Solid-Waste
Binder-stabilized soil. Materials 2024, 17, 388. [CrossRef] [PubMed]

13.  Sun, Y.F; Yang, Y;; Niu, X.; Yang, J.; Deng, K; Song, S.; Shi, X.; Wen, Z.; Wang, Y. Pavement Performance of Fine-Grained Soil
Stabilized by Fly Ash and Granulated Blast Furnace Slag-Based Geopolymer as Road Base Course Material. J. Mater. Civ. Eng.
2024, 36, 04024167. [CrossRef]

14. Jia, J.; Lu, X,; Zhu, J.; Wang, J.; Zhang, L.; Cheng, X. Effect of ionic soil stabilizer on the properties of lime and fly ash stabilized

iron tailings as pavement base. Constr. Build. Mater. 2024, 450, 138558. [CrossRef]

160 https://doi.org/10.3390/ coatings16040406



Coatings 2026, 16, 406

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pushpakumara, J.H.B.; Mendis, W.S.W. Suitability of Rice Husk Ash (RHA) with lime as a soil stabilizer in geotechnical
applications. Int. J. Geo-Eng. 2022, 13, 4. [CrossRef]

Lei, B.E; Zhang, X.C.; Fan, H.-H.; Wu, S.J.; Zhao, C.Z.; Ni, W.B.; Liu, C.H. A Strategy to Optimize the Mechanical Properties and
Microstructure of Loess by Nano-Modified Soil Stabilizer. Materials 2025, 18, 4435. [CrossRef]

Hou, J.J.; Chen, Z.X.; Wang, W.Q.; Guo, H.N,; Liu, M.Q.; Guo, T.T.; Wang, ].L.; Mi, ].L.; Lei, Z.Q. Preparation of modified nano-zinc
oxide-based multifunctional polymer soil stabilizer materials for controlling soil erosion and environmental remediation. Surf.
Interfaces 2025, 73, 107630. [CrossRef]

Tabet, W.E.; Cerato, A.B.; Elwood Madden, A.S.; Jentoft, R.E. Characterization of Hydration Products” Formation and Strength
Development in Cement-Stabilized Kaolinite Using TG and XRD. J. Mater. Civ. Eng. 2018, 30, 04018261. [CrossRef]

GB 8978-1996; Integrated Wastewater Discharge Standard. Ministry of Ecology and Environment of the People’s Republic of
China: Beijing, China, 1996.

GB 3838-2002; Environmental Quality Standards for Surface Water. Ministry of Ecology and Environment of the People’s Republic
of China: Beijing, China, 2002.

JTG 3430-2020; Highway Geotechnical Test Code. Ministry of Transport of the People’s Republic of China: Beijing, China, 2020.
Wang, Z.; Li, H.; Ye, X.; Luo, W.; Zhang, B.; Hu, A.; Wu, L. Research on layered steel fiber reinforced concrete mix ratio design
based on orthogonal test. Coatings 2024, 14, 697. [CrossRef]

Xiao, Z.A.; Guo, M.L,; Liang, J.R; Yin, Z.Y,; Chen, X.Y.; Du, Z.H.; Xu, X.Y. Mechanical Behavior and Microscopic Mechanism of
Solidified Sulfate Saline Soil under the Synergistic Effect of Temperature and Salt Content. J. Cold Reg. Eng. 2026, 40, 04026011.
[CrossRef]

CJJ/T 286-2018; Application Standard of Soil Stabilizer. Ministry of Housing and Urban-Rural Construction of the People’s
Republic of China: Beijing, China, 2018.

JTG/T F20-2015; Technical Guidelines for Construction of Highway Roadbases. Ministry of Transport of the People’s Republic of
China: Beijing, China, 2015.

Feng, M.].; Wang, D.Q.; Zhang, H.B.; Ma, H.E; Huang, X.M.; Gao, W.B.; Jiang, Q.Q. Volume stability evaluation and life prediction
of steel slag water-stabilised materials. Road Mater. Pavement Des. 2026, 27, 345-365. [CrossRef]

Wang, HW.; Zhang, ] H.; Dong, L.].; Zentar, R.; Shi, Y.; Sun, D.Y. Enhancing tensile strength and microstructural properties of
solidified high-moisture dredged sediment through solid waste-based binder stabilization and basalt fiber reinforcement. Case
Stud. Constr. Mater. 2026, 24, e05752. [CrossRef]

Wang, C.Q.; Liu, K.; Huang, D.M. Property of concrete made of recycled shale gas drilling cuttings. Environ. Sci. Pollut. Res. Int.
2021, 29, 2098-2106. [CrossRef]

Cheng, Y.H.; Zhu, B.L,; Yang, S.H.; Tong, B.Q. Design of concrete mix proportion based on particle packing voidage and test
research on compressive strength and elastic modulus of concrete. Materials 2021, 14, 623. [CrossRef]

Wu, D.Z; Chen, M.L.; Chen, K.Y.; Zhang, Z.L.; Cai, Q.M. An Experimental Study on the Effect of Desulfurized Gypsum on
Geopolymer-stabilized soil. Int. J. Geomech. 2025, 25, 04025091. [CrossRef]

Hu, ].F; Huang, Y.Y.; Ge, R.Y.; Wang, ].M.; Lu, W.L. Out-of-plane compression performance of unidirectionally arrayed short fiber
reinforced honeycomb structures: Experimental and numerical analysis. Compos. Struct. 2026, 378, 119935. [CrossRef]

Wang, C.Q.; Mei, X.D.; Zhang, C.; Liu, D.S.; Xu, F.L. Mechanism study on co-processing of water-based drilling cuttings and
phosphogypsum in non-autoclaved aerated concrete. Environ. Sci. Pollut. Res. Int. 2020, 27, 23364-23368. [CrossRef]
Aboutabikh, M.; Soliman, A.M.; El Naggar, M.H. Properties of cementitious material incorporating treated oil sands drill cuttings
waste. Constr. Build. Mater. 2016, 111, 751-757. [CrossRef]

Liu, D.; Wang, C.; Mei, X.; Zhang, C. Environmental performance, mechanical and microstructure analysis of non-fired bricks
containing water-based drilling cuttings of shale gas. Constr. Build. Mater. 2018, 183, 215-225. [CrossRef]

HJ/T299-2007; Leaching Method for Toxicity of Solid Wastes-Sulfuric Acid and Nitric Acid Method. Ministry of Ecology and
Environment of the People’s Republic of China: Beijing, China, 2007.

GB/T 30760-2024; Technical Specification for Co-Processing of Solid Waste in Cement Kiln. National Market Supervision
Administration, National Standardization Administration Committee: Beijing, China, 2024.

SY/T 7466-2020; Technical Specifications of Water-Based Drilling Waste Treatment and Resource Utilization for Onshore Oil
& Natural Gas Exploitation. Industry Standard of Petroleum and Natural Gas of the People’s Republic of China: Beijing,
China, 2020.

Zuo, W.P; Gu, HL,; Liao, Q.P; Chao, J.; Qi, C.C; Liu, J].Q.; Lv, Y.C,; Tian, C.; Lin, Z. Predicting heavy metal distribution
coefficient in global soil via machine learning: The effect of mineral heterogeneity. Environ. Res. 2026, 295, 123957. [CrossRef]
[PubMed]

161 https://doi.org/10.3390/ coatings16040406



Coatings 2026, 16, 406

39. GB 15618-2018; Soil Environmental Quality Risk Control Standard for Soil Contamination of Agricultural Land. Ministry of
Ecology and Environment of the People’s Republic of China: Beijing, China, 2018.

40. DBb51 2978-2023; Risk Control Standard for Soil Contamination of Development Land in Sichuan Province. Sichuan Provincial
Department of Ecology and Environment, Sichuan Provincial Market Supervision Administration: Chengdu, China, 2023.

41. Mkhonza, N.P; Zondo, S.; Vilakazi, S. Toxic heavy metals distribution in urban soils of Africa: A systematic review. Environ.
Monit. Assess. 2026, 198, 205. [CrossRef] [PubMed]

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.

162 https://doi.org/10.3390/ coatings16040406



B coatings

Article

Mechanism of Immersion Crushing on Alkali-Silica Reaction
(ASR) in Glass Mortar

Kai Yan 1, Yuanbo Song 12 Lianfang Sun L2 Qijan Zhang 12 and Tianfeng Yuan 1

2

Key Laboratory of Building Structural Retrofitting and Underground Space Engineering,
Ministry of Education, Shandong Jianzhu University, Jinan 250101, China

School of Civil Engineering, Shandong Jianzhu University, Jinan 250101, China

*  Correspondence: sunlianfang@sdjzu.edu.cn

Abstract: The utilization of waste glass as an aggregate in cement-based materials provides
both environmental and economic benefits, but the alkali-silica reaction (ASR) caused by
the reactive silica in glass aggregates is a significant challenge for its application. This
study investigates the impact of different crushing methods on the ASR of glass aggregate
mortar, with a focus on the effect of immersion crushing using calcium chloride (CaCly)
solution. Glass aggregates were prepared using conventional crushing, water immersion
crushing, and CaCl, immersion crushing methods. The ASR expansion and compressive
strength of the mortar were evaluated through accelerated ASR tests, compressive strength
testing, and microstructural analysis using SEM/EDS and mercury intrusion porosimetry
(MIP). Results show that immersion crushing significantly mitigated ASR expansion and
the associated loss in compressive strength. The CaCl, immersion method yielded the most
pronounced effect. Compared with conventional crushing, it reduced the ASR expansion
by approximately 45% and improved the compressive strengths by approximately 20%.
Microstructural analysis revealed that the CaCl, treatment led to a higher Ca/Si ratio in
the ASR gel, which reduced the gel’s water-absorbing swelling ability and consequently
suppressed ASR-induced expansion. Additionally, the CaCl, immersion crushing method
resulted in the smallest changes in porosity and pore size distribution. These findings
provide a theoretical basis for the safe use of waste glass in cement-based materials and
contribute to the promotion of resource recycling in the construction industry.

Keywords: waste glass aggregate; mortar; alkali-silica reaction; immersion crushing;
microstructure

1. Introduction

Concrete is the most widely used construction material in the world today. Its sustain-
able development faces dual challenges of resource depletion and solid waste disposal [1].
Replacing natural aggregates in concrete with waste materials is one of the key approaches
to achieving a green transformation in the construction industry [2,3]. Waste glass, a typical
urban solid waste, is produced in large quantities each year. It is chemically stable, difficult
to degrade naturally, and landfilling consumes valuable land resources [4]. Therefore,
crushing waste glass for use as fine aggregate or powder in concrete can not only reduce en-
vironmental burdens but also alleviate the excessive exploitation of natural sand resources,
offering significant environmental and economic benefits [2,3].

However, the amorphous silica in glass aggregates is highly chemically reactive and
tends to undergo an alkali-silica reaction (ASR) with alkali metal ions (e.g., K*, Na*) in the
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pore solution [5,6]. The ASR produces alkali-silica gel, which absorbs water and swells
in humid environments, generating substantial internal stress that eventually leads to
cracking, spalling, and deterioration of the mechanical properties of concrete [7]. This
potential durability issue has severely limited the large-scale application of waste glass in
concrete structures.

In recent years, various methods have been proposed to mitigate the ASR of glass
aggregates. These include: (1) using low-alkali cement or incorporating supplementary
cementitious materials (such as fly ash, silica fume) to lower the pore solution alkalinity
and optimize pore structure [8,9]; (2) applying surface treatments to glass aggregates, such
as annealing the glass particles at high temperatures, which could remove the residual
cracks [10]; and (3) limiting the replacement ratio of glass aggregates [11]. Nevertheless,
these approaches often suffer from high costs, complex processes, or limited effectiveness.
Therefore, it is crucial to explore innovative strategies that address ASR from the perspective
of the aggregate’s intrinsic properties and provide a fundamental solution to this problem.

Notably, the reactivity of ASR is closely related to the interfacial characteristics of glass
aggregates. Studies have shown that microcracks generated during glass crushing serve
as primary sites for ASR initiation [10,12]. In conventional crushing, the newly formed
crack surfaces are directly exposed to air, and their surface chemistry depends on the bulk
composition of the glass. This indicates that the aggregate preparation method plays a
decisive role in the ASR process. If the chemical environment of microcrack surfaces can be
modified during this critical stage, it may be possible to alter the subsequent ASR pathway.

From the perspective of ASR mechanisms, two typical types of products and reaction
zones are generally observed [13]. On the aggregate surface, where calcium hydroxide
(Ca(OH),) from the cement paste is enriched, dissolved silicate species preferentially
combine with calcium ions (Ca®*) to form calcium-silicate-hydrate (C-S-H) layers with
high Ca/Si ratios [13]. This dense layer is not expansive and can act as a semipermeable
membrane that selectively restricts ion migration [14], thereby slowing down the reaction.
Long-term observations have shown that the thickness of this reaction layer tends to
stabilize at later stages [15]. In contrast, within the internal microcracks of the aggregate,
where Ca(OH); is scarce, the dissolved silica primarily reacts with sodium and potassium
ions to form ASR gels with low Ca/Si ratios. These gels exhibit strong hygroscopic swelling
behavior [16]. The limited calcium ions diffusing into cracks are insufficient to promote
effective gel carbonation. SEM/EDS analyses have confirmed that the Ca/Si ratio of
gels inside cracks is significantly lower than that on the aggregate surface [12,16], and
low Ca/Si ratios have been shown to markedly increase the swelling capacity of ASR
gels [17]. This results in a self-accelerating cycle of “microcrack propagation — intensified
ASR — expansion-induced new cracking” [10,12].

Based on the above analysis, calcium ions (Ca?*) play a central role in regulating
the properties of ASR gels. Inspired by this understanding, our research group has in-
novatively proposed a pretreatment method involving immersed crushing of glass ag-
gregates in a calcium-ion-rich solution. Preliminary studies have demonstrated that
this method can significantly reduce ASR-induced expansion [18]. However, the un-
derlying micro-mechanisms—particularly the regulation of gel chemistry within internal
cracks—remain unclear.

This study aims to systematically elucidate the mechanism by which immersed crush-
ing, especially in a CaCl, solution medium, mitigates ASR, from the macroscopic to the
microscopic scale. Glass aggregates were prepared via the immersed crushing process, and
a multi-scale analytical approach was employed. At the macroscopic level, the evolution of
mortar expansion and compressive strength was monitored to evaluate ASR inhibition. At

164



Coatings 2025, 15, 1398

the mesoscopic level, changes in pore structure (porosity and pore size distribution) during
ASR were analyzed. At the microscopic level, SEM/EDS was used to characterize the
chemical composition (particularly the Ca/Si ratio) and morphology of ASR gels to reveal
the underlying mechanism. The findings of this study will provide new theoretical insights
and practical pathways for the safe utilization of waste glass in cement-based materials,
promoting higher-value recycling of glass solid waste.

The novelty of this study lies in the innovative application of immersion crushing in a
calcium-rich solution (CaCly) as a pretreatment method for waste glass aggregates. Unlike
conventional approaches that focus on modifying the cementitious matrix or limiting aggregate
content, this method directly targets the reactive microcracks within the glass aggregates
at the moment of their formation. By pre-enriching the crack surfaces with Ca* ions, we
fundamentally alter the chemical pathway of ASR gel formation in the most vulnerable regions—
internal cracks—leading to the formation of less expansive, high-Ca/Si gels. This work provides
the first multi-scale evidence linking the crushing medium chemistry to the microchemical
properties of ASR gels and the resulting macroscopic expansion behavior, offering a novel and
practical strategy for mitigating ASR in glass-containing cementitious materials.

2. Materials and Methods
2.1. Materials

Ordinary Portland cement (P-O 42.5) was used, and its physical and chemical proper-
ties are shown in Tables 1 and 2. Natural river sand was used as the inactive fine aggregate,
with a particle size range of 0-1.18 mm. Waste glass particles, with a particle size range
of 1.18-4.75 mm, were used as the active fine aggregate, and their physical and chemical
properties are also shown in Tables 1 and 2. CaCl, was used as an analytical-grade reagent,
and pure water was used.

Table 1. Physical properties of glass particles and cement.

Parameter Specific Gravity Specific Surface Area  Water Absorption  Initial Setting Time  Final Setting Time
Sand 2.65 - 1.65% - -
Glass 2.49 - 0.26% - -
Cement 3.2 3621 cm?/g - 75 min 320 min

Table 2. Chemical properties of glass particles and cement.

Content (%) CaO Al,Os3 SiO, Fe, O3 MgO SO3 Na, O
Glass 9.49 2.82 67.13 0.01 1.83 0.01 14.01
Cement 61.94 4.73 20.72 3.72 3.07 2.31 0.01

2.2. Experimental Procedures
2.2.1. Glass Aggregate Preparation

Glass aggregates were prepared using three different crushing methods: (1) Conven-
tional crushing control group (air crushing); (2) Immersion crushing control group (crushed
in pure water); (3) Immersion crushing experimental group (crushed in a 1.0 mol/L CaCl,
solution). The corresponding glass aggregates were labeled as Control, IC-W, and IC-C,
respectively. The preparation process is illustrated in Figure 1a. After being washed and
dried, the prepared glass bottles were crushed with a hammer while immersed in water
or calcium solution. After crushing, all aggregates were sieved to obtain particles within
the 1.18-4.75 mm size range to ensure consistent grading and eliminate the influence of
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particle size distribution on the test results. Previous studies have indicated that whether
the particles are cleaned after immersion crushing—i.e., whether residual solution remains
on the particle surfaces after soaking—has no significant effect on the macroscopic ASR
expansion [18]. Therefore, this study focused on one scenario, in which the obtained glass
particles were rinsed with running water, dried, and then used for subsequent experiments.

=
\‘

@

Figure 1. Schematic diagram of the experimental procedure: (a(i)-a(iii)) aggregate prepa-
ration; (b(i)-b(iv)) specimen preparation; (c(i),c(ii)) test setup for compressive and AST test;
(d(i),d(ii)) microscopic characterization.

2.2.2. Alkali-Silica Reaction (ASR) Test

To quantitatively evaluate the ASR activity of different glass aggregates, mortar bar
expansion tests were conducted following the accelerated test method specified in ASTM
C1260. The mortar bar specimens (25 mm x 25 mm x 285 mm) were prepared with mix
proportions shown in Table 3. The sieve analysis of the sand and glass aggregate is shown
in Figure 2. Glass aggregates replaced 35% of natural sand by mass, a substitution level
sufficient to induce noticeable ASR expansion while maintaining adequate workability [18].
The bulk density of sand and glass aggregate was 1560 kg/m?>. Three groups of specimens
were prepared, each containing three mortar bars corresponding to the aggregate types
described in Section 2.2.1, as illustrated in Figure 1b(i).
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Table 3. Mix proportions of mortar specimens.
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Figure 2. Sieve analysis of sand and glass aggregate.

After 24 h of casting, the specimens were demolded and cured in water at 80 °C for
24 h. Subsequently, they were immersed in a 1.0 mol/L NaOH solution at 80 °C to accelerate
ASR development. The change in specimen length was periodically measured using a
comparator, as shown in Figure 1c(ii). The average length change of three specimens from
each group was recorded as the ASR expansion ratio, which served as the key macroscopic
indicator of ASR severity.

2.2.3. Compressive Strength Test

To investigate the degradation of mechanical performance due to ASR and the mitigating
effects of different aggregates, compressive strength tests were conducted under both standard
and accelerated ASR curing conditions. Mortar cubes (70.7 mm x 70.7 mm X 70.7 mm) were
prepared using the same mix proportions as the mortar bars (Table 3). Two batches of
specimens were produced, each consisting of three groups (corresponding to the three
aggregate types used in Section 2.2.1), and each group contained three specimens, as shown
in Figure 1b(iii).

The first batch was cured under standard conditions (temperature 20 £ 2 °C, relative
humidity > 95%) for 28 days. The second batch was immersed in a 1.0 mol/L NaOH solu-
tion at 80 °C for 28 days to simulate ASR-induced degradation. After curing, compressive
strength tests were carried out using a universal testing machine (Figure 1c(i)). The average
strength of the three specimens in each group was recorded as the compressive strength
of that group. Comparing the strength loss between the two curing conditions provided
insight into the extent of ASR-induced structural damage.

2.2.4. Microstructural Analysis

To elucidate the characteristics of ASR products and the underlying mechanism of im-
mersed crushing from a microscopic perspective, samples were collected from the mortar bars
after completion of the ASR test. Thin slices (approximately 2.0 mm thick) were prepared from
the midsection of the bars using a low-speed diamond saw (Isomet 1000, Buehler Ltd., Lake
Bluff, IL, USA), as shown in Figure 1b(ii), and immediately immersed in anhydrous ethanol
for 24 h to terminate hydration. Then, the slices were dried at 60 °C for another 24 h, and their
surfaces were polished using sandpaper before performing the SEM and EDX analysis. To
enhance the electrical conductivity at the surface, the specimen was coated with platinum.
Afterward, the microstructure of the glass—paste interfacial zones was observed using a scan-
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ning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS)
(Hitachi S-4800, Tokyo, Japan). The SEM images were captured at an accelerating voltage of 20
kV. Point analyses were conducted on selected ASR gel products (Figure 1d(ii)) to determine
their local chemical composition. Particular attention was paid to comparing the Ca/Si ratios
of ASR gels within glass aggregate cracks across different groups, as this parameter serves as
key evidence for validating the study’s central hypothesis.

2.2.5. Pore Structure Analysis

The expansive stress of ASR gels leads to the initiation and propagation of microcracks
in mortar, thereby altering its pore structure. After compressive strength testing, represen-
tative samples (approximately 5 mm x 5 mm x 5 mm) were extracted from the specimens,
as shown in Figure 1b(iv), and immersed in anhydrous ethanol to stop hydration. Pore
structure analysis was conducted using mercury intrusion porosimetry (MIP, AutoPore
IV 9500, NC, USA), as shown in Figure 1d(i), to obtain the total porosity and pore size
distribution data. By comparing the pore structure evolution under different curing condi-
tions, the ASR-induced damage could be quantitatively characterized at the mesoscopic
level and correlated with macroscopic mechanical performance.

3. Results and Discussion
3.1. Macro ASR Expansion

Figure 3 illustrates the effect of glass aggregate crushing methods on ASR in mortar
bars. As shown in Figure 3a, the ASR expansion rate of mortar bars with different aggregates
increased over time, but the rate of expansion gradually slowed down. This was primarily
due to the formation of reaction products on the aggregate surface, which slowed the ingress
of corrosive ions. The crushing method significantly affected the ASR expansion rate. The
conventional crushing group exhibited the highest expansion rate, followed by the under-
water crushing group and the CaCl, immersion crushing group. The underwater crushing
group showed a 24% reduction in expansion compared to the conventional crushing group
(Figure 3b), mainly because underwater crushing significantly reduced the surface defects [19]
and lowered the glass’s tensile strength [20]. Fewer surface defects mean a reduction in ASR
reaction sites, while a lower tensile strength may allow residual cracks to develop more readily
into through-going fractures during the crushing process, thereby decreasing the formation
of residual cracks and subsequently mitigating ASR expansion. The CaCl, immersion crush-
ing group showed the lowest expansion rate, reducing ASR expansion by approximately
45% compared to the conventional crushing group (Figure 3b), indicating the presence of
additional influencing mechanisms beyond those in the underwater crushing process.
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Figure 3. Effect of crushing process on ASR: (a) ASR expansion; (b) ASR expansion reduction rate.
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Figure 4 shows the surface morphology of the mortar bars after 28 days of accelerated
ASR testing, as observed with a handheld digital microscope, with the observation areas
located in the middle of each bar. As shown in Figure 4, large macrocracks were visible on
the surface of the mortar bars containing conventionally crushed glass, with the widest
cracks; fewer cracks were observed in the underwater crushed glass mortar bars; and
the CaCl, immersion crushed glass mortar bars had the best surface morphology, with
only a few fine cracks. These surface morphological changes align with the macro ASR
expansion trends.

®y(1)

Hjﬁ)it, (17) =y s

Control-2| Contro
(@)

Figure 4. Appearance of mortar bars after ASR for 28 days: (a(i)-a(iv)) Control; (b(i)-b(iv)) IC-W;
(c(i)—c(iv)) IC-C.

3.2. Compressive Strength

Figure 5 presents the compressive strength of mortar specimens with glass aggregates
under different curing conditions at 28 days. Under standard curing conditions, the com-
pressive strength of all groups was approximately 45 MPa, indicating that the preparation
method of glass aggregates had no significant effect on the mortar’s compressive strength.
In contrast, under the accelerated ASR curing conditions, the compressive strength of all
specimens significantly decreased, with the conventional crushing group experiencing the
greatest reduction, down to approximately 35 MPa. The underwater crushing group and
the CaCl, immersion crushing group had compressive strengths of approximately 38 MPa
and 42 MPa, respectively, which represented improvements of 8.5% and 20% compared
to the conventional crushing group. This was mainly due to the absence of ASR reactions
under standard curing conditions. In contrast, the faster ASR curing conditions triggered
ASR reactions, leading to expansion and damage, which caused a decrease in strength.
As shown in Figures 3 and 4, the CaCl, immersion crushing group exhibited the best
performance in suppressing macro-expansion and crack formation, leading to the smallest
reduction in compressive strength. Conversely, the conventional crushing exhibited the
greatest expansion and cracking, resulting in the most significant decrease in strength.
The compressive strength results of each group are consistent with the ASR expansion
trends in Section 3.1.
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Figure 5. Compressive strength at day 28 with different curing conditions.

3.3. Microstructural Morphology

Figure 6 presents SEM images of products formed inside and outside the cracks of
glass aggregates after 28 days, along with EDS elemental distribution maps for precise
localization and the chemical analysis of reaction products. The corresponding chemical
compositions are summarized in Table 4. In all groups (Control, IC-W, and IC-C), a dense
reaction layer was observed on the glass surface, while products within internal cracks
were more porous and exhibited drying shrinkage cracks—particularly in the Control and
IC-W groups. These features correspond to the typical morphology of high-Ca/Si C-5-H
layers on aggregate surfaces and low-Ca/Si ASR gels inside cracks [13].

(b)

Figure 6. SEM-EDS analysis of specimens incorporating glass aggregates: (a) Control; (b) IC-W;
(c) IC-C.

Table 4. Chemical composition of reaction products.

Composition (%)

Figure Point Si Ca Na K Cal/Si (Na + K)/Si
Figure 6a A 17.14 61.97 19.79 1.09 3.62 122
Figure 6a B 4735 1655 3450 1.61 0.35 0.76
Figure 6a C 53.42 17.25 28,51 0.81 0.32 0.55
Figure 6b A 15.46 68.83 13.36 235 445 1.02
Figure 6b B 55.45 21.55 20.60 2.40 0.39 0.41
Figure 6b C 56.24 16.33 25.82 161 0.29 0.49
Figure 6¢ A 19.03 57.45 23.11 0.40 3.02 124
Figure 6¢ B 47.78 26.11 23.41 2.70 0.55 0.55
Figure 6¢ C 51.50 21.76 23.74 3.01 0.42 0.52
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EDS point analyses (Table 4) revealed that products near crack openings possessed
high Ca/Si ratios, confirming their identification as C-S-H gels. This occurs because
the swelling ASR gel within cracks migrates outward and becomes enriched in Ca**
the surface. In contrast, products deeper within the cracks exhibited low Ca/Si ratios,
characteristic of expansive ASR gels.

A key finding of this study is that the ASR gels within cracks in the IC-C group had
significantly higher Ca/Si ratios than those in the Control and IC-W groups. This indicates
that during crushing in the CaCl, solution, the freshly formed crack surfaces instantly
adsorbed large amounts of Ca?*. These pre-adsorbed ions later served as local calcium
sources during ASR, promoting the formation of high-Ca/Si reaction products. According
to Gholizadeh-Vayghan et al. [17], the swelling capacity of ASR gels decreases markedly
with increasing Ca/Si ratio. Therefore, the generation of higher-Ca/Si gels in the IC-C
group fundamentally reduces the swelling potential of ASR gels, providing the microscopic
mechanism for its superior ASR inhibition.

3.4. Pore Structure

Figure 7 shows the total porosity and pore size distribution of specimens with different
crushing methods and curing conditions after 28 days. As seen in Figure 7, under standard
curing conditions, all groups exhibited a total porosity of approximately 17%. Under
accelerated ASR curing conditions, the total porosity of all groups increased to varying
degrees, with the highest porosity observed in the conventional crushing group, followed
by the underwater crushing group and the CaCl, liquid immersion crushing group. This
trend corresponds with the decrease in compressive strength observed in Section 3.2, as
higher porosity results in lower compressive strength [21].

15.0-+mTotal mMeso @ Capillary ©Large Capillary

1l

Control IC-W IC-C Control IC-W IC-C

Standard curing Accelerated curing

£10.0-
2
g
& 5.0

Figure 7. Porosity and pore size distribution at day 28 with different curing conditions.

Based on pore size, the pores in the mortar were classified into three categories:
mesopores (less than 50 nm), capillary pores (50-1000 nm), and macropores (greater than
1000 nm) [22]. Under standard curing conditions, the pore size distribution in all groups
was essentially unaffected by the crushing method. However, under accelerated ASR
curing conditions, the proportion of capillary pores decreased significantly, while the
proportion of mesopores and macropores increased to varying extents. Among these, the
specimens from the CaCl, liquid immersion crushing group showed the lowest proportion
of mesopores and macropores and the highest proportion of capillary pores. The shift
in pore size distribution, characterized by an increase in mesopores and macropores, is
primarily attributed to the formation of microcracks induced by ASR expansion. While the
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deposition of ASR gel products might have a minor, localized filling effect on some smaller
pores, the MIP data conclusively shows that this potential effect is overwhelmingly offset
by the net increase in harmful larger pores due to cracking.

4. Conclusions

e  The immersion crushing effectively suppressed ASR and the associated deterioration
in the performance of glass-containing mortar. Compared with conventional crushing,
immersion crushing in water and CaCl, solution reduced the 14-day ASR expansion
of mortar by approximately 24% and 45%, respectively, and significantly mitigated
the loss of compressive strength under ASR conditions. Macroscopic observations
confirmed that mortars incorporating glass aggregates crushed in CaCl, solution
exhibited almost no visible surface cracks after ASR exposure.

e  ASR degrades the pore structure of mortar, whereas immersion crushing effectively
alleviates this degradation. ASR increased total porosity and shifted the pore size
distribution toward more harmful mesopores and macropores. Specimens subjected
to immersion crushing in CaCl, solution (IC-C group) showed the smallest increases
in porosity and in the proportion of harmful pores, indicating the least internal
structural damage.

e  The microchemical mechanism underlying ASR suppression by immersion crushing—
particularly in CaCl, solution—was revealed. In glass aggregates crushed in a CaCl,
medium, the ASR gel formed along internal microcracks exhibited a higher Ca/Si ratio.
This resulted from the pre-enrichment of Ca?* on the surfaces of newly generated
cracks during crushing, which altered the gel formation pathway and composition
at the reaction source. Consequently, low-expansivity, high-Ca/Si-ratio gels were
produced, fundamentally inhibiting ASR-induced expansion and damage.
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Highlights

What are the main findings?

e  The Monte Carlo method and ABAQUIS finite element software are used to build a three-
dimensional finite element model of voids, and the relationship between the pore mor-
phology, distribution, and mechanical properties of the porous asphalt mixture is studied.

e  The correlation between the stress—strain characteristics of the mesostructure and the
void morphology was studied, and the stress characteristics of the aggregate in the
porous asphalt mixture and the damaging trend in the mesostructure were summarized.

e  The relationship between the strength of the porous asphalt mixture and the void ratio
was studied.

What is the implication of the main finding?

e A microvoid model of porous asphalt mixture with optimal mechanical properties
is proposed.

Abstract

Traditional macroscopic test methods (e.g., uniaxial compression and indirect tensile
strength tests) cannot accurately describe the internal microstructure and its influence
on the mechanical properties of asphalt mixtures from a microscopic perspective. With the
advancement of digital image processing (DIP) techniques and numerical simulation meth-
ods, relatively complete workflows for microstructure characterization and mesostructural
evaluation of composite materials have been established. In this study, a three-dimensional
finite element model incorporating voids was developed using the Monte Carlo method
and ABAQUS software to investigate the relationships between void morphology, distribu-
tion, and the mechanical properties of porous asphalt mixtures. By varying void size and
shape in the model, correlations between mesostructural stress—strain characteristics and
void morphology were derived. The stress distribution around aggregates and damage
initiation trends in the mesostructure were summarized. The relationship between the
anticipated strength (numerically assessed) of porous asphalt mixture and the void ratio
was established through simulations of models with varying void ratios. Finally, a mi-
cromechanical model for porous asphalt mixture with optimized mechanical performance
is proposed, featuring an icosahedral void shape, a void diameter range of 3-4 mm, and a
void ratio of 18%.
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1. Introduction

Currently, research on porous asphalt mixtures predominantly focuses on macroscopic
scales, with mechanical properties often evaluated through laboratory tests [1-4]. While
essential, such tests are costly and limited in their ability to characterize detailed void
information within specimens. For instance, macroscopic approaches typically correlate
void ratio with mixture performance [5-8], whereas microscopic analyses can evaluate the
influence of void shape, size, and distribution patterns on mechanical properties. Therefore,
investigating the effect of voids on mechanical properties requires a fine-scale (micro-
/mesoscale) perspective to characterize void features and their influence mechanisms. Two
primary approaches exist for fine-scale modeling of asphalt mixtures: image-based models
and computer-generated models [9-11]. Image-based models are constructed directly from
images of real mixtures, accurately capturing the geometry and spatial distribution of
aggregates, asphalt matrix, and voids. While offering high realism, these methods are
costly and time-consuming, and their accuracy depends heavily on advanced imaging
and processing techniques [12-16]. Recent studies, such as those employing digital image
processing (DIP) of warm mix asphalt modified with nanocolemanite and nanoulexite
minerals, demonstrate the critical role of DIP in evaluating microstructural effects on
performance [17,18]. Computer-generated models offer a more economical and efficient
approach by using algorithms to generate aggregate particles within a virtual asphalt
matrix in a random or rule-based manner. This facilitates rapid model generation and
iterative optimization. However, ensuring that generated geometries accurately represent
real mixtures remains a challenge, requiring robust and flexible algorithms. For example,
Qian et al. [12] employed 3D image reconstruction to analyze void space. Zhao et al. [13]
developed methods to identify and characterize connected voids. Zhu et al. [14] used
CT imaging to model AC-13 mixtures and validate void parameters. Xu et al. [15,16]
emphasized that 3D void morphology evaluation can reflect actual conditions, largely
independent of compaction methods. Zhao et al. [19] constructed a 2D FE model from CT
slices to simulate indirect tensile tests, analyzing aggregate content effects. Wang et al. [20]
improved the Zwikker-Kosten acoustic model by incorporating additional microstructural
factors, optimizing porous asphalt concrete (PAC) for sound absorption. Kollmann et al. [21]
combined X-ray tomography and DIP to reconstruct asphalt microstructure. Wang and
Yang et al. [22,23] performed laboratory studies linking microscopic pore features to mixture
performance using CT images. These studies represent significant progress in image-based
modeling. Meanwhile, research on direct computer-generated models is also advancing
rapidly. For instance, Cao et al. [24] used a random aggregate FE model to predict the
dynamic modulus of asphalt concrete, showing good agreement with experimental results.
Ma et al. [25,26] proposed the “Occupancy and Removal Method (ORM)” and a rhombic
deformation framework to efficiently generate models with high aggregate content. Wang
Zishuo [27] used laser scanning to capture aggregate geometry and employed a Bubble
Pack algorithm in PFC3D to create discrete element models, where voids were represented
by removing spheres from a regular mortar arrangement. Chen et al. [28] employed
a Monte Carlo stochastic aggregate model to investigate the effects of specimen size,
coarse aggregate area ratio, and porosity on the nominal tensile strength of concrete
through uniaxial tensile simulations. Zhang et al. [29] developed a random aggregate
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placement model in ABAQUS to simulate asphalt concrete mesostructures, demonstrating
good agreement with the experimental results. Wang and Yuan [30] applied Monte Carlo
simulations to analyze variability in asphalt pavement mechanical responses, validating the
method’s reliability for probabilistic analysis. Cao et al. [31] integrated random aggregate
modeling with ABAQUS to predict dynamic modulus, showing improved accuracy over
traditional analytical methods.

The fine structure of asphalt mixtures directly influences their macroscopic deforma-
tion and strength behavior, justifying a shift from macroscale to micro-/mesoscale investi-
gations. Therefore, developing a fine-scale model that incorporates void mechanics—i.e.,
the effect of voids on the surrounding matrix—is crucial for analyzing porous asphalt mix-
tures. This study employs the general-purpose finite element software ABAQUS (2016) to
establish a three-dimensional micromechanical model of a porous asphalt mixture. By com-
paring models with different void shapes, sizes, and ratios, we analyze their stress—strain
responses, revealing damage initiation mechanisms and force transmission characteris-
tics within the microstructure. Furthermore, the modeling approach combines the Monte
Carlo method for stochastic void generation with ABAQUS for mechanical simulation, a
methodology that has been increasingly applied in asphalt research [28-30].

The primary objectives of this study are: (1) to develop a fine-scale 3D finite element
model incorporating stochastic voids using Monte Carlo and ABAQUS; (2) to systematically
investigate the effects of void shape, size, and ratio on the deformation and mechanical
properties of porous asphalt mixtures; and (3) to identify an optimal void configuration
that minimizes stress concentration and maximizes mechanical performance. The paper is
organized as follows: Section 2 details the materials and modeling methodology; Section 3
presents the simulation results regarding deformation; Section 4 analyzes mechanical
properties; Section 5 provides a comprehensive discussion comparing results with existing
literature; and Section 6 summarizes the conclusions and practical implications.

2. Materials and Methods
2.1. Model Conceptualization and Scale Definition

In this study, the terms microscale refer to the scale of individual constituents (asphalt
mastic, aggregates, and voids), mesoscale to the representative volume element (RVE)
containing multiple voids and matrix, and macroscale to the homogenized mixture behavior.
Our focus is on the mesoscale, where void morphology directly influences local stress
fields. The matrix is modeled as a homogeneous linear elastic material representing the
asphalt mastic (including fine aggregates and binder), with properties summarized in
Table 1. Aggregate particles are not explicitly modeled in this phase to isolate the effect
of void morphology; instead, the matrix properties implicitly account for the composite
effect of mastic and aggregate stiffness. This simplification is common in initial void
morphology studies [21,27].

Table 1. Material parameters for the finite element model.

Material Modulus of Elasticity (MPa) Poisson’s Ratio
Matrix (Asphalt mastic) 1400 0.35
Voids (Numerical representation) 1x107° 0.01
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2.2. Numerical Modeling Framework
2.2.1. Stochastic Void Generation Using Monte Carlo Method

Monte Carlo methods, also known as stochastic simulation methods, are employed
to generate random void distributions within the matrix. The steps include: (1) defining
the stochastic process for void placement; (2) optimizing the algorithm for efficiency;
(3) sampling from prescribed probability distributions for void location and size; and
(4) constructing the 3D geometry [31,32].

Common void shapes investigated include spheres, icosahedrons, dodecahedrons,
and hexahedrons. While icosahedral voids may seem idealized, they serve as a geometric
benchmark to study the effect of increasing facet count and reduced sharpness compared
to common polyhedral approximations of irregular voids. The generation algorithm was
implemented in Python (3.6), producing center coordinates and dimensions for each void,
which were then imported into ABAQUS via scripts.

2.2.2. Finite Element Model Setup in ABAQUS

A representative volume element (RVE) of size 50 mm x 50 mm X 25 mm was used
for uniaxial compression simulation. The matrix was assigned linear elastic properties
(Table 1). Voids were modeled as empty spaces by assigning extremely low stiffness values
(E~1 x 107® MPa, v =~ 0.01) to the void elements, a common numerical technique to
represent negligible load-bearing capacity while maintaining mesh connectivity. This
approach avoids convergence issues associated with modeling true voids/empty spaces in
Abaqus Standard. The boundary conditions simulated uniaxial compression: the bottom
surface fixed in the Y-direction, and a displacement-controlled load applied on the top
surface. The mesh was generated using a global size of 2 mm after a sensitivity analysis.

2.2.3. Model Variants and Simulation Plan
Models were generated to investigate three variables:

(1) Void shape: sphere, icosahedron, dodecahedron, hexahedron (constant void ratio ~20%,
equivalent diameter range 4-6 mm).

(2) Void size: diameter ranges 3-4, 4-5, 5-6, 67, 7-8, 8-9 mm (icosahedron shape,
constant void ratio ~20%).

(3) Void ratio: 18%, 19%, 20%, 21%, 22% (icosahedron shape, diameter range 3—4 mm).

For each configuration, uniaxial compression was simulated to extract stress, strain,
and displacement fields.

2.2.4. Validation of Modeling Approach

To enhance credibility, the modeling methodology was partially validated by compar-
ing stress distributions with analytical solutions for simple void arrangements and with
prior numerical studies [17,22]. While full experimental validation is beyond this paper’s
scope, the consistent trends observed in the literature lend support to the approach.

2.3. Image-Based Microstructure Characterization

Although this study primarily uses computer-generated models, we acknowledge the
importance of digital image processing (DIP) for real microstructure quantification. For
instance, techniques like those used in [21,23] could provide actual void shape distributions
to inform model parameters. Future work will integrate CT-based void morphology
statistics into the stochastic generation process.

Figure 1 shows a simulated 3D random spherical void model (RVE: 50 x 50 x 25 mm)
with void diameters ranging from 3 to 9 mm and a void ratio of 20%. Figure 2 shows the
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meshed model. The global mesh size was 2 mm, ensuring at least 2-3 elements across smaller
voids.

Figure 1. 3D random sphere void model.

Figure 2. Divided three-dimensional random sphere void model.

3. Results: Deformation Analysis in Relation to Void Patterns
3.1. Effect of Void Shape on Deformation

The porous asphalt mixture contains a large number of individual voids to form a
complex spatial network structure system, and the mechanical properties of porous asphalt
mixtures are deeply affected by this. Differences in the size, shape, and number of voids
make the internal composition of porous asphalt mixtures vary widely, which can also be
called porous asphalt mixtures have different void patterns, but different void patterns will
have different degrees of impact on the performance of asphalt mixtures.

First, four models with the same gradation and void shapes of sphere, n-octahedron, n-
dodecahedron, and n-hexahedron are established, and the X-direction strain cloud diagrams
of each model after the loading calculation are shown in Figure 3, and the values of each
strain are shown in Figure 4.

From Figure 4, it can be found that the tensile strain is less than the compressive
strain for the four different void shape models in the X- and Y-directions. Starting from the
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icosahedron, as the number of polyhedral prisms decreases, the compressive strain in the
Y-direction also increases with decreasing number of edges in the void model, in which the
compressive strain increases about 20 times from the icosahedron to the dodecahedron. To
deeply analyze the trend of the strain, the maximum values of the tensile and compressive
strains in the X-, Y-, and Z-directions were regressed and are shown in Figure 5.

LE, Lt

(a) sphere (b) icosahedron (c) dodecahedron (d) hexahedron

Figure 3. X-direction strain cloud images of four different void shape models.
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Figure 4. X, Y, Z strain histograms of four different void shape models.

From the above comparison results, it is easy to observe that the maximum tensile
and compressive strains in the Y-direction, along with the maximum compressive strains
in the Z-direction, increase as the number of polyhedral prisms decreases. The remaining
maximum tensile and compressive strains in the X-direction and the maximum tensile
stress in the Z-direction exhibit a decreasing trend. However, since the above maximum
strain values only refer to the changes at each point in the model, to see the changes in the
overall model, it is necessary to use the highest displacement vectors of the three models
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with different void shapes to characterize the total vertical changes in the models under
standard axial loads. As an example, the displacement vectors in the top Y-direction of the

icosahedron, dodecahedron, and hexahedron void models are shown in Figure 6.
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Figure 5. Individual strain cases for the icosahedral-hexahedral model.

The different positions indicated along the horizontal position of the tip indicate the

unevenness of the change in the pavement. By observation, it is observed that regardless
of the shape of the voids, the change at the two ends is always smaller than that in the
central part. However, mainly because the test simulates a uniaxial situation, both the
left and right sides are constrained and, consequently, their deformation is also affected.
From the icosahedron to the hexahedron, the trend of the change in the displacement in
the Y-direction of the tip is roughly similar for all models as the horizontal distance from
the tip increases. Starting from the icosahedron, the magnitude of the deformation slowly
increases as the number of polyhedral void prongs decreases, with the hexahedral void
model having the largest deformation. Therefore, it can be inferred that the deformation of
the fine-view void model increases as the number of polyhedral prongs decreases.
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Figure 6. Sum of the displacement vectors in the Y-direction of the top three models of the void shape.

Again, to make the pattern more obvious, the icosahedron and hexahedron void
models were taken separately to compare the cloud plots at the places of maximum strain.
As seen in Figure 7, the strains at the edges of the voids, as well as between the voids and
the voids, are somewhat larger than elsewhere for both the icosahedron and the hexahedron.
In addition, comparing Figure 7a,b still shows that the tip strain of the voids increases a
lot due to the fact that the corners of the ortho-hexahedron voids are a little more sharply
defined, which indicates that the tip responds sharply to the mechanical properties of the
porous asphalt mixtures with a considerable effect.

(a) icosahedron (b) hexahedron

Figure 7. Partial strain cloud diagrams of tetrahedral and hexahedral void models.

The path A-A of the modeled icosahedral void is established, and the X-, Y-, and
Z-direction strains along this path are shown in Figure 8. Comparing the path A-A plot
of the icosahedral void with the strains along this path, it can be seen that, at the two
adjacent voids, the X-, Y-, and Z-direction strains all show peaks. It can also be analyzed
that the entire icosahedral model produces the maximum Y-directional strain, followed by
the X-directional strain, and the minimum Z-directional strain.

Observation of Figure 8 reveals that, first, the X-direction tensile strain and Y-direction
compressive strain vary linearly in each range where the path intersects with each void.
Second, the tensile strain of the X-direction at 30 mm and the compressive strain of the
Y-direction at 18 mm of the path reach the maximum value, and the strain extremes appear
at the intersection of the path and the gap edge, which belongs to the case where the two
gap corners are adjacent to each other. This implies that the region adjacent to the gap is
highly strained and susceptible to damage such as cracking.
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(a) Void model path A-A

~—a—X-direction -~ Y-direction Z-direction
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(b) X, Y, Z strain of path A-A
Figure 8. Twenty-tetrahedral void model path A-A and the strain on this path.

3.2. Effect of Void Size on Deformation

Six models with void diameters ranging from 3 to 4 mm, 4 to 5 mm, 5 to 6 mm,
6 to 7 mm, 7 to 8 mm, and 8 to 9 mm were established, and then the strains under standard
axial loads were recorded, and strain cloud diagrams of the Y-direction of various models
(see Figure 9) and the various strains (see Figure 10) were recorded.

(a) Gap diameter 3~4 mm (c) Gap diameter 5~6 mm

(b) Gap diameter 4~5 mm

(d) Gap diameter 6~7 mm (e) Gap diameter 7~8 mm (f) Gap diameter 8~9 mm

Figure 9. Y-direction strain cloud diagrams of six models with different gap diameters.
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Figure 10. Histogram of maximum strain in X-, Y-, and Z-directions of models with different
gap ranges.

Comparing (a), (b), and (c) in Figure 10, it is easy to see that the overall trend of X-
and Y-directional strains increases with the increase in the void diameter. Among them, the
compressive strain in the X-direction removes the compressive strain of the model with
a gap range of 6~7 mm, and the rest of them are steadily increasing with an increase in
the gap diameter range. As the diameter of the voids increases, the effective bearing area
continuously decreases, the stability of the skeleton constantly drops, and the bonding
performance of the asphalt mortar declines, resulting in a linear decrease in the material’s
resistance to compression. Therefore, the compressive strain steadily rises. The tensile
strain in the Y-direction is much smaller than the compressive strain, which is also due to
the fact that the asphalt mixture model is subjected to the action of the vertical direction
load. The Z-direction deformation, except for the tensile deformation in the model with a
gap range of 8~9 mm, is a little higher, and the rest of them are similar in size. The tensile
and compressive strains are similar in size, and the rest of them are similar in value. The
Z-direction strain, except for the 8~9 mm gap range model, which has a slightly higher
value of tensile strain, the rest of the tensile and compressive strains are similar in size,
without an obvious pattern of change.

3.3. Effect of Void Ratio on Deformation

The void ratio is modeled as 18%, 19%, 20%, 21%, and 22%, and the strain results are
shown in Figures 11 and 12.

From Figure 12, it can be seen that the effect of the size of the void ratio on the X-
direction strain is more obvious, and the X-direction strain increases linearly with the
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increase in the void ratio; then we look at the compressive strain of the Y-direction, the
maximum compressive strain of the model with 18% void ratio is the smallest, which is
1.842 x 1073, and the maximum compressive strain is the model with a void ratio of 19%,
which is 4.058 x 10~3, and more than doubled; finally, the effect of the void ratio on the
maximum compressive strain of the Z-direction is not very large, and the magnitudes are
similar for models with different void ratios. Figure 13 depicts the vertical deformation
plots (also called top displacement vector sums) for different models of the void ratio.

The results show that the vertical deformation of the model increases with the increase
in void ratio, and the vertical deformation of the model also increases from —0.026 to —0.031
when the void ratio increases from 18% to 22%, and the trend of the vertical deformation
at the top of the different void ratios is more or less the same, except that the change
in the sum of the top displacement vectors of the models of the remaining void ratios
starts to fluctuate abnormally after the void ratio increases to 21%. Therefore, it can be
concluded that the deformation of porous asphalt mixtures increases with increasing void
ratio, and the 18% void ratio model has the smallest vertical deformation but the best
mechanical properties.

18% 19% 20% 21% 22%
(a) X strain cloud diagrams

18% 19% 20% 21% 22%

(b) Y strain cloud diagrams

18% 19% 20% 21% 22%

(c) Z strain cloud diagrams

Figure 11. X, Y, and Z strain cloud diagrams of models with porosity of 18%, 19%, 20%, 21%, 22%.
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Figure 12. X, Y, and Z strain histograms of six sets of models in the void range.
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Figure 13. Top vertical deformation map with different void ratios.

4. Results: Mechanical Properties in Relation to Void Morphology

4.1. Effect of Void Shape on Mechanical Properties

The simulation study is carried out for four different shapes of void models with the

same gradation. The void shapes are spherical, icosahedral, dodecahedral, and hexahe-
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dral, and their anisotropic stress clouds are shown in Figure 14, and the values of stress
magnitude for each model are shown in Figure 15.

\

(a) Sphere (b) Icosahedron (c) Dodecahedron (d) Hexahedron

Figure 14. X-direction stress cloud images of four different void shape models.
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Figure 15. The histogram of the maximum stress in the X-, Y-, and Z-directions of four different void
shape models.

In Figure 14, it can be seen that the stress extremes appear in the middle of the
neighboring voids, and the closer the voids are to each other, the stronger the stress
response. In Figure 15, the maximum pressure value in the Y-direction appears in the
void model with a dodecahedron shape, with a value of 5.349 MPa, and the minimum
value appears in the void model with an icosahedron shape, with a value of 2.552 MPa.
Obviously, both 5.349 MPa and 2.552 MPa are much larger than the standard axial load of
0.7 MPa. This also indicates that the analysis of porous asphalt mixtures from a detailed
point of view has a strong influence on the response to stress. Perspective analysis has a
great influence on the mechanical properties of porous asphalt mixtures. Figure 16 depicts
the compressive stress in the X-direction and its comparison results for each model with
different void shapes.
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Figure 16. The relationship between the void shape and compressive force of the X-direction stress
and its regression results.

Combining Figures 15 and 16, it is not difficult to find that porous asphalt mixtures
have a significant mechanical response to the change in void shape. Specifically, as the
number of void edges decreases, the compressive stress in the X-direction of different
models of the shape of the void shows a linear decreasing trend, while the change in the
compressive stress in the Y-direction is also quite significant. These observations further
confirm the important influence of the shape of the void on the mechanical properties of
porous asphalt mixtures.

To investigate in depth the specific effects of void shapes on the mechanical properties
of porous asphalt mixtures, we chose an icosahedral void model as the research object
and set specific research paths on it. These paths include horizontal paths A’-A’ shown in
Figure 17 and vertical paths B’-B’ shown in Figure 18.

Looking at and analyzing Figure 17 carefully, it is not difficult to find that the stress
extremes always appear at the locations where paths A-A are in contact with each void, in
which the Y-directional compressive stress at the adjacent corners of two different voids even
reaches 1.416 MPa. The remaining paths are in contact with each void range, and the changes
in X- and Y-directional stresses are mostly manifested as the linear compressive stress.
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|
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Figure 17. Twenty-tetrahedral void model path A’-A’ and stress on this path.

The comparative analysis of Figure 18 shows that, first, as in the analysis of paths A-A
above, the stress extremes on paths B-B all occur at the locations where the paths are in
contact with each void edge. Second, the stresses on the path B-B in both the x-direction
and the y-direction exhibit linear compressive stresses. Obviously, the damage-prone areas
in porous asphalt mixtures are the sharp edges of the voids.
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Figure 18. Stress in all directions on path B-B.

4.2. Effect of Void Size on Mechanical Properties

The X-direction stress clouds for the icosahedral void model with different sizes are
shown in Figure 19, and the stress data in each direction are shown in Figure 20.

(a) Gap diameter 3~4 mm (b) Gap diameter 4~5 mm (c) Gap diameter 5~6 mm

(d) Gap diameter 6~7 mm (e) Gap diameter 7~8 mm (f) Gap diameter 8~9 mm

Figure 19. The stress cloud diagram in the x-direction of a tetrahedral void model with the same void

ratio and different diameter ranges.
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Figure 20. Histograms of the X-, Y-, and Z-directions and maximum shear stress of the tetrahedral.
void models with different diameter ranges.

Combining Figures 19 and 20, it is found that the Y-directional compressive stress
increases with a larger range of void diameters. Therefore, the model with a 3~4 mm void
diameter range has the best stress.

4.3. Effect of Void Ratio on Mechanical Properties

The shear stress clouds for the models with voids of 18%, 19%, 20%, 21%, and 22% are
shown in Figure 21, and the stresses for each model are shown in Figure 22.

18% 19% 20% 21% 22%
(a) Shear stress clouds in the S12 direction

18% 19% 20% 21% 22%
(b) Shear stress clouds in the S13 direction

Figure 21. Cont.
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18% 19% 20% 21% 22%
(c) Shear stress clouds in the S23 direction

Figure 21. Shear stress contours of models with different porosity.
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Figure 22. Histogram of the X-, Y-, and Z-directions, and maximum shear stress of models with
different porosities.

Via a comprehensive analysis of the above graphs, it can be found that the 18% void
ratio model has the least force in all directions, i.e., the best mechanical properties.

5. Discussion

This study numerically investigated the mesoscale mechanical response of porous
asphalt mixtures as a function of void morphology. The key finding—that an icosahedral
void shape with a diameter of 3-4 mm and 18% void ratio yields optimal mechanical
performance—can be discussed in light of existing literature.

First, regarding the finding of the optimal void shape (icosahedron), although precise
control of void geometry is challenging in actual production, this result highlights the
importance of reducing sharp edges and corners in order to alleviate stress concentration.
This aligns with the conclusions of numerous studies that emphasize the beneficial effect of
void roundness on durability [13,21]. The icosahedron, with its larger number of faces and

190 https://doi.org/10.3390/ coatings16020214



Coatings 2026, 16, 214

more uniform curvature, can be considered as an “idealized” approximation of a smooth
polyhedral void.

Second, concerning the optimal void size (34 mm) and void ratio (18%), our simula-
tions indicate that smaller voids can reduce local strain concentration while maintaining
a relatively high void ratio. This agrees with the phenomenon often observed in exper-
imental studies, where smaller interconnected voids provide a better balance between
drainage capacity and strength [5,9]. However, the actual void size distribution in real
mixtures is continuous. Future models should consider realistic distributions obtained
from CT images [12,15].

Third, the Monte Carlo + ABAQUS modeling approach adopted in this study shows
consistent predictive trends with other similar studies [24,25], such as the decrease in
stiffness with increasing void ratio. Nevertheless, our work further quantifies the coupled
influence of shape and size, providing more detailed guidance for microstructural design.

Limitations: The model simplifies the matrix as linear elastic, neglecting the viscoelas-
tic and damage evolution behavior of asphalt. The void shapes are regular geometric
bodies, differing from real irregular shapes. The aggregate—mortar interface is not explicitly
modeled. These simplifications may affect quantitative accuracy, but the qualitative trends
should align with the underlying physical mechanisms. While direct shape control is
infeasible, mix design and compaction practices that promote aggregate rearrangement
and mastic flow (e.g., using rounded aggregates, optimal binder viscosity) can indirectly
encourage the formation of less angular, more favorable void networks.

Practical Implications: The findings suggest that during mix design and compaction
processes, efforts should be made to avoid creating sharp and large-sized voids. Gradation
optimization should be pursued to promote the formation of a more rounded, uniformly
distributed, small-void structure, thereby enhancing the mixture’s resistance to deformation
and damage. For example, adjusting aggregate angularity or using modified asphalt to
improve coating may indirectly foster more favorable void morphology.

Future Research: Future studies could integrate CT scanning to acquire statistical
parameters of real void morphology, driving more realistic stochastic models; introduce
viscoelastoplastic constitutive models to simulate time-dependent behavior; and conduct
parallel experimental validation, particularly using techniques like digital image correlation
to measure local strain fields.

6. Conclusions

(1) Among the four different void shapes modeled, the maximum strain values increased
as the number of void edges decreased. Tensile strains were consistently lower than
compressive strains. The compressive strain in the Y-direction increased notably
with fewer edges, while tensile and compressive strains in the X- and Y-directions
exhibited linear trends, aligned with stress concentration effects at sharper void
corners. Reducing void sharpness (i.e., promoting more rounded, less angular void
geometries) is beneficial for mechanical performance.

(2) Both tensile and compressive strains in the X-direction increased with void ratio. The
compressive strain in the Y-direction also rose with void ratio, whereas the tensile
strain in the Y-direction changed only slightly over the 18%-22% range, indicating a
weaker sensitivity to void ratio.

(3) The model with icosahedral voids, a void diameter range of 3-4 mm, and a void ratio
of 18% exhibited the most favorable mechanical performance in terms of minimized
stress concentration, lower overall deformation, and higher stiffness retention. This
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configuration represents a micromechanical design goal for enhancing the durability
of porous asphalt mixtures.

Practical Implications and Future Work: The findings provide a mesoscale rationale
for material design: reducing void sharpness and controlling void size distribution can
improve mechanical performance without sacrificing drainage capacity. For industry, this
implies that attention to aggregate shape, compaction uniformity, and binder properties
that promote smoother void walls could yield longer-lasting porous pavements. Future
studies should integrate real void morphology from CT scans, incorporate viscoelastic and
damage models, and validate predictions through coordinated experimental testing.
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Abstract: The shape, size, and interfacial transition zone (ITZ) of aggregates significantly
impact the nonlinear mechanical behavior of concrete. This study investigates concrete’s me-
chanical response and damage mechanisms by developing a three-dimensional, three-phase
mesoscale model comprising coarse aggregates, mortar, and ITZ to explore the compressive
performance of concrete. A method for simulating the random distribution of aggregates
based on three-dimensional grid partitioning is proposed, where the value of each grid point
represents the maximum aggregate radius that can be accommodated if the point serves
as the aggregate center. Aggregates are generated by randomly selecting grid points that
meet specific conditions, avoiding overlapping distributions and significantly improving
computational efficiency as the generation progresses. This model effectively enhances the
precision and efficiency of aggregate distribution and provides a reliable tool for studying
the random distribution characteristics of aggregates in concrete. Additionally, an efficient
discrete element model (DEM) was established based on this mesoscale model to simulate
the compressive behavior of concrete, including failure modes and stress—strain curves. The
effects of aggregate shape and maximum aggregate size on the uniaxial compressive fail-
ure behavior of concrete specimens were investigated. Aggregate shape has a particular
influence on the compressive strength of concrete, and the compressive strength decreases
with an increase in maximum aggregate size. Combined with existing experimental results,
the proposed mesoscale model demonstrates high reliability in analyzing the compressive
performance of concrete, providing valuable insights for further research on the mechanical
properties of concrete.

Keywords: aggregate shape; maximum aggregate size; DEM; mesoscopic simulation;
compressive strength

1. Introduction

Concrete is a typical heterogeneous multiphase composite material composed of
coarse aggregates, mortar, and the interfacial transition zone (ITZ) between them. Due to
its excellent mechanical properties, durability, and engineering adaptability, concrete is
widely used in various civil engineering applications [1-3]. However, significant physical
and mechanical differences exist among the internal components of concrete, especially
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regarding the geometry, size distribution, and spatial arrangement of aggregates, which
greatly influence the overall mechanical response and failure mechanism of concrete [4,5].
Therefore, accurately characterizing the spatial distribution of aggregates and conducting
multiscale mechanical behavior analysis based on this is key to understanding the nonlinear
mechanical properties of concrete materials. Mesoscale numerical simulation of concrete
holds significant theoretical and practical importance [6].

In recent years, with the continuous advancement of computational mechanics and
material modeling technologies, mesoscale numerical simulation methods have received
widespread attention in the mechanical study of concrete [7-9]. Particularly at the two-
dimensional (2D) level, various random aggregate generation methods have been proposed,
such as the Monte Carlo method, digital image-based techniques, and Voronoi diagram-
based algorithms [10-13]. These approaches have achieved notable progress in simulating
aggregate shape, size distribution, and spatial occupation characteristics, thereby support-
ing 2D mesoscale mechanical analyses to a certain extent. The Voronoi-based methods
enable the generation of polygonal aggregates resembling real shapes observed in concrete
sections [10], while digital image methods can reconstruct actual microstructures from
thin-section images or CT scans [11], thus ensuring more accurate spatial distributions.
Monte Carlo simulations provide a statistical framework for controlling gradation and area
fractions [12]. However, due to the inherent limitations of 2D models in representing the
actual spatial distribution and mechanical interactions of aggregates, they are unable to
accurately capture the complex three-dimensional (3D) behavior of aggregates and the
propagation paths of cracks. This restricts their applicability in realistically simulating
the failure processes of concrete. Consequently, 3D mesoscale models have emerged as
essential tools for investigating the heterogeneous properties and failure mechanisms of
concrete. In 3D models, coarse aggregates, mortar, and ITZ are typically treated as separate
physical phases. By accurately simulating their geometrical configurations, mechanical
properties, and interactions, these models enable more realistic predictions of concrete’s
mechanical response and damage evolution under loading.

Although three-dimensional mesoscale modeling can more realistically reflect the
internal structure and mechanical response of concrete, the generation of randomly dis-
tributed aggregates in 3D still faces numerous challenges [3,14-16]. Existing studies mainly
adopt the following types of methods for 3D aggregate modeling: (1) sphere packing
methods, which achieve aggregate filling by controlling the particle size distribution and
enforcing non-overlapping constraints [17,18]; (2) image reconstruction-based 3D visualiza-
tion techniques, such as CT image reconstruction or digital voxel models, which are suitable
for simulating realistic aggregate morphologies [19,20]; and (3) geometric modeling meth-
ods based on mathematical shape descriptions (e.g., polyhedra, ellipsoids) to approximate
the actual shape of aggregates [8,21,22]. The work of Yang and Wang [17] introduced an
improved dynamic packing algorithm for polydisperse spherical particles, significantly
enhancing packing efficiency. Wang et al. [19] used high-resolution CT scanning and seg-
mentation algorithms to extract realistic 3D aggregate shapes, which were then meshed
for finite element analysis. These methods each have their strengths and weaknesses in
terms of modeling accuracy, but they commonly suffer from high computational costs, low
modeling efficiency, and difficulties in overlap control—issues that become particularly
significant in large-scale or high-volume-fraction simulations. Furthermore, to ensure the
stability and convergence of subsequent numerical simulations, the aggregate generation
process must balance spatial uniformity and physical realism, which further increases
the complexity of modeling. Therefore, achieving efficient and automated 3D aggregate
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generation and model construction while maintaining physical realism remains one of the
key challenges in the current field of mesoscale concrete modeling.

Based on the development of three-dimensional mesoscale models, researchers have
gradually applied them to analyze the mechanical behavior of concrete, particularly in
studying crack evolution, failure mechanisms, and strength prediction [23-26]. Common
approaches include the finite element method (FEM), finite difference method (FDM), and
phase-field method, which, under the assumption of continuum mechanics, can effectively
simulate internal stress distributions and macroscopic responses [27-30]. However, con-
crete is inherently a discontinuous and heterogeneous material, and its failure process
often involves particle-level cracking, sliding, and rearrangement. Therefore, traditional
continuum-based methods exhibit limitations in capturing nonlinear failure behavior. For
instance, crack paths cannot naturally emerge, local stress concentrations may lead to
numerical instability, and it remains difficult to accurately model damage evolution in the
ITZ region—especially in post-peak and large-deformation stages. Continuum-based FEM
tends to smear cracks and underestimate strain localization [28], whereas the incorporation
of discontinuity-enhanced formulations has been emphasized to better capture crack ini-
tiation and branching [29]. To overcome these limitations, increasing attention has been
given to the discrete element method (DEM) for modeling and analyzing the mesoscale
structure of concrete [31-33]. DEM treats the material as an assembly of rigid or elastic
particles, and by defining contact interactions between particles, it can explicitly simulate
crack initiation, propagation, and coalescence, making it inherently suitable for modeling
discontinuous failure processes. Moreover, DEM excels in handling large deformations,
particle interactions, and nonlinear mechanical properties, making it particularly effective
in studying the influence of aggregate shape, interface strength, and particle distribution
on overall mechanical performance. Therefore, integrating DEM into an efficient 3D ag-
gregate generation method holds great potential for significantly improving the accuracy
and stability of concrete mechanical simulations and provides a robust numerical tool for
uncovering failure mechanisms and guiding structural design optimization.

Over the last decade, the typical take-and-place method involving overlap detection
has become well developed [34-38]. Despite substantial efforts to improve the efficiency of
aggregate placement, overlap detection remains complex and time-consuming, especially in
3D cases. As described in the recent literature, conventional 2D random aggregate concrete
samples generated using this method require several hours, while 3D methods may take
dozens of hours [35-38]. This study addresses some challenges associated with traditional
methods for generating random aggregates in concrete and proposes a novel algorithm
with significant advantages. Traditional methods typically require constant calculation of
the distance relationships between newly generated aggregates and existing ones. As more
aggregates are generated, the algorithm may become redundant, leading to a significant
decline in efficiency, mainly when dealing with densely packed composite materials. The
random aggregate generation algorithm proposed in this study performs exceptionally well in
addressing these issues. The main advantage of this algorithm is that the speed of generating
individual new aggregates gradually increases as the number of aggregates grows. By
employing an innovative approach, the occupied regions of already-generated aggregates
are excluded from subsequent calculations for new aggregates, effectively avoiding overlaps
between newly generated and existing aggregates. This strategy ensures that the overall
generated aggregates remain non-overlapping and significantly enhances computational
efficiency. The effectiveness of this method was validated through discrete element numerical
simulations and physical experiments. Additionally, the study investigated the effects of
aggregate shape and particle size on the uniaxial compressive strength of concrete specimens.
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2. Materials and Methods

Herein, this paper proposes a method for generating randomly distributed irregular
concrete aggregates, including a 3D grid partitioning method, a random ellipsoid gener-
ation method, an irregular polyhedron generation method, an optimization method for
irregular polyhedra, and a method for generating ITZs.

2.1. Three-Dimensional Grid Partitioning

This paper proposes an original method for partitioning 3D meshes [39,40]. The
method calculates a value d for each mesh, where d can be interpreted as the radius of the
most enormous inscribed sphere. The core of the method involves dividing the unoccupied
regions into 3D meshes and assigning values to all mesh regions. The maximum value,
dmax, represents the radius of the most enormous inscribed sphere, and the major axis of the
generated aggregate is constrained not to exceed dmax. After generating new aggregates,
the mesh values for regions not occupied by aggregates must be recalculated.

The specific steps are as follows: We assume the entire computational domain initially
consists of cement mortar before the first aggregate generation. A boundary layer is added
around the computational domain to serve as the boundary conditions, and its value is set
to 0. For each cement mortar mesh, the d-value is calculated. All cement mortar meshes
are initialized with d = 0.5. If all meshes within a distance of d + 0.5 from a given cement
mortar mesh also consist of cement mortar, the d-value is incremented by 0.5; otherwise, the
d-value remains unchanged. This process is repeated until d-values for all cement mortar
meshes are calculated, resulting in the distribution of d-values across the computational
domain. The specific process is illustrated in Figure 1, and Figure 2 presents d-value
distributions for some simple meshes.

The block with index (i,j,k No 70

is cement mortar?

d=0.5;:D=1

Determine a cubic region
(i-D<I<i+D; j-D<J<j+D;k-D<K<k+D)

| dist = \J(I1-i)* + (J—j)* + (K- k)* |

11 the blocks satisfying the Yes.| d=d+0.5;
condition (dis<d+0.5) arc cemen D=D+1;
mortar?

Figure 1. Flowchart of d-value distribution. D represents half the side length of the cubic computa-
tional domain. I, ], and K denote the coordinates of the small cubes within the computational domain
in the x, y, and z directions, respectively.
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Figure 2. Simple cement mortar model and d-value distribution: (a) schematic diagram of a simple
model, (b) d-value distribution map, where different colors represent the corresponding d-values of
each grid element shown in (a).

2.2. Arbitrary Distribution Ellipsoid Generation Method

This paper adopts an aggregate generation strategy of first placing large-sized ag-
gregates, followed by small-sized aggregates. This approach better fills the gaps between
coarse aggregates, enhancing the compactness of the concrete. It ensures a uniform distribu-
tion of all components in the concrete, thereby improving its workability and performance.
The subsequent addition of small-sized aggregates further fills the voids, reducing the
porosity and enhancing the compactness and durability of the concrete.

The maximum value in the d-value distribution corresponds to the maximum length
of the ellipsoid’s major axis. Ellipsoids with larger major axes are generated first to achieve
a more reasonable random aggregate distribution. Regions where the d-value is greater
than or equal to a are identified. These regions can accommodate the ellipsoid. The center
point and orientation angle of the ellipsoid are randomly selected within these regions. The
parametric equation of the ellipsoid in spherical coordinates is

x(0,¢) = rx +acos() sin(¢)
y(6,¢) = ry + bsin(6) sin(¢) 1)
z(0,¢) = rz+ ccos(¢)

where (rx, ry, rz) are the coordinates of the ellipsoid’s center. g, b, and ¢ are the semi-axis
lengths of the ellipsoid along the three coordinate axes. 6 is the polar angle, and ¢ is the
azimuthal angle.

The rotation matrices Ry, Ry, and R; are obtained by rotating around the x, y, and z
axes, respectively. They are represented as follows:

1 0 0
Ry= |0 cos(fy) —sin(6y) )
0 sin(6y) cos(6y)
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cos(fy) O sin(Qy)_

Ry = 0 1 0 3)
—sin(f,) 0 cos(6y)

cos(f,) —sin(6;) O]
R, = |sin(f;) cos(6;) O 4)

0 0o 1]

The overall rotation matrix is

R = R:RyR, ©)

The coordinates of any point (x, y, z) inside the ellipsoid are transformed into new
coordinates after being rotated by the rotation matrix R. The specific expression is as follows:

/

! R (6)

NS R
I
NS R

2.3. Generation Method for Irregular Polyhedra

One of the most frequently occurring sequences in nature is the Fibonacci sequence.
With further exploration, it was discovered that this sequence leads to the golden
ratio [41,42]. The Golden Section Spiral method has been widely applied and validated
in science and engineering, demonstrating a strong theoretical foundation and practical
effectiveness. Due to its ability to generate points with excellent uniformity and distribution
properties, the Golden Section Spiral method is extensively used in computer graphics,
scientific computation, and materials science. Its solid theoretical basis has been verified
and applied in numerous studies.

The Golden Section Spiral method is highly extensible and can generate points on
spheres, ellipsoids, and other geometric shapes. Its application is not limited to specific ge-
ometries. Simple yet effective, this method can produce large-scale point sets with minimal
computation, avoiding complex iterative or optimization processes. It is particularly adept
at generating uniformly distributed points on spherical or ellipsoidal surfaces. Uniform
distribution ensures equal intervals between points, avoiding clustering or sparse regions.

To prevent collinearity or coplanarity, this paper utilizes the Golden Section Spiral
method to generate 2N uniformly distributed points on the surface of an ellipsoid. N points
are randomly selected from these to construct irregular polyhedra, ensuring randomness
in the polyhedron’s shape.

For the i-th point generated using the Golden Section Spiral method on the surface of
the ellipsoid, its polar and azimuthal angles can be expressed as follows:

¢; = arccos (1 - w @)
0; = m(1++/5)(i — 0.5)
The expression for mapping points onto the surface of an ellipsoid is
(Xi,Y;, Zi) = (asin(¢;) cos(6;), bsin(¢;) sin(6;), c cos(¢;)) (8)

This generates a 3D irregular aggregate (Figure 3) comprising 10 vertices.
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Figure 3. Three-dimensional irregular aggregate.

2.4. Optimization of Irregular Polyhedra

Although the above method can generate irregular aggregates, the resulting aggregates
require optimization before they can be used for numerical calculations. Three aspects of
optimization are performed here: eliminating flatness, removing triangular faces with very
short edges, and eliminating triangular faces with extremely small interior angles.

Flat polyhedra, especially those with complex shapes [43,44], may have overlapping
vertices or edges. They may also have intersecting or overlapping faces on the same plane.
Aggregates with very short edges can affect computational efficiency. Extremely small
interior angles can also reduce simulation accuracy. This study further optimizes the
generated aggregates to address this issue.

First, sphericity describes the degree of flatness to avoid obtaining flat-shaped aggre-

|L;L
B=7? IZIZS 9)

where L;, L;, and L; represent the longest, intermediate, and shortest particle dimensions,

gates. Sphericity B is defined as [45]

respectively. Considering that planar aggregates usually have very low sphericity, the
minimum sphericity is set to 0.4. Therefore, only aggregates with a sphericity greater than
0.4 can be generated.

Next, edge length optimization is performed by calculating the length of each edge
of the aggregate. If the shortest edge in a triangular face is smaller than the predefined
minimum length L,,;,,, one of the vertices of that edge is removed (Figure 4). L,,;, is set as
one tenth of the aggregate’s maximum edge length. The new aggregate, defined by the
remaining vertices, is further optimized until all edge lengths exceed L,;;,.

10 10
by O N 0

-10, 10,

10 10

0 0
10 10
X -0 X -0 _
10 - 10 &

(@) (b)

Figure 4. Optimization of triangles with shortest edges: (a) aggregate before optimization; (b) aggre-
gate after optimization. The blue dots represent the vertices to be removed, and the red dots indicate
the vertices to be retained.
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Finally, interior angle optimization is carried out by calculating the interior angles of
each triangular face of the aggregate. If the smallest interior angle is less than the predefined
value f (set to 10° here), the other two interior angles of the triangle are compared. The
vertex corresponding to the larger interior angle is removed (Figure 5). The new aggregate,
formed by the remaining vertices, undergoes further optimization until all interior angles
exceed B. After the geometric optimization of all aggregates, the resulting aggregates are
well-shaped and free from overlaps.

@) (b)

Figure 5. Optimization of triangles with minimum interior angles: (a) aggregate before optimization;
(b) aggregate after optimization. The blue dots represent the vertices to be removed, and the red dots
indicate the vertices to be retained.

2.5. Generate Bonding Interface
First, calculate the centroid of the polyhedron. The centroid is the average of all

vertex coordinates:

. ) . 1 N 1 N 1 «—N
(centroid,, centroidy, centroid,) = <N 1 Xi, N et Y;, NZz‘:l Zl-> (10)
where (centroidx, centroidy, centroidz) represents the centroid coordinates, N is the number
of vertices, and X;, Y;, and Z; are the coordinates of the i-th vertex.

d; = \/(Xi — centroidx)2 + (Y — cenifroz'dy)2 +(Z; — cent‘roidz)2 (11)

Next, calculate the distance d; from each vertex to the centroid:
Assuming the thickness of the bonding interface is I, the distance from the shrunken
new vertex to the centroid is
di=d; —1 (12)

The coordinates of the new shrunken vertex are

!
X! = centroid, + (X; — Ce”tmidx)%
Y! = centroid, + (Y; — Ce”f”’idy)% 13)
Z] = centroidy + (Z; — Ce”tmidZ)%

Figure 6 shows the bonding interface constructed in this study. In the figure, the red
points represent the original vertices of the irregular polyhedron randomly selected on the
ellipsoidal surface. In contrast, the blue points represent the vertices of the shrunken irreg-
ular polyhedron. The region between the two polyhedra constitutes the bonding interface.
Since the bonding interface is generated using a shrinking method, DD = H + 2/, ensur-
ing sufficient space for the generation of aggregates and the bonding interface. Figure 7
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illustrates the flowchart for generating three-dimensional randomly distributed irregu-
lar aggregates. Figure 8 displays the three-dimensional randomly distributed irregular
aggregates, with different colors representing aggregates of different particle sizes.

10 10
5 5
N 0 N 0
=5 -5
-10- -10

10 : ] 10 i

10 :
0 - 0 0 : 0 10
-10 -10 -10 -10
X Y X
(a) (b)

Figure 6. Schematic diagram of the 3D bonding interface: (a) randomly select 4 points; (b) randomly
select 10 points. Red points are the original polyhedron vertices on the ellipsoidal surface, and
blue points are the vertices of the shrunken polyhedron. The bonding interface lies between the
two polyhedra.

The original value
of the 3D meshis 1

N|

el

Three dimensional mesh
area division

!

Select aggregate particle size
H based on grading, DD =H+2/

2dmax>DD),

Yesl

Generate arandomly
distributed ellipsoid

|

Generate irregular polyhedra

!

Optimization of Irregular Polyhedra

|

Generate interface transition zones

The grids occupied by irregular polyhedra and interface

transition zones are assigned the value of 0

Does it meet the grading
distribution?

Generate three-dimensional randomly

distributed irregular aggregates

Figure 7. Flowchart for generating 3D randomly distributed irregular aggregates. dmax repre-
sents the maximum value after dividing the 3D grid region, and I represents the thickness of the
bonding interface.
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Figure 8. Three-dimensional randomly distributed irregular aggregates. Different colors represent
aggregates of different particle sizes.

In traditional methods for generating 3D random aggregates, the spatial relationship be-
tween a new aggregate and the existing aggregates must be determined [36,46]. As the number
of generated aggregates increases, the time required to generate new aggregates also grows.
The random aggregate generation model proposed in this study adopts a three-dimensional
grid partitioning method. Each grid cell’s value represents the maximum aggregate radius
that can be accommodated if the grid point is used as the aggregate center. By randomly
selecting grid points that meet the conditions, aggregates are generated, ensuring a reasonable
distribution of aggregates. The innovation of the model lies in the fact that when a new
aggregate is generated, the regions occupied by existing aggregates are excluded from fur-
ther grid partitioning. This approach avoids overlap between new and existing aggregates
and significantly reduces the time required to generate new aggregates as the number of
aggregates increases. Twenty irregular aggregates with a particle size of 20 mm are randomly
generated within a model of dimensions 75 mm x 75 mm x 75 mm (Figure 9). Figure 10
shows the time required to generate each aggregate. The figure indicates that as the number
of generated aggregates increases, the time required to generate new aggregates decreases,
with a noticeable reduction in the time required for the initial stages of aggregate generation.

Figure 9. Randomly distributed irregular aggregates of the same size.
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Figure 10. The time taken to generate irregular aggregates of the same size.

3. Discrete Element Method

The particle flow method is founded on Newton’s second law and the force—
displacement law. The computational process revolves around two core iterative steps:
applying Newton’s second law to particle elements and applying the force-displacement
law to contact points. Newton's second law primarily determines each particle element’s
motion state and updates its state variables accordingly. The force-displacement law up-
dates contact state variables based on the relative motion at each contact point, thereby
updating contact forces, as illustrated in Figure 11.

Update particle state variables

Newton's second law Force—displacement law
(Applied to particles) (Applied to contact)
Net force and net moment Constitutive relationships

Update contact state variables

Figure 11. Diagram of the PFC computational iteration process.

Additionally, Newton’s second law does not apply to the movement of walls, as
their motion is generally predefined. In PFC simulations, the force-displacement law only
considers the contact interactions between particle elements and walls during calculations.

3.1. Force-Displacement Law

The force-displacement law is central to the computational process of PFC simulations.
By introducing the normal stiffness and tangential stiffness parameters, PFC effectively
resolves the relationship between force and displacement for two contacting elements.
The normal vector of the contacting elements determines the exact position of the contact
point. In particle flow simulations, the contact forms are mainly categorized into “particle—
particle” and “particle-wall” interactions, both crucial for describing the dynamic behavior
of the particle flow system, as shown in Figure 12. In this figure, R(M, R?) represents the
radii of the particles, x(1) and x(? denote the centers of the particles, x;, stands for the
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center of rotation and displacement of the wall, and g, indicates the distance between two
elements. When g. is negative, it signifies the contact amount (or overlap), denoted as é.

ball or pebble

Particles - Particles Particles —Walls

Figure 12. Forms of element contact.

In applying the force-displacement law to specific calculations, the contact force
F. between two elements is divided into normal and tangential components. The normal
force is proportional to the overlap amount, denoted as

F.p = kU (14)

where F, £is the normal force, k; is the normal stiffness, and U is the overlap amount.

The tangential force calculation is more complex due to its dependence on the motion
and loading history of the particle elements. It is usually expressed in incremental form.
When the relative displacement between two entities is AU, the incremental tangential
force at the i-th time step can be expressed as

AFl, = k,AU (15)

where AFL is the incremental tangential force at the i-th step and k, is the tangential stiffness.
Considering the tangential force from the previous time step, the total tangential force

is given by
Fes = Fio1 4 AF (16)

These equations can be used to calculate the total contact force and contact moment of
the contact elements in each computational time step.

3.2. Laws of Motion

In the particle flow model, the motion of particle elements is determined by the forces
and moments acting on them. These forces and moments reflect the overall motion through
the particle’s linear and angular velocities. The motion equations for particles consist of
two main components: the linear motion equation, resulting from the net force, and the
rotational motion equation, resulting from the net moment.

The linear motion equation is expressed as

F, Ay
F, =m|ay (17)
F, —mg a,
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where Fy, F, and F; are the net forces in the x, y, and z directions, respectively; m represents
the mass of the particle; ay, a,, and a; are the accelerations in the x, y, and z directions,
respectively; and ¢ denotes gravitational acceleration.

The rotational motion equation is expressed as

M, Lyx Ixy Iz Ax
My| = |Iyx Ly Lyz| - |ay (18)
M, Ly Izy I, az

where My, My, and M; represent the net moments in the x, y, and z directions, respectively;
Lxx, Iyy, and I, are the elements of the inertia matrix; and ay, a,, and a, are the angular
accelerations in the x, y, and z directions, respectively.

3.3. Constitutive Models in PFC

In PFC, the description of macroscopic material constitutive properties relies on the
definition of particle micro-contact models and their parameters. PFC includes various
micro-contact models, categorized into three main types: contact stiffness models, sliding
models, and bonding models. This article uses bonding models for numerical simulation.

The bonding model simulates the cohesive or cementitious behavior between particles
by introducing additional bonding forces. This model effectively describes strong connections
between particles due to chemical bonds, cementitious materials, or other bonding mechanisms. It
is particularly suitable for simulating non-loose materials with significant bonding characteristics,
such as rocks and concrete. Depending on the type of bonding between particles, the bonding
model can be classified into linear contact bonding models and linear parallel bonding models.

In the contact bonding model, the contact range between particles is restricted, approximat-
ing a point-contact state. This contact mode can be considered as a spring with constant normal
and tangential stiffness at the contact point, allowing force transmission but not moment trans-
mission. Conversely, the parallel bonding model has broader mechanical properties, permitting
the transmission of both forces and moments between particles, as illustrated in Figure 13a. In
this model, the contact area between adjacent particle elements is assumed to form a circular
or rectangular bond material, with the constitutive relationship shown in Figure 13b. This
relationship comprises linear elements, damping elements, and contact bonds.

bond state

bonded force, linear force,
linear elastic force, and friction force

# ball or pebble

® ball or pebbl.
K pebble bonded region and bond strength

ball or pebble . ball or pebble'/

Linear Contact Bond Model  Linear Parallel Bond Model

(a) (b)

Figure 13. Comprehensive schematic diagram of the structure and constitutive relationship for the

bonded model: (a) schematic diagram of the bonded model; (b) schematic diagram of the constitutive
relationship for the parallel bonded model.

The model’s characteristics are defined by five parameters: normal stiffness, tangential
stiffness, normal strength, tangential strength, and bond radius. These parameters collectively
define the linear elastic deformation, friction, and viscous behavior between particle elements.
Adjusting these parameters allows for a more accurate simulation of the mechanical properties
of rock materials, enhancing the accuracy and reliability of the simulations.
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4. Results and Discussion
4.1. Physical Experiments and Numerical Simulations

The main materials used for the actual concrete specimens included cement, fine aggre-
gates, coarse aggregates, water, and admixtures. The cement used was ordinary Portland
cement. The fine aggregate was natural river sand, and the coarse aggregate was crushed
stone (Figure 14a). Tap water was used. The admixture was PCA-I type high-efficiency water
reducer. The concrete mix proportions were configured according to design requirements. The
concrete strength grade used in the experiments was C30, with the specific mix proportions
provided in Table 1. It should be noted that the concrete mix components in this study were
not scaled down to match the characteristic dimensions. For all specimens, the maximum size
of the coarse aggregate was approximately 30 mm. The mass contents of the cement and water
were 340 kg/m? and 178 kg/m?3, respectively. The water-to-cement ratio was approximately
0.52. The total mass content of the concrete (Sum) was 2278 kg/m?3. The prepared concrete mix
was poured into standard cubic molds with dimensions of 150 mm x 150 mm x 150 mm. To
ensure that the specimens were compact and uniform, tamping rods or vibrating tables were
used to consolidate the concrete during pouring. After pouring, the surface was leveled with a
scraper, and a damp cloth was placed over the specimens after initial setting to prevent water
evaporation. After demolding, the specimens were immediately placed in a curing room
under standard conditions with a temperature of 20 & 2 °C and a relative humidity of no less
than 95%. The curing duration was 28 days, during which the specimens were kept moist
(Figure 14b). Compressive strength tests were performed on the concrete specimens using
a hydraulic pressure testing machine (Figure 14c). The loading rate of the testing machine

was 0.5 MPa/s, ensuring uniform and stable loading. The ultimate load values for the three
specimens were 753.75 kN, 778.5 kN, and 747 kN, respectively (Figure 15). The average
compressive strength was calculated to be 33.8 MPa.

Figure 14. Compressive strength test of standard concrete specimens: (a) Aggregates; (b) concrete
specimens; (c) hydraulic testing machine.

Table 1. Concrete mixture proportions utilized.

Aggregate  Aggregate  Aggregate Cement Water Admixture wie Sum Compressive
0-5mm 5-10 mm 10-30 mm (ke/m?) (kg/m®) (kg/m®) Ratio (ke/m?) Strength fc
(kg/m3) (kg/m3) (kg/m3) & & (Mpa)

780 180 800 340 178 11.20 0.52 2289.20 33.8
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Figure 15. Concrete specimen after uniaxial compressive strength test.

At the mesoscopic scale, concrete is typically considered a three-phase composite material
consisting of aggregate particles, a mortar matrix, and an interfacial transition zone (ITZ)
between the first two phases. Evaluating the composite behavior of concrete at the mesoscale
requires generating a random aggregate structure in which the shape, size, and distribution of
the aggregate particles statistically resemble those of real concrete. Additionally, aggregates,
including fine and coarse aggregates, usually account for 60%—-80% of concrete’s volume,
significantly influencing its performance, mix proportions, and cost-efficiency. For simplicity
in this study, fine aggregates and cement paste are combined into the mortar matrix. Coarse
aggregates make up approximately 40%-50% of the concrete’s volume [47]. The shape of
aggregate particles depends on the type of aggregate. Gravel aggregates are generally rounded,
while crushed-stone aggregates are angular [34]. Modeling with spherical aggregates can
satisfy the grading distribution in real concrete but lacks accuracy in representing aggregate
morphology. Using ellipsoidal aggregates for modeling can meet three parameters of real
concrete—grading, aspect ratio, and angular distribution—but still falls short of capturing the
aggregate’s true morphology. Modeling with polygonal aggregates can satisfy four parameters:
grading, aspect ratio, angular distribution, and roundness. Grading refers to determining the
particle size distribution of aggregates, often expressed as a cumulative percentage passing
through a series of sieve sizes. This can be represented through formulas, tables, or charts. In
practice, one of the most well-known and widely accepted aggregate distributions is the one
proposed by Fuller. The Fuller curve-based aggregate grading provides optimal aggregate
packing, generating more fine aggregate particles to maximize concrete density and macroscopic
strength. The grading curve formula is

/| D
P =100 19
Dmax ( )

where P is the cumulative percentage passing a sieve with aperture diameter D, and Dax

is the maximum size of aggregate particles.

In order to determine the mechanical parameters, especially the compressive strengths, a
cubic concrete sample size of 150 mm x 150 mm x 150 mm was established, as presented
in Figure 16. The concrete mix composition used in the numerical model was the same as
that listed in Table 1. To ensure that the 3D three-phase random aggregate model accurately
reflected the material composition and physical characteristics of the concrete used in the ex-
periments, the mass-based mix proportions provided in Table 1 were systematically converted
into volume fractions and mechanical input parameters required by the model. First, the vol-
ume fraction of coarse aggregates was derived by combining their mass proportion with the
known densities of the constituent materials, and this value was used to define the aggregate
content in the 3D model. Second, based on the actual composition of the concrete, the model
was divided into three distinct phases: coarse aggregates, the mortar matrix, and the interfacial
transition zone (ITZ). The shapes and sizes of the aggregates were randomly generated to
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match the maximum particle size and grading of the crushed stone used in the experiments.
Finally, the mechanical properties of each phase—including Young’s modulus, Poisson’s
ratio, and compressive strength—as well as the ITZ thickness, were determined based on the
target strength grade of the experimental mix, the published literature, and known material
characteristics. This parameterization ensures consistency between the numerical model and
the experimental conditions in terms of both material composition and mechanical behavior,
thereby providing a reliable basis for subsequent simulation analyses and result comparisons.
The Fuller’s curve was utilized to describe the aggregate size distribution. The numbers of
random aggregates within the particle size ranges of 5-10 mm and 10-30 mm are 1227 and
258, respectively. The major mechanical parameters of the three meso components used in the
simulations are provided in Table 2. It is to be noted that Young’s modulus, Poisson’s ratio, the
compressive strength of the aggregate particles, and the mortar matrix are obtained from the
tests, while the mechanical properties of the ITZs are given with reasonable assumption [48].
The real typical thickness of the ITZ is about 0.05 mm; however, because of the limitation in
computational capacity, it is impossible to use such small elements to model the real thickness
of the ITZ.

120 150

Figure 16. Modeling of the proposed mesoscale numerical model: (a) uniaxial compressive simulation
of concrete samples with dimensions of 150 mm x 150 mm x 150 mm, the arrows indicate the applied
force on the top surface; (b) XY section of the concrete model; (c) XZ section of the concrete model;
(d) YZ section of the concrete model. Green, yellow, and blue represent aggregate, ITZ, and mortar,
respectively.

Table 2. Mechanical parameters of the meso components.

Mortar Matrix ITZ  Aggregate Particle
Young’s modulus E (GPa) 32.5 26 70
Poisson ratio v 0.2 0.22 0.16
Compressive strength fc (MPa) 31.6 23.9 80
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In the concrete model generated, green, blue, and red spherical particles represent
mortar, aggregate, and ITZ, respectively (Figure 17). It is worth noting that due to experi-
mental limitations, it is challenging to measure the mechanical properties of the ITZ directly.
In numerical simulations, the mechanical properties of the ITZ are typically described
as weaker mechanical parameters of the mortar matrix, with the ITZ assumed to range
between 30% and 80% of the mortar matrix’s strength [49,50].

Figure 17. DEM three-dimensional numerical model. Blue, red, and green represent aggregate, ITZ,
and mortar, respectively.

In this study, concrete is treated as a three-phase composite material consisting of a
mortar matrix, coarse aggregates, and an ITZ. The physical and mechanical properties
of each phase are summarized in Table 2. The elastic modulus, Poisson’s ratio, and
compressive strength of the mortar matrix and aggregates were obtained from standard
specimen tests. Since the ITZ is difficult to isolate and test directly in experiments, its
mechanical parameters were adopted from the existing literature [49,50], and its strength
was set to approximately 75% of that of the mortar. Regarding boundary conditions,
uniaxial compression was applied by imposing vertical displacement on the top and
bottom loading plates. The bottom plate was fully fixed in all directions, while the top
plate was allowed to move only in the vertical direction. The lateral sides of the specimen
were left unconstrained, employing free boundary conditions to better replicate realistic
loading conditions. To meet the requirements of quasi-static loading, a time-stepping
algorithm was used for the simulation, with the total number of steps reaching several
tens of thousands. During each time step, the forces and displacements between particles
were updated. The simulation was terminated when the axial stress dropped to 80% of
its peak value [51]. For model validation, the simulated specimen’s dimensions (150 mm
x 150 mm x 150 mm), mix proportions (Table 1), maximum aggregate size (30 mm), and
loading rate were all consistent with the experimental setup. The coarse aggregate used
was natural crushed stone, with an elastic modulus set to 70 GPa, which is consistent with
the properties of hard limestone rocks [48]. Figure 18a presents the simulation results
under uniaxial compression with an ultimate strength of 31.1 MPa, corresponding to the
experimental result of 33.8 MPa. The simulation results show good consistency with
the experimental results. In this study, the mechanical parameters listed in Table 2 were
adopted in the subsequent simulations. Figure 18b shows the numerical failure mode.
Under uniaxial compression loading, the interfacial transition zone (ITZ) is the weakest
phase in concrete, where numerous microcracks develop. Microcracks extending into the
mortar form interfacial cracks, which eventually connect to form macroscopic cracks; this
progression represents a typical feature of brittle failure in concrete. The simulated failure
mode is consistent with the results observed in laboratory experiments. Furthermore, the
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results of this study were compared with those obtained from an existing two-dimensional
(2D) mesoscale finite element model [52]. Although the 2D model also incorporated
randomly distributed coarse aggregates to evaluate the mechanical behavior of concrete,
and its resulting stress—strain curve (Figure 18a) exhibits a similar macroscopic trend to
our numerical results, it is inherently limited to in-plane mechanical behavior and thus
fails to accurately capture the three-dimensional characteristics of crack propagation. In
contrast, the 3D mesoscale model developed in this study not only accurately reproduces
the stochastic distribution of aggregate sizes but also fully captures the spatial distribution
of cracks within the specimen volume. The predicted strain localization zones and crack
paths show good agreement with experimentally observed fracture morphologies. In the
2D model, cracks tend to concentrate along the weakest plane, and their inclination and
continuity are restricted by the simplified treatment of the thickness direction, making
it difficult to reflect the complex through-thickness failure modes. Overall, although
2D simulations offer certain advantages in computational efficiency and in capturing
general mechanical trends, the 3D mesoscale model provides more realistic and detailed
representations of crack evolution paths, spatial failure mechanisms, and size effects. This
makes it a more reliable numerical tool for investigating concrete fracture mechanisms and
for applications at the engineering scale.
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Figure 18. Concrete uniaxial compression stress—strain curve and failure mode: (a) uniaxial com-
pressive stress—strain curve; (b) uniaxial compressive failure mode, the purple area represents the
damaged region, and the blue area indicates the undamaged region.

4.2. The Influence of Aggregate Shape Content on the Compressive Strength of Concrete Specimens

Commonly used aggregates in concrete include pebbles, crushed stone, and gravel.
Pebbles are natural aggregates that are round or nearly round in shape, typically obtained
from natural deposits such as rivers, lakes, or beaches. Their surfaces are generally smooth,
and their rounded shape contributes to better workability (flowability and ease of handling)
of concrete. Crushed stone is an aggregate produced by mechanically crushing natural
rocks. It is usually irregular and angular in shape, with rough surfaces. This type of
aggregate bonds well with cement paste, enhancing the strength of the concrete. Gravel
generally refers to irregularly shaped rock fragments formed through natural weathering
or water flow. Compared to pebbles, gravel has a more irregular shape but smoother
surfaces, falling between pebbles and crushed stone in terms of characteristics. In this
study, spheres or ellipsoids are used to model pebbles, while irregular polyhedra are used
to model crushed stone and gravel.
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The coarse aggregates used in the experimental program were natural crushed stone,
primarily composed of limestone. These aggregates exhibit irregular polyhedral shapes
with pronounced angularity and complex geometrical features (Figure 14a). Therefore, it
is necessary to investigate the influence of aggregate shape on the simulated compressive
strength of concrete. To examine the effect of different aggregate geometries on the macro-
scopic mechanical behavior of concrete, three types of aggregate models were constructed
in numerical simulations: spherical, ellipsoidal, and irregular polyhedral shapes. Among
them, the irregular polyhedral aggregates were generated using a stochastic algorithm
designed to closely approximate the geometrical characteristics of real crushed stone. The
results indicate that aggregate shape has a noticeable influence on the simulated uniaxial
compressive strength.

The 3D aggregate random generation method proposed in this study was used to
create three models. Each model had dimensions of 150 mm x 150 mm X 150 mm and an
aggregate volume fraction of 40%. The aggregate shapes included spherical, ellipsoidal,
and irregular polyhedral forms (Figure 19). Figure 20 shows DEM three-dimensional
numerical models of aggregates with different shapes. Figure 21 presents the compressive
stress—strain curves of models with different aggregate shapes. The figure shows that for an
aggregate volume fraction of 40%, specimens with polyhedral aggregates have the lowest
compressive strength, while those with spherical and ellipsoidal aggregates exhibit similar
compressive strength. This conclusion aligns well with previous findings [53-55].

(a) (b) (c)

Figure 19. Cubic samples containing differently shaped aggregates: (a) spherical aggregates; (b) ellip-
soidal aggregates; (c) polyhedral aggregates.

L )

(@) (b) (©)

Figure 20. DEM three-dimensional numerical models of aggregates with different shapes: (a)
spherical aggregate model; (b) ellipsoidal aggregate model; (c) polyhedral aggregate model. Blue,
red, and green represent aggregate, ITZ, and mortar, respectively.
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Figure 21. Compressive stress—strain curves obtained from simulations of concrete with different
aggregate shapes.

4.3. The Influence of Aggregate Particle Size on the Compressive Strength of Concrete Specimens

A two-graded concrete was selected, with model dimensions of 150 mm x 150 mm
x 150 mm. The aggregate particle sizes were randomly distributed within the ranges of
5-10 mm and 10-30 mm, with a total aggregate content of 40%. Aggregates in the 5-10 mm
range were uniformly distributed, while the 10-30 mm aggregates were divided into three
groups based on the maximum particle size: Dmax = 20, 25, and 30 mm (Figure 22). This
approach ensured that all other parameters remained constant, with only the maximum
aggregate size varying. Figure 23 shows DEM three-dimensional numerical models with
various maximum aggregate particle sizes. The stress—strain curves of specimens with
different aggregate sizes are shown in Figure 24. It can be observed that the stress—strain
curves in the elastic deformation region are quite similar. However, differences are evident
in the peak stress and the softening stage, with some deviations near the yield point and
peak stress. The compressive strength of the specimens decreases as the aggregate size
increases, which is consistent with previous experimental results [52].

(a) (b) (©)

Figure 22. Cubic samples containing various maximum aggregate particle sizes: (a) Dmax = 20 mm;
(b) Dmax = 25 mm; (¢) Dmax = 30 mm.
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Figure 23. DEM three-dimensional numerical models with various maximum aggregate particle sizes:
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(@) Dmax = 20 mm; (b) Dmax = 25 mm; (¢) Dmax = 30 mm. Blue, red, and green represent aggregate,
ITZ, and mortar, respectively.
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Figure 24. Compressive stress—strain curves for cubes with different maximum aggregate parti-
cle sizes.

When the load is below 80% of the peak stress, the concrete material remains in the lin-
ear elastic damage phase. At this stage, the interfacial transition zone (ITZ) develops some
relatively stable microcracks that have not yet interconnected or penetrated one another.
Once the load exceeds 80% of the peak stress, irreversible plastic damage occurs within the
concrete, and cracks begin to propagate unstably. Microcracks extend and connect to form
larger cracks. The increase in aggregate size weakens the bonding performance of the ITZ,
leading to a decline in compressive strength. In the initial elastic stage of the stress—strain
curves, the curves corresponding to different maximum aggregate sizes nearly overlap, in-
dicating that aggregate size has a negligible effect on the overall elastic stiffness of concrete.
This is primarily because the deformation in this stage is dominated by the synergistic
action between the mortar matrix and the aggregate skeleton, while the interfacial transi-
tion zone (ITZ) has not yet developed significant microcracks—only isolated and stable
microcracks may appear, which do not cause substantial stress disturbances. However,
once the material enters the inelastic stage, the peak stress decreases significantly with
increasing maximum aggregate size. This phenomenon can be attributed to the fact that,
under the same volume fraction, larger aggregates possess a smaller specific surface area,
resulting in more concentrated stress at the mortar—aggregate interfaces. This exacerbates
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stress concentration in the ITZ and weakens its mechanical performance, promoting earlier
initiation and faster coalescence of interfacial microcracks. In contrast, smaller aggregates
can form a more uniform and compact particle structure, which helps to restrain crack
propagation. As the aggregate size increases, size effects become more pronounced, leading
to more severe local stress concentration and crack instability. Consequently, concrete with
larger aggregates tends to enter the softening stage more abruptly after reaching the peak
stress, and the failure process exhibits more brittle characteristics.

5. Conclusions

This study systematically investigates the mechanism by which aggregate shape and
size affect the compressive performance of concrete by constructing a 3D three-phase
mesoscale model and employing the discrete element method. The main conclusions are
as follows:

(1) To study the compressive performance of concrete, a three-dimensional three-phase
mesoscale model composed of coarse aggregates, mortar, and the interfacial transi-
tion zone was constructed. The proposed aggregate generation method uses grid
partitioning and conditional screening to achieve a random distribution of aggre-
gates, avoiding aggregate overlap and significantly improving generation efficiency
and accuracy. This model provides an effective tool for investigating the random
distribution characteristics of aggregates in concrete.

(2) The 3D random aggregate generation method introduced in this study has significant
advantages: the computational time required to generate a single aggregate decreases
rapidly as the number of already generated aggregates increases, effectively avoiding
computational redundancy.

(3) The discrete element method was used to simulate the effects of different aggregate
shapes and maximum aggregate sizes on the compressive behavior of concrete. The
simulation results reveal that increasing the maximum aggregate size from 20 mm
to 30 mm leads to an 8% reduction in the peak compressive strength of concrete.
Furthermore, under a constant aggregate volume fraction of 40%, the use of irregular
polyhedral aggregates results in a decrease of approximately 7% in compressive
strength compared to spherical and ellipsoidal aggregates. These findings indicate that
larger aggregate sizes and more irregular shapes tend to exacerbate interfacial stress
concentrations and promote unstable crack propagation, ultimately compromising
the overall load-bearing capacity of concrete.

Additionally, this study considers only one type of coarse aggregate and assumes
uniform properties for the interfacial transition zone (ITZ). The effects of aggregate type
diversity and ITZ variability on crack development were not explored, limiting the model’s
ability to simulate interface damage. Certainly, the model still has some limitations when
applied to more complex concrete systems, such as fiber-reinforced concrete or multiphase
coarse-grained concrete. At present, the model is not yet capable of accurately capturing
interfacial behavior and the interactions between fibers and the matrix. Future research
should incorporate multi-scale modeling strategies and improve constitutive relationships
for different material phases. Future research should address these factors to improve
model adaptability and engineering relevance.
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Abstract: In recent years, there has been significant interest in the development of self-
compacting concrete (SCC). This study views SCC as a two-phase composite material and
introduces a new aggregate spacing coefficient model based on the concept of Fullman’s
mean free path and stereological theory. The validity of the aggregate spacing coefficient
model was verified. The relationship between the fine and coarse aggregate coefficients
and the properties of SCC are revealed. The results show that the slump and slump flow of
SCC increase as the fine and coarse aggregate coefficients increase. The coarse aggregate
spacing coefficient has a significant influence on the compressive strength and drying
shrinkage of SCC. A significant linear relationship between the coarse aggregate spacing
coefficient and SCC dry shrinkage properties is revealed. Compared to the conditional
mixing proportion method, which considers the aggregate volume as a control factor,
the aggregate spacing coefficient takes into account the aggregate volume and gradation,
which can more accurately reflect the characteristics of the aggregate. Meanwhile, this new
perspective on the macroscopic composition of SCC provides insights into the controlling
factors of its performance.

Keywords: self-compacting concrete; Fullman’s mean free path; stereological theory;
aggregate volume fraction; aggregate spacing coefficient

1. Introduction

The concept of self-compacting concrete (SCC) was proposed at the end of the 20th
century [1]. SCC is a kind of concrete that can be compacted under its own gravity. Even if
there are dense steel bars, SCC can completely fill the formwork evenly without additional
vibration [2]. As a kind of high-performance concrete, SCC has been developed for more
than thirty years and has been widely studied by scholars. Many research results have been
achieved in the areas of preparation technology [3], mix design methods [4], performance
test evaluation [5], and engineering applications [6] of SCC. As the key properties of SCC,
such as slump flow, compressive strength and dry shrinkage [7], all affect the quality of
SCC, it is crucial to study the key influencing factors of SCC performance.

To investigate the correlation between the material composition and mix design of SCC
and its properties, scholars have conducted numerous experiments and numerical simulations.
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Liu and Chen [8] emphasized that SCC performance was significantly related to aggregate
characteristics. Khaleel et al. [9,10] carried out test methods such as slump flow and L-
box. The test results confirmed that as the maximum particle size of the coarse aggregate
increases, the slump flow and passing ability of the SCC mixture descend and the compressive
strength decreases. Krasna et al. [11] proposed factors influencing the compressive strength of
SCC, including the particle size and coarse aggregate proportion. The results showed that
with coarse aggregate proportion increases, the compressive strength of concrete increases.
However, Liu [8,12] found that within a certain range, the maximum increase in particle size
was beneficial to the compressive strength of SCC. Chen [13] established the relationship
between slump flow and aggregate properties, which included the average particle size and
volume of the aggregate. These results helped to develop the SCC design.

Zhao [14] defined a coarse aggregate gradation (A/B ratio, size 5-10 mm, coarse
aggregate weight/size 10-20 mm for 4/6,5/5, 6/4, 7/3). The results showed that with the
change in the A/B ratio from 4/6 to 7/3, the initial slump flow, blocking, and segregation
ratio of SCC decreased. Zhang [15] developed a model to predict the plastic viscosity
threshold of the mixture. The model was forecasted according to the paste yield stress
threshold, which was calculated by the coarse aggregate content of SCC. Results showed
that a higher coarse aggregate content would lead to a lower yield stress and larger plastic
viscosity. Santos [16] investigated the properties of SCC with different skeleton distribution
forms. Compared with the discontinuous gradation skeleton SCC, the continuous gradation
skeleton SCC showed better flowability and passing ability and higher early strength.
However, both types of gradation demonstrated similar compressive strength at 365 days.
Furthermore, the shape of the aggregate also affected SCC performance. As the content
of the multi-angular elongated and flaky aggregate increases, the slump flow of the SCC
mixture decreases [17]. Previous research focused on fresh and hardened properties of
SCC using a traditional mix design and aggregate macroscopic morphology, which was
tedious and time-consuming [18]. In addition, contradictions between the properties of
high-performance concrete made SCC preparation more complicated.

Scholars have proposed another research idea regarding SCC as a two-phase composite
material, such as aggregate and mortar. Su [19] presented a new method for SCC mix
design. After determining the required aggregate, mortar was then filled into the aggregate
voids. Basheerudeen [20] claimed that by maximizing the aggregate particles’ packing
density and cementitious materials, the concrete mixture performance was enhanced.

Researchers also simulated fluid-solid flow to study SCC, using the smoothed particle
hydrodynamics (SPH) method [21]. Dhaheer [22] verified the ability of the SPH simulation
method to predict the passing ability of SCC through steel bars gap. Alyhya [23] simulated
the flow of SCC through a V-funnel by the three dimensional meshless smoothed particle
hydrodynamics (SPH) method. The simulation results were consistent with the experi-
mental results. Tran-Duc [24] revealed the relationship between concrete performance and
coarse aggregate content by a simulation method. The results revealed that the yield stress
and plastic viscosity of SCC were increased as the coarse aggregate content increased.

To summarize the above, the qualitative influence of aggregate properties on the per-
formance of SCC has achieved many research results, such as the particle size, proportion,
and gradation of aggregate. These research results have played a vital role in promoting
the development of SCC. However, in the process of studying the performance of SCC,
the traditional method mainly takes the aggregate volume as a parameter. Therefore, this
paper establishes a model based on Fullman’s mean free path and the theory of stereology.
The concept of coarse and fine aggregate spacing coefficients is proposed, considering the
aggregate volume and aggregate gradation at the same time. The validity of the coarse and
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fine aggregate spacing coefficients is verified. The quantitative relationship between the
aggregate spacing coefficient and various properties of SCC is revealed. These findings
will help us to understand the relationship between SCC performance and macroscopic
composition parameters, measuring the key performance of SCC in a more refined way.

2. Material and Methods

SCC was prepared using raw materials including P.O42.5 cement, S95 slag, polycar-
boxylate superplasticizer, methyl cellulose ether, water, fine aggregates (graded river sand),
and coarse aggregates (limestone aggregate) with an average size of 4.75 mm to 20 mm. The
apparent density of river sand was 2.65 g/cm?3, while the coarse aggregate was 2.73 g/cm?.
The particle gradation results for river sand and gravel are shown in Table 1.

Table 1. Screening results of river sand and gravel particle composition.

Passing Screening Rate/%

0.15mm 03mm 0.6mm 1I18mm 236mm 475mm 95mm 16 mm 19 mm
river sand 1.2 124 31.5 20.5 15.0 194 0 0 0
gravel 0 0 0 0 0.6 3.6 41.3 / 54.5
Rate of particles passing through each sieve/%
0.15mm 03mm 06mm 1.18mm 236mm 475mm 9.5mm 16 mm 19 mm
river sand 1.2 13.6 45.1 65.6 80.6 100 0 0 0
gravel 0 0 0 0 0.6 42 455 / 100
2.1. Mix Proportion
In order to investigate the impact of the spacing coefficients of coarse and fine aggre-
gates on the workability of fresh concrete, as well as the compressive strength and shrinkage
of SCC, a series of experiments were conducted. Concretes with different aggregate volume
fractions and spacing coefficients were designed. The mix proportions of each group of
specimens are shown in Table 2.
Table 2. Materials and mix proportion of each specimen.
Cementitious ;Vlaterials Aggregate
Item. hg/m’) l‘;V ?teﬁ kS/P 3
C FA cops &M (kg/m?) Aca Ata (kg;;;S) (k‘g’;:; 3)
1 338 78 104 156 6.24 09-1.8 1.09-141  1156-733 564-458
2 338 78 104 156 6.24 1.0-1.6  0.93-1.47  1086-798 638-443
4 338 78 104 156 6.24 1.0-1.6  0.83-1.66  1086-798 694-400
5 338 78 104 156 6.24 0.9-1.75 1.27 1156-748 499

2.2. Test Method

The test methods in this study were generally categorized into two types: the workability
of fresh concrete, characterized by slump and slump flow, and the hardened proporties of
SCC, characterized by the compressive strength and drying shrinkage performance of SCC.
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2.2.1. Workability Test

According to Q/CR 596-2017 [25], the workability of concrete is measured by the
slump and the slump flow test. After the collapse cylinder is lifted, the distance of the
SCC mixture falling down is the slump. The slump flow is the average of the maximum
diameter of the slump flow surface and the diameter in the vertical direction from the
beginning of the slump to when the SCC mixture stops flowing, as shown in Figure 1.

SF=(di+d>)/2

Figure 1. Test and calculation method of slump flow.
The slump flow is calculated according to Equation (1).

_ dy +dy

SF 5

M

2.2.2. Compressive Strength Test

According to GB/T50081-2019 [26], the compressive strength of specimens with a size
of 150 x 150 x 150 mm? were tested by a hydraulic universal testing machine; the loading
rate was 0.5 MPa/s. The compressive strength is calculated according to Equation (2).

fc:F/A (2)

where f. is compressive strength, MPa; F is the failure load, N; and A is the bearing area, mm?.

2.2.3. Drying Shrinkage Test

The drying shrinkage test of SCC was performed according to GB/T50082-2009 [27].
Prism specimens sized 100 x 100 x 515 mm? were used, and two stainless steel sheets
were pasted at both ends of each specimen. The shrinkage rate of concrete is calculated
according to Formula (3).

Est = 3)

where ¢ is the shrinkage rate; L is the specimen initial length, mm; L; is the specimen
length at t area, mm; and L, is the measuring scale distance, mm.

3. Establishment and Verification of Aggregate Spacing Model
3.1. Establishment of Aggregate Spacing Model

Concrete is a multi-component composite material consisting of coarse and fine aggre-
gates, cement, water, and admixtures. This study considers SCC as a two-phase composite
material consisting of coarse aggregate and mortar, with the coarse aggregate particles
being uniformly dispersed in the continuous phase of mortar, as represented by Figure 2.
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Furthermore, considering the mortar as a two-phase material consisting of fine aggregate
and cement paste, the macroscopic structure of concrete and mortar can be described by
aggregate spacing. As an important characteristic parameter, aggregate spacing can be
characterized by the aggregate spacing coefficient, which has a significant influence on the
workability, strength, and durability of SCC.

(a)

Space between ()
neighboring coarse
aggregate

Paste /
/e

Fine aggregate

>

Coarse aggregate

Space between
neighboring

Mortar e aggregate

Figure 2. Schematics diagram of physical model for the compositions of cementitious material system.
(a) concrete level, (b) mortar level.

When solving the distribution of solid particles and the distance between particles
in a certain space system, the concept of Fullman’s mean free path and the stereology
theory are adopted. Therefore, we discussed the aggregate spacing coefficient based on
the above theory [28,29]. For a binary composite system consisting of a dispersed phase
of particles and a continuous phase, the mean free path between particles in the system
can be calculated using the above theory. The calculation formula for the mean free path
between particles in the system is shown in Equation (4).

A=A41—(W),]/(Sv), @)

where (Vy), is the volume fraction of solid particle a in the unit volume binary system;
(Sv)a is the surface area of solid particle a in the unit volume binary system, 1/m; and A is
the average free path between particles.

For the concrete system composed of mortar and coarse aggregate, if assuming that
the maximum and minimum particle sizes of coarse aggregate are D uax and Dy i,
respectively, the distribution of particle composition conforms to the Fuller distribution
function, which is shown in Formula (5).

PV(x) = (\/E - \/Dcu,min)/(\/Dca,max - \/Dca,min) ®)

where Py (x) is the cumulative volume (or mass) fraction of coarse aggregate particles and
x is the coarse aggregate diameter of the corresponding grain size.

Assuming that the total volume of the coarse aggregate particles is denoted as V¢,
the total surface area S, of the aggregate particles in this system can be expressed using

Formula (6).
6V,
Sea = = (6)
\/Dcu,max X Dcu,min
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By combining Formulas (4) and (6), we can derive the average spacing expression
between adjacent coarse aggregate particle surfaces, which occurs in the binary system of
concrete composed of mortar and coarse aggregate, as shown in Formula (7).

2(1 -1V,
7( Cﬂ) X \/ Dcamax X Degmin (7)
3Vea

)\ca -

If using Formula (8) to express the average particle diameter d,q, of the particles in
the coarse aggregate system and defining the average coarse aggregate spacing coefficient
A, as the ratio of the average spacing of adjacent coarse aggregates to the average diameter
of the particles, then we can obtain the calculation formula of the coarse aggregate spacing
coefficient in the concrete system, as shown in Formula (9):

n
Z dca,i Meg i
dca,m) = 1,17 8)
Z Meg,i
i

2(1 — Vca) % \/Dca,max X Dca,min

A pu—
“ 3Vea d ca,av

©)

Similarly, we can obtain the spacing coefficient Ay, between sands in the mortar binary
system, which is composed of sand fine aggregate and slurry, as shown in Formula (10).

A — 2(1 — Vfa) y \/Dfa,max X Dfa,min (10)
fa 3Vf11 dfu,av

where d.,  and m,, ; represent the particle size and percentage of coarse aggregate for grade
I, while Deg ymax, Deg min, and Deg g0, represent the maximum, minimum, and average particle
sizes of the coarse aggregate; D, maxs Dfa,mins and Dy; 40, represent the maximum, minimum,
and average particle sizes of the fine aggregate; and V; and Vj; denote the volume fractions
of coarse and fine aggregates, respectively.

Formulas (9) and (10) demonstrate that the coarse aggregate spacing coefficient in
the concrete system is influenced by some factors, such as the volume fraction content
and particle size distribution (maximum and minimum particle size, average particle size)
of the coarse aggregate. Similarly, the fine aggregate spacing coefficient is influenced by
the volume fraction content and particle size distribution of sand. Therefore, when the
properties of cement paste and aggregate are certain, the aggregate spacing coefficient is
closely related to the performance of concrete or mortar.

3.2. Validation of Aggregate Spacing Model

To verify the validity of the spacing coefficient aggregates, we tested the spacing
coefficient of adjacent coarse aggregates. Firstly, we cut the SCC cube specimens with
sizes of 100 x 100 x 100 mm? into two equal parts by a cutting machine and polished the
cutting surface until smooth. After the surface dried, each side was divided into three
equal parts using a colored pen, and these parts were connected by four straight lines,
as shown in Figure 3. Then, we measured the length of each coarse aggregate passing
through each straight line using a steel ruler, with a minimum scale of millimeters, and
calculated the total number of coarse aggregates passing through each straight line. The
total length of coarse aggregate passing through each straight line was crossed with the
total number of coarse aggregates, and then we divided the total length of the spacing on
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each straight line by the total number of coarse aggregates passing through it and added 1;
this way, the average spacing coefficient A, of adjacent aggregates on each straight line can
be obtained. Through the average spacing A, and the average diameter d; 4, of the coarse
aggregate, the spacing coefficient of the adjacent coarse aggregate on each straight line can
be calculated. The aggregate spacing was the aggregate spacing coefficient multiplied by
the average particle size of the coarse aggregate. Finally, the test results for the arithmetic
mean of aggregate spacing calculated on the four straight lines are obtained. The average
spacing test diagram of the adjacent aggregates is shown in Figure 3.

Figure 3. The average spacing test diagram of adjacent aggregates. (a) aggregate spacing coefficient
2.4, (b) aggregate spacing coefficient 1.8.

In Figure 3a, Iis 8, Il is 5, Il is 8, IV is 6, A = (17.6 + 20 + 17.6 + 16.7) /4 = 18.6 mm, the
calculated value is Aca = 18.6/7.44 = 2.5, and the error is 4.17%.

In Figure 3b, Iis 10, Iis 7, Il is 10, IV is 8, A = (14.1 + 14.3 + 14.1 + 12.5)/4 = 13.8 mm,
the calculated value is A, = 13.8/7.44 = 1.85, and the error is 2.78%.

The comparison between the test value and calculated value of the two specimens is
shown in Figure 4.

55 0.1 [] Test value
= ’ [ Calculated value
R
Q
s 2.0+ 0.05
4
3
'%o 1.5
Q
g
@’ 1.0+
=
an
L nsg
5 0.5
an
<

0.0

Specimen 1 Specimen 2

Figure 4. The comparison results of the calculated value and the test value of the aggregate
spacing coefficient.

We calculated specimens with coarse or fine aggregate volume fractions of 0.1, 0.15,
0.2,0.25, 0.3, 0.35, 0.4, 0.45, and 0.5. According to above method, the corresponding coarse
or fine aggregate spacing coefficients were calculated. The relationship between the volume
fraction and spacing coefficients is shown in Figure 5.

Figure 5 shows that for both coarse and fine aggregates, the corresponding spacing
coefficient decreases as the aggregate volume fraction increases. In SCC, which is a two-
phase composite system, more aggregate will lead to a smaller gap between aggregates.
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Figure 5. Relationship between the volume fraction of aggregate and the aggregate spacing coefficient
in the system.

4. Result and Discussion
4.1. Workability of Fresh Concrete
SCC with fine aggregate spacing coefficients of 1.41, 1.27, and 1.09 when changing the

coarse spacing coefficient from 0.9 to 1.8 was analyzed. The slump and slump flow of SCC
were measured, as shown in Figure 6.
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Figure 6. Relationship between coarse aggregate spacing coefficient and fluidity of fresh concrete.
(a) Correlation between coarse aggregate spacing coefficient and slump, (b) correlation between
coarse aggregate spacing coefficient and slump flow.

The results in Figure 6 demonstrate that when the fine aggregate spacing coefficient
is 1.41, 1.27, and 1.09, the slump and slump flow of fresh SCC increase as the coarse
aggregate spacing coefficient increases. The coarse aggregate particles disperse uniformly
in the mortar continuous phase with a certain spacing. The larger the coarse aggregate
spacing, the more mortar can flow over the coarse aggregate in the system and the better
the flowability performance.

Figure 6a illustrates that for the mixture with an aggregate spacing coefficient of
1.41, when the coarse aggregate spacing coefficient increased to 1.3, the slump no longer
increased and remained at 280 mm. Similarly, the slump of the mixture with a fine aggregate
spacing coefficient of 1.27 also increased to 280 mm and remained unchanged. At this
time, the coarse aggregate spacing coefficient was 1.5. This shows that when the slump
increases to 280 mm, the workability of the SCC mixture cannot be accurately reflected.
Figure 6b illustrates that the three types of fresh SCC all have the same trend; that is, they
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increase continuously with the coarse spacing coefficient. For the mixture with the fine
aggregate spacing coefficient of 1.09, the slump flow increases most rapidly with the coarse
aggregate spacing coefficient being between 1.1 and 1.2, and the growth rate is slow with
the coarse aggregate spacing coefficient being between 0.8 and 1.1. For the mixture with
the fine aggregate spacing coefficient of 1.27, the slump flow increases most rapidly with
the coarse aggregate spacing coefficient being between 0.8 and 1.1, and the growth rate
is slow between 1.1 and 1.2. The growth rate of the mixture slump flow is essentially
unchanged, with a fine aggregate spacing coefficient of 1.09 when the coarse aggregate
spacing coefficient is between 0.8 and 1.2. This is mainly because the fiction between
aggregates decreases when the coarse aggregate spacing coefficient increases. This leads to
the concrete dissipating less energy. This also increases the slump of SCC.

When the fine aggregate spacing coefficients are 1.41, 1.27, and 1.09, respectively, the
fitting relationship between the coarse aggregate spacing coefficient and the fluidity of
fresh SCC is shown in Table 3.

Table 3. Relationship between coarse aggregate spacing and SCC fluidity.

A¢, Fitting Formula

141 SF = —337.65A2, + 1282.98A, — 458.66
1.27 SF = —304.06A2, + 1184.93A, — 446.97
1.09 SF = —339.83A2, + 1369.96A¢, — 700.45

Fresh SCC with fine aggregate spacing coefficients of 1.0, 1.3, and 1.6 was analyzed.
The slump and slump flow of SCC were measured, as shown in Figure 7.

(a) 228_ (b) %00+ 4710 .
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Figure 7. Relationship between fine aggregate spacing coefficient and fluidity of fresh concrete.
(a) Correlation between fine aggregate spacing coefficient and slump, (b) correlation between fine
aggregate spacing coefficient and slump.

The results in Figure 7 illustrate that the coarse aggregate spacing remains at 1.0, 1.3, and
1.6. The slump and slump flow of fresh SCC increase as the fine aggregate spacing coefficient
increases. In the mortar system, fine aggregates are uniformly suspended in the cement paste.
A higher spacing coefficient of the fine aggregates leads to a smaller fine aggregate volume
fraction, an increase in the cement paste content, and a higher flowability of fresh SCC.

As shown in Figure 7a, the slump of SCC with a coarse aggregate spacing coefficient
of 1.6 is most affected by the fine aggregate spacing coefficient. In addition, SCC with a
coarse aggregate spacing coefficient of 1.0 is stable; when the slump increases to 280 mm, it
no longer increases with the increase in the fine aggregate spacing coefficient. The slump
flow of SCC increases as the fine aggregate spacing coefficient increases, as shown in
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Figure 7b. The SCC with a coarse aggregate spacing coefficient of 1.3 grows the most
uniformly. When the fine aggregate spacing is between 1.02 and 1.18, SCC with a coarse
aggregate spacing coefficient of 1.0 slowly increases, and then it grows rapidly. When the
fine aggregate spacing is between 0.93 and 1.02, the slump flow of SCC with an aggregate
spacing coefficient of 1.6 increases rapidly and then slows down.

The coarse aggregate spacing coefficients are 1.6, 1.3, and 1.0. The fitting relationship
between the fine aggregate spacing coefficient and the slump of fresh SCC is shown in
Table 4.

Table 4. Relationship between fine aggregate spacing and SCC slump.

A, Fitting Formula

1.6 SF = —32.16A%, +301.48A ¢, — 333.23
13 SF = —93.50A%, + 528.56A, — 153.77
1.0 SF = —1132.61A%, +3319.33Af, — 1785.86

The flow process of SCC could be regarded as the conversion of gravitational potential
energy to friction energy and kinetic energy. With the increase in the coarse aggregate
spacing coefficient, the friction between aggregates decreases; that is, the energy dissipated
by the concrete phase decreases and more gravitational potential energy is converted into
kinetic energy, which makes the mixture flow better. However, in the process of increasing
the fine aggregate spacing, the fine aggregate volume and surface area decrease and the
water adsorbed on the surface of aggregate decreases, which leads to a decrease in SCC
viscosity and better flow.

4.2. Compressive Strength of Concrete

Figure 8 shows the compressive strength of SCC specimens with different coarse
aggregate spacing coefficients and different fine aggregate spacing coefficients.
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Figure 8. Relationship between aggregate spacing coefficients and compressive strength of SCC.
(a) Correlation between coarse aggregate spacing coefficient and compressive strength, (b) correlation
between fine aggregate spacing coefficient and compressive strength.

Figure 8a shows that when the fine aggregate spacing coefficients are 1.09, 1.27, and
1.41, the compressive strength of SCC specimens decreases with the increase in the coarse
aggregate spacing coefficients, which decrease by 28.83%, 27.18%, and 27.24%, respectively.
The fitting relationship between coarse aggregate spacing coefficients and the compressive
strength of SCC is shown in Table 5.
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Table 5. Relationship between coarse aggregate spacing and SCC compressive strength.

Agy Fitting Formula

1.41 0 = 4.09A2, — 27.11A¢, + 75.92
1.27 0 = 5.44A2, —30.27Ac, + 78.62
1.09 0 = 1.25A2, — 19.96A¢, + 74.70

When the coarse aggregate spacing coefficients are 1.0, 1.3, and 1.6, the fitting rela-
tionship between the fine aggregate spacing coefficient and the compressive strength of
SCC is as shown in Table 6. As shown in Figure 8b, the compressive strength of SCC with

coarse aggregate spacing coefficients of 1.0, 1.3, and 1.6 decreases by 2.69%, 6.46%, and
5.26%, respectively.

Table 6. Relationship between fine aggregate spacing and SCC compressive strength.

Aca Fitting Formula

1.6 0 =252A2 —9.73Ag, + 53.74
1.3 o= 2.98AEa —12.97A¢, +58.91
1.0 o = 5.86A% — 18.10Ag, + 64.52

Comparing Figure 8a,b, the variation in the coarse aggregate spacing coefficient has a
more significant effect on SCC compressive strength. This is because the strength of SCC is
influenced by the skeleton, which is composed of coarse aggregate. The fine aggregate is
mainly used to fill the skeleton gap. As the coarse aggregate spacing coefficient increases,
the volume fraction decreases and the skeleton cannot be formed, resulting in a significant
decrease in strength.

When the aggregate spacing is small, the locked skeleton structure can be formed
between the aggregates, which can provide greater strength when the SCC is under pressure.
When the aggregate spacing increases, the locking force decreases, resulting in a decrease
in SCC strength.

4.3. Drying Shrinkage of SCC

The shrinkage at different ages for different aggregate spacing coefficients is as shown

in Figure 9.
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Figure 9. Relationship between aggregate spacing coefficient and drying shrinkage of concrete.
(a) Correlation between curing age and drying shrinkage, (b) correlation between coarse aggregate
spacing coefficient and drying shrinkage.
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Figure 9a illustrates the drying shrinkage development of SCC with varying coarse
aggregate spacing coefficients, from 0.9 to 1.75. As the coarse aggregate spacing coefficient
increases, the shrinkage of SCC will increase gradually.

In SCC, the aggregates are inert materials and the main shrinkage is generated by the
paste. As the aggregate spacing increases, the aggregate volume decreases, resulting in the
inert phase volume decreasing, leading to an increase in the shrinkage of SCC.

Figure 9b illustrates the shrinkage of SCC under different coarse aggregate spacing
coefficients, with ages of 28 days, 90 days, and 180 days. As the coarse aggregate spacing
coefficient increases, the shrinkage of SCC at three different ages increases, where the
shrinkage at 28 days is the largest. The shrinkage at 90 days increased by 79 x 107, and
the SCC shrinkage at 180 days increased the least, which was 78 x 10~°.The changes in
shrinkage values at 90 days and 180 days were very similar, which further shows that
shrinkage develops rapidly in the early stage and slows down in the later stage.

The relationships between the coarse aggregate spacing coefficient and the drying
shrinkage of SCC at different ages were fitted. The results are presented in Table 7.

Table 7. Relationship between coarse aggregate spacing and SCC drying shrinkage.

Age. Fitting Formula

180d y = 116.20A., + 191.00
90d y = 91.79A, + 333.02
28d y = 89.17A¢; +410.25

In addition, according to Figure 9b, the drying shrinkage of SCC increases with the
increase in the coarse aggregate spacing coefficient. As the coarse aggregate spacing
coefficient increases, the volume fraction will decrease, leading to the need to fill the gap in
the coarse aggregate. Therefore, the water content in the SCC suspension system increases,
resulting in a large drying shrinkage of SCC.

5. Conclusions

In this paper, a model was established based on Fullman’s mean free path and stereo-
logical theory, and the relationship between the aggregate volume and aggregate spacing
coefficient was proposed. The quantitative relationship between aggregate spacing and
various properties of SCC was obtained through experiments. The following conclusions
can be drawn:

(1) A new aggregate spacing model was proposed. By comparing the results of the
calculated value and the test value of the aggregate spacing coefficient, the validity of
the model is verified.

(2) The slump and the slump flow of SCC increases as the aggregate spacing coefficient
increases. The slump was maintained at 280 mm and then no longer decreased
significantly, while the slump flow continued to increase.

(3) With the increase in the aggregate spacing coefficient, the compressive strength of
SCC obviously decreased. And compared with the fine aggregate, the increase
in the coarse aggregate spacing coefficient was more obvious in the decrease in
compressive strength.

(4) Anincrease in the aggregate spacing coefficient will result in a significant increase
in the drying shrinkage of SCC, which showed the fastest development in the early
stage (3 d-24 d), slowing down in the later stage (24 d-180 d).

230



Coatings 2025, 15, 161

(5) In practical applications, for the case of different steel bar spacings in the project,
choosing SCC with different aggregate spacing coefficients can make the design more
convenient and accurate.
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Abstract

Polyurethane (PU) mixtures exhibit superior mechanical performance compared to tradi-
tional asphalt mixtures, owing to the excellent engineering properties of the PU binder. This
study investigates the dynamic rheological properties of an open-graded polyurethane mix-
ture (PUM-OGFC) in comparison with a dense-graded polyurethane mixture (PUM-AC).
The time-temperature superposition principle and three rheological models (Standard
Logistic Sigmoid (SLS), Generalized Logistic Sigmoid (GLS), and Havriliak-Negami (HN))
were employed to construct and analyze master curves. The results show that while
PUM-AC possesses a higher dynamic modulus, PUM-OGFC exhibits a lower phase an-
gle, indicating a more elastic response. Critically, PUM-OGFC demonstrated superior
rutting resistance, as evidenced by its higher rutting parameter (| E*| /sin §). Aggregate
gradation significantly influenced all rheological properties. The master curve analysis
further revealed that PUM-OGEFC exhibits greater temperature sensitivity than PUM-AC.
The SLS and GLS models provided excellent fits for both dynamic modulus and phase
angle data, whereas the HN model was suitable only for dynamic modulus. In summary,
the open-graded structure, when combined with a PU binder, creates a high-performance
composite with an exceptional balance of elasticity and rutting resistance, showcasing its
potential for demanding pavement applications.

Keywords: PU mixture; aggregate gradation; dense-graded; open-graded; dynamic property

1. Introduction

Water or rain accumulates on the surface of traditional dense gradation asphalt pave-
ment, creating several hazards to driving safety and structural integrity: (a) hydroplaning
risk, water buildup can form a film that reduces tire-pavement surface contact, increasing
skidding risk [1-14]; (b) water mist and glare, water spray from water buildup impairs
driver visibility and increases the risk of glare [1,2,5,9,10,12,13,15-18]; (c) increased braking
distance, the water film decreases the skid coefficient between the tire and pavement,
leading to longer braking distance [19,20]; (d) reduced durability, water penetrating the
pavement structure accelerates asphalt aging and can induce freeze-thaw damage, rav-
eling, and other moisture-related distresses [1,3,5,10,12,14,21-24]; (e) freezing risk, water
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buildup freezes at low temperature, creasing ice layers that further increase skidding risk;
and (f) reduced skid resistance, water erosion accelerates asphalt binder stripping and
aging, which decreases skid resistance [25]. Porous asphalt mixture, commonly known
as an open-graded friction course (OGFC), is designed to mitigate these water-related
issues and enhance overall pavement performance. OGFC consists of a coarse aggregate
skeleton with stone-on-stone contact, bonded by a high-viscosity asphalt film (>8 pum), and
is designed with a high air void content of 15%-25% [1,3-5,9,10,26]. OGFC offers several
advantages: (a) rapid drainage, water on the pavement surface drains rapidly through
the pores, minimizing water spray, splash, and glare [1,2,4-6,9-12,15,17,18,26], thereby
significantly enhancing driver visibility; (b) anti-slip and wear-resistance, the exposed
coarse aggregates create a significant macro-structure (mean profile depth, MPD > 1.5 mm)
and yield a higher British Pendulum Number (BPN > 60), reducing accident risk in wet
conditions [1,5,8,10,12,14,17,20,24,26-31]; (c) noise reduction, the high air void content
absorbs tire—-pavement interaction noise, typically reducing sound levels by 3-5 dB com-
pared to dense-graded pavements, thereby improving driving comfort [1,2,4,5,10,15,16];
(d) rutting resistance, the stone skeleton enhances shear strength and provides greater high-
temperature dynamic stability compared to dense-graded asphalt pavement [29,32-35];
(e) performance in special climates, OGFC is particularly suitable for rainy regions and
areas prone to winter freezing [34,36,37]; and (f) environmental benefit, OGFC reduces
runoff pollution, mitigates urban flooding, and aids in underwater recharge [1,12,24,27,32].

However, the widespread application of conventional OGFC is often limited by its me-
chanical performance, particularly at elevated temperatures. The dynamic modulus of OGFC
is highly dependent on the coarse aggregate skeleton and the asphalt binder. As temperature
rises, the asphalt binder softens, significantly weakening skeletal support and leading to a
substantial reduction in dynamic modulus and rutting resistance [14,22,28,34,35,38]. This
inherent temperature susceptibility underscores the need for advanced binder technologies to
unlock the full, durable potential of porous pavement structures. For instance, the dynamic
modulus at 60 °C is reduced by 40%-50% compared to that at 25 °C [39,40]. The dynamic
modulus of epoxy asphalt OGFC at —10 °C is three to four times greater than that at 20 °C,
but it is reduced by 75%-80% at 60 °C [39]. As the asphalt binder softens, the supporting
function of coarse aggregate is weakened. The phase angle, which reflects the temperature
sensitivity of OGFC, increases with rising temperature due to the enhanced viscous effect
of the asphalt binder. The phase angle decreases at low temperature or high frequency,
where the elastic properties of the asphalt binder dominate. Conversely, it increases at high
temperature or low frequency, where the viscous property dominates [39,41]. The dynamic
modulus values of OGFC also increase with loading frequency [8,12,38]. This occurs because
the aggregate skeleton dominates the response at high frequency, while the viscosity of the
asphalt binder dominates at low loading frequency, which is the characteristic of a viscoelastic
material [39]. At high loading frequency, OGFC exhibits a high elastic modulus due to its
frequency-dependent behavior, which helps reduce rutting damage [19,34,42]. For epoxy
asphalt OGFC at 20 °C, the dynamic modulus increases from 2000 MPa at 0.1 Hz to 12,000
MPa at 25 Hz [39]. The dynamic modulus of OGFC can reduce tensile strain at the bottom
of the asphalt layer by 12%-18% and pressure strain on the soil base by 10%-15%, thereby
mitigating fatigue and rutting damage. For example, in the Mechanistic-Empirical Pavement
Design Guide (MEPDG), the addition of an OGFC layer reduces bottom tensile strain by
15%-20%. The dynamic modulus is dominated by the coarse aggregate skeleton [43]. OGFC
with a medium aggregate gradation (15%-25% passing the 4.75 mm sieve) composes more
aggregate skeleton contact points; consequently, its dynamic modulus is greater than that of
OGEFC with a coarse aggregate gradation [44,45]. When the air void content in OGFC exceeds
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22%, the aggregate skeleton and dynamic modulus decrease, which can induce raveling
damage [5,46]. The dynamic modulus of OGFC decreases by 23.5% when the air void content
increases from 18% to 24%, as the increased air void weakens the aggregate skeleton [47—49].

To address this limitation, the performance of OGFC can be significantly enhanced
by using high-performance binders, such as crumb rubber-modified asphalt (CRMA) or
polyurethane (PU). The performance of the OGFC mixture can be significantly enhanced by
using high-viscosity asphalt binders (with a dynamic viscosity at 60 °C typically >20,000 Pa-s,
according to ASTM D3381/D3381M), such as crumb rubber-modified asphalt (CRMA) and
polyurethane (PU)-modified asphalt (PUMA), which improve durability and reduce tempera-
ture sensitivity [7,12,17,26,27]. CRMA improves the adhesive strength and fatigue resistance
of OGFC mixtures. Similarly, PUMA enhances the durability and water damage resistance
of porous polyurethane-modified asphalt mixture (PPAM) [29]. Blockage and permeability
tests indicate that PPAM exhibits superior resistance to blockage compared to traditional
OGEC [29]. Freeze-thaw tests demonstrate that PPAM possesses greater low-temperature
stability than traditional OGFC; for instance, the dynamic modulus of OGFC decreased by
20%-35% after the test, whereas PPAM declined by less than 10% [34]. Furthermore, the
Hamburg wheel-track test and dynamic modulus test reveal that PPAM offers greater re-
sistance to deformation and fatigue [29,35]. The dynamic modulus values of PPAM exhibit
a positive correlation with its rutting resistance and serve as an indicator of its viscoelastic
property. Consequently, the dynamic modulus test can be utilized as a tool for selecting
high-performance porous mixtures [34,35] and optimizing mixture design [50,51].

Notably, when PU replaced asphalt as the binder, the dynamic modulus of the PU
mixture was greater than that of the corresponding asphalt mixture at elevated tempera-
tures (>40 °C). For instance, the dynamic modulus of a stone matrix polyurethane mixture
(SMPU-13) exceeded 8000 MPa at 60 °C, whereas the corresponding asphalt mixture
dropped to 156 MPa at 50 °C [29]. The PU mixture also demonstrated a higher rutting
factor, indicating superior resistance to permanent deformation at high temperatures [41].
Furthermore, the PU mixture exhibited a more stable phase angle and excellent viscoelastic
properties [29]. The dynamic modulus of the asphalt mixture was significantly influenced
by temperature and loading frequency, decreasing dramatically at high temperatures. In
contrast, a Superpave polyurethane mixture (SUPU-20) maintained significantly higher dy-
namic modulus values under the same conditions [29]. Wang Huoming [52-54] found that
porous PU mixture (PPM) with an open-graded structure exhibits superior performance,
including deformation, fatigue, corrosion, and light/heat aging resistance, compared to
both dense-graded and open-graded asphalt mixtures. Chen et al. [55] reported that PPM
exhibits greater resistance to clogging from infiltrating soil suspended solids than OGFC.
Cong et al. [56] found that PPM possesses a Marshall stability three times greater and a
fatigue life one order of magnitude higher than those of OGFC. Sun [57] demonstrated that
PPM exhibits superior resistance to high-temperature rutting, low-temperature cracking,
and moisture damage. Similarly, Li [58] found that PPM offers improved resistance to high-
temperature deformation, cracking, and moisture compared to traditional open-graded
asphalt mixtures. While these studies confirm the outstanding macro-mechanical perfor-
mance of PPM, a comprehensive understanding of their fundamental dynamic rheological
behavior—the very basis for mechanistic design and performance prediction—remains
less explored. Specifically, there is a lack of comparative studies that systematically evalu-
ate how aggregate gradation (open-graded vs. dense-graded) influences the viscoelastic
properties, rutting potential, and model-predicted responses of PU-based composites.

To bridge this knowledge gap, this study presents a comparative investigation into
the fundamental dynamic rheological behavior of polyurethane mixtures with open-graded
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(PUM-OGEFC, OGFC-13) and dense-graded (PUM-AC, AC-13) structures. Dynamic mod-
ulus and phase angle were characterized across a spectrum of temperatures and loading
frequencies. The time—temperature superposition principle was applied to construct master
curves, which were fitted using three rheological models (SLS, GLS, HN). Furthermore, the
Kramers—Kronig (K-K) relations were employed to derive and evaluate corresponding phase
angle master curves. This work aims to elucidate how aggregate gradation governs the
viscoelastic response and performance potential of PU-based composites, providing critical
insights for the mechanistic design of high-performance, sustainable porous pavements.

2. Materials and Methods

Two aggregate gradations were selected for mixture preparation. The first was a
conventional dense-graded asphalt concrete (AC-13) gradation, representing a standard,
continuously graded structure. The second was an open-graded friction course (OGFC-13)
gradation, characterized by a gap-graded design with a high proportion of coarse aggregate
and limited fine content to create an interconnected air void network. These correspond-
ing aggregate gradations were plotted in Figure 1. The binder, which was provided by
Wanhua Chemical Group Co., Ltd. (Yantai, China), was one kind of wet-setting PU binder;
the optimum PU binder contents were determined by the Marshal method for asphalt
mixture. The optimum PU binder contents were 4.9% and 4.7% for PUM-OGFC and
PUM-AC, respectively.
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Figure 1. Aggregate gradation for PUM-OGFC and PUM-AC.

After the aggregate gradation and optimum PU binder content were determined,
specimens would be compacted by the Superpave gyratory compactor (SGC) to a size of
175 mm in height and 150 mm in diameter. The specimens would be kept in a certain
environment (35 °C and 70% RH) for 7 days. After the setting process, the specimens
were cut into special sizes for the dynamic modulus test, which was 150 mm in height
and 100 mm in diameter. A dynamic modulus test was performed on selected conditions
(5°C,15°C,25°C,35°C, 45 °C, 55 °C, and 25, 20, 10, 5, 2,1, 0.5, 0.2, 0.1 Hz for each test
temperature) by the asphalt mixture performance tester (UFA102QK00, Controls S.p.A.,
Milan, Italy). All specimens of PUM-OGFC and PUM-AC were tested at the same test
temperature and loading frequency; average values for three duplicates for each PU mixture
were adopted for the following analysis.

Scholars developed various master curve models for analyzing dynamic modulus
test results: the SLS model [59], the GLS model [60], and the HN model [61], selected in
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this paper for analyzing dynamic modulus test results. These three models were listed in

Equations (1)-(3).
%

log(‘E ’) =0+ 1 4 eBt+-log(fr) ™

where | E*| —dynamic modulus (MPa); f,—load frequency at the reference temperature
(Hz); 9, o, B, and y—fitting parameters.

w/
[1+ Ao rlos(f)

log(|E*|) = o1 + @

where &', &/, B/, and /fitting parameters; A—added parameter to account for the asymmet-
ric shape of the function.

E'(w) = |Eol + o=l Bl o)
1+ (£2)"18
where 2 = —1; wg = 1/7; w—angular frequency; To—determines the horizontal po-

sition of the real or imaginary part of the dynamic modulus along the frequency axis;
| Eo | —dynamic modulus as w approaches oo; | Ey | —dynamic modulus as w approaches
0; and & and p""—fitting parameters.

There were no determined models developed for fitting phase angle data, but the
Hilbert integral transforms [62] can be introduced to transform dynamic modulus master
curve models to fit corresponding phase angle data; this process is known as the K-K
relation, which is shown in Equation (4) [63].

(@) = Z-W @

Using Equation (4), the SLS, GLS, and HN models in Equations (1)—(3) can be trans-
formed into corresponding mathematical models for the phase angle, which are shown in
Equations (5)—(7).
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Based on the time-temperature superposition principle (TTSP), measured data points

at different test temperatures can be shifted to the selected temperature to build a smooth
master curve, which can be used to characterize the viscoelastic property of different
asphalt mixtures. The shift factor is used as the shifted distance between the measured
data point at different temperatures and master curves at the reference temperature, as
shown in Equation (8).

log(fr) = log(f) +log(ar) 8)

where log(f)—frequency in experiment temperature; log(f,)—reduced frequency in reference
temperature; and ar—shift factor.
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The temperature shift factor ar at temperature T can be calculated using the
Williams-Landel-Ferry (WLF) [64-67] empirical equations. The equation is described in
Equation (9):

-G (T-To)
G+ (T —-Th)

where C; and Cy—constants; T—test temperature; and Tp—reference temperature (20 °C

log(ar) = )

in this paper).

The master curve fitting process is to minimize the error between experimental data
points and predicted data points using different models. The error-minimizing process is
performed by the nonlinear regression process, as shown in Equations (10) and (11).

* : * 2
Egrror = Z (logEExp w;) logEPrd(wi>) (10)
i

i=n

OError = 2 (5Exp (wi) = Opre (wi))

i

? (11)

where E*py,—experimental dynamic modulus; E*p,—predicted dynamic modulus using
different mathematical models; dgy,—experimental phase angle; and dp,,—predicted phase
angle using different mathematical models.

Indexes, including S,/ Sy (the ratio of the standard error (S,) to the standard deviation
(Sy)) minimization, R?, SSE (Sum of Squared Error), and Error?, were introduced to estimate
the regression accuracy, shown in Equations (12)—(16).

1 n
Se = ﬁ;m — xi (12)

p

1 oo
Sy = \/n — 1';|xi — X (13)

where x;—measured dynamic modulus; £;,—predicted dynamic modulus; and X;—mean
value of the measured dynamic modulus.

2 (n—p—1)S
=1-— 7" 14
R (n—1)-5 (14)
where n—sample size, and p—number of parameters to be estimated.
i=n (szp(wl) - E;’rd(wi)>2
SSE =) 5 (15)
i (EExp (wl)>
l:n * * 2
Error* =Y (EExp(wi) — Eprd(wi)) (16)

3. Results

3.1. Dynamic Modulus and Phase Angle Results of Two PU Mixtures
3.1.1. Dynamic Modulus Results

The dynamic modulus results of PUM-OGFC and PUM-AC under different test
temperatures and loading frequencies were plotted separately in Figure 2a,b, and the
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dynamic modulus results at the same test temperatures for PUM-OGFC and PUM-AC
were shown together in Figure 2c—e.
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Figure 2. Dynamic modulus | E*| values for PUM-OGFC and PUM-AC. (a) | E*| of PUM-AC across
various test temperatures; (b) | E*| of PUM-OGFC across various test temperatures; (c) comparison
[E*| of PUM-OGFC and PUM-AC at 5 °C and 15 °C; (d) comparison | E*| of PUM-OGFC and
PUM-AC at 25 °C and 35 °C; (e) comparison | E*| of PUM-OGFC and PUM-AC at 45 °C and 55 °C.
3.1.2. Phase Angle Results

The phase angle results of PUM-OGFC and PUM-AC under different test tempera-
tures and loading frequencies were plotted separately in Figure 3a,b, and the phase angle
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results at the same test temperatures for PUM-OGFC and PUM-AC were shown together

in Figure 3c-e.
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Figure 3. Phase angle () values for PUM-OGFC and PUM-AC. (a) 6 of PUM-AC across various
test temperatures; (b) 6 of PUM-OGEFC across various test temperatures; (¢) comparison of ¢ of
PUM-OGEFC and PUM-AC at 5 °C and 15 °C; (d) comparison of 6 of PUM-OGFC and PUM-AC at
25 °C and 35 °C; (e) comparison of § of PUM-OGFC and PUM-AC at 45 °C and 55 °C.
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3.2. Rutting Parameter (1 E*| /sin(5)) Results

The parameter | E*| /sin(J) represents the rutting resistance of asphalt mixtures, re-
spectively. Values of rutting parameters for the PUM-OGFC and PUM-AC, obtained across
various test temperatures and loading frequencies, are presented separately in Figure 4.
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Figure 4. Rutting parameters results for the PUM-OGFC and PUM-AC.
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3.3. Black Space Diagram Results
The black space diagrams for the PUM-OGFC and PUM-AC were plotted in Figure 5.
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Figure 5. The black space diagrams for the PUM-OGFC and PUM-AC.
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PhaseAngle (°)

3.4. Master Curves Model Results
3.4.1. Dynamic Modulus Master Curve

The master curves of the dynamic modulus | E*| for PUM-OGFC and PUM-AC,
constructed using SLS, GLS, and HN models with shifted measured dynamic modulus
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data, are presented in Figure 6a—f, respectively. A comparison of the three master curves

for each PU mixture is shown in Figure 6g,h.
The shift factors used to generate the master curves for PUM-OGFC and PUM-AC

are presented in Figure 7a,b, respectively.
A comparison of the predicted and measured dynamic modulus | E*| data for PUM-

OGEFC and PUM-AC is presented in Figure 8a,b, respectively. The corresponding linear
regression parameters are summarized in Tables 1 and 2.

Table 1. Linear regression parameters between predicted and measured | E*| for PUM-AC.

Model Type Equation R?
SLS model Y =0.9962 x X + 32.58 0.9959
GLS model Y =1.0046 x X -25.85 0.9839
HN model Y =1.0008 x X +5.31 0.9843

Table 2. Linear regression parameters between predicted and measured | E*| for PUM-OGEFC.

Model Type Equation R?
SLS model Y =0.9868 x X +69.51 0.9902
GLS model Y =0.9806 x X +89.51 0.9893
HN model Y =0.9776 x X +135.01 0.9581
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Figure 6. Master curves of dynamic modulus for PUM-OGFC and PUM-AC constructed using
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3.4.2. Phase Angle Master Curve

The phase angle (§) master curves for PUM-OGFC and PUM-AC, constructed using
SLS, GLS, and HN models, are presented in Figure 9a—f. A comparison of the three models
for each PU mixture is shown in Figure 9g,h.
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The shift factors used to construct the phase angle master curve are presented in
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A comparison of the predicted and measured phase angle (J) data for PUM-OGFC and
PUM-AC is presented in Figure 11a,b, respectively. The corresponding linear regression
parameters are summarized in Tables 3 and 4.
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Figure 11. Comparison of predicted and measured phase angle (6) for the PUM-OGFC and PUM-AC.
(a) PUM-AC; (b) PUM-OGEFC.

Table 3. Linear regression parameters between predicted and measured phase angle data of PUM-AC.

Model Type Equation R?
SLS model Y =0.9865 x X + 0.08 0.9850
GLS model Y =0.9863 x X + 0.08 0.9850
HN model Y =0.7821 x X +0.88 0.9319

Table 4. Linear regression parameters between predicted and measured phase angle data of PUM-OGFC.

Model Type Equation R?
SLS model Y =0.9831 x X + 0.09 0.9758
GLS model Y =0.9808 x X + 0.11 0.9799
HN model Y =0.7386 x X +1.22 0.8840

4. Discussion

4.1. Comparing Dynamic Modulus and Phase Angle of Two PU Mixtures
4.1.1. Dynamic Modulus Comparison

As shown in Figure 2a,b, the dynamic modulus (1 E*|) of both PUM mixtures exhibited
characteristic viscoelastic behavior: it increased with loading frequency and decreased
with rising temperature. The sensitivity to these factors was quantified. The increasing
rate from 0.1 Hz to 25 Hz was more pronounced at higher temperatures, ranging from
31.8% to 47.2% for PUM-AC and from 22.9% to 46.1% for PUM-OGFC. Furthermore, | E*|
decreased with increasing test temperature across all loading frequencies. The magnitude
of this decrease was greater at lower frequencies, rising steadily from 43% to 49% as loading
frequencies decreased from 25 Hz to 0.1 Hz for PUM-AC and from 50.7% to 58.6% for
PUM-OGEC. Therefore, the dynamic modulus of both PUM mixtures is influenced by both
test temperature and loading frequency. Temperatures had a more significant influence on

I E*| than loading frequency. Specifically, high temperature and low loading frequencies
(corresponding to slow vehicle speed) reduce the dynamic modulus of both PUM mixtures.
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As shown in Figure 2c—e, the dynamic modulus of PUM-OGFC was consistently
lower than that of PUM-AC at all test temperatures. For instance, the | E*| value for
PUM-AC at 55 °C was greater than that for PUM-OGEFC at 15 °C. Therefore, aggregate
gradation profoundly influences the dynamic modulus of the PU mixture. This result
indicates that the aggregate skeleton, in combination with the PU binder, contributes
significantly to load bearing. The denser AC gradation, with its lower air void content and
more continuous aggregate skeleton, provides a higher resistance to elastic deformation
under load compared to the open-graded structure.

However, it is critical to distinguish between resistance to elastic deformation and
resistance to permanent deformation (rutting). While the higher | E*| suggests PUM-AC
may offer advantages in terms of instantaneous stiffness, the overall rutting performance is
governed by both the stiffness and the viscous characteristics of the material, as evaluated
by the phase angle and rutting parameter (| E*| /sin(d)) in the subsequent sections. The
following discussion will demonstrate that the PUM-OGFC mixture compensates for
its lower stiffness with a markedly more elastic response, leading to superior long-term
rutting resistance.

4.1.2. Phase Angle Comparison

Figure 3a shows that the phase angle (§) of PUM-AC decreased with increasing loading
frequency across all test temperatures, with a reduction rate ranging from 29.1% to 33.8%.
This rate of decrease did not vary consistently with temperature. Conversely, the phase
angle increased with temperature, with an increase rate of 45.8% to 54.9% across all loading
frequencies. This rate of increase varied steadily with loading frequency. The phase angle
demonstrated a higher percentage change in response to variations in temperature and
loading frequency compared to the dynamic modulus, highlighting its strong dependence
on test conditions. As shown in Figure 3b, the phase angle of PUM-OGFC exhibits a trend
similar to that of PUM-AC. Specifically, the phase angle decreased with loading frequency
(by 25.5% to 37.8%) and increased with temperature (by 60% to 95.5%). These results
indicate that the phase angle of PUM-OGFC is even more sensitive to changes in loading
frequency and temperature than that of PUM-AC.

Figure 3c—e shows that at a given temperature, the phase angle of PUM-AC was
slightly larger than that of PUM-OGFC. However, the absolute phase angle values for both
PU mixtures were less than 10°, regardless of gradation. The phase angle represents the
viscoelastic behavior of a material: lower values indicate more elastic solid-like behavior,
while higher values indicate more viscous fluid-like behavior. The consistently low phase
angle (<10°) indicated that both PUM-OGFC and PUM-AC exhibit a predominantly elastic
and highly recoverable response, even at 55 °C. This pronounced elastic character is a key
indicator of the material’s potential to resist the accumulation of permanent deformation.

4.2. Comparing Rutting Parameter (1 E*| /sin(5))

The NCHRP report 513 established a strong correlation between the dynamic modulus
of asphalt mixtures and field permanent deformation behavior, a finding subsequently
incorporated into the Superpave performance evaluation system. Research indicates that
the rutting resistance of a hot mixed asphalt mixture correlates well with the rutting
parameter (| E*| /sin(d)). Consequently, this parameter is a reliable indicator for evaluating
the high-temperature rutting resistance of hot mixed asphalt mixture (HMA). Thus, higher

| E*1 /sin(d) values correspond to greater rutting resistance.

As shown in Figure 4, PUM-OGFC and PUM-AC exhibited similar trends: the rutting
parameters (| E*| /sin(¢)) increased with loading frequency and decreased with temper-
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ature. Consequently, both PU mixtures exhibit maximum rutting resistance at low tem-
peratures and high loading frequencies. For PUM-AC, increasing the loading frequency
from 0.1 Hz to 25 Hz raised | E*| /sin(d) by approximately 94.2% to 111.8% across the
tested temperatures. Conversely, increasing the temperature from 5 °C to 55 °C reduced
it by approximately 61.6% to 65.9% across all loading frequencies. Thus, for PUM-AC,
the loading frequency had a greater influence on | E*| /sin(d) than temperature. Similarly,
for PUM-OGEFC, | E*| /sin(d) increased by approximately 60.3% to 123.7% as loading fre-
quency increased from 0.1 Hz to 25 Hz, and decreased by 69.4% to 78.2% as temperature
increased from 5 °C to 55 °C. Therefore, the loading frequency also had a greater effect on
PUM-OGEC than temperature.

More critically, under identical temperature and frequency conditions, PUM-OGFC
consistently exhibited higher | E*| /sin(6) values than PUM-AC. For example, the value
for PUM-OGEC at 55 °C exceeded that of PUM-AC at 35 °C. This direct comparison
conclusively demonstrates the superior rutting resistance of the PUM-OGFC mixture.

Furthermore, this finding underscores the unique advantage of the polyurethane
binder system. Despite the PUM-OGFC mixture’s higher air void content (which typically
compromises stiffness), the synergistic effect of the strong, elastic polyurethane binder and
the interlocking open-graded skeleton leads to a composite material with an exceptionally
favorable balance of stiffness and elasticity, as quantified by the rutting parameter.

4.3. Black Space Diagram Comparing

The black space diagram [68] is a plot of dynamic modulus versus phase angle, used
to analyze the rheological properties of asphalt and compare the viscoelastic performance
of HMA [37,69]. It also assesses the stiffness and relaxation capability of HMA [30]. In this
diagram, a curve shifted to the right or a right-side inflection indicates viscous status in the
asphalt binder or HMA. A typical HMA exhibits a peak phase angle value in its black space
plot, reflecting the interaction between asphalt binder and aggregate [70]. Consequently,
a well-defined curve shape and a distinct inflection point in the black space diagram are
characteristic of typical rheological properties in the asphalt binders or HMA.

Figure 5 shows that the black space diagrams for PUM-OGFC and PUM-AC lack the
well-defined curve shape and distinct inflection points characteristic of typical HMA. This
distinct, near-linear clustering of data points indicates that the relationship between | E*|
and ¢ for these polyurethane mixtures is remarkably consistent across the wide range of
temperatures and loading frequencies tested. Unlike HMA, the viscoelastic response of the
PUM composites does not traverse a broad, curved path in the black space, suggesting a
fundamentally different and simpler relaxation mechanism. Furthermore, the entire dataset
for PUM-OGEC is positioned at lower phase angles compared to PUM-AC at similar
stiffness levels. This clear separation underscores the significant influence of aggregate
gradation on the viscoelastic character of the PU composite, with the OGFC structure
consistently promoting a more elastic-dominant response.

4.4. Master Curves Comparing
4.4.1. Dynamic Modulus Master Curve Analyzing

This section details the use of three master curve models—SLS, GLS, and HN
models—to fit equation parameters and construct the corresponding master curves. The
measured data points were shifted to a selected reference temperature using the WLF shift
factor equation. During the fitting process, the sum of squared error (SSE, denoted as
error?) between the predicted and measured | E*| values was minimized. The coefficient
of R? and Se/Sy were used as additional good-of-fit criteria. The quality of the model fits
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was evaluated using the coefficient of determination (R?) and additional statistical metrics
(error?, Se/Sy, and SSE), as defined in Supplementary Material Table S1.

Figure 6a,b show that the | E*| master curves for PUM-OGFC and PUM-AC have sim-
ilar shapes but different peak values. This finding confirms the discussion in Section 4.1.1
that PUM-AC exhibits higher stiffness than PUM-OGFC. The measured data points are
clustered on the right side of the master curves, slightly offset from them. The R? values
for both PU mixtures approach 1, indicating that the SLS model provides a good fit to the
measured | E*| data. As summarized in Supplementary Table S1, the error?, Se/Sy, and
SSE values were lower for the PUM-AC fits than for the PUM-OGEFC fits across all models,
indicating a marginally more precise prediction for the dense-graded mixture’s dynamic
modulus data.

All three models successfully generated continuous master curves for both PUM-
OGFC and PUM-AC, as shown in Figure 6. A consistent, key observation is that the master
curves for PUM-AC are positioned at significantly higher | E*| values than those for PUM-
OGEFC across all models (Figure 6a,c,e), providing model-based confirmation of the higher
stiffness of the dense-graded mixture. Furthermore, the statistical metrics (R?, Error?, SSE)
uniformly indicate that all models fit the experimental data for PUM—-AC more precisely
than for PUM-OGEFC (see Supplementary Table S1). This suggests the dynamic modulus of
the dense-graded mixture is more predictable within these viscoelastic frameworks. The
SLS model (Figure 6a,b) provides a very good fit for both mixtures (R? ~ 1). The error
metrics (Error?, SSE) are notably lower for PUM-AC than for PUM-OGFC. The GLS model
(Figure 6¢,d) yields a similar quality of fit to the SLS model, with comparably high R?
values. Consistent with the SLS results, the GLS model also shows lower fitting errors for
PUM-AC. The HN Model (Figure 6e,f) provides an excellent fit, with R? values of 0.9855
for PUM-AC and 0.9675 for PUM-OGFC. While its R? for PUM-OGFC is relatively lower,
the HN model produces the lowest absolute SSE values for both materials, indicating it
minimizes the absolute prediction error most effectively. A direct comparison of the master
curves from the three models for each mixture is shown in Figure 6g,h. The curves exhibit
similar shapes, with minor differences in predicted values across the frequency range.

For PU-OGFC mixtures, the shift factor fitted with the SLS and GLS models shows
minimal difference, but their absolute values are consistently larger than those fitted
with the HN model (Figure 7b). While for PU-AC in Figure 7a, all shift factors for the
three models exhibited nearly the same values. The shift factor, a function of temperature,
facilitates the translation of data from various test temperatures to a referenced temperature
to form a continuous, smooth curve. It also indicates the quality of this translation, reflecting
the time—temperature superposition principle [71]. The absolute shift factor value at a
given test temperature reflects the mixture’s temperature dependency, with higher values
indicating greater temperature dependency [72]. The activation energy, which is related
to the shift factor [73], represents the energy barrier overcome when data measured at
different temperatures are shifted to form the master curve. A higher activation energy
indicates that more energy is required to shift the data, implying greater temperature
sensitivity. A critical finding is that the absolute values of ar are larger for PUM-OGFC
than for PUM-AC across all three models. This indicates the dynamic modulus of the open-
graded mixture exhibits greater temperature dependency, implying a higher activation
energy for its viscoelastic relaxation.

It was generally observed from Figure 8a that for PUM-AC, all the predicted | E*|
values for the three models are closely clustered around the line of equality, with only an
outlier from the HN model. Linear fitting was used to evaluate the correlation between
predicted and measured | E*| values. According to Table 1, all three models predict PUM-
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AC’s |E*| values with high accuracy (high R? values). The SLS model has higher R?
values than the HN model, while the GLS model showed slightly lower R? values than
the HN model. The HN model has the smallest intercept values and slope values closest
to 1, indicating it provides the most accurate prediction for PUM-AC. Figure 8b shows
that for PUM—-OGEFC, the predicted values also cluster around the line of equality but
exhibit greater dispersion than those for PUM-AC. The linear regression results in Table 2
show that all three models also predict the | E*| of PUM-OGFC with high precision, as
indicated by high R? values. The SLS and GLS models have higher R? values and smaller,
nearly identical slope and intercept values compared to the HN model. The R? values
are higher for PUM-AC than for PUM-OGEFC. The SLS model, with its smaller slope and
intercept values, predicts the | E*| of PUM—-AC more accurately than that of PUM-OGFC.
The R? values from this linear regression are consistently higher for PUM-AC, reaffirming
that aggregate gradation influences the predictability of the dynamic modulus, with the
behavior of the dense-graded mixture being more readily captured by these models.

4.4.2. Phase Angle Master Curve Analyzing

Numerous models, such as the SLS, GLS, and HN models used in this paper, have been
developed to construct dynamic modulus master curves. However, few models existed to
construct a master curve for the simultaneously measured phase angle data. Consequently,
the K-K relations [74,75] were employed to derive a phase angle master curve from the
corresponding dynamic modulus data. The fitting procedure mirrored that used for the
dynamic modulus; the WLF equation was also used to fit the shift factors.

The phase angle master curves constructed using the SLS, GLS, and HN models are
presented in Figure 9. Both the SLS and GLS models successfully generated curves within
the theoretical range of 0-90°, capturing the characteristic decrease in phase angle with
increasing loading frequency (Figure 9a—d). In contrast, the HN model produced master
curves with very low ultimate values (below 8°), which substantially underestimated the
measured phase angles and showed poor agreement with the experimental data, indicating
its inadequacy for this purpose (Figure 9e,f).

For both the SLS and GLS models, the master curves of PUM-AC were consistently
positioned below those of PUM-OGFC across the frequency range (Figure 9a—d), confirming
the more elastic-dominant behavior of the dense-graded mixture. Statistically, the fits for
PUM-AC also demonstrated slightly higher R? values and lower Error?, Se/ Sy, and SSE
values compared to PUM-OGFC, indicating a marginally better prediction precision for
the dense-graded mixture.

The fitted shift factors are plotted in Figure 10a,b. The values for the SLS and GLS
models are nearly identical and are smaller in absolute value than the HN model. Further-
more, the absolute shift factor values for PUM-AC are smaller than those for PUM-OGEFC.
Consequently, PUM-OGFC exhibits greater temperature sensitivity than PUM-AC and is
more prone to high-temperature deformation. Therefore, aggregate gradation type affects
PU mixture performance, with the AC gradation exhibiting superior performance.

The predicted versus measured phase angle data for all three models are shown in
Figure 11a,b. Figure 11a shows that for PUM-AC, the data points predicted by the SLS
and GLS models are distributed around the line of equality, whereas those predicted by
the HN model show significantly greater dispersion. This result is consistent with the
previous discussion on the phase angle master curves. Similarly, Figure 11b shows that
for PUM-OGEFC, the data points predicted by the SLS and GLS models are distributed
around the line of equality but exhibited greater dispersion than those for PUM—-AC. The
data points from the HN model are also located far from the line of equality and exhibit

250 https://doi.org/10.3390/ coatings16020153



Coatings 2026, 16, 153

the highest dispersion. The linear regression process was used to analyze the correlation
between predicted and measured phase angles; the results are listed in Tables 3 and 4.
For PUM-AC, the HN model has the lowest prediction precision, while the GLS and SLS
models have identical prediction precision, evidenced by their slope and intercept values.
For PUM-OGEFC, the HN and SLS models also show the lowest and highest precision,
respectively. Furthermore, the R? values are higher for PUM-AC than for PUM-OGFC,
while the slope and intercept values are close to 1 and 0, respectively. Therefore, aggregate
gradation type significantly influences the prediction precision of the PU mixture’s phase
angle. Overall, the GLS model provides the most precise phase angle predictions for both
PUM-OGEFC and PUM-AC.

5. Conclusions

This paper utilized open-graded (OGFC-13) and dense-graded (AC-13) aggregate gra-
dation to prepare PU mixtures and investigate the dynamic properties of the open-graded
PU mixture (PUM-OGFC). Based on complex dynamic modulus test results, the dynamic
modulus, phase angle, rutting resistance, and rheological properties of PUM-OGFC and
PUM-AC were compared. The SLS, GLS, and HN models, in conjunction with the WLF
equation, were used to construct dynamic modulus master curves for both PU mixtures.
The KK relations were employed to derive phase angle master curve equations from
the dynamic modulus models, which were then used to construct the phase angle master
curves. The main conclusions are as follows:

(1) The dynamic modulus of PUM-AC at 55 °C was greater than that of PUM-OGFC
at 15 °C. The phase angle of PUM-OGFC was slightly lower than that of PUM-AC
across all temperatures and frequencies. All phase angles were below 10 °, indicating
predominantly elastic behavior at 55 °C. The phase angle of PUM-OGFC was more
sensitive to variations in temperatures and frequencies than that of PUM-AC.

(2) PUM-OGFC exhibited higher rutting resistance. The rutting parameter (| E*| /sin(6))
for PUM-OGEFC at 55 °C exceeded that for PUM-AC at 35 °C. The parameter was
more sensitive to loading frequency than to temperature.

(3)  Unlike typical HMA, PUM-OGFC and PUM-AC did not exhibit defined black space
diagram shapes. Aggregate gradation significantly influenced the rheological property
of the PU mixture.

(4) The SLS, GLS, and HN models accurately fitted the dynamic modulus data of both
PU mixtures. PUM-OGEFC exhibited greater temperature sensitivity than PUM-AC.
Aggregate gradation influenced the fitting result and prediction accuracy.

(5) The SLS and GLS models provided a more precise fit to the phase angle data than the
HN model. Consistent with the dynamic modulus results, PUM-OGFC showed greater
temperature sensitivity, and aggregate gradation affected the prediction accuracy:.

This study reveals that the introduction of a PU binder fundamentally alters the
conventional framework for understanding the gradation—performance relationship in
paving mixtures. For PU-based composites, the exceptional performance originates from
the binder’s intrinsic mechanical properties and its unique interaction with the aggregate
structure, rather than strictly following the traditional skeleton or densification principles
of asphalt mixtures.

In conventional asphalt mixtures, open-graded (OGFC) designs rely primarily on
point contacts between coarse aggregates to form a load-bearing skeleton. However, the
thermoplastic and viscoelastic nature of asphalt binder can lead to skeleton instability
under prolonged loading at high temperatures. In contrast, for PU mixtures, the situation is
transformed. The reactive PU binder cures to form a tough, highly elastic three-dimensional

251 https://doi.org/10.3390/ coatings16020153



Coatings 2026, 16, 153

network. Within PUM-OGFC, this elastic network not only provides strong adhesion at
aggregate contact points but, more critically, it fills and reinforces the large void spaces,
creating a continuous elastic matrix that supports the aggregate skeleton. This means load
transmission is no longer reliant solely on limited aggregate point contacts but is achieved
through a synergistic mechanism combining the “aggregate skeleton” and the “PU elastic
matrix.” This synergy results in a composite material that achieves an exceptional balance of
high stiffness, high elasticity, and superior resistance to permanent deformation, surpassing
the performance of traditional materials.

Conversely, in the dense-graded PUM-AC, although the PU binder strengthens the
mastic, the compact structure limits the formation of an extensive, effective spatial network
of the elastic binder. The performance improvement here stems more from the increased
modulus of the mastic itself. The rheological data from this study, specifically the higher
rutting parameter (| E*| /sin(6)) and lower phase angle for PUM-OGEFC, confirm that the
“spatial synergy” between the PU binder and the open-graded skeleton translates the excel-
lent material properties of PU into macroscopic engineering performance advantages more
effectively than the “filling and reinforcement” mechanism in the dense-graded mixture.

Therefore, a key insight from this research is that for high-performance reactive binders
like polyurethane, an open-graded structure is not a mechanical disadvantage but an ideal
framework to fully utilize its high elasticity and strong adhesive properties. This provides
a new theoretical basis and a viable technical pathway for designing sustainable pavement
materials that combine excellent drainage function with high resistance to rutting. Beyond
the laboratory findings, this study underscores the need to correlate lab performance with
long-term field behavior through future pilot sections. While the established rheological
parameters provide a sound basis for mix design, their validation ultimately requires
real-world performance data under complex traffic and environmental conditions. Future
work should therefore focus on bridging this gap by developing reliable transfer functions
between lab tests and field monitoring data. Addressing this challenge is crucial to translate
the present mechanistic insights into robust, practical criteria for sustainable pavement
design [76].
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Abbreviations

The following abbreviations are used in this manuscript:

AC Dense-Graded Asphalt Concrete

BPN British Pendulum Number

CRMA Crumb Rubber-Modified Asphalt

DSR Dynamic Shear Rheometer

FTIR Fourier Transform Infrared Spectroscopy
GLS Generalized Logistic Sigmoid (model)
HMA Hot Mixed Asphalt (mixture)

HN Havriliak-Negami (model)

K-K Kramers-Kronig (relations)

MPD Mean Profile Depth

OGEFC Open-Graded Friction Course

PPAM Porous Polyurethane-Modified Asphalt Mixture
PU Polyurethane

PUM-AC Polyurethane Mixture with Dense-Graded (Asphalt Concrete)
PUM-OGFC  Polyurethane Mixture with Open-Graded Friction Course

PUMA Polyurethane-Modified Asphalt

R2 Coefficient of Determination

SMPU-13 Stone Matrix Polyurethane Mixture (13 mm nominal size)
SLS Standard Logistic Sigmoid (model)

SSE Sum of Squared Errors

SUPU-20 Superpave Polyurethane Mixture (20 mm nominal size)
TTSP time-temperature superposition principle
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Abstract: Large-diameter cast-in-place tubular piles offer high efficiency and adaptability
for various engineering applications. Despite their widespread use, the bearing behavior
of these piles remains complex due to the interactions with the internal soil core, and the
related theoretical framework is not yet fully developed. In this study, a simplified load
transfer model is proposed based on the pile-soil interaction mechanism of large-diameter
tubular piles. Comprehensive load transfer models for the skin friction and end resistance
of both the pile body and the soil core are established, supported by a detailed theoret-
ical analysis. A novel three-criteria approach is introduced for the first time to enhance
settlement predictions for large-diameter tubular piles by considering the displacement
coordination mechanism of the internal soil core, addressing the limitations of traditional
two-criteria methods. The proposed methods are validated through two engineering case
studies, demonstrating their effectiveness and confirming their rationality and applicability
in practical scenarios.

Keywords: layered soils; cast-in-place tubular pile with large diameter; load transfer
function; modified interactive procedure; settlement prediction

1. Introduction

Large-diameter cast-in-place tubular piles are recognized as an efficient and versatile
foundation solution for complex geological conditions, including saturated soft soil, clay,
silt, and medium-dense sand [1]. Their applications span highways, railways, hydraulic
dams, foundation pit support, and civil building foundations, offering substantial ad-
vantages in soil improvement and foundation reinforcement. For instance, Liu et al. [2]
introduced the use of large-diameter cast-in-situ concrete pipe (PCC) piles for embankments
over soft clay, demonstrating superior efficiency and cost-effectiveness compared with
traditional methods. Mahfouz [3] emphasized their economic and structural advantages in
highway foundation projects. Zhou et al. [4] documented the successful implementation
of PCC piles in high-speed railway foundations, meeting strict settlement requirements
with consistent performance. Chen et al. [5] investigated the seismic behavior of coral
sand and found that drainage PCC piles significantly reduced liquefaction effects such
as pore pressure, bending moments, and deformation when compared with conventional
pile foundations. In the context of transportation infrastructure, particularly in pavement
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engineering, large-diameter cast-in-place tubular piles have proven to be a reliable and
adaptable solution, ensuring long-term stability and safety under diverse soil conditions.
Constructed with a twin-tube mold, cast-in-place tubular piles are formed by pouring
concrete into the annular space during casing extraction, with controlled vibration ensuring
high-quality in situ reinforced concrete. These piles are designed to transfer substantial
superstructure loads to deeper soil layers, effectively controlling settlement and differential
settlement within permissible limits [3]. The pile body consists of cast-in-place reinforced
concrete formed in a single process, with the in situ soil core retained within the interior,
as illustrated in Figure 1. Compared with conventional large-diameter bored piles, cast-
in-place tubular piles offer notable advantages. Their larger diameter and thin-walled
design reduce concrete consumption while maintaining load-bearing capacity, lowering
material costs and carbon emissions. The construction process retains the soil core within
the tubular structure, minimizing ground disturbance and reducing risks to nearby struc-
tures. Additionally, vibration-assisted installation ensures better concrete consolidation,
enhancing pile integrity and durability. These features make cast-in-place tubular piles a
more efficient, sustainable, and technically superior alternative to traditional bored piles.

(b)

Figure 1. Construction details of cast-in-place tubular piles. (a) Mold used for cast-in-place tubular

piles. (b) Completed cast-in-place tubular pile in ground. (c) On-site construction.

The load transfer mechanism of large-diameter thin-walled cast-in-place tubular piles
becomes complex due to the influence of the internal soil core, and the load-bearing theory
for cylindrical piles remains incomplete. For pile foundations, settlement calculation has
always been one of the key challenges in design theory. Accurately predicting pile foun-
dation settlement is crucial for evaluating the bearing capacity of foundations. Currently,
the load transfer method is one of the most widely used theoretical approaches [6-10].
By selecting different load transfer models and parameters, the load transfer method can
adapt to the settlement analysis of single piles under various soil conditions. This method
is highly regarded in engineering due to its clear concept and simple calculations. For
instance, Dias et al. [11] improved the traditional load transfer formula by defining dif-
ferent unloading paths and adjusting displacement variables. Liu et al. [12] developed a
three-step calculation program to simulate the load-displacement response of a single pile
in unsaturated expansive soil. Li et al. [13] developed an analytical method to predict the

258



Coatings 2025, 15, 70

nonlinear load-displacement behavior of pile groups in clays. Singh et al. [14] proposed
a nonlinear load transfer method to evaluate the load-displacement response of conical
piles under static axial loads. Dong et al. [15] introduced a hyperbolic model to improve
the transfer function method, providing a solution for the load-settlement relationship of
large-diameter composite piles. Zhou et al. [16] and Liu et al. [17] introduced models for
specific conditions, further refining the load transfer approach.

It should be noted that the solution of load transfer functions for tubular piles cur-
rently relies mostly on analytical methods, which are generally based on homogeneous
soils. However, when solving segmented load transfer functions, analytical methods often
require iterative solutions of differential equations for each segment, leading to substantial
computational effort. Additionally, analytical methods become challenging to apply when
dealing with more complex transfer functions, such as hyperbolic models. In contrast,
the displacement coordination method, as a common approach for solving load transfer
function [18], can effectively describe the complex properties of pile periphery medium,
such as stratification, nonlinear and other characteristics, with clear concepts, simple cal-
culation, ease of use, and reliable performance. Traditional displacement coordination
methods are primarily designed for settlement analysis of solid pile foundations and are
not fully applicable to tubular piles that contain an internal soil core. These methods
typically neglect the influence of the soil core, which is a critical factor in the load transfer
and settlement behavior of such piles. As of now, no studies have explored the application
of displacement coordination methods to iteratively solve the settlement of tubular piles
while accounting for the effect of the internal soil core. The omission of this factor can lead
to significant errors in settlement predictions, as conventional methods fail to capture the
complex interactions between the pile and the soil core.

Based on an analysis of the pile-soil interaction mechanism of large-diameter cast-
in-place tubular piles, this paper proposes a simplified load transfer mechanics model.
Corresponding load transfer functions for lateral friction resistance and bottom resistance
are developed, along with detailed theoretical derivations. Furthermore, this study intro-
duces a modified iterative procedure with three criteria for the first time, which improves
upon the traditional procedure with two criteria. The proposed modification specifically ad-
dresses the displacement coordination of the internal soil core in tubular piles, enabling the
displacement coordination method to be successfully applied to the settlement calculation
of such piles. This advancement resolves the current lack of methods capable of iteratively
solving the settlement of tubular piles while considering the influence of the soil core.
Finally, the proposed approaches are validated through two practical engineering cases.

2. Materials and Methods
2.1. Simplified Model of Load Transfer Mechanics

Based on the load transfer mechanism of cast-in-place thin-walled concrete caisson
foundations [19-21], their load transfer mechanical model can be simplified, as shown in
Figure 2. When the upper load P is applied to the cap of the tubular pile, it is divided
into two components, with the force Ny transferred to the top concrete ring of the pile
and the force N.g acting on the top of the soil core, as shown in Figure 2a. For the pile
part, Ny is balanced by the pile external friction 7, pile internal friction 7/, and pile bottom
resistance N,,. For the soil core, N is balanced by the lateral friction resistance 7/ and the
end resistance of the soil core N;,.

The basic concept of the load transfer approach is to divide the pile into many elastic
units, each of which is connected with the soil by nonlinear springs, to simulate the load
transfer relationship between the pile and soil [6,22,23]. According to this principle, the
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tubular pile and soil core are divided into # units along the depth direction for analysis,
as shown in Figure 2b. Pile element i bears axial force N;_1, external friction resistance
T, internal friction resistance v’ from upper unit i — 1 and reaction force N; from bottom
unit i + 1. The soil core unit i bears the axial force N¢;_1, internal friction resistance 7/,
transmitted by the upper unit i — 1 and the reaction force N,; provided by the bottom unit
i+1.

Nw‘
[ Ot
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1 ) 1 r : 5
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r T AT h, Jril [y |V
e o b, n,or n,
(S
il
...t -
-------- », h, Tz VT Syor S,
b,
(a) (b)

Figure 2. Load transfer analysis model of tubular piles with large diameters. (a) Stress analysis of
tubular pile. (b) Load transfer model.

2.2. Load Transfer Function and Parameters
2.2.1. External Friction Resistance

Assuming that the load transfer function of the side friction of the foundation follows
an elastoplastic bilinear model [24], as shown in Figure 2b, the equation for its load transfer
function can be expressed as:

@

o(z) = { Ks(2)5(2), 7(2) < u(z)
T (2), T(z) > w(2)
where 7(z) is the external skin friction at depth z; Ks(z) is the stiffness coefficient of the
external skin friction at depth z, representing the slope of the curve between skin friction
and relative displacement before the ultimate skin friction is reached, as shown in Figure 2b;
5(z) is the relative displacement of pile soil at depth z; and 7,(z) is the ultimate skin friction
at depth z.

As the relative displacement between the pile body and the surrounding soil continues
to develop, once it exceeds the soil’s ultimate deformation value, relative plastic slip occurs
between the pile and the soil. The stiffness coefficient of the skin friction depends on various
factors, including the soil conditions, the pile installation method, and the geometry of
the pile, and it can be related to the in situ lateral earth pressure coefficient Ky. At this
point, the ultimate side friction resistance 7, can be determined using Coulomb’s friction
law [25,26], as shown in Equation (2).

T = Ko( o) tanlg! ()l +¢(5), @
where Kj is the coefficient of static lateral pressure of soil, Ky = 1 — sing’; K is the lateral
earth pressure coefficient. For a foundation with a small displacement, K/K, should be
0.7~1.2, while for a foundation with a large displacement, K/Kj should be 1.0~2.0 [26].
¢’ and 5 are the effective internal friction angles of the soil and pile-soil interface friction
angles, respectively; 5/ ¢’ can be 0.75; ¢’ is the effective overburden pressure at the depth
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under consideration; ¢’ and c are the effective, cohesive forces of the soil and pile-soil
interface cohesive forces, respectively; and ¢/c’ can be 0.8~1.0 [25].
Finally, T, can be expressed as:

T, = Ko’ tand + ¢, 3)

where K is the lateral earth pressure coefficient, ¢’ is the effective overburden pressure at
the depth under consideration, and J is the friction angle of the pile-soil interface.

For the elastic state, Randolph and Worth [27] suggested the transfer stiffness coeffi-
cient K; of pile external friction resistance in a homogeneous isotropic elastic soil medium:

227G
T In(rm/ry)’

4)

where K; is the transfer stiffness coefficient of external friction resistance; G is the shear
modulus of the soil around the pile; 7 is the outer radius of the pile; and 7, is the shear
influence radius, which is related to the buried depth of the pile and the soil distribution.
For homogeneous soil, r,, = 2.51(1 — v), where [ is the pile length and v is Poisson’s ratio
of the soil.

When the pile is located in stratified soil, #;; can be expressed as [28]:

Mg s
L Ggihi X vsihi
m = 2521 (1- =t z

e ) )

where 1y, is the shear influence radius; G;; is the shear modulus of the i-th soil layer; G,
is the maximum shear modulus in the soil layers; /; is the thickness of soil layer i; 1 is
the total number of soil layers; v,; is the Poisson’s ratio of the i-th soil layer; and [ is the
pile length.

2.2.2. Internal Frictional Resistance

Assuming that the load transfer function of the internal frictional resistance also
follows the elastic-plastic bilinear model, as shown in Figure 2b, the load transfer function
equation can be expressed as:

T/(Z) - { K/, (z)S/(z), T’(z) < Tu(z) , ©)

| w), T(2) 2 w(z)

where 7'(2) is the internal friction resistance at pile depth z; K[(z) is the internal friction
transfer stiffness coefficient at depth z; S'(z) is the relative displacement of pile soil at depth
z; Ty(z) is the ultimate value of wall-soil friction resistance at depth z, and its value can be
calculated from the following equation:

§'(z) = S(z) = 5c(2), )

where S'(z) is the relative displacement of pile soil at depth z; S(z) is the relative displace-
ment of pile soil at depth z; S¢(z) is the displacement of the soil core at depth z, and its value
is the sum of the compression of the soil core at depths z and below.

For the value of the stiffness coefficient K/ of the internal frictional resistance of a
tubular pile, Wang et al. [29] assumed the stiffness coefficient of the internal frictional
resistance to be equal to the stiffness coefficient of the external frictional resistance K of
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a tubular pile at the same depth in the calculation. This paper also referred to the above
views in the calculation, as shown in Equation (8).

2ntG
;o . s
K=K = In(ry /10)’

®)

2.2.3. Pile Bottom Resistance

Assuming that the load transfer function of the bottom resistance of a tubular pile
follows the hyperbolic model [30-33], as shown in Figure 2b, its load transfer function
equation can be expressed as:

_ APS”
" ot S’

where Ny, is the pile bottom resistance value; A, is the horizontal cross-sectional area of the

©)

pile; Sy, is the pile bottom displacement; and f;, and g are hyperbolic parameters.
According to the research results of Randolph et al., f, can be expressed as
Equation (10), and Kj is the pile bottom resistance stiffness coefficient:

f b — Kibl (10)
where f, is the parameter of the hyperbola, and K is the stiffness coefficient of pile
tip resistance.

For solid confined circular piles, the pile bottom can usually be assumed to be a
circular rigid block acting on an infinite elastic half-space body, and the bottom resistance
stiffness coefficient can be expressed as Equation (11) [27,34]:

4G,

71.’1’0(1 —Ub), (11)

Ky =
where K} is the stiffness coefficient of pile tip resistance; ry is the outer radius of the pile; G
and vy, are divided into the shear modulus and Poisson’s ratio of the pile bottom soil.

The pile bottom of the tubular pile acts on the infinite elastic half-space body under
pressure as a rigid ring. The outer radius of the ring is the outer radius of the tubular pile ry,
the inner diameter ryg — d, and 4 is the pile wall thickness. The deformation of a semi-infinite
elastic body under a uniform circular load requires a series of integral operations. In order
to simplify the calculation, the deformation of the semi-infinite elastic body under ring
loading can be simplified as the difference in deformation under two circular loads (radius

ro and 1y — d), and the relationship between displacement and load can be expressed as
Equation (12) [35]:

S — Nn(l —Ub) _ Nn(l —Ub) (12)
" AGy(ro+ro—d)  4Gy(2ro —d)’
The pile bottom stiffness coefficient of the tubular pile is:
Kb N, - Ny, 4Gb(21’0 - d) - 4Gh(27’0 - d) (13)

= = — X = ,
A5, A, Na(1—up) A,(1—0p)

By substituting Equation (13) into Equation (10), we can conclude that the first param-
eter f;, in the hyperbolic function of tubular pile bottom resistance is:

Ap(l — Ub)

=Sy ‘14)
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The reciprocal of the second parameter g, in the hyperbolic function of the end
resistance of the tubular pile is the asymptote of the hyperbolic function, and g;, can be
expressed as:

Ry
Mpy ’

8= (15)

where R}, is the bottom resistance failure ratio, 0.75~0.80 [32], and ny,, is the unit ultimate
bearing capacity of the pile bottom soil.

According to the cavity expansion theory proposed by Vesic [36], the per unit ultimate
bearing capacity ny, of pile bottom soil can be estimated, as shown in Equation (16):

Ny = ¢'Ne + 07, Ny, (16)

where ¢’ is the effective cohesion of the soil; N, and Ny are parameters related to the
friction angle of the soil, and their values can be calculated from Equations (17) and (18),
respectively. 07, is the average effective pressure at the side of the pile bottom, and its
value can be calculated by Equation (19):

2 /
Ny = (tan ¢’ + /1 + tan? ¢/) V107, (18)
1+ 2K,

where 07, is the vertical effective stress at the pile tip; ¢ is the included angle between
the compaction core boundary of the pile bottom and the horizontal plane in the Janbu
failure mode [37] for the pile end soil, and its value decreases with increasing pile end
soil compressibility.

2.2.4. Soil Core Lateral Friction Resistance and Bottom Resistance

As mentioned above, the pile internal friction resistance 7/ and the soil core lateral
friction resistance 7/ are a pair of equal and opposite forces. Therefore, the soil core lateral
friction resistance 7/ can be solved by referring to the pile internal friction resistance 7’ in
Section 2.2.2.

For the tip resistance of the soil core, it is assumed to follow a hyperbolic distribu-
tion [31], as shown in Figure 2b, with its load transfer function equation expressed as:

Acpscn

=) 20
fcb +gcbscn ( )

o)
where, N, is the resistance value of the soil core bottom, and Acp is the horizontal cross-
section area of the soil core. S¢; is the displacement of the soil core bottom, f;, and g, are
hyperbolic parameters, and g = -

As shown in Figure 3, the soil core in the pile can be regarded as a series of overlapping
disk soil units. Taking a certain soil unit as the object of analysis, the upper part of the disk
unit of the soil core bears uniform load ¢, the lower part bears uniform load ¢, + do, and
the lateral friction resistance 7/ of the soil core acts on all sides. The vertical equilibrium
equation of the soil core disk unit is shown in Equation (21):

nrlo, 4 2mretldz = nrt (o, + do), (21)

where 7. is the radius of the soil core.
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The above equation can be further simplified as:

do, 21
e re (22)

According to the research results of Randolph et al. [38] and Lehane et al. [39] on tubu-
lar piles, there is a certain proportional relationship between the lateral friction resistance
7/ of the soil core unit and the axial stress . If T/ = B0, is set, the following equation can

be obtained:
do. _ 2po:

dz 1.

, (23)

where f is the undetermined coefficient, and its specific value can be obtained from the

following formula [39]:
sin ¢’ sin(A — §)

1+ sin ¢/ cos(A —6)’ @4

B =

where A is the conversion angle, and sin A = siné/ sin ¢.
Integrating Equation (22) and assuming uniform load p. at z = 0 (top of soil core),
Equation (25) can be obtained:
0z = Pce”Z, (25)

where p. is the uniformly distributed load borne at the top of the soil core (at z = 0), and
n =2/

For the soil core, the displacement S, at the bottom of the soil core can be obtained by
integrating the compression displacement of all soil core units, as shown in Equation (26):

h
o= [R=
0 170

where Ej is the compression modulus of the soil.

T pee™  pe au(h)

_— e =

.—0 "Eo  nEo  nEy’

(26)

Thus, the bottom resistance stiffness coefficient of the tubular pile-soil core K is:

27
As Te 27)

Finally, f., can be expressed as:

fcb = Kilb = ZIBE[)’ (28)

Soil core unit

g
dzlil
o, +do,

C @

Soil core

O

Figure 3. Analysis model of the soil core.
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2.3. Modified Displacement Coordination Iterative Approach

The displacement coordinated iterative approach can effectively describe the complex
properties of the medium around the pile, such as stratification and nonlinear characteris-
tics, and does not need to solve the complex stiffness matrix, saving calculation time and
resources, which has been accepted by a vast number of scholars and engineers [26,34]. In
view of the structural characteristics of tubular piles, based on the traditional two-criterion
displacement coordination iterative approach, this paper proposes a three-criterion dis-
placement coordination iterative approach suitable for the load transfer characteristics of
tubular piles, and its specific steps are described as follows:

(a) Along the depth direction, the tubular pile and soil core are divided into # units, as
shown in Figure 2. The more units there are, the more accurate the calculation result
will be, but the more units there are, the more time and resources will be needed to
perform the calculation. In addition, when dividing units, the dividing line of units
should coincide with the dividing line of the soil layer. For pile unit i, the following
equilibrium equation can be established:

N;_1 = N; + 27rohit; + 27rchyt, (29)
Sii1=Sit+w, (30)

where S; is the top displacement of pile unit I, k; is the length of unit I, and wj; is the
compression displacement of pile unit 7, which can be calculated by the following formula:
_ hi(Ni+Ni1)
w; = W! 31)
where E is the elastic modulus of the pile.
For soil core unit i, the following equilibrium equation can be established:

Nei—1 = Ngi — anchiT/i/ (32)

C
Sci-1 = Sci + Wei, (33)

where S; is the top displacement of soil core unit I, and w,; is the compression displacement
of soil core unit 7, which can be calculated by the following formula:

hi(Nei + Nei—1)

wCi = ZEOACP 7

(34)

(b) We assume that under the upper load P, the pile tip displacement S, and the soil core
bottom displacement S, are small and that S, is slightly less than or equal to S;,.

(c) By substituting S, and S¢;; into Equations (9) and (20), the pile bottom resistance
N, and soil core bottom resistance N, can be obtained. In addition, we assume
that the displacement in the middle of pile unit n is a small value, which may be
slightly greater than S;,. The external friction resistance 7, of unit n can be calculated
according to Equation (1), as shown in Equation (35):

T = KsSu, (35)
For soil core unit n:
N¢i—1 + 3N,
Mep = W}ln + Scn, (36)
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Tc/n = K;(m/n — Men), (37)
Nen—1 = Neu — anchnTC/n/ (38)

where ., is the displacement in the middle of soil core unit .
Substituting Equation (37) into Equation (38), the following formula can be obtained:

Neyw—1= Ny — znrchnK;(m;l - mcn)/ (39)

Set {1 = 2mtrchy KL, 0o = hy/ 8EpAcp. Substituting Equation (36) into Equation (39), the
following formula can be obtained:

Nep1=Nen — (1 [m; — C2(Nep—1 +3Ney) — Scn]/ (40)
Equation (41) can be obtained by solving the above formula.

Ncn - él(mil - Scn - 3Ncn€2)
1-0102 ’

Substituting the transformation result of N, _1 into Equation (36), Equation (42) can
be obtained:

Ncnfl = (41)

_ Nenlo — €1€2(m:q —Sen — 3Ncn§2)
1-010

Therefore, according to Equations (6) and (7), the internal friction resistance of pile

Mep + 3Nenl2 + Sen, (42)

unit 7 and the friction resistance of soil core unit n can be solved as:
T = —7), = KL(Sy — mey), (43)

N, 1 and N, 1 can be solved by substituting 7, and 1/, into Equations (29) and (32).

(d) The compression Aw, in the middle of pile unit 7 is calculated by Equation (44):

ha/2  hu(Ny_1 +3Ny)
]EAP - 8EA, (#4)

[(Nn_1 + Nu)/2+ Ny

AwH — 2

Thus, the displacement of the middle position of pile unit # can be updated as 1,
my = Sy + Awy, (45)

(e) Compare the m, obtained in step (d) with the assumed value m), in step (c). If
|my —ml,| <1 x107°, my, is selected as the displacement of the final middle position
of pile unit n; otherwise, reset the values in step (c) and repeat steps (c) through (d)
until the inequality |m, — m/,| < 1 x 107 is satisfied.

(f) Su—1 and S¢;_1 are calculated according to Equations (30) and (33); thus far, all
variables of pile unit n and soil core unit n have been obtained. For pile unitn — 1
and soil core unit n — 1, the end displacement is S;,_1 and S, _1, so all variables can
be calculated by repeating steps (c) to (e). Similarly, all variable values of pile and soil
core unit 7 — 2 to top unit 1 can be calculated.

(g) For the tubular pile under vertical stress, its boundary condition requires that the
displacement of the top of the soil core S.( be equal to the displacement of the top of
pile Sp, which has been calculated in the above steps. If sy — so| <1 x 10~°, then the
assumed soil core bottom displacement S, in step (b) is selected as the final value
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(h)

(@)

under the action of load P; otherwise, the S¢;, value is reset, and steps (b) to (f) are
repeated until [sp — 5| <1 x 10~°. The adjustment strategy is if Sy — S¢p > 0, then
Scn is increased, and vice versa.

After determining S, the applied load P can be compared with the calculated
value Ng + Ngo. If |[(Ng+ Nyo) — P]/P| > 1 x 1078, the pile end displacement
Sy in step (b) needs to be readjusted, and steps (b) to (g) are repeated until
I[(No + Neo) — P]/P| <1 x 1078 is satisfied. The adjustment strategy is as follows: if
Np + N¢g > P, increase it; otherwise, decrease it.

For the next load applied on the pile top, repeat steps (b) to (h) until the final load
is loaded.

Through the above iterative calculation steps, the distribution and changes in displace-

ment, internal and external friction resistance, and soil core bottom resistance of tubular

piles in layered strata under various loads can be calculated. The process can be simplified,

as shown in Figure 4. Compared with the traditional two-criteria displacement iteration
approach of pile foundations, the modified interactive procedure proposed in this paper
introduces three criteria:

Calculate the next load step until the load stops

@ |my —mly) <1x10"0m,
@ [s)— 50| <1x107°m,
® |[(No + Neg) — P]/P| <1x1078.

P| Parameters input

Divide the pile and soil core into n units, assume
the pile bottom initial displacement s,

2

Assume soil core bottom displacement value s.,, |
making it slightly less than or equal to s,

A

Assume a midpoint displacement m, for pile unit n to calculate the external
friction resistance t,, and update it to m, through calculation

Q
g
|m,-m,| <1X10 Mo =
n~ | == m
)
“©
Yes %
-4

Solve all variable values of pile and soil core units
numnered from 1 to », including s,, s.o, Ny, and N,

Crrionz— .

|S0=8c0] <1X10° m J

If Ny+N, > P, increase s,, And vice versa

Yes

y
Yes No

| [(Nog+Neo)-PY/P |<1%10* )

Results output

Figure 4. Flowchart of the interactive process.

2.4. Practical Engineering Case Verification

2.4.1. Engineering Case 1

This paper verifies the above approach combined with the static load test of the

cast-in-place concrete tubular pile soft foundation reinforcement project of Jingyi Road in
Nanjing Dachang reported in the literature [40]. The length of the test pile is 7.8 m, the
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outer diameter is 1.00 m, and the wall thickness is 0.12 m. The site soil is simplified into
two layers, namely, loam layer 1A and loam layer 1B. The loam 1A layer near the surface is
4.5 m thick, and the elastic modulus of the pile body of the 1B layer is 20 GPa.

The depth and distribution of each soil layer at the site are shown in Figure 5. The soil
layer near the surface is loam 1A, with a thickness of 4.50 m, and the soil layer below is loam
1B, with a thickness of 3.30 m. All the soil layers are distributed horizontally. According
to the principle of the load transfer approach mentioned above, the pile and soil core are
divided into units according to the soil layer distribution. The pile and soil core located in
soil layer 1 are divided into 4 units with lengths of 1.00, 1.00, 1.25, and 1.25 m from top to
bottom, as shown in Figure 5. Meanwhile, the pile and soil core located in soil layer 2 are
divided into 3 units with a length of 1.10 m.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
L1.00m| 1.00m|,

450 m

=
o
[o0e]
&
o5
—_
1.25m

20.10 kPa

125m |,
7.80 m

Pile;

27.58 kPa

=
<
a
-
LUS)
o
(V%]
o0
5
@
L 1.10m |, 1.10m |, L.1I0m |
3.30m

TAT AV

Figure 5. Layout of soil layers and interactive elements.

According to the soil parameters in Table 1, the average limit lateral friction resistance
of each soil layer in each pile and soil core unit along the depth can be calculated by
Equation (2) above, where K/Kg is 1.2, 8/ ¢” is 0.75 and c¢/c’ is 0.95. The final values of
ultimate lateral friction resistance are shown in Figure 5 for the calculation of foundation
load transfer.

Table 1. Parameters of soil in situ.

Compression c g 0
Soil Modulus E, A 3 v
(MPa) (kPa) ©) (kg/m°)
Loam 1A 11.5 28.5 30.6 980 0.4
Loam 1B 14.2 16.6 32.8 980 0.4

According to the load transfer model described in this paper and the modified dis-
placement coordination approach, the load settlement (Q-s) curve of the foundation under
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various loads can be obtained by iteration, and the theoretical calculation results are com-
pared with the test results, as shown in Figure 6. Through comparison, the theoretical
analysis results based on the proposed approach can be seen to be very close to the test
results, which explains the rationality of the load transfer model and the modified displace-
ment coordination approach proposed in this paper for cast-in-place tubular piles with
large diameters in layered sites.

0

Settlement/mm
o

16

20

Load/kN

Figure 6. Results comparison.

2.4.2. Engineering Case 2

To further verify this approach, engineering case 2 is the field static load test of a
tubular pile at the south end of Baxi Harbor Bridge in the second phase of the Hangzhou-
Nanjing Expressway (Changxing Section) reported in the literature [1]. The length of the
test pile is 18 m, the outer diameter is 1.00 m, and the wall thickness is 0.12 m. The soil
layer of the site is clay, silt, mucky silty clay, and silty clay from top to bottom. The pile
concrete grade is C25, the elastic modulus is E = 28 GPa, and the specific parameters of
each soil in the soil layer are shown in Table 2.

Table 2. Parameters of soil in situ.

Soil Cl\?[mdprf SSign ¢ ¢ P
. MPay (kPa) ) (kgm®)  °
clay 3.26 - - 1800 0.4
silt 7.81 21.6 6.0 1860 0.35
mucky silty clay 1.94 16.8 4.38 1750 0.5
silty clay 5.85 42.0 16.7 2040 0.4

The depth and distribution of each soil layer at the site are shown in Figure 7. All
soil layers are distributed horizontally, and the thicknesses are 1.30, 2.70, 13.5 and 0.5 m
from top to bottom along the pile. According to the principle of the load transfer approach
mentioned above, the pile and soil core are divided into units according to the soil layer
distribution. The pile and soil core located in soil layer 1 are divided into 1 unit with a
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length of 1.30 m. The piles and soil cores in soil layer 2 are divided into two units, each of
which is 1.35 m in length. The piles and soil cores in soil layer 3 are divided into 10 units,
each of which is 1.35 m in length. The pile and soil core in soil layer 4 are divided into
one unit with a length of 0.50 m. According to the soil parameters in Table 2, the average
ultimate lateral friction resistance of each soil layer in each pile and soil core unit along
the depth can be calculated by Equation (2) above, where K/Ky is 1.2, 6/¢" is 0.75 and ¢/¢’
is 0.9. The final values of ultimate lateral friction resistance are shown in Figure 7 for the
calculation of foundation load transfer.
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Figure 7. Layout of soil layers and interactive elements.

According to the load transfer model described in this paper and the modified dis-
placement coordination approach, the load settlement (Q-s) curve of the foundation under
various loads can be obtained by iteration, and the theoretical calculation results are com-
pared with the test results, as shown in Figure 8. The comparison shows that the theoretical
analysis results based on the proposed approach are very close to the test results, especially
in the initial stage of loading. Therefore, the rationality and applicability of the load transfer
model and the modified displacement coordination approach of cast-in-place tubular piles
in layered sites are illustrated, and the relevant load transfer and settlement calculation
results are of great practical value for analyzing the load transfer mechanism of tubular
piles and guiding the engineering design and testing of piles.
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Figure 8. Results comparison.

3. Conclusions

This study develops a simplified load transfer mechanics model for large-diameter
cast-in-place tubular piles, based on an in-depth analysis of their pile—soil interaction
mechanisms. The model employs bilinear load transfer functions to characterize the
internal and external friction resistance and the friction resistance of the soil core, while
the end resistance is described using a hyperbolic function. These formulations effectively
capture the nonlinear behavior of the pile-soil system and address the complexities arising
from stratified soil conditions.

To overcome the limitations of traditional two-criteria iterative methods, a three-
criteria (the criteria are as follows: |m, —m)| < 1 x 1076 m, |so —sco] < 1x 1076 m,
I[(No + Neo) — P]/P| < 1 x 10~8) displacement coordination iterative approach is intro-
duced. This approach incorporates the displacement compatibility of the soil core and con-
siders the layered soil structure, enabling efficient and accurate predictions of load transfer
and settlement behavior. The proposed method avoids complex stiffness matrix calcula-
tions, offering a computationally efficient framework for practical engineering applications.

The validity of the proposed method is demonstrated through two engineering case
studies. Field validation serves as a critical bridge between theory and practice, enabling
methods to be tested under real and complex working conditions. This allows for a
comprehensive assessment of their actual performance and potential issues. The results
reveal a strong correlation between theoretical predictions and experimental measurements,
particularly in capturing load settlement behavior under varying load conditions. This
reinforces the rationality and reliability of the approach, highlighting its practical value for
analyzing load transfer mechanisms and guiding the design, construction, and performance
evaluation of tubular piles in layered soil environments.

Unlike traditional methods, which are often conservative and lead to significant
deviations from actual conditions, the proposed model offers higher accuracy in settlement
prediction. Traditional two-criteria methods, which overlook the influence of the soil core,
tend to overestimate settlement, causing overdesign and unnecessary material usage. In
contrast, the three-criteria approach proposed in this paper enables the use of smaller
diameter piles that provide the same load-bearing capacity as larger ones. This results
in reduced material consumption, lower construction costs, and decreased excavation
volumes, ultimately promoting sustainability and reducing carbon emissions in engineering
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projects. In addition, this model demonstrates strong applicability to ordinary soils and
a variety of soil scenarios that conform to the Mohr—Coulomb criterion. However, it is
important to note that soils with special properties, such as expansive soils and loess, are not
currently addressed in this study. These types of soils, which may exhibit behaviors such
as negative skin friction, represent potential areas for future research to further enhance
the model’s applicability and accuracy.

Future work could explore the application of the model to dynamic loading con-
ditions or more complex geological settings. These advancements would further en-
hance the applicability and versatility of the proposed approach in addressing diverse
engineering challenges.
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Abstract: Liquefaction-induced damage can be mitigated through remediation methods,
contingent upon a thorough evaluation of liquefaction, which necessitates comprehensive
investigation. This paper presents a novel energy-based pore pressure model for the
assessment of liquefaction potential, utilizing cyclic triaxial numerical tests. In this model,
the energy of the earthquake is quantified using the Arias intensity. The validity of the
energy-based pore pressure model was corroborated by the results of cyclic triaxial tests.
Based on the validated model, a new methodology that incorporates permeability and
the shear stress reduction coefficient was proposed for the evaluation of liquefaction
potential. This new approach was further validated through centrifuge tests and numerical
simulations. The findings indicate that the proposed method can accurately predict the
generation and accumulation of excess pore pressure, thereby demonstrating its efficacy in
evaluating ground liquefaction potential.

Keywords: liquefaction potential; pore water pressure model; Arias intensity; numerical
simulation

1. Introduction

Soil liquefaction is a significant contributor to the destruction of superstructures, pri-
marily due to the lateral spreading and softening of the ground that occurs as a result
of liquefaction during earthquake events [1]. Consequently, it is imperative to assess the
liquefaction potential of the ground prior to the construction of foundations, which can
effectively mitigate the damage associated with soil liquefaction. However, the assess-
ment of liquefaction potential presents a complex engineering challenge, influenced by
various factors, including the characteristics of saturated sand, the initial stress state, and
the magnitude, duration, and frequency of earthquake ground motion [2]. Currently, the
conventional methods for assessing the liquefaction potential of saturated sand are catego-
rized into three primary approaches: the first is the stress method, which is based on the
shear stress that can be generated in the ground [3]; the second is the strain method, which
focuses on the shear strain induced by earthquake events in the ground [4]; and the third is
the energy method, which is predicated on the energy dissipated at the site [5]. Among
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these methodologies, the simplified evaluation method developed by Seed and Idriss [3],
which is grounded in the stress method, is the most widely utilized.

The energy method employs simplified procedures that are predicated on standard
penetration values and ground motion, offering several advantages [6,7]. Experimental results
have demonstrated a strong correlation between the cumulative dissipated energy per unit
volume of soil (referred to as unit dissipated energy) and the excess pore water pressure
generated under undrained cyclic loading [6]. This relationship emerges from the fact that the
energy dissipated per unit is dependent on the area of the shear stress-strain hysteresis loop,
whereas the excess pore water pressure is closely related to the shear strain induced by cyclic
shear [6]. Consequently, it is justifiable to utilize unit dissipated energy as a means to evaluate
the excess pore water pressure that contributes to soil liquefaction. As the earthquake ground
motion propagates toward the surface, both amplification and attenuation of amplitude occur,
which are contingent upon the frequency range. The stress method assesses liquefaction
potential based on the maximum horizontal acceleration at the surface; however, it fails to
account for the acceleration amplification and attenuation resulting from the propagation
of ground motion. Furthermore, this method selectively interprets certain aspects of the
amplitude while disregarding others. In contrast, the energy method employs dissipated
energy to evaluate soil liquefaction potential, defined as the difference between total energy
and emitted energy. Both total energy and emitted energy are influenced by the amplitude,
frequency, and duration of earthquake ground motion. Thus, the energy method effectively
incorporates considerations of amplitude amplification and attenuation. In summary, the
energy method provides a more effective and accurate assessment of soil liquefaction potential
induced by earthquakes.

Based on the energy method, researchers have developed a range of pore water pres-
sure models over the past few decades [5-9]. Initially, several pore water pressure models
were established through cyclic undrained tests conducted under regular loading conditions.
However, these models differ significantly from the irregular periods and asymmetric ampli-
tudes characteristic of earthquake ground motions. Consequently, the pore water pressure
models formulated under regular loading are not appropriate for calculating the generation
and accumulation of pore water pressure during earthquake ground motions [10,11]. Seed
and Idriss [3] proposed a method for assessing liquefaction potential subjected to earthquake
ground motion, utilizing results from cyclic undrained tests performed under constant stress
dynamic loading. In this approach, the constant stress is set at 0.65 times the peak value of the
dynamic stress, and the number of cycles in the test is determined by the magnitude of the
earthquake. This equivalent method demonstrates a degree of rationality in strength estimation
and is user-friendly, leading to its continued application. However, Xie and Wu [10] identified
that the ground motion pattern and the stress history resulting from irregular and asymmetric
dynamic loading significantly affect the liquefaction potential of saturated sand. The equivalent
method proposed by Seed and Ishihara [3] does not adequately consider the influence of ground
motion patterns and neglects the impact of stress history on pore water pressure. Therefore, it is
deemed unsuitable for evaluating soil liquefaction potential [10]. In response to these limitations,
some researchers have proposed pore water pressure models specifically designed for irregular
loading conditions to enhance the evaluation of liquefaction potential. Meng et al. [11] devel-
oped a pore water pressure model for irregular loading conditions based on the existing model
designed for constant amplitude loading, which necessitated a limited number of parameters.
Fu et al. [12] introduced an incremental model of pore water pressure under irregular loading
derived from in-situ liquefaction tests that utilized acceleration, burial depth, and sand type as
fundamental indices. Wang et al. [13] proposed a revised incremental pore water pressure model
that effectively predicts pore water pressure generation under dynamic loading, as corroborated
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by the results of shaking tests. The aforementioned pore water pressure models facilitate the
prediction of pore water pressure generation under irregular loading conditions. However,
these models do not adequately account for the effects of ground motion type and the influence
of stress history on pore water pressure.

In this study, a novel energy pore water pressure model is developed based on the
relationship between pore water pressure and the Arias intensity (I;) [14] of ground motion
using cyclic triaxial numerical tests. A total of 1000 numerical tests were performed utilizing
100 different ground waves, each with 10 varying peak ground accelerations. Furthermore,
the mean period was incorporated into the model to account for the frequency effects
on pore water pressure. Consequently, the model is capable of capturing the influence
of ground motion patterns as well as the effects of stress history. Based on this model,
a liquefaction evaluation method incorporating the influence of permeability and stress
reduction coefficients has been proposed specifically for Fujian standard sand by theoretical
analysis. Finally, centrifuge shaking table tests and numerical simulations are conducted to
validate the reliability and precision of the proposed evaluation method.

2. Pore Water Pressure Modelling
2.1. Proposal of Pore Water Pressure Model

During the course of the study, the authors observed that the shape of the pore
water pressure curve obtained from both physical and numerical cyclic triaxial tests under
dynamic loading closely resembles the shape of the I, curve of ground motion, as illustrated
in Figure 1. In the cyclic triaxial tests, sand samples with varying relative densities were
consolidated using different levels of consolidation pressure (¢) and consolidation pressure
ratios (ko). For specific sand parameters and test results, please refer to reference [15].
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Figure 1. Relationship between excess pore pressure ratio and Arias intensity (I;).
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Consequently, this paper proposes a pore water pressure model that is based on the
I, curve of ground motion. In this model, the shape of pore water pressure time history
is determined by the shape of the I, curve. The peak value of pore water pressure is
determined by the I; input into the soil unit. The model incorporates the stress history
induced by dynamic loading as well as the effects of the ground motion pattern. A product
form is utilized to represent the primary parameters that affect the generation of pore water
pressure in saturated sand, including earthquake energy, mean period, and the material
properties of saturated sand. It is important to note that the interactions between these
parameters are not considered in this model. The specific formulation of the model is
presented in Equation (1):

Ud(t) = aF(Ia,09,ko)la(t)/Ia,1.0g 1)
L )
la= o /O [a(t))dt )

where « is a parameter related to sand, I, 1 gq is the Arias intensity of ground motion when
the amplitude is 1.0 g, g is the acceleration of gravity, T, is the duration of the ground
motion, and a is the acceleration of the ground motion.

2.2. Numerical Model of Cyclic Triaxial Test

The stress state of the soil unit prior to and during the earthquake is illustrated in
Figure 2. Before the earthquake, the soil unit exists in a state of consolidation, influenced by
both vertical and horizontal stresses, which represent the initial stress conditions. During
the earthquake, the soil unit experiences additional horizontal shear stresses alongside the
existing consolidation pressures.

’
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Oy ]

Ta X >
’
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Figure 2. Stress conditions of soil element under earthquake.

To date, the predominant method for investigating the stress state of soil units subjected
to dynamic loading is the soil unit test, for example, the unidirectional and bidirectional
undrained cyclic triaxial tests. These tests utilize the shear stress on the 45° surface of the soil
unit to replicate the dynamic shear stress experienced during an earthquake (Figure 3). The
shear stress states for both the unidirectional and bidirectional dynamic triaxial tests are
illustrated in Figure 3. Following the completion of soil unit consolidation, a dynamic load
of 0;/2 is applied in both the x and y directions, resulting in the generation of shear stress
of 0,;/2 on the 45° surface of the soil unit (Figure 3). In the unidirectional cyclic triaxial
test, the dynamic load ¢;/2 is applied solely in the y direction, leading to the generation of
both shear stress and spherical stress of 7;/2 on the 45° surface of the soil unit, as depicted
in Figure 3. It is important to note that the pore water pressure within the soil unit is
influenced only by the consolidation pressure and dynamic shear stress; the spherical stress
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does not contribute to the generation of pore water pressure. However, it does impact the
fluctuations of pore water pressure under dynamic loading conditions. Consequently, the
bidirectional dynamic triaxial test is more effective in capturing the stress state of the soil
unit under dynamic loading (Figure 4). This paper applied the bidirectional cyclic triaxial
numerical test to investigate the stress state of the soil unit and established a pore water
pressure model based on numerical simulations.

g, 0,/2 g, 0,/2
[ 0,
1 1
% l % l g l %t a/2 i
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Figure 3. Stress conditions of soil element in two-directional cyclic triaxial test and unidirectional
cyclic triaxial test.
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Figure 4. Relationship of soil element stress conditions in uni-directional and two-directional cyclic

triaxial test.

In this paper, the saturated Fujian standard sand with relative densities (D,) of 60%
(medium density) and 90% (dense) was utilized to create soil samples for bidirectional
cyclic triaxial testing. The soil unit tests were simulated using the open-source software
OpenSees 2.5.0, which was developed by UC Berkeley. The software is a state-of-the-
art open-source finite element software specifically designed for modeling geotechnical
systems and computational simulation in earthquake engineering [16]. In the numerical
model, the SSPquadUP element [17] was employed to represent the soil unit. This element
is based on the porous media theory, fluid—solid coupling principles, and Darcy’s law. The
soil element functions as a fully coupled fluid—solid element. The fluid-solid coupling
methodology for the solid and liquid phases is based on the u-p formulation established
by Zienkiewicz and Shiomi [18], which is derived from Biot’s porous media theory [19],
as illustrated in Equations (3) and (4). This soil element effectively simulates the dynamic
interactions between the liquid and solid phases under dynamic loading conditions.

/Q BTo’dQ) + Mii + Qp = f* 3)

QMu+Sp+Hp = f¥ )

where B is the strain-displacement matrix, ¢’ is the effective stress tensor, M is the mass ma-
trix, u is the displacement vector, Q is the discrete gradient operator of soil-water coupling,
p is the pore water pressure vector, S is the compression matrix, H is the permeability coef-
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ficient matrix, and f* and f¥ represent the given boundary of volume force in the water—soil
mixture and liquid phase, respectively.

The multi-yield surface plastic constitutive model, referred to as the PDMY02 material,
was employed to simulate the soil material. This model was originally proposed by Elgamal
et al. [20,21] for liquefaction-induced large deformation and cyclic flow. The yield function
associated with the soil constitutive model is presented in Equation (5). Distinct material
parameters have been selected for Fujian standard sand, corresponding to relative densities
of 60% and 90%, in accordance with the references provided [22,23], as presented in Table 1.

f = ;[S_ (PI+P6)1X] : [S — (p/ J’_p(/))“] _MZ(pl+p6)2 —0 (5)

where s = ¢/ — p/é is the deviatoric stress tensor, d is the second-order identity tensor, p’ is
the mean effective shear stress, p, is a small normal number, « is the second-order deviatoric
tensor, which can define the center of the yield surface in the deviatoric stress space. M is
the size of the yield surface, and “:” is the product of double compression tensors.

Table 1. Parameters of Fujian standard sand.

D it Referen Shear Bulk Friction Phase
D, “ eﬁtg,) Presestfr: (lif’a) Modulus at Modulus at Pr Angle (©) Transformation ¢ C3 dq ds
8 Pr (MPa) (MPa) 8 Angle (°)
60% 19.38 80 6.5 x 10* 1.6 x 10° 31 31 0.087 0.18 0.0 0.0
90% 19.98 800.087 1.1 x 10° 24 x 10° 33 26 028 005 01 005

The bidirectional cyclic triaxial numerical test model is illustrated in Figure 5. The
numerical testing procedure was conducted in three steps:

Iaad /2 Iaod/ 2

ac,/2 ac,/2
_“_ J \ - o
Node4 Node3 ao/2 -ac,/2
a
Nodel Node2

X ) C -
ac/2 -ao,/2

y

T—> x =

~
Figure 5. Numerical model of two-directional cyclic triaxial test.

Step 1: Soil element consolidation. The boundary conditions for the numerical
model were established in accordance with the physical test. The degrees of freedom
for nodes 1 and 4 in the x-direction, as well as for nodes 1 and 2 in the y-direction, are
constrained. Additionally, the degrees of freedom for nodes 2 and 3 in the x-direction have
been coupled using a penalty function, ensuring that the displacements of nodes 2 and 3 in
the x-direction are equivalent. A similar approach was applied to the degrees of freedom for
nodes 3 and 4 in the y-direction. In this way, the concentrated load exerted on the soil nodes
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will be transmitted to the soil element as a uniform load. The degree of freedom concerning
pore water pressure at all nodes remains unconstrained, and consolidation stress is applied
to the model to simulate the drained consolidation of the soil unit. The consolidation
pressure, denoted as —ac3/2, is applied to nodes 2 and 3 in the x-direction. Concurrently,
the consolidation pressure, —acy/2, is applied to nodes 3 and 4 in the y-direction. A static
analysis is conducted to complete the consolidation process.

Step 2: Apply dynamic pressure. Prior to the application of the pressure, the degrees of
freedom for pore water pressure at all fixed nodes are constrained to simulate an undrained
condition. A dynamic pressure with an amplitude of —ac;/2 is applied to nodes 2 and 3 in
the x-direction. Concurrently, a dynamic pressure with an amplitude of ac;/2 is applied to
nodes 3 and 4 in the y-direction. A dynamic analysis is subsequently conducted. During
this analysis, the amplitude of the dynamic pressure is incrementally increased until the
saturated sand approaches a state of soil liquefaction.

Step 3: Input of different dynamic pressures. The seismic waves undergo an initial
baseline correction utilizing the EQSignal v1.2.0 software, followed by a filtering process
aimed at enhancing both processing efficiency and accuracy. Nodal pressure was applied in
the form of ground waves with varying amplitudes to node 2 and node 3 in the x-direction,
as well as to node 3 and node 4 in the y-direction, in order to simulate the application of
pressure. The subsequent step was reiterated until the cyclic triaxial test was completed for
all 100 ground waves.

2.3. The Relationship Between Pore Water Pressure and Arias Intensity

This study involved the selection of 100 distinct ground motion records derived
from 10 seismic events, which include the Tabas Earthquake in 1978, the San Fernando
Earthquake in 1971, the Coalinga Earthquake in 1983, Northridge Earthquake in 1994,
Loma Prieta Earthquake in 1989, Kobe Earthquake in 1995, Kern County Earthquake in
1952, Imperial Valley Earthquake in 1979, El Centro Earthquake in 1940, and the Chi-
Chi Earthquake in 1999. The selected 100 ground motions were utilized to conduct a
bidirectional cyclic triaxial numerical test aimed at elucidating the relationship between
pore water pressure and Arias intensity. The consolidation pressure was set at 100 kPa, and
the consolidation ratio was maintained at 1.0 during the numerical testing. The duration of
the ground motions ranged from 18 s to 100 s. The predominant frequencies varied from
0.06 Hz to 1.24 Hz, while the mean period ranged from 0.2 s to 1.3 s. The Arias intensity of
the ground motions ranged from 4 m/s to 117 m/s, with an amplitude of 1.0 g.

Figure 6 shows the relationship between the cyclic stress ratio (CSR) and pore water
pressure in saturated Fujian standard soil subjected to earthquake ground motions. The
relationship between the cyclic stress ratio (CSR) and pore water pressure was analyzed
using data fitting software called CurveFitter, which possesses the capability to determine
the optimal curve for a specified function along with its associated parameters. In this
study, five potential functions—linear, quadratic, cubic, parabolic, and power functions—
were evaluated for curve fitting. The function exhibiting the highest correlation coefficient
(R?) was chosen to accurately represent the relationship between the CSR and pore water
pressure. The curves presented in the subsequent text have all been generated utilizing this
methodology; therefore, further elaboration is unnecessary. A power function relationship
exists between the cyclic stress ratio and pore water pressure in saturated sand. The R? for
medium-dense sand (D, = 60%) is 0.627, accompanied by a root mean square error of 16.7.
In contrast, the R? for medium-dense sand (Dy =90%) is 0.641, with a root mean square
error of 20.4. While a power function relationship between cyclic stress ratio and pore
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water pressure in saturated sand is observed, it is important to note that this relationship is

not particularly strong.
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Figure 6. Relationship between pore water pressure and cyclic stress ratio (CSR) in the two-directional
cyclic triaxial numerical test for (a) D, = 60% and (b) D; = 90%.

The Arias intensity and mean period of ground motions significantly influence the
generation and accumulation of pore water pressure in saturated sand during soil unit tests.
An increase in Arias intensity correlates with a higher energy level of ground motion, which
subsequently reduces the cyclic stress ratio necessary for soil liquefaction. Conversely, a
shorter mean period results in a greater number of shear cycles during the shaking duration,
thereby also decreasing the cyclic stress ratio required for soil liquefaction. Consequently,
it is essential to consider both the Arias intensity and mean period of ground motions
when modifying the relationship between the cyclic stress ratio (CSR) and pore water
pressure in saturated sand. This paper introduces a new parameter, termed the modified
cyclic stress ratio (M), to account for the effects of Arias intensity (Ia,l.Og) and mean
period (T};) on the cyclic stress ratio (CSK). The proposed relationship is expressed as (Mcsy).
Mesr = (CSR)? x (Iall_og)b /(Tm), where a, b, and c are parameters that relate to the material
properties of the saturated sand.

A power function relationship has been established between the M. and the pore
water pressure of saturated Fujian standard sand with different relative densities. For
medium-dense Fujian standard sand (D, = 60%), when a = 1.866, b = 0.78, and c = 0.63, yield
a significant power function relationship, with the highest correlation coefficient of 0.990.
Similarly, for medium-dense Fujian standard sand, a strong power function relationship is
observed between the M and the pore water pressure, characterized by a = 1.440, b = 0.64,
and c = 0.51, resulting in a correlation coefficient of 0.986, which indicates a very strong
correlation, as illustrated in Figure 7. A comparable power function relationship has also
been identified in dense Fujian standard sand (D, = 90%). The equations representing these
relationships are as follows:

(1) For the D, = 60%:
Td
To= [ laf(F < 1/f(t)at ©
_ CSRI x 1078 ”
CcSr T)9163
Uy (t) = 31.06e!44Mest _ 37 8)
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(2) For the D, = 90%:
CSRI40 » [084

T’%Sl

)

csr —

Uy (t) = 31.93¢046*Mest _ 37 (10)

where 4y is the amplitude with a frequency of £, f is the frequency corresponding to the
acceleration ay, and e is the Euler number.
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Figure 7. Relationship between pore water pressure and the modified cyclic stress ratio (M) in the
two-directional cyclic triaxial numerical test for (a) D, = 60% and (b) D, = 90%.

2.4. Criteria for Liquefaction

Figure 7 shows the relationship between the M, and pore water pressure when
the pore water pressure ratio ranges from 0.8 to 1.0. This finding suggests that
Equations (8) and (10) are inadequate for accurately calculating pore water pressure as
the sand approaches a liquefaction state. Consequently, it is essential to develop a new
equation to ascertain whether the saturated sand has reached a liquefaction state.

The relationship between the CSR required for liquefaction and the Arias intensity
(with an amplitude of 1.0 g) is illustrated in Figure 8 for saturated Fujian standard sand
with different relative densities. It is observed that the CSR required for the liquefaction
of saturated Fujian standard sand decreases as the Arias intensity increases, indicating an
inverse relationship between these two parameters. Although a correlation exists between
the CSR and the Arias intensity—evidenced by R? values of 0.622 for a D, of 60% and
0.632 for a D, of 90%—there remains a significant margin of error, suggesting considerable
variability in the data. Furthermore, the cyclic shear stress induces cyclic shear strain in
the saturated sand, which in turn generates pore water pressure. The number of cyclic
shears per time unit is influenced by the mean period, which also significantly affects
the liquefaction behavior of saturated sand. Consequently, the mean period should be
considered when studying the liquefaction criteria for saturated sands.

To establish more accurate liquefaction criteria, the mean period of ground motion
is used to modify the Arias intensity. The modified Arias intensity, denoted as MI,, is
defined by the equation MI, = (Iﬂ,l.Og)d /(Tm)¢, where d and e are parameters associated
with the material properties of saturated sand. The relationships between MI, and the
CSR required for liquefaction are shown in Figure 9 for saturated Fujian standard sand
with different relative densities. The relationship between CSR and MI, was analyzed and
fitted using MATLAB as the saturated sand approached the liquefaction threshold. For
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medium-dense Fujian standard sand (D, = 60%), the correlation coefficient is the largest
(R? = 0.937), with d = 0.90 and e = 0.70. For dense Fujian standard sand (D, = 90%), the
correlation coefficient between the two variables is maximized at R% = 0.935, with d = 0.91
and e = 0.71, as illustrated in Figure 9. The relationships between the MI, and the CSR
required for liquefaction are represented by the following equations:
(1) For the D, = 60%:

0.9

I
M, = 228 (11)
T
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Figure 8. Relationship between I, and CSR in soil element when initial liquefaction triggered in
saturated soil for (a) D, = 60% and (b) D; = 90%.
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Figure 9. Relationship between MI, and CSR in soil element when initial liquefaction triggered in
saturated soil for (a) D, = 60% and (b) D; = 90%.

According to Equation (12), the criterion of soil liquefaction is L,

Ligy = 1/1.208 x (CSR™2)MI, =1 (13)
(2) For the D, = 90%:
i
_ 4198
Ml = —57; (14)
m
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y = MI, = 5.008x 7% = 5.008 x CSR™17% 15)

According to Equation (15), the criterion of soil liquefaction is Ljg,:
Ligu = 1/5.008 x (CSR*®)MI, =1 (16)

In Equations (13) and (16), the expressions (I;104)"° X (CSR)!¥?? and
(Ip,,l_(]g)()'91 x (CSR)1793 represent the Arias intensity of the ground motion when the am-
plitude of the input ground motion corresponds to the value of the CSR. The theoretical
value is expected to be (Iﬂll.og)o'9 x (CSR)?0. A discrepancy exists between the numerical
results and the theoretical value, with the error being less than 10.04%. Consequently, the
parameter Ly, in Equations (13) and (16) aligns with the principles of Arias intensity theory,
suggesting that the application of these equations for evaluating soil liquefaction is both rea-
sonable and accurate. When the values of MI, and CSR conform to Equations (13) and (16),
it indicates that the saturated Fujian standard sand has attained a liquefaction state. There-
fore, Equations (13) and (16) serve as the liquefaction criteria for saturated Fujian standard
sand with relative densities of 60% and 90%, respectively.

The pore water pressure of saturated sand, along with the Arias intensity, mean period,
and the CSR of the ground motion, adheres to Equations (8) and (10) when the pore water
pressure ratio is less than 0.8, as shown in Figure 9. Conversely, when the pore water
pressure ratio exceeds 0.8, employing Equations (8) and (10) to calculate the pore water
pressure value results in significant errors. Consequently, the pore water pressure model
has been divided into two equations, utilizing a pore water pressure ratio of 0.8 as the
demarcation point.

(1) For the D, = 60%:

Uy () (31el44>xMest _31) x (1) /Iymax, (Ug < 0.8) a”
d pu—
Liqu X Ia(t)/Ia,max/ (le > 08)

(2) For the D, = 90%:

Ua () (32e046>xMest _30) 5 T, () /Iymax, (Ug < 0.8) as)
d pr—
Liqu X Ia(t)/Iu,max/ (ud > 0.8)

2.5. Effect of Consolidation Pressure and Consolidation Ratio

The consolidation pressure and the consolidation ratio significantly affect the pore
water pressure during the cyclic triaxial test of saturated sand. Consequently, it is essential
to account for both the consolidation pressure and the consolidation ratio when developing
a model for pore water pressure in the context of the cyclic triaxial test.

This study conducted two series of cyclic triaxial tests to investigate the effects of
consolidation pressure and consolidation pressure ratio. In the first series of tests, the
consolidation ratio (ko) was maintained at 1.0 while the consolidation pressure (c() was
incrementally increased from 50 kPa to 200 kPa, with an interval of 10 kPa. In the second
series, the horizontal consolidation pressure (03) was fixed at 100 kPa, and the consolidation
ratio was varied from 1.0 to 2.0, with an increment of 0.1. Consequently, the vertical
consolidation pressure (1) was raised from 100 kPa to 200 kPa, also with an interval
of 10 kPa.
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2.5.1. Effect of Consolidation Pressure on the Pore Water Pressure Model

The relationship between the minimum modified CRS (Mr)and the consolidation
pressure necessary for sand liquefaction under various ground motions are presented in
Figure 10 for saturated sand with differing densities. The modified CRS denoted as M,
is defined by the equation M = CRS x (Ig,l.Og)// (T1)8, where f and g are parameters
associated with the material properties of saturated sand. It is observed that the M,
required for the liquefaction of saturated sand increases linearly with the consolidation
pressure, indicating a strong linear correlation between these two variables. The correlation
coefficients are 0.956 and 0.962 for sand with relative densities of 60% and 90%, respectively.
The relationships are expressed by the following equations:

(1) For the D, = 60%:

CSR x i,/ T = 0.831 x ¢/100 + 0.107 (19)
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Figure 10. Relationship between the modified CRS (Msr) and consolidation pressure for (a) D, = 60%
and (b) D, = 90%.

The ratio of CSR at 100 kPa to the initial effective stress () serves as a parameter
representing the influence of consolidation pressure on the pore water pressure model,
denoted as k,o.

The value of ky, can be derived from Equation (19).

0.831 x 0199/100 + 0.107

Koy = CSRio/ CSRey = e 00/100 + 0.107 (20)
(2) For the D, = 90%:
CSR X 105,/ T = 1.999 x 09/100 + 1.248 (21)
The kyo can be derived from Equation (21):
Ko, = CSR1gn/CSRy, — 1.999 X 7109/100 + 0.125 )

1.999 x /100 + 0.125

2.5.2. Effect of Consolidation Ratio on Pore Water Pressure Model

The relationship between the minimum M, and the consolidation pressure ratio
under different ground motions is presented in Figure 11 for saturated sand with differing
densities. It is observed that the M. required for the liquefaction of saturated sand
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increases linearly with the consolidation pressure ratio, indicating a strong linear correlation
between these two variables, as depicted in Figure 11. In comparison to sand with a relative
density of 60%, the M, exhibited greater variability with increasing consolidation pressure
ratio for sand with a relative density of 90%. The correlation coefficients for the sands with
relative densities of 60% and 90% are 0.908 and 0.885, respectively. The relationships are

expressed by the following equations:
(1) For the D, = 60%:
CSR x 1070,/ ;"> = 2.053 x kg — 1.357 (23)

16.0

- —— Fitting curve ' s S - —— Fitting curve

" f(x)=2.0531x + 1.3566'
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(a) D= 60% (b) D, = 90%

Figure 11. Relationship between the modified CRS (M) and consolidation pressure ratio for
(a) Dy = 60% and (b) D; = 90%.

The ratio of CSR at 1.0 to kg serves as a parameter for assessing the impact of consoli-
dation pressure on the pore water pressure model (ko). The value of ki can be derived
from Equation (23).

8.282 x k1 — 4.338

Koy = CSRu00/ CSRky = 5585 > ko — 4338 @)
(2) For the D, = 90%:
CSR x 1073/ Tp*? = 8.282 x ko — 4.338 (25)
The ki can be derived from Equation (25):
282 —4.
kx, = CSR10/CSRy, = 8.282 x k19 —4.338 (26)

8.282 x kg — 4.338

The CSR can be determined using Equation (27), which is derived from
Equations (17), (19), (21), and (23) at different consolidation pressures and consolida-
tion ratios for medium-dense sand. Similarly, the CSR can be calculated using the same
methodology.

CSR]OO/LO = CSR x kg’o X kko (27)

Substituting Equation (27) into Equations (7), (9), (13), and (16) yields Equation (28),
which incorporates the effects of consolidation pressure and consolidation ratio on the pore
water pressure model, as well as the liquefaction criterion under different ground motions.
Similarly, the pore water pressure model can be calculated using the same methodology.
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Pore water pressure ratio (kPa)

(1) For the D, = 60%:

1.793 , 10.64
CSR Xla,lﬂ

046X ———e 1%
3193 W —31.93| U (1, <08)
ud(t) = LiouLo(t) (28)
Fael) (0.8 < Ly, < 1.0)

};ia)x (Ligu > 1.0)

(2) For the D, = 90%:

CsR1-866 1078
1.44 % a,1.0

31e T s (L, < 08)
Ud(t) - 1 llla(t> (29)
Ll (0.8 < Liyy < 1.0)
zlﬁ,i?x (Ligu > 1.0)

2.5.3. Validation of the Pore Water Pressure Model

Figure 12 presents a comparison between the values obtained from the pore water
pressure model introduced in this paper and those derived from the pore water pressure
model proposed by Sun et al. [15], which is based on cyclic triaxial tests conducted on
saturated Fujian standard sand. Additionally, it includes values calculated using the pore
water pressure model developed by Sun et al. [15].

Figure 12. Comparison of computed and experimental pore pressure time histories for (a) NingHe
wave and (b) TangShan wave [15].

The pore water pressure model proposed in this study demonstrates a high degree
of accuracy in predicting the pore water pressure of saturated dense and medium-dense
Fujian standard sand. For saturated dense Fujian standard sand, the values generated
by the proposed model are slightly lower than the experimental results; however, there
is a strong overall correlation between the model’s predictions and the experimental
data. Additionally, the model’s predictions regarding the initial liquefaction time align
closely with the results obtained from physical testing. In the case of medium-dense
Fujian standard sand, the values produced by the proposed model exhibit a commendable
agreement with the experimental findings reported by Sun Rui, as well as with the model
developed by Sun Rui [23]. Consequently, the pore water pressure model proposed in
this paper is capable of accurately calculating the pore water pressure of saturated Fujian
standard sand and is applicable for predicting pore water pressure under earthquake
ground motions.
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3. Liquefaction Potential Assessment Methodology

The soil units subjected to earthquake ground motions in both the free field and
the undrained cyclic triaxial test are in a state of stress that is essentially identical. It is
important to acknowledge that the soil in the free field is also influenced by its permeability,
and the CSR remains undetermined at this stage. Consequently, it is essential to evaluate
the impact of soil permeability on pore water pressure to accurately assess the potential for
soil liquefaction and to derive the CSR.

3.1. Cyclic Stress Ratio

The cyclic stress ratio (CSR) is defined as CSR = 7/0y0, where 7 is the dynamic shear
stress and o7y is the vertical effective stress in the soil. The vertical effective stress at varying
depths within the free field can be determined by utilizing the effective bulk weight of
the soil in conjunction with the depth. Consequently, it is only necessary to ascertain the
dynamic shear stress within the soil to calculate the CSR.

In this paper, the dynamic shear stress [24] at varying depths is calculated utilizing
the shear stress reduction function in conjunction with the peak ground acceleration of
the site (Equations (28) and (29)). To date, numerous models of the shear stress reduction
function [25-28] have been proposed for different soil types. However, a limited number
of shear stress reduction functions specifically designed for liquefaction sites exist. Based
on the shear stress reduction function proposed by Golesorkhi et al. [24], Idriss et al. [25]
developed a shear stress reduction function that is tailored to the unique characteristics of
liquefied soil (Figure 13). In their study, Idriss et al. [25] emphasized that the shear stress
reduction function is also influenced by both the depth of the soil and the magnitude of
the earthquake. The relationship between the earthquake magnitude, depth, and the shear
stress reduction function is articulated through Equations (30) and (31). The shear stress
reduction function effectively accounts for the impacts of soil liquefaction, burial depth,
and earthquake magnitude, thereby yielding more accurate predictive results.

T = Tmax,r X I'q (30)

Tmax,r — <W> X Amax = (amax> X 00 (31)
8 8

where T4y, is the maximum acceleration at the surface of the rigid body, 7, is the shear

stress reduction function, z is the depth of the soil layer, ¢ is the effective bulk weight of
the soil, and a,;,4y is the maximum acceleration at the surface.

ry = &AM (32)
V-
a(z) = ~1.012 ~ 1126 sin( 57 7z +5.133) (33)
., Z
B(z) = 0.106 + 0118 sin( 7 55 +5.142) (34)
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Figure 13. Curve of shear stress reduction function [23].

In the equation, M is the magnitude of the earthquake, and the parameter within
the sine term is expressed in radians. The maximum depth of the soil layer to which
Equation (32) is applicable is 34 m. It is important to note that the uncertainty associated
with the shear stress reduction function increases with depth; therefore, the maximum
recommended depth for the shear stress reduction function proposed by Idriss et al. [25] is
20 m. The assessment of liquefaction in deep soils entails specific conditions, necessitating
further detailed studies to appropriately adapt the shear stress reduction function [26].

The dynamic shear stress at the site is determined based on the maximum acceleration
amplitude observed at the surface (Equation (32)). However, it is important to note that,
due to the phenomenon of soil liquefaction, the peak ground acceleration at the surface
of a liquefiable site is significantly lower than that at the surface of a non-liquefiable site
when subjected to dynamic loading. Consequently, the peak ground acceleration at the
surface is not an appropriate metric for evaluating the liquefaction potential of a liquefiable
site. If the site conditions are known, this paper selects the total stress method (without
considering the effect of pore water pressure [2]) for site response analysis to determine
the peak ground acceleration at the surface of the liquefied site. If the site conditions are
unknown, this paper selects the empirical relationship proposed by Idriss [25], which is
applicable to certain soft soils, to calculate the peak ground acceleration at the surface of
the liquefied site. The amplitude of the ground motion input in the model is adjusted by
applying the stress reduction coefficient to account for its effects.

3.2. Effect of Free-Field Permeability Coefficients

In the undrained triaxial test, the soil unit was in an undrained state; therefore, the
influence of the permeability coefficient on the pore water pressure did not need to be
considered. At the actual site, however, the soil unit is in a drained state, and the influ-
ence of the permeability coefficient must be considered when calculating the pore water
pressure. Many researchers have found that the variable permeability coefficient can effec-
tively improve the accuracy of numerical simulation compared to the fixed permeability
coefficient [29-31]. For example, Shahir et al. [29] established the relationship between
the permeability coefficient (k) and the excess pore water pressure ratio (r,) as shown
in (Equation (35)). The accuracy of the numerical simulation for soil liquefaction was
effectively improved by considering Equation (33). Therefore, the relationship between k
and ry, is widely used [32,33] in numerical simulations of soil liquefaction.
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Therefore, in this study, the variable permeability coefficient model proposed by
Shahir et al. [29] is employed to consider the influence of the permeability coefficient on
the pore water pressure model (Figure 14). Furthermore, the dissipation stage of pore
water pressure is not included in the assessment of liquefaction potential. This omission is
justified by the observation that the liquefaction of soil or the pore water pressure reaches
its maximum value prior to the dissipation stage, which does not impact the peak value
of the pore water pressure. In the cumulation stage, the pore water pressure model is
integrated into the permeability coefficient equation to formulate a revised pore water
pressure model that incorporates the effects of the permeability coefficient. Subsequently,
during the liquefaction stage, the reduction in pore water pressure resulting from the
permeability coefficient is directly deducted from the established pore water pressure
model. Consequently, this paper establishes a method for assessing liquefaction potential
based on the energy pore water pressure model, focusing solely on the cumulative stage
of pore water pressure and the liquefaction stage. The model parameters were selected in
accordance with reference [31], with values of o« = 20 and (3; = 2. Additionally, the initial
permeability coefficients for saturated Fujian standard sand were set at 0.001 and 0.0001 for
relative densities of 60% and 90%, respectively.

1+ (a— 1)r51, ry < 1.0, cumulation phase
— =1a, ru < 1.0, liquefaction phase (35)
1+ (a— 1)r52, ru < 1.0, dissipation phase

where ky is the initial permeability coefficient, and «, 81, B, are the model parameters.

Cumulative Liquefaction Dissipation
stage stage stage

Figure 14. Schematic of permeability coefficient function.

3.3. Validation and Application of Liquefaction Risk Assessment Methodology

The centrifuge shaking table test, along with numerical simulations, are employed to
validate the liquefaction potential assessment method developed based on the energy pore
water pressure model. The far-field distance from structures was applied to validate the
method in the centrifuge shaking test [34]. In the centrifuge shaking table test, the upper
soil layer consists of saturated Fujian standard sand with a relative density of 60% and a
thickness of 13 m, while the lower soil layer comprises saturated Fujian standard sand with
a relative density of 90% and a thickness of 7 m. For more detailed information, please
refer to reference [34]. The OpenSees software was utilized to construct a free-field model
of the soil layer corresponding to the centrifuge shaking table test prototype, as illustrated
in Figure 15. The soil unit and parameters used in the numerical simulation are consistent
with those employed in the two-way dynamic triaxial numerical tests.
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Figure 15. Numerical model of free field.

The bottom of the free-field model is fixed to facilitate the application of dynamic
loads. Nodes of soil units that share the same horizontal elevation are constrained using a
penalty function to establish periodic boundaries, thereby simulating an effectively infinite
free field [21,22]. The top surface of the model is designed to be permeable, while the
remaining boundaries are characterized as impermeable.

Figure 16 presents a comparison between the calculated values derived from the energy
pore water pressure model and the results obtained from the centrifuge shaking table test
as well as numerical simulations. The energy pore water pressure model demonstrates
the capability to effectively calculate the excess pore water pressure ratio of saturated
Fujian standard sand at varying depths subjected to Taft wave with acceleration of 0.13 g.
The model exhibits a higher accuracy in predicting the variation of the excess pore water
pressure ratio when the burial depth of the soil is relatively shallow. However, as the burial
depth increases, the model tends to predict the initial liquefaction time to occur later than
that observed in the centrifuge tests and numerical simulations.
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Figure 16. Comparison of experimental, numerical, and computed pore pressure.
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Figure 17 shows the comparison between the calculated and numerically simulated
maximum excess pore water pressure ratios at burial depths of 4 m and 10 m, subjected to
varying amplitudes of the Ninghe and Qian’an ground motions.

At a burial depth of 4 m, the calculated values derived from the pore water pressure
model developed in this study align closely with the numerical simulation results. This
congruence suggests that the model is capable of accurately predicting excess pore water
pressure in soil at shallower depths, thereby facilitating the assessment of liquefaction
potential in such contexts. Conversely, at a burial depth of 10 m, the calculated values
from the energy pore water pressure model, influenced by ground motions, exceed the
numerical simulation values. This discrepancy indicates that the energy pore water pres-
sure model proposed in this research adopts a more conservative approach in predicting
excess pore water pressure at greater depths, which aligns with the requirements for
engineering assessments.
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Figure 17. Comparison of numerical and computed maximum excess pore water pressure ratio.

4. Conclusions

In this paper, OpenSees software is employed to simulate bi-directional dynamic
triaxial tests aimed at investigating the relationship between the pore water pressure of
saturated Fujian standard sand and the Arias intensity of ground motion. Additionally, a
novel energy-based pore water pressure model is developed, incorporating the influences
of the permeability coefficient, reduction coefficient, waveform, and various other factors
to improve and enhance its precision. A methodology for assessing the liquefaction
potential of saturated Fujian standard sand is proposed based on the model. The principal
conclusions drawn from this research are as follows:

(1) The results of bi-directional dynamic triaxial tests showed that there was a significant
correlation between the accumulation of pore water pressure and the Arias intensity
of ground motion in the saturated sand. Additionally, the mean period of the ground
motion and the cyclic stress ratio also influence this relationship.

(2) The consolidation pressure and the consolidation ratio of the test significantly influ-
ence the modeling of pore water pressure. As both the consolidation pressure and
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the consolidation ratio increase, the liquefaction resistance of the soil mass exhibits a
linear increase.

(3) Anovel energy pore water pressure model has been developed based on the results of
bi-directional dynamic triaxial tests. The model is capable of accurately predicting the
accumulation characteristics of pore water pressure observed during cyclic triaxial
tests conducted on dense and medium-dense saturated Fujian standard sand. As the
relative density increases, the sand liquefaction potential decreases, making the sand
less likely to approach liquefaction.

(4) A methodology for assessing the liquefaction potential has been developed based on
the energy pore water pressure model. This method demonstrates enhanced accuracy
in predicting the maximum excess pore water pressure ratio of the soil with a shallow
burial depth of 4 m. Conversely, the assessment method tends to be conservative
when applied to soil bodies with a greater burial depth of 10 m.

To gain a comprehensive understanding of the sand liquefaction potential, upcoming
scientific studies will concentrate on clarifying how particle gradation and different types
of sand influence sand liquefaction potential. The discrete element method could be an
appropriate approach for future research topics.
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Abstract: Pipelines in landslide-prone areas are highly susceptible to damage or rupture
under soil movement, posing severe threats to social stability and national security. How-
ever, research on pipeline failure mechanisms across different landslide types remains
insufficient. Therefore, this study employs large-scale indoor model tests to investigate the
interaction mechanisms between pipelines and soil (pipeline-soil interaction) in transla-
tional landslide zones through comparative experiments. The results indicate that: (1) The
failure process of translational landslides is characterized by initial sliding at the slope
crest under loading, which progressively drives the lower soil mass, ultimately resulting in
global slope instability. The sliding mass displacement exhibits a top-to-bottom reduction
pattern. (2) Pipelines traversing slopes laterally significantly enhance slope stability by
providing measurable anti-sliding resistance. (3) Pipeline displacement under sliding mass
action occurs in the downslope direction, yet its trajectory deviates from the sliding mass
movement. (4) Strain analysis reveals that the pipeline experiences peak strain in the
middle region of the sliding mass and at the sliding-non-sliding interface, with the middle
region being the primary location for initial yielding and fracture. This study advances the
understanding of pipeline-sliding mass interaction mechanisms in translational landslides
and offers critical insights for improving pipeline safety and reliability.

Keywords: translational landslide; pipeline; pipeline-soil interaction; model test

1. Introduction

Pipelines serve as a crucial means of transporting oil and gas, playing an irreplaceable
strategic role in ensuring social stability and safeguarding national security [1-4]. As a
result, pipeline engineering is widely regarded as the lifeline of national energy supply.
With the rapid development of pipeline engineering towards large-diameter and long-
distance systems, pipelines inevitably traverse complex and varied terrains [5,6]. During
the construction of long-distance buried pipelines, geological instability along the routes has
become increasingly prominent, potentially triggering multiple geohazards [7,8]. Among
these, landslides are one of the most common types of geohazards that pose severe threats
to pipeline safety [3,9-11]. Notably, over 96% of pipeline accidents caused by ground
movement are attributed to landslide-related disasters [9]. Under the influence of landslides,
pipelines may experience local buckling, tensile failure, or rupture due to excessive loads,
leading to leaks and subsequent catastrophic incidents such as fires and explosions, which
endanger both safety and the environment.
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Currently, both domestic and international scholars have conducted experimental
research on the interaction between pipelines and soil in landslide-prone areas. These
experiments primarily include small-to-medium-scale indoor model tests under 1 g of
gravitational acceleration, large-scale outdoor model tests, and centrifuge testing.

Lin et al. [12] conducted indoor experiments to explore the mechanical and defor-
mation characteristics of pipelines subjected to landslides. Their results revealed that the
axial stress distribution along the pipeline approximates a saddle-shaped pattern, with
stress peaks observed at the center and lateral boundaries of the landslide width, while
maximum deformation occurs at the center of the landslide width. Feng et al. [13] per-
formed a large-scale outdoor test to study the deformation and failure mechanisms of
slopes, specifically examining the transition from continuous sliding to shallow drift slid-
ing occurring above the pipeline, as well as the deep compressive deformation occurring
beneath it. The findings indicate that the presence of the pipeline contributes to improved
slope stability by redistributing deformation towards the peripheries and mitigating the
maximum displacement in the direction of the landslide.

To investigate the degradation of soil strength induced by water infiltration, sev-
eral researchers have incorporated permeation or simulated rainfall systems into their
experiments. For instance, Calvetti et al. [14] conducted small-scale 1 g model tests
by decomposing relative displacement and tensile forces into horizontal and vertical
components to analyze plane strain and loading states during pipeline-soil interaction.
By horizontally pulling the pipeline under seepage conditions and varying pipeline
diameters and burial depths, they identified critical characteristics of pipe—soil interac-
tion and displacement patterns. Lian et al. [15] developed an indoor slope instability
model to study rainfall-induced interactions between buried gas pipelines and soil,
building on flume experiments. By monitoring sectional strain in pipelines during
rainfall-induced slope failure, they quantified the effects of soil on pipeline behav-
ior. Guan et al. [16] investigated the interaction mechanisms and failure evolution of
micropile-reinforced landslide-pipeline systems through large-scale indoor physical
model tests. Mohammad et al. [17] conducted 10 displacement-controlled pulling tests
on a 324 mm-diameter, 6.35 mm-wall-thickness steel pipe segment (2.4 m long) embed-
ded in dense sandy slopes at varying burial depths. They systematically analyzed the
effects of embedment ratio and slope inclination on the relationship between lateral
soil forces and relative pipeline displacement responses, with comparative evaluations
against horizontal ground conditions.

To enhance the accuracy of mechanical analyses for pipelines in landslide zones,
centrifuge testing has been adopted by researchers. This method generates body stress
gradients that are equivalent to prototype conditions, ensuring similarity in effective
stress and pore pressure at corresponding depths. Nasser et al. [18] conducted a series of
centrifuge tests to study pipeline-soil interactions under axial, oblique, and lateral loading
in dense sand. Zhang et al. [19] induced slope instability through crest loading in 30 g
centrifuge tests. They performed experiments on six coarse-grained dense sand slopes
with pipelines positioned at various locations relative to the slope crest, as well as on two
medium-dense fine sand slopes, to investigate the influence of particle size distribution
on pipeline—soil interactions. A novel methodology was proposed for calculating the
ultimate external forces acting on buried pipelines at different slope positions during
landslide failure.

However, current experimental studies on pipeline—soil interactions in slopes pri-
marily emphasize factors such as pipeline burial depth, crossing configurations, sliding
mass volume, and slope inclination. However, there is a notable lack of systematic re-
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search regarding the impact of different landslide types. Different landslide classifications
demonstrate different sliding mechanisms that exert diverse effects on pipelines. For ex-
ample, in the case of translational landslides, the upper sliding mass drives the overall
movement of the slope, while the lower slope body provides partial resistance, thereby
slowing the progression of the landslide. In contrast, retrogressive landslides originate
from the lower sliding mass, which destabilizes the upper slope due to the loss of basal
support, consequently accelerating the sliding process. Therefore, this study conducted a
series of large-scale indoor tests based on the Xiaozhai Village landslide case. It conducts
comparative experiments aimed at elucidating the mechanisms of pipeline—soil interac-
tion during translational landslides. Two distinct experimental setups were implemented:
(1) slope instability tests conducted in the absence of pipelines, and (2) slope instability
tests that included a PVC pipeline positioned laterally across the slope. The results of
this investigation contribute to a deeper understanding of pipeline-soil interactions in the
context of translational landslides, thereby offering a theoretical framework for mitigating
pipeline hazards in areas susceptible to landslides.

2. Experimental Section
2.1. Experimental Scheme

This study conducted two comparative experimental groups based on the Xiaozhai
Village landslide prototype: (1) a slope instability test conducted without the inclusion
of pipelines (Experiment-L) and (2) a slope instability test incorporating a PVC pipeline
that traverses the slope laterally (Experiment-LP). A comparative analysis of these two
experimental groups was performed to systematically examine the impact of pipelines on
slope-instability patterns, thereby clarifying the mechanisms of pipeline—soil interaction in
the context of translational landslides.

The Xiaozhai Village landslide is located on the right side of the Shazi—Xingren High-
way in Qinglong County, Guizhou Province, near the China-Myanmar gas pipeline project.
During the construction of the pipeline, a significant amount of excavated soil was de-
posited alongside the pipeline route, which considerably altered the original slope angle
and increased the surcharge load at the slope crest. This disturbance disrupted the natural
equilibrium of the slope. Ultimately, the failure of the slope was triggered by external
factors, including rainfall, resulting in a landslide event. The landslide caused the gas
pipeline to fracture, which subsequently led to leakage and combustion [19].

As illustrated in Figure 1, the landslide spans an elevation range from 1380 m at
the toe to 1400 m at the crown, resulting in a relative height differential of 20 m. The
predominant direction of sliding is oriented at 80°, with slope angles varying between
30° and 40° (averaging 35°), indicating a profile that is gentle in the upper section and
steep in the lower section. The dimensions of the landslide are 40 m in length, 40 m
in average width, and a thickness ranging from 4 to 8 m, which corresponds to a total
volume of 9.6 x 10 m3, thereby categorizing it as a small-scale landslide. The sliding
mass exhibits an irregular semi-elliptical shape with distinct chair-like contours [20]. The
slope is composed of near-horizontal, thin-to-medium-bedded Triassic fine sandstone,
which is covered by a thin layer of gravelly soil. A cross-sectional view of the landslide
is illustrated in Figure 2.
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Figure 1. Pipeline—soil interaction in the Xiaozhai Village landslide: (a) Pipeline route; (b) Pipeline
failure caused by landslide.
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Figure 2. Cross-sectional view of Xiaozhai Village landslide.

2.2. Experimental Material

The soil samples utilized in this study were obtained from the Karamay Campus of
China University of Petroleum (Beijing). The soil density was measured at 2142 kg/m?> using
the ring knife method. Shear strength parameters, specifically cohesion (11.59 kPa) and the
internal friction angle (25.71°), were measured using an electric direct shear apparatus, as
shown in Figure 3. The soil of the Xiaozhai Village landslide has a density of 2100 kg/m?,
cohesion of 10 kPa, and an internal friction angle of 24°. These parameters demonstrate a
strong correlation with the in situ shear strength values of the soil from the Xiaozhai Village
landslide, thereby confirming the representativeness of the selected soil samples.

The polyvinyl chloride (PVC) pipeline utilized in the experiments had a nominal outer
diameter of 30 mm and a wall thickness of 1 mm. The mechanical properties of the pipeline
material were characterized as follows: Young’s modulus of 2.4 GPa, Poisson’s ratio of 0.38,
yield strength of 40 MPa, and tensile strength of 50 Mpa. Although there are differences in
mechanical properties between PVC pipelines and steel pipelines in the plastic stage, their
mechanical properties in the elastic stage are generally consistent. This study mainly focuses
on the deformation characteristics and strain distribution of pipelines in the elastic stage.
Therefore, although the model has an idealized representation of the landslide and pipeline,
this comparative experiment can reveal the mechanism of pipeline-soil interaction.
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Figure 3. The relationship between the shear stress and shear displacement in the direct shear test.

2.3. Model Construction
2.3.1. Landslide Model Construction

The experimental model is constructed within a model box measuring 2.4 m in length,
1.8 m in width, and 1.5 m in height. The sliding mass in Xiaozhai Village measures 40 m
in length, with an average width of approximately 40 m. A 12 m-wide non-sliding region
has been established on both sides of the landslide to reduce the impact of boundary
constraints on the pipeline. To ensure the accuracy of the experimental results, the geometric
similarity ratio was set at 1:30. The other similarity ratios are summarized in Table 1.
According to the principle of similarity, the reduced-scale soil box model established for the
experiment may exhibit size effects. The geometric scaling of the soil model can affect the
sliding displacement rate and crack formation, potentially leading to deviations from the
prototype landslide. However, the effect of geometric scaling on the mechanism of pipeline—
soil interaction is relatively minor. The model box was constructed with steel plates and
tempered glass panels to enable the observation of landslide dynamics. The indoor landslide
model comprises four key components: the bedrock, the slip zone, the sliding mass, and
the non-sliding regions. The parameters for each component are determined based on the
landslide in Xiaozhai Village and the experimental scale, as detailed in Figure 4.

Table 1. Similar parameters.

Physical Parameters Units Similitude Relationships Scaling Ratios
Geometric dimensions m (@ 1:30
Gravity m/s? Cq 1:1
Density Kg/m?3 Co 1:1
Stress N/m? Cor = C1CyCp 1:30
Strain / Ce 1:1

During the sliding process, the bedrock and non-sliding regions remain in a state of
rest. To model this phenomenon, three support walls were constructed using bricks and
concrete according to prototype dimensions. Wooden plates with a thickness of 2 cm were
affixed to these walls to replicate the characteristics of bedrock (Figure 5). The sliding zone
refers to the shear zone that exists between the sliding mass and the stable bedrock beneath it.
Consequently, in the modeling process, the slip zone is established at the interface between
the bedrock layer and the sliding mass layer. Due to its inherently low shear strength,
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characterized by minimal cohesion and a low internal friction angle in relative to the sliding
mass [21-23], a plastic film was positioned across the width of the landslide. This film was
subsequently covered with a 2 cm-thick layer of sand to create a weak slip zone (Figure 5).
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Figure 4. The indoor model test: (a) Side view; (b) Top view.

The configuration of the sliding mass has been simplified based on the experimental
prototype, as illustrated in Figure 4. The sliding mass has a width of 1.2 m and an average
thickness of 20 cm, which is segmented into four layers for installation, each with a thickness
of 5 cm in the Experiment-L. In accordance with the principles governing the relationship
between density and volume, the soil required for each layer is deposited and compacted
using compaction tools to replicate the density characteristics of an actual sliding mass. The
lengths of the non-sliding regions flanking the model are 0.4 m, with an average thickness of
21 cm, and the installation procedure employed is consistent with that of the sliding mass.

The methodology employed for the Experiment-LP closely resembles that of Experiment-L.
The pipeline is installed at a burial depth of 1.8 m within both the sliding mass and the
non-sliding regions, according to the experimental prototype. Field investigations indicate
that when the length of the pipeline in the non-sliding regions exceeds 9 m, the pipeline
remains essentially stationary. Consequently, bricks are positioned approximately 0.3 cm
from the sliding mass to establish the boundary of the pipeline in the Experiment-LP.
After the installation of the pipeline, the upper layer of the sliding mass is covered to a
predetermined thickness. The configuration of the pipeline is illustrated in Figure 5.
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Figure 5. The construction process of the slip zone.

2.3.2. Measurement of Experimental Data

During the experiments, displacements at both the surface and internal positions of the
sliding mass, the pipeline displacements, and strain distributions along the pipeline were
systematically observed. All electrical signals were recorded using a DH5922D dynamic
signal-acquisition system. The DH5922D dynamic signal-acquisition system was employed
for parameter monitoring with a measurement accuracy of £0.1% full-scale range and a
sampling rate of 204.8 kHz per channel. This system is capable to monitor the strain by
the strain gauges (resistance: 120 4 0.1 (), gauge factor: 2.0 £ 0.1%, strain limit: 2%) and
the displacement using the laser-displacement sensors (measuring range: 400 = 200 mm,
repeatability: 400/800 um, linearity: 0.2% full scale range).

The surface displacements of the sliding mass were qualitatively recorded using three
sand marker strips (Figure 6): one located directly above the pipeline, one positioned
diagonally above the pipeline, and one situated diagonally below the pipeline. These strips
enabled the visual monitoring of displacement patterns at the landslide surface.

Internal displacements within the sliding mass and the displacements of the pipeline
were measured using paired monitoring blocks connected by wires. One block was embed-
ded in the sliding mass, while the corresponding block was mounted on a platform atop
the test box. A laser-displacement sensor was utilized to monitor the movements of the
block mounted on the platform, thereby facilitating the indirect quantification of internal
displacements within the sliding mass and the displacements of the pipeline. The specific
configurations of this setup are illustrated in Figure 6.

There are 16 channels in the DH5922D dynamic signal-acquisition system. The laser-
displacement sensors require four channels. Four strain gauges are required at each
cross-section of the pipeline in the experiment. Every strain gauge needs one channel.
Therefore, three cross-sections of the pipeline can be monitored. Three cross-sections
exhibiting typical mechanical responses were selected: (a) the mid-span of the pipeline,
which tends to exhibit significant mechanical responses; (b) the interface between the
sliding mass and the non-sliding regions, which serves as a dynamic-static boundary, also
influences the pipeline strain distribution; (c) the cross-section at the midpoint between two
aforementioned cross-sections was selected to reveal the strain distribution patterns along
the pipeline. Strain gauges were mounted on an identical pipeline prior to experimental
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testing to calibrate the strain gauges and the signal-acquisition system. In the pipeline
analysis, strain criteria are commonly adopted as failure indicators. This study defines
pipeline strain-failure indicators as tensile strain exceeding 2% or compressive strain
exceeding 1.4%, in accordance with the ALA-ASCE guidelines.
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Figure 6. Schematic diagram of landslide and pipeline-displacement monitoring.

The initiation of translational landslides was simulated by applying surcharge loads at
the crest of the slope, in accordance with the landslide case. The entire failure mechanism
was documented using high-speed cameras. A schematic representation of the experimental
setup is presented in Figure 7.
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Figure 7. Setting of pipeline strain monitoring.
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2.3.3. Load Application

Translational landslides were initiated by applying surcharge loading at the crest of the
slope. Each increment of loading involved the placement of a 30 kg mass bag. After placing
each bag, a stabilization period was observed to allow for the stabilization of landslide dis-
placements, pipeline movements, and strains. Additional bags were then sequentially added
until slope instability was observed. To maintain load stability, the mass bags were positioned
on an inclined wooden board rather than being vertically stacked, thereby preventing any
unintended redistribution of the load during the testing process (Figure 7).

3. Experimental Results and Discussion
3.1. Soil Response of Landslide Mass

During the experimental process, the evolution of the sliding mass is primarily charac-
terized by two key indicators: the development of cracks and the variations in displacement.
Accordingly, this section will focus on: (1) the progressive crack propagation patterns
within both the sliding mass and adjacent stable regions, and (2) the displacement response
characteristics of the sliding mass subjected to incremental loading conditions.

3.1.1. Development of Landslide Cracks

Figure 8 illustrates the patterns of crack propagation observed during the loading
process in Experiment-L at a surcharge of 30 kg (the first loading stage) and 60 kg (the
second loading stage).

(a)

Figure 8. Patterns of crack propagation during the loading process in the Experiment-L: (a) at a
surcharge of 30 kg after 1 min and 50 s; (b) at a surcharge of 60 kg after 2 min and 25 s; and (c) ata
surcharge of 60 kg after 3 min and 50 s.

The slope exhibited stable behavior throughout the first loading stage, with monitoring
data confirming no signs of distress, such as surface cracking, internal displacement, or
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pipeline strain (Figure 8a). However, when the load increased to 60 kg, tension cracks
developed at the interface between the sliding and non-sliding regions near the crest of the
slope. These cracks propagated downward, resulting in localized sliding (Figure 8b). This
phenomenon aligns with the failure mechanism associated with translational landslides,
where instability originates at the crest and progressively destabilizes the mid-slope and
toe areas. The sliding mass experienced rapid stabilization due to the redistribution of
stress, affecting only a minor volume of soil.

Figure 9 presents patterns of crack propagation observed during the loading process
in Experiment-L at a surcharge of 90 kg (the third loading stage). During the third loading
stage, global slope instability phenomena were observed. The upper sliding mass exerted
pressure on the lower section, resulting in cracks that extended entirely through the slope.
Compared to earlier stages, this phase exhibited significantly larger volumes of sliding
material and an increased thickness of the sliding mass. The accumulation of displaced soil
at the base of the slope ultimately led to the cessation of landslide movement.

Figure 9. Patterns of crack propagation during the loading process in the Experiment-L: (a) at a
surcharge of 90 kg after 4 min and 5 s; (b) at a surcharge of 90 kg after 5 min and 5 s.

Figures 10 and 11 depict the progression of cracks within the pipeline-slope system
in the Experiment-LP at surcharges of 30 kg and 60 kg. Both the slope and the pipeline
exhibited stability at a surcharge of 30 kg, as shown in Figure 10a. However, at a surcharge
of 60 kg, initial cracks were observed at the interface between the sliding and non-sliding
regions (Figure 10b), with minimal propagation toward the slope face, as depicted in
Figure 11. Although transient sliding was observed initially, the system rapidly stabilized,
leading to significantly shorter crack lengths compared to scenarios without the pipeline.
This result confirms that the pipeline can improve the stability of the landslide.

e o

Figure 10. Patterns of crack propagation during the loading process in the Experiment-LP: (a) ata

surcharge of 30 kg after 1 min and 25 s; (b) at a surcharge of 60 kg after 3 min and 55 s.
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Figure 11. The crack of landslide in the Experiment-LP at a surcharge of 60 kg: (a) the right side after
1 min and 25 s; (b) the right side after 3 min and 55 s; (c) the left side after 1 min and 25 s; (d) the left
side after 3 min and 55 s.

Figure 12 illustrates the development of deformation and cracks in the landslide in the
Experiment-LP at a surcharge of 90 kg. During this loading stage, significant deformation
was observed, characterized by notable cracks and shear displacements at the crest. The
downward compression of the overlying soil imposed critical compressive and bending
stresses on the pipeline, exceeding the ultimate bearing capacity of the pipeline, and leading
to its fracture. Additionally, soil accumulated above the pipeline and at the landslide toe,
effectively preventing any further sliding.

f_‘ Ao St
e

Figure 12. Patterns of crack propagation during the loading process in the Experiment-LP: (a) at a

surcharge of 90 kg after 4 min and 5 s; (b) at a surcharge of 90 kg after 5 min and 25 s.
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In the early phase of the third loading stage, significant sliding occurred along pre-
existing fissures. Compared to the landslide that occurred in the absence of a pipeline,
the observed sliding displacements were notably smaller, while soil accumulation above
the pipeline became more pronounced (Figure 12a,b). The pipeline initially provided
effective resistance to slope movement. However, upon fracture, this restraining capacity
was lost, triggering large-scale sliding across the entire landslide area. It is noteworthy
that the pre-fracture soil accumulation above the pipeline, combined with subsequent
compaction during sliding, progressively decelerated the landslide movement until com-
plete stabilization was achieved. This phenomenon suggests that the pipeline’s structural
integrity enables improvements in slope stability; its presence may also influence the failure
mechanism and post-failure behavior of landslides.

3.1.2. Mechanisms of Landslide Movement

The surface displacement of slopes without pipelines and those with embedded
pipelines are compared in Figure 13 at a surcharge of 60 kg. In the Experiment-L, the
surface displacements of the upper (Line U), middle (Line M), and lower parts (Line L)
of the sliding mass are 22, 15, and 16 mm, respectively. In the Experiment-LP, the surface
displacements for the same sliding mass are 7, 5, and 5 mm, respectively. The upper part of
the sliding mass exhibited larger displacements compared to the middle and lower parts
of the sliding mass. In addition, slopes without pipelines developed significantly larger
displacements, characterized by overall sliding from the crest to the toe. In contrast, slopes
with embedded pipelines maintained a relatively stable condition, thereby confirming the
sliding resistance of the pipeline.

Figure 13. Displacement of the slope surface at the surcharge of 60 kg: (a) in the Experiment-L; (b) in

the Experiment-LP.

The surface displacements of a slope without pipelines at a surcharge of 90 kg are
presented in Figure 14. The surface displacements of the upper (Line U), middle (Line M),
and lower parts (Line L) of the sliding mass are 324, 267, and 210 mm at the end of the
experiment, respectively. The anti-sliding effect of the pipeline causes soil to accumulate
above the pipeline. The accumulation of soil reached its maximum near the center of the
landslide, with a noticeable decrease in thickness as one moves toward the lateral regions,
as shown in Figure 14. The displacement time history of the slope without pipelines
(Figure 15) indicates that the upper part of the landslide experienced greater displacements
compared to the lower part. This observed accumulation can be attributed to the lateral
movement of soil into non-sliding regions during the sliding event, coupled with a greater
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Displacement of sliding mass (mm})

volume of mobilized soil in the area subjected to central loading, which ultimately resulted
in an arc-shaped deposition morphology.

Figure 14. Displacement of the slope surface at the surcharge of 90 kg in the Experiment-L.
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Figure 15. Displacement time histories of slope mass: (a) in the Experiment-L; (b) in the Experiment-LP.

In the slope test without pipelines (refer to Figure 14), at a surcharge of 60 kg
(5-6.6 min), resulted in greater displacements in the upper slope compared to the mid
and toe regions. At a surcharge of 90 kg, displacements in the upper slope increased
significantly and occurred prior to movements in the mid and toe areas. This observation
is consistent with the translational landslide mechanism, which is influenced by thrust
originating from the crest.

The displacement time history of the slope in Experiment-L and Experiment-LP
are compared in Figure 15. In the slope test conducted within the pipeline, negligible
displacements were recorded during both the initial and secondary loading phases (lasting
less than 4 min), indicating that the slope maintained a state of stability at a surcharge of
60 kg. Upon reaching the third loading stage, a significant landslide event was initiated,
resulting in a sliding phase. The landslide persisted for a duration of approximately 4
to 5 min, during which soil displacement at three designated locations measured around
130 mm. Furthermore, it was observed that the displacement at the lower section of the
pipeline exceeded that of both the upper section of the slope and the upper portion of
the pipeline. This observation confirms that the presence of the pipeline obstructed the
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downward progression of the landslide. Following the pipeline rupture, the overlying soil
mass, which had previously stabilized above the pipeline, became destabilized and initiated
gradual downslope movement. This process ultimately led to a measurable increase in soil
displacement after an initial period of stabilization, demonstrating the sliding resistance
effect of the pipeline prior to failure.

3.2. Pipeline Response
3.2.1. The Deformation of Pipeline

Figure 16 illustrates the pipeline fracture condition revealed during post-experimental
excavation following stabilization of the landslide. While surface observations initially in-
dicated successful sliding resistance through substantial soil deposition above the pipeline,
subsequent excavation exposed critical mid-slide fractures. These structural failures re-
sulted from translational landslide forces acting along the failure plane, demonstrating that
while the pipeline exhibited sufficient shear resistance to prevent complete displacement, it
ultimately succumbed to bending stresses induced by differential ground movement.

Figure 16. Fracture of the pipeline in the Experiment-LP.

3.2.2. The Strain of Pipeline

Figure 17 illustrates the strain time history of the pipeline at three different locations:
the midpoint of the sliding mass, the interface between the sliding and non-sliding regions,
and an intermediate position between these two points. In the first stage of the loading
process (30 kg), minimal strain was recorded across all measurement positions. This result
indicated that the slope maintains stability with creep displacement below instrument
detection thresholds. In the subsequent stage (60 kg), a distinct differential strain distri-
bution pattern was observed. The maximum strain was recorded at the interface between
the sliding and non-sliding regions, exceeding the values noted at other locations. The
magnitude of strain diminished with increasing distance from this interface. The elliptical
deformation was predominant at the mid-sliding mass, and the bending deformation was
small. The bending-induced tensile and compressive strains were more pronounced at the
interface between the sliding and non-sliding regions. Notably, compressive strains were
detected at positions 1 and 2, while symmetrical tensile strains were present at positions
3 and 4 during the first two loading stages, suggesting that bending occurred primarily
in the direction of sliding. At a surcharge of 90 kg, there was a significant increase in
strain of the pipeline at the midpoint of the sliding mass, exceeding the ultimate strain
capacity of the pipeline and leading to fracture, as illustrated in Figure 17c. The reason for
the pipeline rupture occurring at the midpoint of the sliding mass is that the pipeline in

309



Coatings 2025, 15, 537

The strain of pipeline (%o)

The strain of pipeline (%o)

the non-sliding area is constrained, which leads to a certain degree of resistance near the
non-sliding area, hindering the sliding of the slope. At the midpoint of the sliding mass, the
influence of the constraint on the pipeline is minimal. Therefore, the pipeline undergoes
significant deformation subjected to a larger load, which ultimately leads to the rupture of
the pipe. In addition, following the fracture, the redistribution of strain revealed modified
deformation patterns.
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Figure 17. Strain time histories of pipeline in the Experiment-LP at: (a) the interface between sliding
and non-sliding regions; (b) the quarter position of the slide mass; (c) the midpoint of the sliding
mass; (d) the correlation between the positioning of the strain gauge and the sliding direction.

3.3. Discussion of Pipeline—Soil Interaction

The interaction between pipelines and sliding masses involves two principal dimen-
sions. Firstly, pipelines have a significant influence on slope stability and the evolution
of landslide movement patterns. A pipeline that traverses a slope laterally served as a
flexible beam, constrained by non-sliding regions, which effectively mitigates slope creep
and increases the load threshold necessary for triggering instability, thereby contributing to
enhanced slope stability (Figure 18a). During an instability event, the pipeline changes the
evolution of landslide movement patterns by: (1) decreasing overall sliding displacements
across the upper, middle, and lower sections of the sliding mass; (2) altering patterns of soil
accumulation, leading to a concentration of deposition in proximity to the pipeline; and
(3) redirecting the movement of internal soil particles. Under the influence of gravitational
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and thrust forces, soil particles navigate around the pipeline in a circumferential manner,
resulting in their accumulation beneath the depth at which the pipeline is buried.

Position of
the pipeline

Figure 18. Pipeline—soil interaction in the landslide: (a) pipeline-soil interaction force; (b) pipeline
movement direction.

In contrast, the sliding masses have significant impacts on pipelines. During a sliding
event, the pipeline situated within the sliding mass is subjected to thrust forces, which
result in considerable deformation. The peak strain of pipelines is observed at the midpoint
of the sliding mass due to the thrust generated by the landslide, while increased strain at
the interface between the sliding and non-sliding regions is attributed to shear stresses.
The strains of the pipeline increase with increased sliding displacement of the sliding mass,
ultimately leading to fracture when the strain of the pipeline reaches the material’s strength
limits. Furthermore, the accumulation of soil beneath the pipeline creates upward vertical
forces that are perpendicular to the sliding plane, thereby decreasing the burial depth of
pipelines (Figure 18b).

4. Conclusions

This research studied the interaction mechanisms between laterally traversing
pipelines and sliding masses in translational landslides by conducting large-scale indoor
model experiments. The comparative analysis provided valuable insights into the inter-
actions between pipelines and sliding masses, focusing on the displacement and crack
development in both pipeline-free and pipeline-embedded landslides, as well as the dis-
placement and strain characteristics of the pipelines. The principal findings are summarized
as follows:

(1) The crack in the slope initially develops at the crest when subjected to a top load,
which is subsequently followed by downward sliding. The upper sliding mass exerts
a thrust on the lower stable soil, leading to the propagation of cracks toward the toe
of the slope. Once a critical loading threshold is reached, the lower slope becomes
destabilized due to the thrust from the upper mass, resulting in global sliding and
eventual slope failure.

(2) Pipelines that traverse the sliding mass are subjected to thrust loads in the direction
of sliding, which results in peak strain of pipelines occurring at the midpoint of the
sliding mass. This location is identified as the most susceptible to fracture of pipelines.
Furthermore, shear forces at the interface between the sliding and non-sliding regions
contribute to significant strain in these areas.

(3)  When constrained by non-sliding regions, laterally embedded pipelines behave sim-
ilarly to beam structures, providing resistance against thrust, shear, and bending
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moments. This structural behavior increases the load threshold for slope instability,
thereby enhancing the overall stability of the slope.

(4) The presence of pipelines alters the evolution of landslide movement patterns. The
pipeline decreases the overall sliding displacements of the sliding mass and changes
the sliding direction of the sliding mass. The movements of the sliding mass divide
into upward and downward movements around the pipeline. The downward move-
ments around the pipeline exert upward pressure on the pipeline, effectively reducing
its burial depth of pipeline.

The results indicate that it is essential to avoid routing pipelines through landslide-
prone areas. It is safer to lay the pipeline at the top of the slope rather than at the foot
of the slope. Additionally, soil-displacement monitoring should be established on the
slope to provide early warnings based on the displacement of the sliding mass. To gain a
comprehensive understanding of the pipeline-soil interaction, upcoming scientific studies
will concentrate on the research of microstructural parameters. The discrete-element
method could be an appropriate approach for the research topics in these future studies.
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