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Abstract

To address the rapid polishing and premature loss of skid resistance in conventional as-
phalt friction courses, as well as the weak bonding between waste ceramic aggregates and
asphalt that compromises raveling resistance, this study developed a ceramic aggregate
asphalt mixture incorporating TPS-SBS composite high-viscosity modified asphalt, de-
noted as T&S. The wear-retained skid resistance and raveling resistance of the mixture
were systematically evaluated. Interfacial adhesion between the modified asphalt and ce-
ramic aggregates was characterized using water-immersion adhesion and contact-angle
tests. Mixtures with different ceramic aggregate contents were further investigated
through laboratory-accelerated abrasion, immersion Cantabro particle loss, and torsional
raveling tests. In addition, an empirical skid-resistance degradation model and a frictional
impulse-based characterization model were established. The results showed that TPS in-
creased the asphalt—ceramic aggregate adhesion grade from Grade 3 to Grade 5, indicat-
ing a marked improvement in interfacial adhesion. Mixture skid resistance increased with
ceramic aggregate content. After 16 h of abrasion, the residual British pendulum number
of the mixture containing 80% ceramic aggregates was 38.7% higher than that of the con-
trol mixture. However, a ceramic aggregate content of 40% was identified as a practical
balance point between skid-resistance improvement and overall mixture performance un-
der the present laboratory conditions. T&S-modified asphalt reduced both Cantabro par-
ticle loss and torsional mass loss by more than 40%, partly compensating for the interfacial
and skeleton-interlocking limitations of ceramic aggregates. The proposed models
achieved coefficients of determination (R?) greater than 0.997, indicating high fitting accu-
racy for the present laboratory data. The preferred mixture design was determined as 8%
TPS and 40% ceramic aggregate, providing a promising technical pathway for the re-
source utilization of construction-derived waste ceramics in asphalt pavements.

Keywords: high-viscosity asphalt; waste ceramic aggregate; asphalt mixture;
wear-resistant skid performance; raveling resistance; accelerated abrasion test

1. Introduction

Pavement skid resistance is closely related to vehicle braking efficiency and traffic
safety and is particularly critical under wet weather conditions. According to statistics
reported by the Ministry of Transport, more than 30% of traffic accidents on expressways
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in China are directly associated with insufficient pavement skid resistance [1]. Asphalt
friction courses have traditionally relied primarily on natural hard aggregates such as bas-
alt [2]; however, under the combined effects of heavy traffic loading, repeated tire abra-
sion, and moisture intrusion, aggregate polishing [3], asphalt film stripping [4], surface
raveling, and particle loss [5] are almost unavoidable, resulting in persistent safety risks.
Therefore, the development of new pavement materials that combine excellent initial
skid-resistant texture, long-term wear-retention performance, and strong raveling re-
sistance has become a key challenge in road engineering [6-8].

Aggregates produced by crushing and processing waste ceramics are regarded as
promising high-quality alternatives to natural skid-resistant aggregates because of their
high hardness, with a Mohs hardness of 6-7, excellent abrasion resistance, and favorable
physicochemical stability [9]. Previous studies have shown that, compared with basalt
aggregates, incorporating ceramic aggregates into pavement surface layers can improve
initial skid resistance, delay polishing, and provide a feasible pathway for the resource
utilization of solid waste [10]. However, ceramic aggregates possess dense surfaces and
relatively few polar functional groups. These intrinsic characteristics result in weak inter-
facial adhesion with conventional SBS-modified asphalt [11], making asphalt film strip-
ping and aggregate detachment more likely during service and thereby limiting the
broader technical application of ceramic aggregates in road engineering [12].

The TPS thermoplastic elastomer modifier can act synergistically with SBS polymers
to form a stable interpenetrating network, thereby substantially improving the dynamic
viscosity and cohesion of asphalt, as well as its wetting and spreading ability on aggregate
surfaces [13,14]. In addition, polar active groups on TPS molecular chains may develop
strong interfacial interactions, such as hydrogen bonding, polar adsorption, or chemical
bonding, with inorganic aggregate surfaces, depending on the mineral composition and
surface chemistry of the aggregate [15,16]. This provides a plausible pathway for improv-
ing ceramic-asphalt interfacial adhesion. Nevertheless, systematic studies integrating
TPS-SBS composite high-viscosity asphalt with ceramic aggregates remain limited, and
the synergistic enhancement mechanism, skid-resistance degradation behavior, and rav-
eling resistance of this material system remain insufficiently understood.

From the perspective of sustainability, the value of ceramic waste as an asphalt-pave-
ment aggregate lies not only in solid-waste consumption and substitution of natural re-
sources, but also in the potential contribution of its high wear resistance to extending
pavement service life [17]. Nevertheless, the use of recycled construction materials re-
quires careful consideration of performance trade-offs, material variability, and durability
limits [18]. Previous studies have shown that recycled aggregates exhibit substantially
greater variability than natural aggregates in apparent density, water absorption, pore
structure, and surface chemistry; such variability should therefore be fully considered
during mixture design [19,20]. On the basis of material characterization, systematic pave-
ment performance evaluation, and optimum dosage determination, this study preliminar-
ily defines the performance boundary of the proposed material system. A quantitative
comparison of life-cycle environmental benefits and costs should be further conducted in
future work.

To address these research gaps, this study focuses on ceramic aggregate high-viscos-
ity asphalt mixtures and systematically investigates their wear-resistant skid performance
and raveling resistance. First, the key differences in interfacial adhesion between T&S
composite high-viscosity modified asphalt and conventional SBS-modified asphalt on ce-
ramic aggregate surfaces are compared using water-immersion adhesion tests [21]. Sub-
sequently, a series of high-viscosity asphalts with different TPS dosages are prepared, and
the optimum dosage is determined through systematic evaluation of conventional pave-
ment-related properties, aging characteristics, and high-viscosity rheological indices. On
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this basis, mixtures with different ceramic aggregate replacement ratios are prepared. Af-
ter their conventional properties, including high-temperature stability, moisture stability,
and indirect tensile strength, are evaluated, laboratory-accelerated abrasion [22], immer-
sion Cantabro particle loss [23], and torsional raveling tests are conducted to further elu-
cidate the wear-induced skid-resistance degradation mechanism and raveling resistance
under multiple service conditions. In addition, an empirical skid-resistance degradation
model and a frictional impulse-based characterization model are established. This study
aims to provide systematic theoretical evidence and experimental support for the tech-
nical application of ceramic aggregate high-viscosity asphalt mixtures in long-life skid-
resistant pavements, while also providing laboratory evidence for the technical applica-
tion of construction-derived waste ceramics in asphalt pavements.

2. Materials and Test Methods
2.1. Materials

SBS-modified asphalt, Type I-D, was supplied by Maoming Lusheng Asphalt Co.,
Ltd., Maoming, China, and its main technical properties are listed in Table 1.

Table 1. Technical properties of SBS-modified asphalt, Type I-D.

. Measured Specification
Property Unit Value Requirement
Penetration, 25 °C 0.1 mm 54 40-60
Softening point, TR&B °C 72 260
Ductility, 5 °C cm 28 >20
Relative density of asphalt g-cm 1.033 Measured
Dynamic viscosity, 60 °C Pas 2343 Measured
Elastic recovery, 25 °C % 80 275
Flash point °C 275 2230
RTFOT, ' Mass loss' ‘ % -0.5 <+0.1
163 °C Retained penetration ratio % 72 265
Ductility, 5 °C cm 16 215

The TPS thermoplastic elastomer modifier was primarily composed of thermoplastic
rubber, tackifying resin, plasticizer, and other blended components [24], as shown in Fig-
ure la. Among these components, thermoplastic rubber provides excellent elastic recov-
ery, tackifying resin enhances the interfacial bonding between asphalt and aggregates,
and the plasticizer improves processing fluidity. Through the synergistic action of these
components, conventional asphalt can be converted into a high-viscosity binder during
mechanical mixing.

Figure 1. (a) TPS modifier and (b) ceramic aggregate.
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The ceramic aggregates were derived from waste generated during the production
of daily-use ceramic products by Wuzhou Tengxian Xinzhongtao Co., Ltd.,Wuzhou,
China. and their major chemical composition is listed in Table 2. After primary crushing
using a jaw crusher and secondary crushing using an impact crusher, ceramic particles
with a size range of 4.75-9.5 mm were screened and used as recycled aggregates, as shown
in Figure 1b. The average surface roughness Ra of the ceramic aggregates, measured using
laser confocal microscopy, was approximately 5.2 + 0.8 um, compared with 8.7 + 1.3 um
for the limestone aggregates. Their main technical properties are listed in Table 3.

Table 2. Chemical composition of ceramic aggregates (XRF analysis).

Oxide SiO:2 AlOs K20 Na:0 CaO MgO Fe20s3 TiO: LOI Total
Content (wt%) 68.5 19.2 3.8 2.1 15 0.8 1.2 04 1.8 99.3
Variation range (wt%) 64-73 16-22 25-5.0 1.0-3.5 05-3.0 0.3-1.5 05-2.0 02-08 0.5-3.0 -

Table 3. Technical properties of ceramic aggregates.

Test Item Test Result Specification Requirement Test Method
Apparent relative
Density/g-cm- 4.75-9.5 mm 2.443 >2.6 T0304
Water absorption/% 4.75-9.5 mm 0.86 <2
Crushing value/% 19.50 <28 T0316
Los Angeles abrasion value/% 18.80 <30 T0317
Flat and elongated particle content/% 13.70 <15 T0312

Limestone aggregates were obtained from the Lingui Mixing Plant in Guilin and
were divided into four size fractions: 0-2.36 mm, 2.36-4.75 mm, 4.75-9.5 mm, and 9.5-13.2
mm. Their main technical properties are presented in Table 4.

Table 4. Technical properties of limestone aggregates.

Specification Require-

Test Item Particle Size Test Result Test Method
ment

13.2-9.5 mm 2.72

Apparent relative density/g-cm- 9.5-4.75 mm 2.718 22.6 T0304
4.75-2.36 mm 2.716

0-2.36 mm 2.695 2.5 T0328
13.2-9.5 mm 0.33

Water absorption/% 9.5-4.75 mm 0.44 <2 T0308
4.75-2.36 mm 0.79

Crushing value/% 9.5-4.75 mm 24.10 <26 T0316

Los Angeles abrasion value/% 9.5-4.75 mm 24.40 <28 T0317

Flat and elongated particle content/% 9.5-4.75 mm 6.60 <15 T0312

The mineral filler was prepared from limestone fine aggregates through screening
and processing, and its main technical properties are shown in Table 5.

Table 5. Technical properties of mineral filler.

Test Item Test Result Spec1f.1cat10n Re- Test Method
quirement
Apparent density/g-cm™ 2.694 >2.45 T0352
Water content/% 0.60 <1 T0103
Particle size < 0.6 mm 100% 100% T0351
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Step 1: Raw Materials Preparati

SBS was preheated at 180 °C

Particle size < 0.15 mm 98.68% 90-100%
Particle size < 0.075 mm 80.60% 70-100%

2.2. Preparation of Composite High-Viscosity Modified Asphalt

The compounding of the TPS modifier and SBS-modified asphalt was mainly
achieved through physical blending. Under high-temperature shearing, TPS is adsorbed
onto the SBS molecular chains, and the two components form an obliquely interlaced lin-
ear fibrous network structure, which provides the structural basis for the marked increase
in the viscosity of the composite modified asphalt. In this study, the TPS dosages were set
at 5%, 8%, and 11%, which were denoted as T&S-5, T&S-8, and T&S-11, respectively. The
preparation procedure for the T&S modified asphalt is illustrated in Figure 2.

—_—
TPS Fine Granules

180+5 °C; 5000 r/min; 30—40 min

TPS was crushed into fine particles 180 °C; 60 min.

Figure 2. Preparation procedure for T&S modified asphalt.

2.3. Mixture Design and Optimum Asphalt—-Aggregate Ratio

In this study, a stone asphalt concrete, SAC, gradation was adopted. This gradation
forms a coarse aggregate interlocking skeleton and provides a relatively large surface tex-
ture depth, thereby offering both favorable skid resistance and deformation resistance.
The combined gradation curve of the SAC-10 ultra-thin wearing course and the corre-
sponding specification limits are shown in Figure 3.

100 - —a— Upper Specification Limit F—
90 | —@— Lower Specification Limit
Blended Gradation

o 2 ®
o o <
T I 1
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o o
I T

Percent Passing (%)
= 3

—
(== =
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0.075 0.15 03 0.6 1.18 236 475 95 132
Particle Size (mm)

Figure 3. Gradation range of the SAC-10 ultra-thin wearing course.

Ceramic aggregates were used to replace limestone coarse aggregates at equal-vol-
ume replacement ratios of 0%, 20%, 40%, 60%, and 80%, which effectively eliminated the
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interference of density differences with the gradation skeleton structure. Meanwhile, the
crushing value and Los Angeles abrasion value of the ceramic aggregates both satisfied
the specification requirements, providing a basic guarantee for the mechanical stability of
the aggregate skeleton. The optimum asphalt-aggregate ratio was determined using the
Marshall method. Based on practical experience, the asphalt-aggregate ratio of SAC-10
generally falls within the range of 4.5-6.0%. Five asphalt-aggregate ratio levels, ranging
from 4.0% to 6.0% at intervals of 0.5%, were selected. Four standard Marshall specimens
were prepared for each group, with a target air-void content of 4%. Bulk specific gravity
and Marshall stability tests were then conducted on the compacted specimens, and the
optimum asphalt-aggregate ratio for each ceramic aggregate content was determined
comprehensively. The main test results are summarized in Tables 6 and 7.

Table 6. Marshall test results of ceramic aggregate T&S asphalt mixtures.

Ceramic Aggregate Content/% 0% 20% 40% 60% 80%
Optimum asphalt-aggregate ratio/% 4.3 4.5 4.8 5.4 6.1

Bulk specific gravity/g-cm 2.436 2.379 2.325 2.268 2.201

Theoretical maximum specific gravity/g-cm- 2.527 2.477 2.420 2.364 2.295
Air voids/% 3.6 4.0 3.9 4.1 4.3

Voids filled with asphalt/% 73.9 729 72.1 72.8 74.2

Marshall stability/kN 19.63 19.96 17.49 14.81 10.85

Flow value/mm 24.2 26.5 28.1 31.7 34.5

Table 7. Marshall test results of ceramic aggregate SBS asphalt mixtures.

Ceramic Aggregate Content/% 0% 20% 40% 60% 80%
Optimum asphalt-aggregate ratio/% 47 49 52 5.6 6.3

Bulk specific gravity/g-cm= 2412 2.353 2.311 2.258 2.195

Theoretical maximum specific gravity/g-cm 2.513 2.461 2.415 2.370 2.302
Air voids/% 4.0 4.4 43 4.7 4.5

Voids filled with asphalt/% 73.3 71.4 71.0 70.6 69.8
Marshall stability/kN 11.75 10.11 8.36 7.45 5.62

Flow value/mm 31.4 33.0 35.2 38.5 42.0

2.4. Test Methods

The conventional properties of the asphalt binder were tested in accordance with the
Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering
(JTG E20-2011) [25]. Contact angles were measured using a CA500S contact-angle meter
by the sessile-drop method, as shown in Figure 4a, and were calculated by fitting the drop-
let profile with the Young-Laplace equation. The dynamic viscosity at 60 °C was meas-
ured using a Shanghai Changji SYD-0620 asphalt dynamic viscosity tester, Shanghai,
China, as shown in Figure 4e. Aging resistance was evaluated using the rolling thin-film
oven test (RTFOT), as shown in Figure 4d. High-temperature rutting resistance was tested
using a Shanghai Changji SYD-0719A automatic rutting tester, as shown in Figure 4f.
Moisture stability was evaluated using the immersion Marshall test, performed with a
Shanghai Changji SYD-0709A Marshall stability tester, as shown in Figure 4b. Freeze—
thaw splitting strength and indirect tensile strength were measured using an electronic
universal testing machine manufactured by Shenzhen Sansi Zongheng Technology Co.,
Ltd., Shenzhen China, as shown in Figure 4c.
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(e)

Figure 4. (a) Contact-angle meter; (b) Marshall stability tester; (c) electronic universal testing ma-

chine; (d) rolling thin-film oven; (e) asphalt dynamic viscosity tester; and (f) rutting tester.

The laboratory accelerated abrasion test was performed using an accelerated abra-
sion tester, as shown in Figure 5a. In this device, a reciprocating carriage drives a tire
abrasion head to apply cyclic abrasion to the specimen surface, thereby simulating the
degradation of skid resistance during long-term pavement service. The operating param-
eters were as follows: reciprocating stroke of 170 mm, cycling frequency of 13.5 cycles/min,
and tire abrasion-head pressure of 0.25 MPa. After every 2 h of operation, the British Pen-
dulum Number (BPN) of the specimen surface was measured and recorded using a pen-
dulum friction coefficient tester, as shown in Figure 5b. The selection of these test param-
eters was based on the tire—-pavement contact stress levels typical of urban roads and ex-
pressways. The tire-head contact pressure of 0.25 MPa falls within the standard inflation-
pressure range of passenger car tires, approximately 0.20-0.30 MPa. The reciprocating fre-
quency of 13.5 cycles/min corresponds to low-speed driving conditions and was intended
to accelerate the abrasion process so that the long-term skid-resistance degradation of
pavement could be reproduced within a laboratory time scale. Each 2 h testing interval
corresponded to approximately 1620 reciprocating abrasion cycles, representing the long-
term cumulative polishing action experienced by pavements under actual traffic.

The immersion Cantabro particle-loss test was conducted using a TD733-1 asphalt
mixture Cantabro particle-loss tester, as shown in Figure 5c. The torsional raveling test
was also conducted using the same laboratory accelerated abrasion tester. This test intro-
duces a rotational friction condition to simulate the combined kneading—torsional action
exerted by tires on the pavement surface. The operating parameters were set as follows:
reciprocating stroke of 170 mm, cycling frequency of 13.5 cycles/min, tire abrasion-head
pressure of 0.07 MPa, and rotational friction speed of 390 r/min. The compound condition
imposed in the torsional raveling test, in which reciprocating kneading is superimposed
with rotational friction, was designed to approximate the coupled shear—torsional action
exerted by tires on the pavement surface during vehicle turning, acceleration, decelera-
tion, and braking. The relatively low contact pressure of 0.07 MPa reflects the stress level
in the local slip zone of the tire tread during turning; the reciprocating stroke and fre-
quency correspond to the tire slip recovery cycle under low-speed turning or braking; and
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the rotational friction speed simulates the circumferential shear component acting on the
pavement surface when vehicles travel through curves or intersections.

@)

Figure 5. (a) Accelerated abrasion tester; (b) pendulum friction coefficient tester; and (c) Cantabro

particle-loss tester.

3. Results and Discussion

3.1. Basic Properties of Composite High-Viscosity Modified Asphalt and Ceramic
Aggregate Mixtures

3.1.1. Interfacial Adhesion and Wettability Between Asphalt and Ceramic Aggregates

Asphalt-aggregate interfacial adhesion is a critical factor governing the raveling re-
sistance and long-term wear-retained skid performance of asphalt mixtures. Once inter-
facial bonding failure occurs, the asphalt film may strip from the aggregate surface, lead-
ing to particle loosening and detachment; this process can eventually develop into pave-
ment raveling and pothole distress while accelerating the loss of skid-resistant texture. To
clarify the effect of TPS composite high-viscosity modified asphalt on ceramic—asphalt in-
terfacial bonding, this study compared T&S composite high-viscosity modified asphalt
with SBS-modified asphalt using the water-immersion method, in accordance with the
adhesion test method for coarse aggregates and asphalt specified in the Technical Specifi-
cations for Construction of Highway Asphalt Pavements [26]. In addition, to further quantify
the wetting and spreading ability of asphalt on ceramic aggregate surfaces, contact-angle
tests were conducted on the two asphalt systems using the sessile-drop method.

The results of the water-immersion adhesion test are shown in Figure 6. The adhesion
grade between conventional SBS-modified asphalt and ceramic aggregates was only
Grade 3 (The adhesion rating evaluation criteria are given in Table 8). The asphalt film on
the aggregate surface exhibited pronounced stripping under hot-water erosion, indicating
typical interfacial moisture damage. In contrast, the adhesion grade of the T&S composite
high-viscosity modified asphalt reached Grade 5, with the stripped area of the asphalt film
approaching zero. No identifiable stripping was observed under the same immersion con-
ditions, demonstrating that the T&S-modified interface exhibited substantially better
moisture stability than that of SBS-modified asphalt.

Table 8. Adhesion grade evaluation criteria.

Asphalt Film Stripping Condition on Ceramic Aggregate Surface Adhesion Grade

The stripped area of asphalt film is approximately zero 5
The stripped area of asphalt film is less than 10% 4
The stripped area of asphalt film is less than 30% 3

The stripped area of asphalt film is greater than 30% 2
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The asphalt film is almost completely stripped, and asphalt floats on
the water surface

Figure 6. Asphalt adhesion evaluated by the water-immersion method.

As shown in Figure 7, the contact angles of all T&S groups were substantially smaller
than those of the SBS control group at both test temperatures, indicating that TPS effec-
tively reduced the contact angle of asphalt on ceramic surfaces and markedly improved
the wetting and spreading ability of asphalt on ceramic aggregates. With increasing TPS
dosage, the contact angle first decreased and then increased. The T&S-8 group exhibited
the minimum values at both temperatures, 92.3° at 25 °C and 68.1° at 60 °C, which were
approximately 16.2° and 17.6° lower than those of the SBS control group, respectively. The
contact angles of the T&S-11 group, 94.8° at 25 °C and 69.7° at 60 °C, increased slightly
relative to those of T&S-8, probably because excessive TPS increased system viscosity and
reduced fluidity. This trend is consistent with the decline in ductility observed at the 11%
TPS dosage. It is also noteworthy that the contact angles of all groups at 60 °C were mark-
edly smaller than those at 25 °C, which is consistent with the enhanced flowability of as-
phalt at elevated temperature. Because this temperature approaches the high-temperature
conditions during asphalt-mixture mixing and compaction, the contact angle of only 68.1°
for T&S-8 indicates excellent wetting and spreading on ceramic surfaces within the con-
struction temperature range, facilitating the formation of a more uniform and complete
interfacial asphalt film under practical construction conditions.

110 F —a—25°C
——60°C
—_
100 |
=
2 90
<
k>
& 80t
=
=
C 70+
60 | | | |
SBS T&S-5 T&S-8 T&S-11
Dosage Group

Figure 7. Contact angle between different asphalt binders and ceramic aggregates.
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The enhancement of asphalt-ceramic aggregate interfacial adhesion by the TPS mod-
ifier can be explained from three perspectives. First, at the binder scale, TPS, SBS poly-
mers, and asphalt components jointly form a stable three-dimensional interpenetrating
network, which substantially increases the cohesive energy and 60 °C dynamic viscosity
of the asphalt. The enhanced load-bearing capacity and resistance to water erosion of the
asphalt film make it less susceptible to cohesive failure under hot-water immersion,
thereby reducing the risk of film stripping at the source. Second, at the interfacial interac-
tion scale, polar active groups on TPS molecular chains may develop strong interactions,
such as hydrogen bonding or polar adsorption, with inorganic oxides containing silicon
and aluminum on ceramic aggregate surfaces. The contact angle results support this in-
ference from the perspective of wetting and spreading: the contact angle of T&S-8 at 60 °C
was approximately 17.6° lower than that of SBS asphalt, indicating that TPS effectively
enhanced the affinity of asphalt for ceramic surfaces. This interaction is stronger than the
interface formed by SBS-modified asphalt, which relies primarily on van der Waals phys-
ical adsorption, and helps block the penetration of water molecules into the interface and
to weaken water-induced displacement of the asphalt film, thereby improving the mois-
ture stability of interfacial bonding to some extent [27]. Third, at the physical spreading
scale, TPS provides the modified asphalt with excellent wetting and leveling abilities, en-
abling the asphalt to form a more homogeneous, complete, and continuous film on the
rough and irregular ceramic aggregate surface. This reduces interfacial defects and poten-
tial pathways for water intrusion, further strengthening the long-term stability of the in-
terface [28].

The above improvements in interfacial adhesion and wettability mainly explain the
advantages of T&S high-viscosity asphalt from the binder perspective. However, the pore
structures of the ceramic aggregates themselves also have a non-negligible influence on
long-term interfacial stability. Drawing on studies of nanopore evolution and moisture-
sensitive responses in clay-based materials, open pores and crushing-induced mi-
crocracks on ceramic aggregate surfaces may serve as rapid pathways for moisture pene-
tration into the interface under immersion conditions [29]. Once water molecules enter
these nanoscale pores through capillary action, temperature variation or freeze-thaw cy-
cling may generate expansion pressure and further promote the growth of interfacial mi-
crocracks. In this study, the water absorption of the ceramic aggregates was 0.86%, corre-
sponding to an estimated open porosity of approximately 2.1%. Although this value is
much lower than that of highly porous recycled aggregates, it still indicates a certain mois-
ture-storage capacity. During the immersion Cantabro test (48 h, 60 °C), moisture may
penetrate through open pores to the aggregate—asphalt interfacial region and weaken the
bonding strengthened by T&S high-viscosity asphalt. This helps explain why the immer-
sion particle-loss ratios of mixtures with high ceramic aggregate contents (260%) still in-
creased markedly even when Grade 5 adhesion was achieved with T&S asphalt (Figure
6). It should also be noted that pore structures vary considerably among ceramic aggre-
gates from different sources. High-temperature-sintered tile waste typically exhibits
lower open porosity (<1%), whereas low-temperature-sintered daily-use or sanitary ce-
ramics may contain higher open porosity (2-5%). Therefore, when the mix design recom-
mended in this study is applied to other types of waste ceramics, mercury intrusion po-
rosimetry or nitrogen adsorption is recommended to characterize pore features, and the
asphalt content should be adjusted accordingly to compensate for asphalt absorbed by
open pores or more stringent interfacial reinforcement measures should be adopted.

It should be emphasized that the ceramic aggregates used in this study were derived
from waste generated during the production of daily-use ceramic products by Wuzhou
Tengxian Xinzhongtao Co., Ltd., Wuzhou, China. Their chemical composition was domi-
nated by SiO2 (68.5 wt%) and Al2Os (19.2 wt%), with an average surface roughness Ra of
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5.2 + 0.8 um and a water absorption of 0.86%. These values represent only the typical
characteristics of daily-use ceramic waste. According to the systematic review of multi-
source solid-waste ceramic materials by Li et al. [19], waste ceramics from different
sources, such as sanitary ceramics, ceramic tiles, and electrical porcelains, exhibit substan-
tial variations in chemical composition: SiO2 may range from 64 to 73 wt%, Al2Os from 16
to 22 wt%, and fluxing oxides such as CaO, MgO, K20, and Na2O may vary more mark-
edly (e.g., CaO: 0.5-3.0 wt%; K20: 2.5-5.0 wt%). These compositional differences directly
affect liquid-phase formation during sintering and the density of polar functional sites on
ceramic surfaces, thereby modifying the wetting behavior and adhesion strength at the
asphalt-aggregate interface. For example, higher CaO or MgO contents may promote the
formation of alkaline sites on ceramic surfaces, which can alter their interactions with
acidic components in asphalt. In addition, differences in crushing processes, including jaw
crushing and impact crushing, and sintering temperature can also change the density of
surface microcracks and the open porosity of ceramic aggregates. Therefore, the conclu-
sion that TPS-modified asphalt improves the interfacial adhesion and wettability of ce-
ramic aggregates is most applicable to bulk daily-use ceramic waste systems. When this
material system is extended to other specific waste ceramic aggregates, such as polished
tile waste or electrical porcelain waste, targeted adhesion-grade evaluation and contact-
angle testing are still recommended to verify its applicability boundary.

In summary, incorporation of the TPS modifier improves the interfacial adhesion be-
tween asphalt and ceramic aggregates through enhanced binder cohesion, stronger inter-
facial interactions, and improved physical spreading. In particular, the 8% TPS dosage
performed best in both adhesion grade, Grade 5, and contact angle, 68.1° at 60 °C, further
supporting its rationality as the preferred dosage under the present experimental condi-
tions. This provides a performance basis for improving the moisture damage resistance
and raveling resistance of ceramic aggregate high-viscosity asphalt mixtures. However,
because pore structure and surface chemistry vary among different waste ceramic sources,
the laboratory findings should be validated before being extended to other ceramic aggre-
gate systems or field applications.

3.1.2. Conventional Properties of Composite High-Viscosity Modified Asphalt

As shown in Table 9, with increasing TPS dosage, the penetration of the composite
modified asphalt at 25 °C gradually decreased from 54 x 0.1 mm for the SBS control group
to 41 x 0.1 mm for the T&S-11 group, indicating a continuous increase in asphalt con-
sistency and resistance to shear deformation at ambient temperature. The ring-and-ball
softening point increased monotonically from 72 °C to 98 °C, reflecting a substantial im-
provement in high-temperature flow-deformation resistance. The ductility at 5 °C first in-
creased and then decreased with increasing TPS dosage. The T&S-8 group reached a peak
value of 40 cm, representing a 42.9% increase compared with the SBS control group. Alt-
hough the ductility of the T&S-11 group decreased slightly to 37 cm, it remained 32.1%
higher than that of the control group. This trend indicates that an appropriate TPS dosage
can further toughen the SBS-modified asphalt network and improve the low-temperature
flexibility of the binder. However, excessive TPS dosage may cause the crosslinking den-
sity of the system to approach saturation, restricting chain-segment mobility and resulting
in a moderate decrease in ductility, although the value remains markedly higher than that
of the SBS control asphalt.

Table 9. Basic properties of composite high-viscosity modified asphalt binder.

Dosage Group Penetration/0.1 mm Softening Point/°C Ductility/cm
SBS 54 72 28
T&S-5 46 86 34

https://doi.org/10.3390/buildings16132608



Buildings 2026, 16, 2608

12 of 33

T&S-8 43 95 40
T&S-11 41 98 37

The 60 °C dynamic viscosity is a key indicator for evaluating the bonding ability and
aggregate-coating capacity of high-viscosity asphalt, and is directly related to the wear-
retained skid performance and raveling resistance of asphalt mixtures. The dynamic vis-
cosity results at different TPS dosages are shown in Figure 8. The dynamic viscosity of
SBS-modified asphalt was very low and far below the technical threshold for high-viscos-
ity asphalt. As the TPS dosage increased, the 60 °C dynamic viscosity of the composite-
modified asphalt exhibited an approximately exponential increase. The values for the
T&S-5, T&S-8, and T&S-11 groups reached approximately 45,000 mPa-s, 102,000 mPa-s,
and 180,000 mPa-s, respectively, all far exceeding the lower technical limit for high-vis-
cosity asphalt. This behavior can be attributed to the full swelling and expansion of the
TPS polymer network in the continuous asphalt phase, which markedly increases the co-
hesive strength and flow resistance of the system. Meanwhile, the interpenetrating net-
work structure significantly enhances intermolecular interactions within the asphalt,
providing essential binder-level support for the pavement performance of the mixture.
Although viscosity growth endows asphalt with excellent high-temperature bonding per-
formance, it also imposes more stringent requirements on mixture mixing, paving, and
compaction. Excessive viscosity may reduce mixing uniformity, increase paving re-
sistance, and make it difficult to ensure compaction. Therefore, a rational balance is re-
quired between performance enhancement and construction feasibility. The 8% TPS dos-
age was located in the optimal range in terms of both 60 °C dynamic viscosity and ductil-
ity, while its viscosity was not high enough to seriously impair construction workability;
thus, it is recommended as a dosage that balances pavement performance and field oper-
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Figure 8. Test results of 60 °C dynamic viscosity.

The evolution of these conventional properties essentially reflects the molecular-scale
structural synergy between TPS and SBS. From the perspective of polymer-blend compat-
ibility, TPS and SBS both contain styrenic blocks and conjugated diene segments, and they
are therefore expected to form a relatively homogeneous blend under high-temperature
shearing, with limited tendency toward macroscopic phase separation. More importantly,
polar active groups on TPS molecular chains, such as ester and hydroxyl groups, may
interact with the polybutadiene segments of SBS and the polar fractions of asphalt, includ-
ing oxygen- and nitrogen-containing groups in resins and asphaltenes, through hydrogen
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bonding or dipole-dipole interactions. Together with physical chain entanglement, these
weak interactions may form a semi-interpenetrating-polymer-network-like (semi-IPN-
like) structure. This network increases the cohesive energy and 60 °C dynamic viscosity
of asphalt on the one hand, and helps maintain elastic recovery on the other, as indirectly
supported by the improved ductility and residual ductility after aging. Nevertheless, stor-
age-stability and phase-separation tests were not conducted in this study, and this aspect
should be verified in future work.

Thermo-oxidative aging resistance is a key factor controlling the long-term perfor-
mance stability of modified asphalt. The RTFOT results used to simulate short-term
thermo-oxidative aging during mixing and paving are listed in Table 10 [30]. As the TPS
dosage increased, the retained penetration ratio after aging increased from 72.2% for the
SBS group to 92.1% for the T&S-11 group; the residual ductility at 5 °C increased from 18
cm to a maximum of 33 cm for the T&S-8 group; and the absolute mass change decreased
from 0.49% to 0.23%. These three indicators were all superior to those of the SBS control
asphalt. To further interpret the underlying mechanism, this study draws on the oxida-
tion-resistance framework proposed by Zhu et al. for polymer-modified asphalt, in which
oxygen quenching and VOC adsorption are considered important stabilization pathways
[31]. The aging resistance of the TPS-SBS system may be explained by three synergistic
mechanisms. First, the physical barrier effect: the interpenetrating network formed by TPS
and SBS creates a dense physical barrier in the continuous asphalt phase, prolonging ox-
ygen diffusion paths and suppressing the volatilization of light components. This is sup-
ported by the lower absolute mass loss of T&S-8 compared with SBS after RTFOT aging
(0.32% versus 0.49%). Second, possible radical stabilization: aromatic structures and un-
saturated bonds in TPS molecular chains may stabilize free radicals generated during ag-
ing through m—mt conjugation, thereby slowing chain oxidation reactions. This mechanism
is similar in concept to the sacrificial antioxidant behavior reported for lignin-modified
asphalt, but should be regarded here as a mechanistic inference rather than direct chemi-
cal proof. Third, light component retention: the very high 60 °C dynamic viscosity of T&S-
8, approximately 102,000 mPa-s, provides strong physical restraint on light asphalt frac-
tions, reducing VOC release and helping maintain the colloidal stability of asphalt.

Table 10. Properties of residues after RTFOT aging.

Dosage Group Retained Penetration Ratio/%  Ductility/cm Mass change/%

SBS 72.2 18 -0.49
T&S-5 85.4 29 -0.36
T&S-8 89.5 33 -0.32

T&S-11 92.1 32 -0.23

These mechanisms are not isolated but mutually reinforcing. The physical barrier re-
duces oxygen diffusion, possible radical stabilization consumes active oxidative species
that have entered the binder, and light component retention helps preserve the integrity
of the asphalt colloidal structure. Together, these effects provide a plausible binder-level
explanation for the improved thermo-oxidative aging resistance of TPS-SBS composite
high-viscosity asphalt. This advantage supports the robustness of the binder during mix-
ing and paving and may contribute to the performance retention of ceramic aggregate
high-viscosity asphalt mixtures under coupled thermal, moisture, and mechanical actions.
However, because only RTFOT aging was evaluated, longer-term aging tests such as PAV
should be considered in future work.

Overall, the experimental results and mechanistic analysis indicate that the TPS mod-
ifier improved the conventional properties, high-viscosity characteristics, and short-term
aging resistance of SBS-modified asphalt in a consistent direction. Under the present test
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conditions, T&S-8, corresponding to an 8% TPS dosage, achieved the best balance among
high-temperature softening resistance, low-temperature flexibility, 60 °C dynamic viscos-
ity, and residual ductility after aging. Its viscosity was also not so high as to seriously
impair construction workability. Therefore, T&S-8 was selected as the preferred binder
for the subsequent pavement performance evaluation of ceramic aggregate high-viscosity
asphalt mixtures.

3.1.3. Overview of the Basic Pavement Performance of Ceramic Aggregate Mixtures

T&S modified asphalt was prepared using the previously identified optimum TPS
dosage of 8%. Ceramic aggregates were then used to replace limestone aggregates at an
equal volume, and asphalt mixtures with different ceramic aggregate contents were pre-
pared to comparatively evaluate mixture performance under the synergistic effects of ce-
ramic aggregates and high-viscosity modified asphalt.

The density of the ceramic aggregate was lower than the specification requirement,
and its influence on mixture performance is two-sided. On the favorable side, the low
density can reduce mixture self-weight and decrease dead-load stress in pavement struc-
tures; the equal-volume replacement scheme eliminates the interference of density differ-
ences with the gradation skeleton, and both the crushing value and abrasion value satisfy
the specification requirements. On the unfavorable side, low density combined with rela-
tively high water absorption, 0.86%, increases the optimum asphalt content and therefore
material cost. Moreover, the larger specific surface area per unit mass of aggregate in-
creases the total asphalt-aggregate interfacial area, imposing higher requirements on wa-
ter sensitivity and long-term raveling resistance. This is the key reason why Té&S high-
viscosity asphalt was adopted in this study to reinforce interfacial bonding. These trade-
offs indicate that applying ceramic aggregates in asphalt pavements is not a simple re-
placement of natural aggregates by waste materials; rather, systematic optimization is re-
quired in skeleton design, asphalt dosage, interfacial reinforcement, and dosage control.

As shown in Figure 9, the dynamic stability of both the SBS control group and the
T&S test group decreased continuously with increasing ceramic aggregate content. How-
ever, at each dosage level, the DS value of the T&S group was consistently much higher
than that of the SBS group. At 0% ceramic aggregate content, the DS value of the SBS
group was 7054 passes/mm, whereas that of the T&S group reached 11,667 passes/mm,
corresponding to an increase of approximately 65%. When the ceramic aggregate content
increased to 80%, the T&S group still maintained a DS value of 2541 passes/mm, approx-
imately 53% higher than that of the corresponding SBS group, which was 1658 passes/mm.
The excellent high-temperature performance of the T&S group originates from the rheo-
logical advantages of its binder. The extremely high 60 °C dynamic viscosity and softening
point of the composite high-viscosity asphalt provide the asphalt mastic with stronger
resistance to shear flow, effectively suppressing shear deformation and aggregate slip-
page in the mixture under high-temperature loading. The gradual decline in dynamic sta-
bility with increasing ceramic aggregate content is mainly attributed to the relatively
smooth surface and weaker angularity of ceramic aggregates compared with natural hard
aggregates, which weakens stone-on-stone interlocking at high ceramic aggregate con-
tents. Nevertheless, the strong bonding characteristics of T&S high-viscosity asphalt
largely compensate for the loss of aggregate skeleton interlocking, resulting in signifi-
cantly better high-temperature performance than that of the SBS control group across the
full range of ceramic aggregate contents.
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Figure 9. Effect of ceramic aggregate content on the dynamic stability of asphalt mixtures.

As shown in Figure 10, across the full range of ceramic aggregate contents, both mois-
ture stability indicators of the T&S group were significantly higher than those of the SBS
control group, and their degradation with increasing ceramic aggregate content was much
slower. At 0% ceramic aggregate content, the moisture stability of both mixtures satisfied
the specification requirements. When the ceramic aggregate content increased to 60%, the
residual Marshall stability and freeze—thaw splitting strength ratio of the SBS group de-
creased sharply to 67.0% and 62.1%, respectively, failing to meet the moisture stability
requirements for high-grade highways. In contrast, the corresponding values of the T&S
group remained at excellent levels of 88.8% and 87.7%, respectively. When the ceramic
aggregate content further increased to 80%, the two indicators of the SBS group decreased
to 52.7% and 47.2%, indicating an almost complete loss of moisture stability. By contrast,
the T&S group still retained residual levels of 78.3% and 79.4%, respectively.
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Figure 10. Effect of ceramic aggregate content on the moisture stability of asphalt mixtures.

Moisture damage is essentially caused by water intrusion into the asphalt-aggregate
interface, which induces asphalt film stripping and bonding failure. The superior mois-
ture stability of the T&S group can be attributed to the synergy of two mechanisms. First,
the extremely high viscosity and cohesion of the composite high-viscosity asphalt enable
it to form a thicker and denser asphalt film on the aggregate surface, providing much
stronger resistance to water penetration and stripping than SBS-modified asphalt. Second,
possible interfacial interactions, including polar adsorption and hydrogen-bonding inter-
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actions between the polar groups on TPS molecular chains and the aggregate surface im-
prove the resistance of the interface to displacement by water molecules. The decrease in
moisture stability at high ceramic aggregate contents is attributable to the increasing pro-
portion of weak interfaces as the ceramic aggregate content rises. However, the strong
bonding effect of T&S high-viscosity asphalt effectively mitigates this deterioration trend
and broadens the safe dosage window for ceramic aggregates.

As shown in Figure 11, at each ceramic aggregate content, the indirect tensile strength
of the T&S group was much higher than that of the SBS control group, and its degradation
rate with increasing ceramic aggregate content was considerably lower. At 0% ceramic
aggregate content, the strength of the SBS group was 1.69 MPa, whereas that of the T&S
group reached 2.53 MPa, representing an increase of approximately 50%. At ceramic ag-
gregate contents of 20% and 40%, the strengths of the T&S group remained at 2.50 MPa
and 2.44 MPa, respectively, with no significant deterioration. When the ceramic aggregate
content increased to 80%, the strength of the T&S group decreased to 0.85 MPa, but it
remained approximately 37% higher than that of the corresponding SBS group, which was
0.62 MPa. The overall mechanical advantage of the T&S group originates from the sub-
stantial enhancement of bonding at the high-viscosity asphalt mastic-aggregate interface.
The strengthened interface enables more uniform stress transfer within the mixture under
loading, delaying the initiation and propagation of microcracks and thereby improving
the overall tensile resistance. The strength reduction at high ceramic aggregate contents
indicates that the negative effect of weakened aggregate skeleton interlocking gradually
exceeds the positive contribution of enhanced asphalt bonding. Nevertheless, the pres-
ence of high-viscosity asphalt significantly slows this degradation process.
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Figure 11. Effect of ceramic aggregate content on the indirect tensile strength of asphalt mixtures.

3.2. Wear-Retained Skid Performance of Ceramic Aggregate High-Viscosity Asphalt Mixtures
3.2.1. Wear-Retained Skid Performance

According to the Field Test Methods of Subgrade and Pavement for Highway Engineering
(JTG E60-2008) [32], the measured pendulum values were temperature-corrected and uni-
formly converted to the standard value at 20 °C. The correction equation is expressed as
follows:

BPN,, = BPN, + ABPN 1)

where BPNo is the standard pendulum value at 20 °C, BPNt is the measured pendulum value at
temperature t, and ABPN is the temperature correction value, as listed in Table 11.
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Table 11. Temperature correction values for BPN.

Temperature/°C 0 5 10 15 20 25 30 35 40
ABPN -6 -4 -3 -1 0 +2 +3 +5 +7

In terms of initial skid resistance, the BPN at 0 h increased steadily with increasing
ceramic aggregate content. The control group with 0% ceramic aggregate exhibited a BPN
of 65.6, whereas the BPN values of the 20-80% groups ranged from 66.8 to 70.2; the 80%
group showed an increase of approximately 7.0% compared with the control group. This
improvement can be attributed to the high hardness of ceramic aggregates and the abun-
dant microtexture on their fractured surfaces. Compared with limestone aggregates, ce-
ramic particles provide greater interfacial frictional resistance, thereby directly enhancing
the skid-resistant texture of the pavement surface.

During 16 h of continuous abrasion, the BPN values of all groups exhibited nonlinear
degradation, characterized by rapid attenuation in the early stage followed by a slower
decline in the later stage. The 0-8 h interval corresponded to the rapid abrasion stage of
protruding aggregate surface textures, during which BPN decreased rapidly. During 8-
16 h, the aggregate surface gradually became smoother, and the attenuation rate corre-
spondingly decreased. Although all groups followed a similar overall trend, substantial
differences were observed in attenuation magnitude and final retention rate. After 16 h of
abrasion, the BPN of the control group decreased to 30.0, corresponding to a total attenu-
ation of 54.3% and a performance retention rate of only 45.7%, indicating the weakest
long-term skid resistance. The final BPN of the 20% group was 32.7, with an attenuation
of 51.0%, suggesting that the reinforcing effect at low ceramic aggregate content remained
limited. The final BPN of the 40% group increased markedly to 37.1, with the attenuation
decreasing to 45.4% and the performance retention rate increasing to 54.6%, indicating a
pronounced improvement in skid resistance. The final BPN values of the 60% and 80%
groups reached 40.2 and 41.6, respectively, and the attenuation further decreased to 41.5%
and 40.7%, indicating the best long-term skid-retention capacity. However, the improve-
ment became noticeably less pronounced beyond the 40% ceramic aggregate content.

The relationship between ceramic aggregate content and BPN after 16 h of abrasion
in Figure 12 shows a clear two-stage growth pattern, from which 40% ceramic aggregate
content can be identified as a critical inflection point for improving long-term skid re-
sistance. Within the 0—40% range, the curve exhibited a relatively steep slope, and the final
BPN increased by an average of approximately 3.55 units for every 20% increase in ce-
ramic aggregate content, indicating that the skid resistance reinforcement effect of ceramic
aggregates was fully mobilized. In the 40-80% range, the slope decreased markedly, and
the average increment dropped to 2.25 units, reflecting diminishing marginal benefits.
This inflection point can be explained as follows: when the ceramic aggregate content is
below 40%, highly wear-resistant ceramic aggregates progressively replace limestone,
rapidly improving the overall abrasion resistance of the aggregate system. Once the con-
tent exceeds 40%, the mixture has essentially formed a ceramic-dominated skid-resistant
skeleton, and the abrasion resistance of the aggregate system approaches the intrinsic up-
per limit of ceramic aggregates, leaving limited room for further improvement.

The improvement in wear-retained skid resistance provided by ceramic aggregates
results from the combined effect of their intrinsic abrasion resistance and the aggregate-
coating capacity of T&S high-viscosity asphalt. Ceramic aggregates delay surface texture
polishing, whereas the high-viscosity binder helps suppress particle loosening and early
detachment, thereby maintaining skid-resistant texture under the present laboratory abra-
sion conditions. From an engineering applicability perspective, the 20% group provided
limited reinforcement, whereas the 60% and 80% groups showed better skid-retention ca-
pacity but also clear diminishing marginal benefits and higher material cost. The 40%
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group achieved a reasonable balance among skid-resistance improvement efficiency, ser-
vice stability, and economy under the present test conditions. It should be noted, however,
that the skid-resistance evaluation was based on a laboratory accelerated abrasion test.
The abrasion conditions used in this study, namely a constant load of 0.25 MPa, a rubber
abrasion head, dry contact, and a constant temperature of 20 + 2 °C, differ from actual
pavement environments. In field service, tire type and inflation pressure, pavement tem-
perature fluctuations (=30 to 60 °C), rainwater lubrication, deicing salts, and braking or
turning actions may all affect the skid-resistance degradation rate. Therefore, the BPN
degradation curves in Figure 12 reflect relative trends under the present laboratory con-
ditions rather than absolute predictions of field performance. The ranking of mixtures
with different ceramic aggregate contents (80% > 60% > 40% > 20% > 0%) is informative,
but the extrapolation of specific degradation rates to the field should be treated cautiously.
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Figure 12. Variation in BPN of mixtures with different ceramic aggregate contents as a function of

abrasion time.

3.2.2. Empirical Model for Skid-Resistance Degradation

The service-stage evolution of asphalt pavement skid resistance generally exhibits
nonlinear characteristics, including rapid degradation in the early stage, slower degrada-
tion in the middle stage, and stabilization in the later stage. To quantitatively describe the
degradation of BPN with abrasion time for ceramic aggregate high-viscosity asphalt mix-
tures, a three-parameter negative exponential model commonly used in road engineering
was fitted to the time-series data obtained from the laboratory accelerated abrasion test
[33]. The model is expressed as follows:

BPN(t) = A, + Be~ctt 2)

where t is the accelerated abrasion duration, h; BPN(t) is the pendulum value at the corresponding
time; At is the long-term stable limit value, corresponding to the residual BPN after the mixture
reaches a stable abrasion state; Bt is the total attenuation amplitude, defined as the difference be-
tween the initial BPN and At; and ct is the degradation rate constant, h™', with a larger value
indicating faster degradation.

Parameter optimization was performed using the Levenberg-Marquardt nonlinear
least-squares algorithm [34], with the constraints A«>0, B¢>0, and c:> 0. The fitting results
are listed in Table 12. The coefficients of determination, R?, of the five mixture groups were

https://doi.org/10.3390/buildings16132608



Buildings 2026, 16, 2608

19 of 33

all no lower than 0.9978, indicating an excellent agreement between the model and the
experimental data.

Table 12. Fitting parameters of the skid-resistance degradation model.

Attenuation Amplitude Degradation Rate Constant

Ceramic Aggregate Content Stable Value At Bt ct/h-l R?
0% 27.84 38.10 0.132 0.9978
20% 30.11 36.97 0.124 0.9982
40% 34.85 33.22 0.115 0.9986
60% 37.65 31.59 0.108 0.9988
80% 39.42 30.96 0.102 0.9989

The evolution of the model parameters with ceramic aggregate content quantitatively
reveals the mechanism by which ceramic aggregates improve skid-resistance durability
from three perspectives. First, the stable limit value A: increased monotonically with ce-
ramic aggregate content, from 27.84 at 0% to 39.42 at 80%, directly quantifying the residual
skid resistance after long-term service and indicating that ceramic aggregates can effec-
tively raise the safety lower limit of pavement skid resistance. Second, the total attenua-
tion amplitude B: decreased monotonically with increasing ceramic aggregate content,
from 38.10 to 30.96, indicating that higher ceramic aggregate contents reduce the total
skid-resistance loss over the full service cycle and improve performance stability. Third,
the degradation rate constant c: decreased monotonically from 0.132 h* to 0.102 h?, re-
flecting the continuous inhibitory effect of ceramic aggregates on the abrasion-induced
degradation rate.

Notably, the magnitude of parameter variation also supports the identification of
40% ceramic aggregate content as the threshold for a performance leap. In the 0—40%
range, ct decreased by 12.9%, and Atincreased by 25.2%; whereas in the 40-80% range, the
corresponding decrease and increase narrowed to 11.3% and 13.1%, respectively. This di-
minishing marginal improvement is highly consistent with the experimental analysis in
Section 3.2.1.

3.2.3. Frictional Impulse-Based Characterization Model for Skid-Resistance Degradation

Although the time-based empirical model established in the previous section pro-
vides high fitting accuracy for the laboratory data, its parameters depend on the specific
abrasion condition, namely constant load, dry contact, constant temperature, and fixed
abrasion media. Therefore, the model cannot be directly generalized to different loading
and contact conditions. Drawing on the validation logic commonly used in combined ex-
perimental and numerical studies of structural reinforcement, this section attempts to con-
struct a skid-resistance degradation characterization model using cumulative frictional
impulse I as the basic variable and, more importantly, to define its applicability and pre-
dictive boundaries [35]. The model is intended to describe the present laboratory data and
to compare the relative polishing resistance of different mixtures, rather than to provide
direct field-life prediction [36].

According to JTG E60-2008, the standard BPN at 20 °C can be converted to the pave-

ment sliding friction coefficient u as follows:

BPN

w20y )

In this test, a constant contact pressure of 0.25 MPa was applied, and the effective
contact area between the abrasion wheel and the specimen remained fixed; therefore, the
normal load Fx was constant. The sliding friction force is determined by the friction coef-
ficient and the normal load:
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Ff:H.FN:%.FN (4)
The friction impulse I is defined as the time integral of the sliding friction force:
t FN t
I = j[; Frdt = 100 ; BPN (7)dr (5)

Substituting the empirical skid-resistance degradation model established in Section
3.2.2 into the integral and solving it yields the analytical relationship between cumulative
friction impulse and abrasion duration:

Fy
100
This establishes a quantitative relationship among abrasion time, friction impulse,

I [Att + ]j_: (1- e‘th)] (6)

and skid resistance. Based on this relationship, the cumulative friction impulse and corre-
sponding BPN values of mixtures with different ceramic aggregate contents at different
abrasion times were calculated. The results showed that the degradation of BPN with I
also followed a three-parameter negative exponential form. Accordingly, a mechanical
model with friction impulse as the independent variable was constructed as follows:

BPN = A+ Be™!/¢ 7)

where I is the cumulative friction impulse, kN-h; A is the long-term stable limit value; B is the total
attenuation amplitude; and C is the characteristic degradation constant, kN-h. A larger C value
indicates slower skid-resistance degradation with cumulative friction impulse and stronger polish-
ing resistance of the material.

The same algorithm as that used in Section 3.2.2 was adopted for fitting, with the
constraints A >0, B> 0, and C > 0. The fitting results are shown in Table 13 and Figure 13.

Table 13. Fitting parameters of the skid-resistance degradation model based on I.

Ceramic Aggre- Stable Limit  Attenuation Characteristic Degrada-

gate Content Value A Amplitude B tion Constant C/kN-h R?
0% 27.84 38.10 0.340 0.9978
20% 30.11 36.97 0.362 0.9982
40% 34.85 33.22 0.390 0.9986
60% 37.65 31.59 0.415 0.9988
80% 39.42 30.96 0.440 0.9989
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Figure 13. Fitted curves of the skid-resistance degradation model based on I.
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The R? values were all higher than 0.997, indicating high fitting accuracy for the pre-
sent laboratory data set. The model parameters have clear descriptive meanings under the
tested abrasion condition. The stable limit value A increased monotonically with ceramic
aggregate content, indicating that ceramic aggregates increased the residual skid-re-
sistance level after laboratory abrasion. The total attenuation amplitude B decreased mon-
otonically, suggesting that skid-resistance loss under the present test condition was sup-
pressed. The characteristic degradation constant C increased from 0.340 kN-h to 0.440
kN-h, providing a quantitative index for comparing the relative polishing resistance of the
mixtures.

Furthermore, according to the characteristic constant C, the abrasion process of the
mixture can be divided into three characteristic stages, which are fully consistent with the
curve shapes in Figure 13. When I < 3C, the mixture is in the rapid abrasion stage, during
which protruding surface textures are quickly worn down and BPN decreases sharply
and approximately linearly; this is the core stage of pavement skid-resistance loss. When
3C < I< 6C, the mixture enters the stable abrasion stage, during which the surface gradu-
ally becomes smoother, the degradation rate decreases substantially, and the curve tends
to flatten. When I > 6C, the ultimate stable stage is reached, BPN approaches A, and skid
resistance no longer decreases significantly. From the parameter comparison, the C values
of the groups with ceramic aggregate contents of 40% and above were significantly higher
than those of the low-content groups. These mixtures could enter the stable abrasion stage
earlier and exhibited higher stable limit values A, which is reflected in Figure 13 by fitted
curves that consistently lie above those of the low-content groups, indicating superior re-
sidual skid resistance under laboratory constant-load abrasion conditions.

Considering both model parameters and engineering applicability, the 0% and 20%
low-content groups degraded rapidly and had low stable limits, making them inadequate
for long-life pavements. Although the 80% group exhibited the best polishing resistance,
its marginal benefits diminished, material costs increased, and construction workability
was also affected. Compared with the 20% group, the 40% group showed an increase of
approximately 7.7% in C and 15.7% in A, demonstrating the most prominent efficiency in
improving skid resistance. It achieved a rational balance among durability, economy, and
construction performance, corroborating the conclusions drawn above. The 60% group is
more suitable for pavement sections with special skid-resistance requirements and lower
cost sensitivity, such as heavy-duty traffic sections and long, steep grades.

It should be noted that the high goodness of fit of the above model partly results from
the inherent self-consistency of the data association, because it was converted from BPN.
To preliminarily examine the applicability of the model under variable loading condi-
tions, additional accelerated abrasion tests were conducted on the T&S mixture with 40%
ceramic aggregate content, which exhibited favorable overall performance in this study,
under two additional normal loads of 0.15 MPa and 0.35 MPa. Together with the reference
load of 0.25 MPa, three loading conditions were considered. Continuous abrasion was
performed for 16 h under each loading condition, BPN was recorded every 2 h, and two
parallel specimens were tested for each condition.

Two approaches were adopted for model validation. The first was parameter stability
verification: if model parameter C has physical significance in reflecting the intrinsic pol-
ishing resistance of the material, it should remain relatively stable under different load
levels. Increasing the load accelerates BPN degradation, but the intrinsic resistance of the
material to polishing should not change fundamentally with load. The second approach
was cross-prediction validation: the fitting parameters (A0, B0, C0) obtained under the
0.25 MPa reference load were used to predict the BPN degradation curves under the 0.15
MPa and 0.35 MPa loads, and the coefficient of determination R? between predicted and
measured values was calculated to quantitatively evaluate cross-load prediction accuracy.
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As shown in Table 14, the coefficient of variation of parameter C under the three load
levels was 3.5%, indicating good parameter stability within this load range. Under the 0.15
MPa and 0.35 MPa loads, the cross-prediction R? values reached 0.985 and 0.978, respec-
tively, showing good agreement between predicted and measured values. These results
suggest that the frictional impulse-based skid-resistance degradation characterization
model has a certain degree of cross-load applicability within the normal-load range of
0.15-0.35 MPa, and that parameter C can be used as a relative index of polishing resistance
within this range. However, this verification was conducted using the same apparatus
under adjacent load levels and should not be interpreted as independent field validation.

Table 14. Model validation results under different normal loads for the T&S mixture with 40% ce-

ramic aggregate content.

Fitting Parameter

Normal Load/MPa C/kN'h R? of Fitting Cross-Prediction R?
0.15 0.405 0.9975 0.985
0.25 (reference) 0.390 0.9986 -
0.35 0.378 0.9970 0.978

It should be emphasized that the above model has clear boundaries. First, the model
can describe the BPN decay with cumulative frictional impulse under the specified labor-
atory conditions: 0.25 MPa, dry contact, 20 + 2 °C, and a rubber abrasion head. Parameter
C can be used to quantify relative polishing resistance, with a larger C corresponding to a
slower decay rate; in this study, C increased from 0.340 to 0.440 kN-h as ceramic aggregate
content increased from 0% to 80%. Second, the model cannot directly predict the field
skid-resistance degradation rate or pavement service life, because it does not account for
temperature fluctuations, moisture, tire type, braking, turning, acceleration, freeze—thaw
cycling, or wet abrasion. It also cannot replace full-scale accelerated loading tests or long-
term field monitoring. Third, the load dependence of parameter C was only preliminarily
examined under 0.15, 0.25, and 0.35 MPa. Although the coefficient of variation of C was
3.5% and the cross-prediction R? values were not lower than 0.978, this validation was
limited to different load conditions within the same device and was not calibrated against
field data. Therefore, uncertainty will increase substantially when the model is applied
beyond this load range or to wet, freeze-thaw, or temperature-varying conditions.

The main value of the frictional impulse-based skid-resistance degradation charac-
terization model is therefore threefold: (i) it provides a unified quantitative framework for
describing skid-resistance decay of mixtures with different ceramic aggregate contents
under laboratory constant-load abrasion; (ii) it enables relative ranking of material polish-
ing resistance through parameter C; and (iii) it provides a quantitative basis for mix-de-
sign optimization under the present test conditions. Its broader cross-condition applica-
bility should be further verified through full-scale accelerated loading tests and long-term
field data.

3.3. Raveling Resistance of Ceramic Aggregate High-Viscosity Asphalt Mixtures
3.3.1. Immersion Cantabro Particle-Loss Test

Raveling resistance is fundamental to the long-term service stability of asphalt mix-
tures. It directly determines the ability of pavement surfaces to resist aggregate loss, sur-
face pitting, and pothole distress, and is also essential for maintaining the integrity of skid-
resistant surface texture and delaying skid-resistance degradation [37]. To systematically
evaluate the raveling resistance of ceramic aggregate high-viscosity asphalt mixtures un-
der coupled moisture-loading conditions, the immersion Cantabro particle-loss test was
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conducted in accordance with the Standard Test Methods of Bitumen and Bituminous Mix-
tures for Highway Engineering (JTG E20-2011) [25]. Standard Marshall specimens were im-
mersed in a constant-temperature water bath at 60 °C for 48 h, and then subjected to the
particle-loss test using a Los Angeles abrasion machine. The particle-loss ratio was used
as the evaluation index to investigate the effects of ceramic aggregate content and binder
type on mixture raveling resistance. The test results are shown in Figure 14.
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Figure 14. Immersion Cantabro particle-loss ratios of mixtures with different ceramic aggregate con-

tents.

Under the same binder system, the immersion Cantabro particle-loss ratio increased
continuously with increasing ceramic aggregate content. This is mainly because, com-
pared with natural limestone aggregates, ceramic aggregates exhibit weaker angularity
on fractured surfaces, more equiaxed particle shapes, and less abundant surface microtex-
ture, resulting in an inherent deficiency in mechanical interlocking among aggregates. As
the equal-volume replacement ratio of ceramic aggregates increases, the proportion of ag-
gregates with strong interlocking capacity in the skeleton structure decreases, making par-
ticle loosening and detachment more likely under impact loading and consequently in-
creasing particle loss.

More importantly, at all ceramic aggregate contents, the particle-loss ratio of the T&S
composite high-viscosity modified asphalt mixture was significantly lower than that of
the SBS control group. At 0% ceramic aggregate content, the particle-loss ratio of the T&S
group was approximately 46% lower than that of the SBS group. Within the 20-80% con-
tent range, the reductions were approximately 57%, 49%, 42%, and 40%, respectively.
Even under the unfavorable condition of 80% ceramic aggregate content, the T&S group
still exhibited much better raveling resistance than the SBS reference group. This compar-
ison is highly consistent with the adhesion test results in Section 3.1.1, and the mechanism
can be explained from two aspects. First, the adhesion grade between T&S asphalt and
ceramic aggregates reached Grade 5, far exceeding the Grade 3 achieved by SBS asphalt;
moreover, the contact-angle test confirmed its superior wetting and spreading ability on
ceramic surfaces, with the contact angle at 60 °C approximately 17.6° lower than that of
SBS asphalt. Under the coupled effects of long-term hot-water immersion and impact
loading, the interface was less prone to water-film displacement and adhesive debonding,
thereby suppressing particle loss at its origin. Second, the three-dimensional interpene-
trating network jointly formed by TPS and SBS substantially enhanced the cohesion and
impact toughness of the asphalt mastic, making cohesive failure less likely under loading
and effectively maintaining the bonding integrity of the aggregate skeleton.
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The above analysis mainly explains the improvement in raveling resistance from the
binder side; however, moisture damage is also closely associated with the microstructural
characteristics of the ceramic aggregate itself. During high-temperature sintering and me-
chanical crushing, a certain number of microcracks and open pores may form on the ce-
ramic aggregate surface. These defects provide potential pathways for water to penetrate
into and remain within the interfacial region. Drawing on the concept of the interfacial
transition zone, ITZ, in composite materials, the ceramic-asphalt interface can be regarded
as a structurally heterogeneous weak region: the aggregate side is a porous surface con-
taining micro-defects, whereas the asphalt side is polymer-modified mastic. The abrupt
transition in chemical composition and mechanical modulus between the two sides makes
this region a preferential site for damage initiation under coupled hydro-mechanical ac-
tion. Therefore, the moisture stability of the mixture depends not only on the chemical
affinity and physical coating of asphalt for aggregates, but also on the pore and microcrack
characteristics of the aggregate itself.

From the perspective of the dosage threshold, within the range of 0-40%, the particle-
loss ratio of the T&S group increased only slightly from approximately 4.8% to 9.5%, with
an increase of less than 5 percentage points, and remained below 10% throughout, fully
satisfying the technical requirements for raveling resistance in high-grade highways.
When the ceramic aggregate content increased from 40% to 80%, the particle-loss ratio
further increased from approximately 9.5% to 18.3%, indicating a clearly accelerated de-
terioration rate. This trend indicates that a ceramic aggregate content of 40% is also a crit-
ical threshold for mixture raveling resistance. This finding agrees with the previously
identified inflection point for wear-retained skid performance and further confirms that,
at this content, the mixture achieves an optimal balance among wear-retained skid re-
sistance, raveling resistance, and economy.

In summary, the immersion Cantabro particle-loss test confirms that TPS composite
high-viscosity modified asphalt can partly compensate for the inherent interfacial bond-
ing deficiency of ceramic aggregates and substantially improve the moisture-damage re-
sistance and raveling resistance of ceramic aggregate asphalt mixtures, providing sup-
porting evidence for their technical application in long-life skid-resistant pavements.

3.3.2. Torsional Raveling Test

To further evaluate the raveling resistance of the mixtures under repeated shear—
kneading conditions, a torsional raveling test was conducted using the laboratory accel-
erated abrasion tester [38]. This loading condition was designed to simulate the combined
kneading-torsional action exerted by tires on the pavement surface, which more closely
reflects the complex stress states caused by frequent vehicle turning, acceleration, and de-
celeration during actual service. The time-dependent particle-loss mass at each stage was
used as the evaluation index [37], and the test results are shown in Figure 15.

In terms of the time-history evolution, the particle-loss mass of all mixture groups
showed a consistent pattern: it first increased continuously, reached a peak at approxi-
mately 40 min, and then gradually decreased. The period of 0—40 min corresponds to the
rapid aggregate-detachment stage. Under repeated kneading—shear action, fatigue dam-
age continuously accumulates at the asphalt-aggregate interface, interfacial bonding
gradually deteriorates, and particles with weak interlocking and poor bonding within the
skeleton loosen and detach first. As a result, particle loss increases continuously with load-
ing time and reaches a peak at approximately 40 min. The period of 40-60 min corre-
sponds to the performance stabilization stage. At this stage, easily detachable aggregates
have largely been removed, while the remaining particles are firmly bonded to the asphalt
and the aggregate skeleton remains stable. Therefore, the additional particle loss induced
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by continued kneading is substantially reduced, the measured particle-loss mass gradu-
ally decreases from its peak, and the raveling resistance tends to stabilize.
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Figure 15. Time-history curves of torsional particle-loss mass for mixtures with different ceramic

aggregate contents.

Under the same binder system, both the particle-loss mass at each stage and the total
loss over the full test period increased monotonically with increasing ceramic aggregate
content. The total loss of the SBS group increased from 42.5 g at 0% ceramic aggregate
content to 136.0 g at 80%, corresponding to an increase of approximately 220%. For the
T&S group, the total loss increased from 21.3 g to 72.0 g, corresponding to an increase of
approximately 238%. This pattern is consistent with the results of the immersion Cantabro
particle-loss test. The underlying mechanism is that the relatively weaker angularity and
surface roughness of ceramic aggregates reduce the interlocking capacity of the aggregate
skeleton. At high ceramic aggregate contents, the mechanical anchorage is further weak-
ened, making particle sliding and detachment more likely under kneading loading [39].

In terms of the binder modification effect, the particle-loss mass of the T&S group
was consistently much lower than that of the SBS group at the same ceramic aggregate
content. At 0% ceramic aggregate content, the total loss of the T&S group was approxi-
mately 49.9% lower than that of the SBS group. Within the 20-80% content range, the re-
ductions were approximately 42.8%, 45.4%, 48.3%, and 47.1%, respectively, with improve-
ments approaching 50% across the entire range. Even under the unfavorable condition of
high ceramic aggregate content, 80%, the T&S group still maintained good resistance to
kneading-induced raveling. This difference originates from two core advantages of T&S
asphalt. First, its Grade 5 adhesion with ceramic aggregates endows the interface with
stronger resistance to fatigue-induced debonding, thereby suppressing the causes of par-
ticle detachment at their origin. Second, the three-dimensional interpenetrating network
jointly formed by TPS and SBS substantially enhances the cohesion and shear-fatigue re-
sistance of the asphalt mastic, enabling the skeleton structure to maintain bonding integ-
rity for a longer period under repeated kneading. In addition, the elastic-modulus mis-
match between ceramic aggregates and asphalt mastic at the interface is significant. Under
repeated kneading—shear action, this modulus mismatch can induce interfacial stress con-
centration and accelerate fatigue-damage accumulation. Surface microcracks generated
during aggregate crushing may further amplify this effect and become initiation sites for
interfacial debonding. Therefore, although T&S high-viscosity asphalt effectively delays
raveling by enhancing interfacial adhesion and mastic cohesion, surface physical defects
of the aggregate itself remain potential factors affecting long-term interfacial durability.

The above torsional raveling results reveal the overall raveling resistance of ceramic
aggregate high-viscosity asphalt mixtures under repeated shear—kneading action. How-
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ever, it should be noted that the test simulates only a short-term accelerated loading con-
dition (60 min) and does not cover the more complex long-term fatigue process experi-
enced by pavements in service. Drawing on the concept of interfacial transition zone (ITZ)
degradation in cement-based composites under repeated environmental loading, the
long-term durability limitations of the present mixture can be interpreted by analogy [40].
In cement-based composites, the aggregate—matrix interface is often the preferential site
for thermal-fatigue damage initiation; differences in thermal expansion induce cyclic
stress concentration, leading to microcrack initiation, pore coarsening, interfacial debond-
ing, and ultimately macroscopic performance degradation. Similarly, in ceramic aggre-
gate high-viscosity asphalt mixtures, the large difference in modulus and thermal expan-
sion between ceramic aggregates (approximately 4-6 x 10%/°C) and asphalt mastic (ap-
proximately 15-20 x 10-5/°C) may induce progressive fatigue damage accumulation in the
interfacial region under daily temperature cycles and traffic loading. The torsional ravel-
ing test in this study captured a response characterized by an initial increase followed by
stabilization in particle loss, but the 60 min accelerated test can represent only a limited
number of turning or braking events. It cannot fully reflect the gradual accumulation of
interfacial microdamage or the risk of sudden failure over years of service. Therefore, the
favorable raveling resistance observed under the present test conditions should be inter-
preted as a potential short-term mechanical resistance rather than fully verified long-term
service reliability.

From the perspective of the critical threshold, within the 0-40% content range, the
total loss of the T&S group increased only from 21.3 g to 38.2 g, an increase of approxi-
mately 16.9 g (Figure 16). Notably, the total loss of the 40% group, 38.2 g, was still lower
than the baseline value of the SBS group without ceramic aggregates, 42.5 g, indicating
that the torsional raveling resistance of the T&S mixture at this content was even better
than that of the ceramic-free SBS reference mixture. However, when the ceramic aggregate
content further increased from 40% to 80%, the total loss rose sharply from 38.2 g to 72.0
g, an increase of approximately 33.8 g, indicating a clearly accelerated deterioration rate.
This pattern agrees well with the inflection-point conclusions obtained from the immer-
sion particle-loss test and the wear-retained skid resistance analysis, further confirming
that 40% is the key balance point for ceramic aggregate content.
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Figure 16. Total torsional particle loss of different modified asphalt mixtures at various ceramic

aggregate contents.

The results suggest that TPS-SBS composite high-viscosity modified asphalt can
partly compensate for the interlocking deficiency of ceramic aggregates and maintain fa-
vorable raveling resistance under repeated shear action in the laboratory. These findings
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provide useful performance evidence for the potential use of ceramic aggregate high-vis-
cosity asphalt mixtures in pavement friction courses, but field validation is still required
before broader engineering application.

3.4. Multi-Criteria Comprehensive Decision Analysis of Ceramic Aggregate Content

The preceding sections evaluated the pavement performance of T&S high-viscosity
asphalt mixtures with different ceramic aggregate contents from the perspectives of skid
resistance, raveling resistance, high-temperature stability, moisture stability, and mechan-
ical properties. The results indicate that different performance indicators evolved differ-
ently as ceramic aggregate content increased: skid resistance increased monotonically,
high-temperature performance decreased monotonically, and moisture stability and rav-
eling resistance deteriorated only slowly at low contents but deteriorated more rapidly at
high contents. Because the optimum content corresponding to a single indicator differs
among performance dimensions, it is necessary to establish a multi-criteria decision-mak-
ing framework to systematically balance different performance requirements and deter-
mine a ceramic aggregate content with favorable overall performance.

3.4.1. Construction of the Evaluation Matrix

Seven indicators were selected to construct the multi-criteria performance evaluation
matrix: residual BPN after 16 h of abrasion, representing skid-resistance durability; im-
mersion raveling loss, representing moisture-induced raveling resistance; total torsional
raveling loss, representing mechanical raveling resistance; dynamic stability, representing
high-temperature performance; freeze-thaw splitting strength ratio, representing mois-
ture stability; indirect tensile strength, representing mechanical performance; and opti-
mum asphalt content, representing economy. The solid-waste utilization rate, expressed
as ceramic aggregate content, was also included as a reference dimension. The weighting
assignment was based on the functional positioning of a long-life skid-resistant surface
layer: skid resistance, raveling resistance, and moisture stability were assigned the highest
priority; high-temperature performance and mechanical performance were assigned in-
termediate priority; and economy and solid-waste utilization were treated as reference
priorities.

3.4.2. Comprehensive Performance Analysis and Mechanical Response Mechanism

As shown in Table 15, as the ceramic aggregate content increased from 0% to 80%,
the mixture exhibited a clear trade-off among different performance indicators. The 0%
control group had the best mechanical and durability indicators in the series, but its skid
resistance was the lowest, with a residual BPN after 16 h of only 30.0, and it could not
exploit the wear-resistant advantage of ceramic aggregates. The 20% group showed the
highest durability retention, with an immersion raveling loss of only 6.9% and a freeze—
thaw splitting strength ratio of 93.3%, but its skid-resistance gain was limited, with the
residual BPN only 2.7 units higher than that of the control group. The 60% and 80% groups
reached residual BPN values of 40.2 and 41.6, respectively, but durability deterioration
accelerated: for the 60% group, the immersion raveling loss increased to 13.5%, the total
torsional raveling loss increased to 56.0 g, and dynamic stability decreased to 4773
passes/mm; for the 80% group, the performance imbalance was more pronounced, and
several indicators approached or fell below engineering safety margins. By contrast, the
40% group achieved a favorable balance among key dimensions: its residual BPN, 37.1,
was approximately 23.7% higher than that of the control group; the immersion raveling
loss, 9.5%, remained below the commonly used engineering control limit of 10%; the total
torsional raveling loss, 38.2 g, was lower than that of the SBS control group, 42.5 g; the
decreases in freeze—thaw splitting strength ratio, 90.5%, and indirect tensile strength, 2.44
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MPa, remained acceptable; and the optimum asphalt content, 4.8%, was clearly lower than
that of the 60% group, 5.4%.

Table 15. Multi-criteria performance evaluation matrix for different ceramic aggregate contents.

Evaluation Aspect Evaluation Indicator 0% 20% 40% 60% 80% Weight
Skid durability Residual BPN (16 h) 30.0 32.7 37.1 40.2 41.6 s %k
Raveli i
ave mg, resistance Immersion raveling loss/% 4.8 6.9 9.5 13.5 18.2 %k
(moisture)
Raveling resistance Total raveling loss/g 213 283 382 560 720 * ks
(mechanical)
High-temperature 1y e ctability/(passes/mm) 11,667 9926 8779 4773 2541 *k

performance

Freeze—thaw splitting strength ra-

Moisture stability o/ 93.1 93.3 90.5 87.7 79.4 * Kk
Mechanical property Indirect tensile strength/MPa 2.53 2.50 2.44 1.56 0.85 * k¥
Cost efficiency Optimum asphalt content/% 4.3 4.5 4.8 5.4 6.1 * ok
Solid-waste utiliza- Ceramic content/% 0 20 40 60 80 K et

tion

Note: The number of stars indicates the relative importance of each indicator in the comprehensive
decision-making process. k%% denotes high priority, %% ¥ denotes medium priority, and ¥+

denotes reference priority.

The preference for 40% ceramic aggregate content can also be supported from a me-
chanical response perspective rather than by solely comparing performance indices [41].
First, in terms of load-transfer path and skeleton stress distribution, when the ceramic
aggregate content is below 40%, the high-hardness ceramic particles act mainly as dis-
persed reinforcing phases embedded in the limestone skeleton. Under abrasion loading,
ceramic particles preferentially bear contact stress, and their high hardness delays plastic
deformation and polishing of surface asperities, which explains the increase in initial BPN
with ceramic content. At this stage, the limestone skeleton still provides the main inter-
locking force, and stress transfer occurs mainly through the aggregate-mastic-aggregate
path, with relatively dispersed interfacial damage. When the ceramic aggregate content
exceeds 40%, ceramic particles begin to form a more continuous contact skeleton, and the
load-transfer path tends to shift toward direct ceramic—ceramic contact. Because the an-
gularity of the ceramic aggregates is weaker than that of limestone, the mechanical inter-
locking at ceramic—ceramic contact points decreases, and stress transfer depends more
strongly on asphalt mastic. This increases interfacial stress concentration and helps ex-
plain the accelerated deterioration of raveling resistance at high ceramic aggregate con-
tents.

Second, from the viewpoint of interfacial damage accumulation and self-stabiliza-
tion, the modulus difference between ceramic aggregates (approximately 50-80 GPa) and
asphalt mastic (approximately 0.1-1 GPa) can cause strain incompatibility under repeated
loading. When the ceramic content is no higher than 40%, the limestone skeleton provides
better deformation compatibility and part of the interfacial stress can be dissipated
through the viscous flow of the mastic. When the content reaches 60% or higher, strain
incompatibility is intensified and the rate of interfacial microcrack initiation and propa-
gation increases, explaining the sharp increase in total torsional raveling loss from 38.2 g
at 40% to 56.0 g at 60%. The time-history curves of torsional particle loss, which first in-
creased and then stabilized, also indicate a damage self-stabilization process: weak inter-
facial regions fail successively in the early loading stage, and, after easily detachable par-
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ticles are removed, the remaining skeleton forms a more stable stress redistribution net-
work. Third, the 8% TPS dosage can be interpreted as a balance among bonding strength,
deformation capacity, and construction flowability. At this dosage, the 60 °C dynamic vis-
cosity (approximately 102,000 mPa-s), 5 °C ductility (40 cm), and residual ductility after
RTFOT aging act synergistically: viscosity is sufficiently high to restrain aggregate slip,
ductility is sufficient to dissipate interfacial stress and avoid brittle fracture, and the binder
still retains deformation compatibility after aging. Therefore, the combination of 8% TPS
and 40% ceramic aggregate is recommended as a preferred balance point under the pre-
sent test conditions, rather than as a unique optimum for all performance dimensions.
When engineering applications emphasize skid resistance, a 60% ceramic aggregate con-
tent may be considered; when durability is the primary objective, a 20% content may be
more conservative.

4. Conclusions and Outlook
4.1. Conclusions

This study used waste ceramic aggregates as the aggregate phase and TPS-SBS com-
posite high-viscosity modified asphalt (T&S) as the binder to investigate the wear-retained
skid resistance and raveling resistance of ceramic aggregate high-viscosity asphalt mix-
tures. The main conclusions are summarized as follows.

(1) The three-dimensional interpenetrating network jointly formed by TPS and SBS in-
creased the asphalt-ceramic aggregate adhesion grade from Grade 3 for SBS-modi-
fied asphalt to Grade 5. An 8% TPS dosage reduced the asphalt-ceramic contact angle
at 60 °C from 85.7° to 68.1°, substantially enhancing wetting and spreading ability
and facilitating the formation of a more uniform and complete interfacial asphalt
film. This improvement in interfacial properties provides a critical basis for the mois-
ture-damage resistance and raveling resistance of the mixture.

(2) A TPS dosage of 8% achieved the optimal balance among high-temperature perfor-
mance, low-temperature flexibility, 60 °C dynamic viscosity, aging resistance, and
construction workability. It was therefore identified as the optimum modifier dosage
under the present experimental conditions.

(3) The skid resistance of the mixture increased markedly with ceramic aggregate con-
tent, and 40% was identified as a practical performance turning point under the pre-
sent test conditions. The improvement efficiency was greatest within the 0-40%
range, whereas marginal benefits decreased from 40% to 80%. The empirical skid-
resistance degradation model and the frictional impulse-based characterization
model both provided high fitting accuracy for the laboratory data. The latter can be
used as a quantitative tool for comparing the polishing resistance of different mate-
rial systems under laboratory constant-load abrasion conditions.

(4) T&S high-viscosity asphalt partly compensated for the interfacial adhesion and ag-
gregate-interlocking deficiencies of ceramic aggregates, thereby improving the rav-
eling resistance of the mixture under the present laboratory conditions. At all ceramic
aggregate contents, the immersion Cantabro loss and total torsional raveling loss of
the T&S mixtures were more than 40% lower than those of the corresponding SBS
mixtures. The 40% ceramic aggregate content was also identified as the practical
threshold beyond which raveling resistance deteriorated more rapidly.

(5) Based on a multi-criteria comprehensive evaluation, a TPS dosage of 8% and a ce-
ramic aggregate content of 40% are recommended as the preferred mix design under
the present experimental conditions. This combination provides a reasonable balance
among skid-resistance improvement, raveling-resistance retention, and durability
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margin, rather than representing a unique optimum across all performance dimen-
sions. When specific engineering applications prioritize a particular performance re-
quirement, the dosage can be flexibly adjusted using the multi-criteria evaluation
matrix proposed in this study.

4.2. Limitations and Future Work
This study has several limitations, which provide directions for future research.

(1) The skid-resistance evaluation in this study was mainly based on laboratory-acceler-
ated abrasion tests. Although the friction impulse model enables the extension of ac-
tual service conditions, long-term performance validation through full-scale acceler-
ated loading tests or field trial sections is still lacking [42]. In future work, trial pave-
ment sections should be constructed to monitor the long-term skid-resistance degra-
dation and raveling behavior of this mixture under the coupled effects of natural traf-
fic loading and climatic conditions.

(2) For the torsional raveling simulation test, although the operating parameters, includ-
ing pressure, rotational speed, and stroke, were designed with reference to actual tire
action, a quantitative correlation with standardized specification-based tests has not
yet been established [43]. Future studies could combine discrete element modeling
with tire-pavement contact mechanics analysis to further calibrate the mechanical
equivalence of this method [44,45].

(3) Multi-factor coupled long-term durability has not yet been verified. This study con-
sidered only selected laboratory loading and immersion conditions and did not cover
coupled thermal-mechanical fatigue, freeze-thaw damage, chemical attack from de-
icing salts or acid rain, long-term ultraviolet aging, or construction variability. The
recommended mixture, 8% TPS and 40% ceramic aggregate, performed well under
the present experimental conditions, but its long-term durability in real multi-field
environments should be further validated through full-scale accelerated loading, out-
door trial sections, and multi-factor coupled durability tests.
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