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Steel slag, an industrial by-product, can replace basalt aggregate in road construction, helping to reduce the extraction of natural
resources. By combining steel slag with waste rubber powder to produce steel slag—rubber-modified asphalt mixtures, both the
material performance is enhanced and resource recycling is promoted. However, due to slight differences in high-temperature
behavior between steel slag—rubber-modified asphalt mixtures and traditional basalt-based mixtures, existing rutting prediction
models fail to accurately characterize the rutting development of the modified materials. To address this, four different types of
asphalt mixtures were prepared in this study: full steel slag-rubber-modified warm-mix asphalt (CR-WSAM), partial steel
slag—rubber-modified warm-mix asphalt (CR-WSBAM), full steel slag—rubber-modified hot-mix asphalt (CR-HSAM), and par-
tial steel slag—rubber-modified hot-mix asphalt (CR-HSBAM). Uniaxial compression, Hamburg wheel tracking, and dynamic
modulus tests were conducted, and a new rutting prediction model was developed by incorporating key factors influencing the
rut formation. The results show that the proposed model outperforms existing models in terms of both accuracy and applicabil-
ity, providing a more precise description of the rutting behavior of steel slag—rubber-modified asphalt mixtures. Furthermore, the
model’s predictions show a higher correlation with measured rut depth values, indicating improved prediction accuracy.

Keywords: road engineering, performance prediction, steel slag—rubber powder-modified asphalt mixture, optimization algo-
rithms

Z jeklarsko zlindro, ki je stranski produkt industrijske izdelave jekla, lahko zamenjamo bazaltni agregat v cestnih konstrukcijah,
kar pomaga pri zmanj$anju izkori§¢anja naravnih surovin. S kombinacijo asfalta, jeklarske Zlindre in odpadnega prahu iz gum se
lahko izdela modificirana asfaltna meSanica. Na ta nacin se lahko promovira recikliranje odpadnih produktov in istocasno
izboljSa materialne lastnosti asfalta. Vendar pa zaradi rahlih razlik med obnaSanjem tega materiala pri poviSanih temperaturah v
primerjavi s tradicionalnimi asfaltnimi meSanicami, obstojec¢i modeli napovedovanja vzdrzljivosti (trajnosti) zahtevajo natan¢no
karakterizacijo razvoja poskodb in trajnosti modificiranih materialov. Zato so avtorji tega ¢lanka izvedli Studijo s katero so
raziskali lastnosti $tirih razli¢nih, z jeklarsko Zlindro in gumarskim prahom, modificiranih toplih/vrocih asfaltnih mesSanic:
(1) popolnoma modificirano toplo asfaltno meSanico (CR-WSAM; angl..: full steel slag—rubber-modified warm-mix asphalt)
(2) delno modificirano toplo asfaltno meSanico (CR-WSBAM; angl.: partial steel slag—rubber-modified warm-mix asphalt),
(3) popolnoma modificirano vroc¢o asfaltno mesanico (CR-HSAM; angl.: full steel slag-rubber-modified hot-mix asphalt) in
(4) delno modificirano vroc¢o asfaltno meSanico (CR-HSBAM; angl.: partial steel slag—rubber-modified hot-mix asphalt). Na
vzorcih iz izdelanih asfaltnih meSanic so doloc¢ili enoosno tla¢no trdnost, Hamburg-8ki preizkus sledi koles (angl.: Hamburg
wheel tracking) in dinami¢ni modul. Nato so izdelali nov model za napoved obrabe modificiranih asfaltnih meSanic, ki je
uposteval vse klju¢ne faktorje, ki vplivajo na nastanek poSkodb. Rezultati raziskave so pokazali, da predlagani model prekaSa
obstojece modele tako glede to¢nosti, kot tudi uporabnosti. Model zagotavlja bolj natanc¢en opis obnaSanja modificiranih
asfaltnih meSanic. Nadalje ima nov model vecjo korelacijo napovedi globine poskodb v primerjavi z dejansko izmerjenimi, kar
kaZe na izbolj$ano natan¢nost napovedi.

Kljucne besede: inZenirstvo in gradnja cest, napoved zmogljivosti, asfaltna meSanica modificirana s prahom iz gume in
jeklarsko Zlindro, optimizacijski algoritmi

ture conditions in summer, with an

increase

ISSN 1580-2949
Mater. Tehnol.

in

The high-temperature performance of steel slag as-
phalt mixtures arises from their ability to resist high-tem-
perature deformation, which is closely related to pave-
ment distresses such as rutting and shoving. It is one of
the most important parameters in asphalt pavement de-
sign.'? Among various pavement distresses, rutting is
the most common and severe form. Under high-tempera-
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heavy-load vehicles on the road, the pavement is more
susceptible to severe rutting damage. This has a detri-
mental impact on road performance and traffic safety,
leading to significant economic losses and safety haz-
ards.*® Therefore, an increasing number of researchers
both domestically and internationally are focusing on
how to effectively enhance the high-temperature rutting
resistance of asphalt mixtures. Research and application
of new pavement materials offer better solutions to ad-
dress this issue.”® Steel slag exhibits high hardness, high
compressive strength, and excellent high-temperature re-
sistance, enabling it to effectively improve the rutting re-
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sistance, enhance high-temperature stability, and reduce
pavement deformation in asphalt mixtures, thereby ex-
tending the service life of roads. In the 1950s, developed
countries such as the United States, Germany, and Japan
directly used steel slag as a road construction material,
using steel slag asphalt mixtures for surface layers, thus
promoting the use of steel slag in road construction pro-
jects.?

A rutting prediction model for asphalt mixtures can
effectively assess the rutting resistance of asphalt mix-
tures by predicting the rutting deformation of the pave-
ment under long-term loading.'® The uniaxial compres-
sion test, Hamburg wheel tracking test, and dynamic
modulus test provide important physical performance
data for the model. The uniaxial compression test evalu-
ates the compressive strength of asphalt, the Hamburg
wheel tracking test simulates rutting behavior under high
temperatures, and the dynamic modulus test reflects the
elastic modulus of an asphalt mixture at different fre-
quencies.'"'? These experimental results provide key in-
put parameters for a rutting prediction model. In recent
years, scholars have found that when predicting rutting
in asphalt mixtures, factors such as the type and quality
of asphalt, aggregate gradation and properties, mix pro-
portion, temperature, traffic load, environmental humid-
ity, construction methods, compaction, as well as tem-
perature changes and moisture effects during use, all
play a combined role in determining the rutting resis-
tance of a mixture.'*!® Some researchers aim to optimize
the high-temperature rutting resistance of steel slag as-
phalt mixtures by focusing on the mix design and addi-
tives.!”!® Others have approached the study of asphalt
mixtures’ high-temperature rutting resistance from the
perspective of road mechanical performance and pro-
posed rutting prediction models based on mechanical
properties. These studies focus on the stress, strain, and
creep characteristics of asphalt mixtures, examining ma-
terial deformation behavior under high-temperature load
conditions.

Research indicates that asphalt mixtures are prone to
plastic deformation and rutting under high temperatures
and heavy traffic loads. Therefore, rutting prediction
models based on mechanical performance can accurately
predict the rutting formation process by considering the
stress and strain characteristics of asphalt mixtures.
These models account for material constitutive relations
and deformation characteristics, significantly improving
prediction accuracy. For example, by modeling material
creep behavior, temperature sensitivity, and performance
under long-term loading, the models can more precisely
predict rutting development in high-temperature environ-
ments. Compared to traditional prediction methods, the
mechanical property-based models offer higher reliabil-
ity and applicability, providing a more scientific basis for
the selection and design of asphalt materials. These mod-
els also help optimize road material design, enhancing
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road service life and durability, especially under high-
temperature and heavy-load conditions.!®?

This study investigates the high-temperature perfor-
mance of asphalt mixtures obtained with different mix-
ing processes and steel slag contents. Through uniaxial
penetration, dynamic modulus, and Hamburg wheel
tracking tests, the high-temperature performance of
CR-HSAM, CR-WSAM, CR-WSBAM, and
CE-HSBAM was comprehensively analyzed. The results
showed that CR-WSAM demonstrated the best overall
high-temperature deformation resistance among the four
materials.

A new rutting prediction model is proposed in this
study, aiming to improve the fitting accuracy of rut depth
for steel slag—rubber-modified asphalt mixtures. The new
model takes into account the dynamic mechanical prop-
erties, shear resistance, and external factors influencing
rut formation in asphalt mixtures. A reasonable model
form is established, and the coefficients of the rutting
prediction are adjusted based on the experimental results
mentioned earlier. The corrected model is then validated,
showing that the predictions of rut depth in steel
slag—rubber-modified asphalt mixtures are closer to the
measured values, with a high correlation and improved
prediction accuracy.

2 EXPERIMENTAL MATERIALS AND DESIGN
2.1 Experimental materials
2.1.1 Bitumen

In this study, rubber-modified asphalt with a rubber
content of 20 % by mass of the base asphalt was used.
The technical performance indicators of the modified as-
phalt were tested according to the Specification for De-
sign and Construction of Rubber Modified Asphalt and
Mixtures (DB15/T 1417-2018). The test results show
that all indicators meet the specification requirements,
indicating that the modified asphalt exhibits good perfor-
mance and meets the application requirements of the rel-
evant technical standards. Detailed test data and results
are shown in Table 1.

Table 1: Technical performance indicators of rubber powder-modified
asphalt

S Test Technical Test
Technical index :
results | requirements methods
Penetration (25 °C, JTGE20 T
100g, 55, 0.1 mm) | 670 60-80 0604
Softening point (°C) | 66.4 =55 JT%6FE)260 T
Ductility (15 °C, cm)| =15 19.7 IR0 T

2.1.2 Aggregates and mineral powder

Steel slag has sharp edges and excellent mechanical
properties. It is an alternative material to traditional min-
eral materials in road construction. This study used steel
slag produced by Baotou Iron and Steel (Group) Co.,
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Table 2: Technical indicators of steel slag

Project indicators 0-3 3-5 5-10 10-20 Technical re-
quirements
Apparent specific gravity 3.314 3.434 3.578 3.712 =2.6
Surface dry specific gravity - 3.403 3.534 3.612 -
Bulk specific gravity - 3.311 3.356 3.585 -
Absorption rate - 1.63 1.21 0.06 <2.0
Silt content (<0.075mm content/%) 0.18 - - - <3
Sand equivalent/% 69 - - - =60
Angularity/S 36.5 - - - =30
Table 3: Technical indicators of mineral powder
Project indicators Experimental results Technical requirements
Appearance No lumps No lumps
Surface dry specific gravity 2.601 =2.5
<0.6mm 100 100

Particle size range/% <0.15mm 95.2 90-100

<0.075mm 76.1 75-100
Moisture content/% 0.7 =<1
Hydrophilicity coefficient 0.4 <1
Plasticity index/% 2.8 <4

Ltd., and its particle size was divided into four ranges:
0-3, 3-5, 5-10, and 10-15 mm. According to the High-
way Engineering Aggregate Test Specification (JTG
E42-2005), the technical conformity of steel slag was
evaluated, and all test indicators met the requirements.
Detailed test data and results for steel slag are shown in
Table 2, and detailed data for mineral powder are shown
in Table 3.

2.1.3 Warm mix agent

The warm-mix agent used in this study was SDYK, a
surfactant independently developed by the Shandong
Transportation Science Research Institute. According to
the research team’s findings, the optimal performance of
rubber powder-modified asphalt is achieved when the
SDYK warm-mix agent is added at a dosage of 0.6 % of
the asphalt mass.?' Therefore, this study adopted an
SDYK dosage of 0.6 %.
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Figure 1: AC-16 steel slag gradation curve
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2.2 Specimen preparation and testing

2.2.1 Ratio design

In this experiment, the mix design for the all-steel-
slag rubber powder-modified asphalt mixture was based
on the gradation range specified in the Technical Specifi-
cations for Highway Asphalt Pavement Construction
(JTG F40-2004). The planning solution method was em-
ployed to control the synthetic gradation. The final gra-
dation curve is presented in Figure 1.

Drawing on previous experience and relevant litera-
ture, 5.5 % was selected as the median value, and five as-
phalt-to-stone ratios ranging from 4.9 to 6.1 % were cho-
sen at 0.3 % intervals to prepare Marshall standard
specimens. Marshall tests were then conducted under
different asphalt-to-stone ratios. Based on the test re-
sults, the optimal asphalt content for the all-steel-slag
rubber powder-modified asphalt mixture was determined
to be 5.2 % following the standard test procedures. The
corresponding volumetric indicators are presented in Ta-
ble 4.

Table 4: Volume index of hot-mix all-steel slag rubber powder-modi-
fied asphalt mixture with the optimal asphalt dosage

Proiect indi Experimental| Technical re-
roject indicators .

results quirements
Marshall stability (KN) 12.30 >8
Flow value (0.1 mm) 3.39 2-4
Bulk specific gravity (g/cm?3) 3.014 -
Voids in mineral aggregate (%) 17.77 =14.5
Voids filled with asphalt (%) 75.62 70-85

The road performance of the two types of steel slag
crumb rubber-modified asphalt mixtures was tested in
accordance with the test methods specified in the JTG
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E20-2011 standard. The test results are presented in Ta-
ble 5.

In engineering practice, when asphalt mixtures are
prepared using two or more types of aggregates, the den-
sity differences among the aggregates are often over-
looked. For natural aggregates with similar densities, mi-
nor differences generally do not affect the mix
design.?>?* However, the density of steel slag is approxi-
mately 1.2 to 1.5 times that of basalt. Therefore, when
partially replacing basalt with steel slag in the aggregate
gradation, it is necessary to perform a volume-to-mass
conversion based on the original basalt gradation to en-
sure that the final mix design meets engineering require-
ments. By conducting volume-to-mass conversions, the
mass ratio of each aggregate fraction was determined.
The corresponding proportions of steel slag replacing ba-
salt for each size fraction after conversion are shown in
Table 6.

Based on the Marshall mix design method, the opti-
mum asphalt contents for crumb rubber-modified asphalt
mixtures prepared under warm mix conditions — with ba-
salt replacing steel slag aggregates in the particle size
ranges of 3-20, 5-20, and 10-20 mm — were determined
to be (5.3, 5.3 and 5.2) %, respectively. It was also found
that, under hot mix conditions, the mixture in which ba-
salt replaced steel slag aggregates in the 5-20 mm size
range exhibited the best road performance. Therefore, a
crumb rubber-modified asphalt mixture was prepared un-
der hot mix conditions using steel slag to partially re-
place basalt aggregates in the 5-20 mm range, referred to
as CR-HSBAM. Its optimum asphalt content, determined
using the Marshall method, was 5.4 %. The correspond-
ing volumetric properties of the steel slag—basalt blended
mixtures with the optimum asphalt content are shown in
Table 7.

The road performance of the four asphalt mixtures
with different replacement schemes was tested in accor-

Table 5: Mix ratio verification test results of four types of steel slag rubber powder-modified asphalt mixtures

Performance indicators Project indicators CR-HSAM CR-WSAM Te(:hnﬁ?ngqmre'
High-temperature stability Dynamic stability (Times.mm™") 4846 5653 =2400
Low-temperature crack resistance | Failure strain (ue) 3425 3910 =2800
Water stability Residual strength ratio (%) 95 93 =75

Table 6: Proportion of basalt aggregate partially replaced by steel slag
Replacement scope 10-20 mm 5-10 mm 3-5 mm 0-3 mm Mineral powder
3-20 mm 33% (steel slag) 27% (steel slag) 9% (steel slag) 29% (basalt) 2%
5-20 mm 34% (steel slag) 28% (steel slag) 7% (basalt) 29% (basalt) 2%
10-20 mm 35% (steel slag) 249% (basalt) 7% (basalt) 31% (basalt) 3%
Table 7: Volume indicators of warm and hot mix with the optimal asphalt dosage
Proiect indicators Warm mix Hot mix Technical requirements
: 3-20 mm 5-20 mm 10-20 mm 5-20 mm
Marshall stability (KN) 12.01 12.88 11.22 11.15 =8
Flow value (0.1 mm) 2.03 2.57 2.40 2.68 2-4
Bulk specific gravity (g/cm?) 2.846 2.838 2.696 2.743 -
Voids in mineral aggregate (%) 14.6 14.82 15.2 16.4 =14.5
Voids filled with asphalt (%) 73.96 76.89 72.13 81.13 70-85
Table 8: Verification results of mix proportions in hot- and warm-mix asphalt
Performance indicators Project indicators CR-HSAM Experimental results Technlr;iln{:qmre-
3-20 mm 3956
ol P Dynamic stability Warm Mix 4468
High-temperature stability (Times.mm™) 5-20 mm Hot Mix 4717 =2400
10-20 mm 3854
3-20 mm 5811
. Failure strain Warm mix 6109
Low-temperature crack resistance () 5-20 mm Hot mix 3168 =2800
10-20 mm 5232
Residual N 3-20 mm 79
esidual strength ra- ;
Water stability tio 5-20 mm Warm 1 85 =75
(%) Hot mix 88
10-20 mm 77
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Figure 2: Experimental process

dance with the JTG E20-2011 specification. The test re-
sults are presented in Table 8.

As shown in Table 8, all test results meet the specifi-
cation requirements, indicating that the mix designs of
both CR-HSBAM and CR-WSBAM are compliant. In
this study, the grey-target decision-making method de-
scribed in reference?* was used to analyze the crumb rub-
ber-modified asphalt mixtures prepared under warm mix
conditions, where steel slag was used to replace basalt
aggregates in the particle size ranges of (3-20, 5-20 and
10-20) mm. The analysis concluded that the optimal re-
placement scheme under warm mix conditions is to re-
place basalt with steel slag in the 5-20 mm size range.
Therefore, in this study, CR-WSBAM specifically refers
to the asphalt mixture designed with this replacement
scheme.

2.2.2 Test plan

According to the Specification for Asphalt Mixture
Tests of Highway Engineering (JTGE20-2011), speci-
mens were prepared using the gyratory compaction
method; in addition, Hamburg wheel tracking tests, uni-
axial compression tests, and dynamic modulus tests were
conducted. The experimental process is shown in Fig-
ure 2.
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3 RESULTS AND DISCUSSION

3.1 Impact of the asphalt mixture type on mechanical
properties

At the same temperature, the shear strengths of the
four asphalt mixture types, CR-WSAM, CR-WSBAM,
CR-HSAM, and CR-HSBAM, are shown in Figure 3.

As shown in Figure 3, for hot-mix asphalt, mixtures
using full steel slag aggregate (CR-HSAM) exhibit the
highest shear strength, and similarly, for warm-mix as-
phalt, mixtures with full steel slag aggregate
(CR-WSAM) also show the highest shear strength. This
indicates that the use of full steel slag aggregate signifi-
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Figure 3: Shear strengths of different types of steel slag—rubber pow-
der-modified asphalt mixtures
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Figure 4: Dynamic modulus of different steel slag—rubber powder-modified asphalt mixtures: a) 5 °C, 20 °C, b) 40 °C, 50 °C, 60 °C

cantly improves the high-temperature shear resistance of
rubber powder-modified asphalt mixtures.

Firstly, steel slag, as a high-strength aggregate with a
low crushing value, exhibits excellent mechanical prop-
erties. Its rough surface texture increases friction after
compaction, enhancing the aggregate’s interlocking abil-
ity, which in turn strengthens the shear resistance of the
mixture. This enhanced interlocking ability, especially at
high temperatures, effectively reduces deformation and
shear failure of the mixture, significantly improving the
material’s shear strength.>* Secondly, steel slag particles
have high chemical reactivity and surface energy, allow-
ing them to form strong physical adsorption and chemi-
cal bonds with the aromatic groups in asphalt. This
bonding not only improves the adhesion between the as-
phalt and the aggregate but also enhances the overall
structural stability of the asphalt mixture, further increas-
ing its shear strength.? In addition, the steel slag aggre-
gate has a larger specific surface area and an irregular
surface texture, which allows it to absorb more effective
asphalt, resulting in a more uniform asphalt-aggregate
bond. A higher proportion of steel slag aggregate effec-
tively increases the adhesive properties of asphalt, en-
hancing its ability to resist high-temperature shear dam-

age and further improving the shear resistance of the
mixture under high-temperature conditions.?¢2’

Under the same test conditions, variations in the dy-
namic modulus of the four asphalt mixture types,
CR-WSAM, CR-WSBAM, CR-HSAM, and
CR-HSBAM, are shown in Figure 4.

As shown in Figures 4a and 4b, the mechanical be-
havior of the material can be derived and transformed
based on the relationship between temperature and time
(or frequency). Under low temperature and high fre-
quency conditions, the strain in the asphalt mixture de-
velops slowly, and the material’s stress response tends to-
ward elastic behavior. This is because, at low
temperatures, the viscosity of asphalt increases, and the
mobility of the molecular chains is poor, leading to
weaker creep behavior, which results in the material be-
having like an elastomer. It primarily relies on the stor-
age modulus for energy storage and recovery. In contrast,
under high temperature and low frequency conditions,
the molecular chains in the asphalt mixture become more
active, the viscosity decreases, and the flowability in-
creases. Under these conditions, the strain changes more
rapidly, and the viscous effects become more pro-
nounced, causing the material to behave more like a vis-
cous substance. It primarily relies on the loss modulus to
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Figure 5: Rut depth of steel slag-rubber-modified asphalt mixtures at different temperatures: wheel load of: a) 0.7 MPa; b) 0.8 MPa; ¢) 0.9 MPa
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dissipate energy. Therefore, under low temperature and
high frequency conditions, the asphalt mixture exhibits
elastic behavior, whereas under high temperature and
low frequency conditions, it exhibits viscous behavior.

3.2 Analysis of the Hamburg rutting test
3.2.1 Analysis of rut depth in the Hamburg rutting test

Hamburg rutting tests were conducted on four types
of asphalt mixtures, CR-WSAM, CR-WSBAM,
CR-HSAM, and CR-HSBAM, under specified test con-
ditions. The variations in rut depth at different tempera-
tures are shown in Figure 5.

On Figures 5a to 5c, it can be observed that as the
temperature increases, the rut depth of the four steel
slag—rubber-modified asphalt mixtures gradually in-
creases. Under different load levels, the rut depth curve
of the steel slag—rubber-modified asphalt mixture at
60 °C is significantly higher than those at 40 °C and
50 °C.

The depth of rutting is mainly affected by the viscos-
ity and fluidity of asphalt. As the temperature rises, the
movement of asphalt molecules becomes more intense,
the bonds between molecules become weaker, the fluid-
ity of the material increases, and the viscosity decreases.
The viscosity of asphalt is a key factor affecting its per-
formance, especially at high temperatures. When the vis-
cosity decreases, asphalt is more likely to deform,
thereby increasing the possibility of rutting. In addition,
the chemical composition of asphalt plays an important
role in determining its viscosity. Asphalt usually contains
a mixture of heavy components and light components,
and the light components are more volatile. At high tem-
peratures, the light components are more likely to evapo-
rate or decompose. This process further reduces the vis-
cosity and may also reduce the overall performance of
asphalt. The evaporation of light components changes
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Figure 6: Creep slopes of steel slag—rubber powder-modified asphalt
mixtures at different temperatures
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the structure of asphalt and affects its adhesion and
anti-rutting performance.

The fluidity of asphalt is closely related to molecular
structure, temperature, composition, etc. As the tempera-
ture increases, the fluidity of asphalt molecules in-
creases, the interaction between molecules weakens, and
the viscosity decreases. This is an important reason for
the decrease in the viscosity of asphalt at high tempera-
tures.

3.2.2 Creep slope analysis of Hamburg wheel tracking
test

Figure 6 illustrates the variations in creep slope for
four types of asphalt mixtures — CR-WSAM,
CR-WSBAM, CR-HSAM, and CR-HSBAM - at differ-
ent temperatures (40, 50 and 60) °C.

As shown in Figure 6, the creep slopes of steel
slag—rubber powder-modified asphalt mixtures exhibit a
significant variation across different temperatures. Re-
gardless of the load level, the creep slope gradually in-
creases with rising temperature, particularly when the
temperature increases from 50 °C to 60 °C, where the
change becomes more pronounced. This phenomenon in-
dicates that as the temperature rises, the rate of rut depth
growth accelerates significantly, while the asphalt mix-
ture’s resistance to high-temperature rutting deformation
declines. These findings further highlight the critical in-
fluence of temperature on the high-temperature rutting
resistance of steel slag—rubber powder-modified asphalt
mixtures. The primary reason for this phenomenon is
that at high temperatures, asphalt materials gradually
soften, causing a significant reduction in their inherent
cohesion and viscosity. As the temperature continues to
rise, asphalt becomes increasingly fluid, weakening the
overall structural stability of the mixture. Under these
conditions, repeated vehicle loading — especially from
steel wheels — reduces the friction between particles
within the asphalt mixture and diminishes the load-bear-
ing capacity of the internal skeleton structure. This ulti-
mately leads to substantial plastic deformation, acceler-
ating rutting formation.?¢ In particular, when the
temperature exceeds a critical threshold, the fluidity of
asphalt increases rapidly. This not only makes the mix-
ture more prone to permanent deformation under wheel
loads but also significantly accelerates the growth rate of
rut depth. As a result, with further temperature increases,
rutting accumulation follows a nonlinear growth trend,
severely compromising the stability of the asphalt mix-
ture under high-temperature conditions. Additionally, in
steel slag—rubber powder-modified asphalt mixtures, the
inclusion of steel slag and rubber powder enhances
high-temperature stability to some extent. However, un-
der extreme heat, this modification has its limitations.
The detrimental effects of high temperatures on the as-
phalt matrix remain significant, especially within the
50-60 °C range, where performance degradation be-
comes more pronounced.”® Therefore, controlling pave-
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ment temperature or further optimizing the steel
slag—rubber powder modification ratio is crucial for im-
proving the high-temperature rutting resistance of as-
phalt mixtures.

Moreover, under the same load level and varying
temperatures, the creep slope of CR-WSAM consistently
remains lower than that of the other three asphalt mix-
tures, particularly at 60 °C. This indicates that
CR-WSAM exhibits superior resistance to rutting defor-
mation under high-temperature conditions, deforms at a
slower rate, and demonstrates the best high-temperature
performance. This is primarily due to the synergistic ef-
fect of its material properties and warm-mix technology.
On the one hand, steel slag exhibits high rigidity, strong
deformation resistance, and a large internal friction an-
gle, effectively enhancing the shear resistance of the
mixture. On the other hand, warm-mix technology im-
proves asphalt fluidity by lowering the mixing tempera-
ture, reduces asphalt aging, and creates a more uniform
aggregate-asphalt interface after construction, thereby
enhancing the mixture’s bonding strength. Additionally,
the incorporation of a warm-mix agent enhances
high-temperature stability and minimizes the impact of
temperature on material properties, thereby better pre-
serving the structural stability and creep resistance under
varying temperature conditions. These factors collec-
tively contribute to reducing the rutting creep rate of
warm-mix steel slag asphalt mixtures.

3.3 Establishment and modification of a rutting pre-
diction model for asphalt mixtures

Building on existing rutting prediction models from
both domestic and international research, this study inte-
grates the dynamic mechanical properties, shear resis-
tance, and external factors influencing rutting formation
in asphalt mixtures. Drawing inspiration from the com-
monly used exponential model,”® a more reasonable rut-
ting prediction model is proposed. This model (as shown
in Equation (1)) comprehensively accounts for the im-
pact of temperature variations on asphalt mixture perfor-
mance. To enhance prediction accuracy, correlation coef-
ficients within the model are refined using experimental
data from uniaxial penetration tests, dynamic modulus
tests, and Hamburg wheel tracking tests. The corrected
model more effectively simulates the rutting formation
process and is further validated to ensure its reliability
and accuracy in practical applications.

Y(IEY
s =aN T — || —— ()
[z]]] sin®

Here, Ry is the estimated rut depth; N is the number
of load actions; 7 is the temperature; T is the pavement
shear stress (MPa), solely dependent on load magnitude,
as indicated in the referenced literature. When the load
reaches 0.7 MPa, the corresponding shear stress value is
0.5 MPa; [r] is the asphalt mixture shear strength;

R
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‘E* ‘/ sin ¢ is the rutting performance indicator; «, g, t, s,

k are regression parameters.

Compared with commonly used models, this model
incorporates shear stress and shear strength parameters,
providing a more comprehensive reflection of the shear
resistance of asphalt mixtures. Additionally, it accounts
for the viscoelastic properties of asphalt mixtures under
dynamic loads, allowing for a more accurate representa-
tion of material deformation behavior under varying con-
ditions. By comprehensively considering temperature,
vehicle load characteristics, and material properties, the
model enhances the prediction of permanent deformation
in asphalt pavement. Furthermore, it systematically de-
scribes the formation mechanisms and influencing fac-
tors of rutting, thereby improving both the accuracy and
applicability of the predictions.

Based on the data from the uniaxial penetration test,
Hamburg wheel tracking test, and dynamic modulus test,
the parameters of the rutting prediction model were fitted
using SPSS software. According to the asphalt pavement
design specifications in China, a standard axle load of
100 kN for a single-axle dual-wheel group and a tire
contact pressure of 0.7 MPa are used. Therefore, the re-
gression fitting was performed using the Hamburg wheel
tracking test, data of CR-WSAM, CR-WSBAM,
CR-HSAM, and CR-HSBAM at 40 °C and 50 °C under
0.7 MPa, the uniaxial penetration test data at 40 and
50 °C, and the dynamic modulus test data at 10 Hz, and
40 °C and 50 °C. The final fitted parameters are pre-
sented in Table 9.

Table 9: Results of model-related parameters

Parameters Results
a 5.735%103
q 0.343
t -0.68
s 1.792
k -0.824

The revised rutting prediction model is shown in
Equation (2).

1.792 ‘ «| \70-824

R, =5375x10° N *** T 0 T

[z] sin ¢ @

The regression results of the revised rutting predic-
tion model show that the correlation coefficient R®
reaches 0.91, indicating high accuracy. This suggests that
the model effectively predicts the rutting deformation be-
havior of asphalt mixtures with good reliability and pre-
dictive performance. The reliability and accuracy of the
rutting prediction model determined in the previous sec-
tion were further validated. The Hamburg rutting test re-
sults for CR-WSAM, CR-WSBAM, CR-HSAM, and
CR-HSBAM at 60 °C were compared with the predicted
values obtained from the model. Additionally, a com-
monly used rutting prediction model was modified and
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Figure 7: Comparison of measured and predicted rutting values for different steel slag—rubber powder-modified asphalt mixtures (60 °C,
0.7 MPa): a) CR-WSAM, b) CR-WSBAM, c¢) CR-HSAM, d) CR-HSBAM

Table 10: Comparison of predicted values from the revised model and measured values from the Hamburg rutting test (60 °C, 0.7 MPa)

Asphalt mixture Measured Predicted value of this Common model predicted Error
Error (%)

type value model (mm) value (mm) (%)

CR-WSAM 3.066 2.798 8.74 2.406 21.53

CR-WSBAM 4.292 3.878 9.65 2.953 31.20

CR-HSAM 3.595 3.223 10.35 2.615 27.26

CR-HSBAM 5.027 5.097 -1.39 4.112 18.20

compared with the revised model proposed in this study.
The verification and comparison results are presented in
Figure 7, while the final prediction results are summa-
rized in Table 10.

As shown in Figure 7 and Table 10, the calculation
results of the revised rutting prediction model closely
match the measured values, with the final rut depth error
controlled within +11 %. In contrast, the errors between
the estimated results of the commonly used model and
the measured values are larger than those of the revised
model proposed in this study. This discrepancy is primar-
ily due to the commonly used model’s failure to fully ac-
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count for the actual mechanical behavior of asphalt mix-
tures under dynamic loads, particularly in describing
shear stress, shear strength, and viscoelastic properties.
Furthermore, commonly used models provide a rela-
tively simplistic consideration of influencing factors
such as temperature and loading cycles, making it diffi-
cult to accurately capture the deformation behavior of as-
phalt mixtures under actual working conditions. In con-
trast, the revised model presented in this study
incorporates shear performance parameters and inte-
grates test temperature, loading cycles, and material me-
chanical properties to comprehensively characterize the
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Figure 8: Correlation between the estimated values of the corrected model and measured values from the Hamburg rutting test: a) CR-WSAM,

b) CR-WSBAM, c¢) CR-HSAM, d) CR-HSBAM

rutting deformation of asphalt mixtures. This revised
model demonstrates superior mechanistic rationality and
applicability, enabling more accurate rut depth predic-
tions. It significantly reduces the error between estimated
and measured values, thereby enhancing the model’s re-
liability and accuracy.

As shown in Figure 8, the revised rutting prediction
model presented in this paper exhibits a high correlation
with the actual rut depth. In particular, the correlation co-
efficient R? for CR-WSAM and CR-HSBAM is 0.9802
and 0.9889, respectively. These values are significantly
higher than those of the commonly used model before
correction. This demonstrates that the rutting prediction
model (Equation 10), established and refined in this
study, is highly reliable for predicting the rut depth of
steel slag rubber—powder-modified asphalt mixtures.
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4 CONCLUSIONS

The article analyzes the high-temperature dynamic
mechanical properties of four types of steel slag—rub-
ber-modified asphalt mixtures and proposes a new rut-
ting prediction model, which effectively enhances the
rutting prediction ability for these mixtures. Based on the
research findings, the following conclusions are drawn:

The integration of steel slag in asphalt mixtures has a
greater impact on temperature sensitivity than the mixing
method. Specifically, the warm-mix process improves
the shear resistance of steel slag—rubber powder-modi-
fied asphalt mixtures by approximately 8 %.

The high-temperature rutting resistance of asphalt
mixtures with full steel slag and rubber powder modifi-
cation is 10 % better than that of mixtures with partial
steel slag and rubber powder modification. Additionally,
warm-mix steel slag—rubber powder-modified asphalt
mixtures exhibit superior high-temperature rutting resis-
tance.
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A rut depth prediction model for steel slag—rubber
powder-modified asphalt mixtures was developed and
improved. This model accurately predicts the rutting be-
havior of the mixtures under various temperature and
loading conditions.

Considering the impacts of traffic, climate condi-
tions, pavement shear stress, asphalt mixture shear
strength, and mechanical response under dynamic load-
ing, a flexible data processing approach was used. A rut-
ting prediction model was established through
multivariate fitting, with a correlation coefficient (R?) ex-
ceeding 0.93, significantly enhancing the model’s predic-
tion accuracy.
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