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Abstract

Utilizing steel slag powder as a mineral filler in asphalt concrete mixtures has garnered increasing attention due to its
attractive benefits in both sustainability and material properties. The paper aims to critically evaluate the replacement of
mineral filler with steel slag to produce a sustainable mixture. The replacement was made at 3 varied contents, i.e., 0%,
50%, and 100%, and meanwhile working together with a modified asphalt binder using 4% styrene-butadiene-styrene
polymer. All designed mixtures were tested for volumetric properties and Marshall stability; an indirect tensile test was
performed to determine the moisture susceptibility of all the mixtures of optimized binder content. At last, Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) analyses were performed to examine the crystal structure,
microscopic attributes, and chemical composition of the steel slag particles and the limestone dust and compare their
differences. The study showed that steel slag used for mineral filler can significantly enhance Marshall properties and
moisture susceptibility of asphalt mixtures. Working together with the SBS-modified binder, the positive effect was further
pronounced. SEM analysis revealed that steel slag has a rough, angular surface texture with a high porosity and specific
surface area. EDX analysis confirmed the pozzolanic composition of steel slag.
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1. Introduction

Asphalt concrete is the most popular material in road pavement engineering. However, the construction and
maintenance of asphalt pavement have high costs both economically and environmentally. To adapt to sustainable
development and climate change, modifying asphalt binder to improve its properties for better performance and
durability and, meanwhile, using recycled materials for the aggregate and mineral filler to reduce the cost and
environmental impact have increasing interest both in practice and research [1-3].

Styrene-Butadiene-Styrene (SBS) rubber is popularly used as an asphalt modifier. Previous studies have
demonstrated that concrete using SBS-modified asphalt has better crack resistance at both high and low temperatures,
as well as enhancement in other pavement performance properties [4, 5]. Studying the SBS modification at 1, 2, 3, 4,
and 5% by the total weight of asphalt binder, Mahmood and Kattan [6] noticed that SBS increased the binders’ viscosity,
elastic recovery, and softening point but decreased penetration, while the asphalt performance grade (PG) enhanced at
both high and low temperatures. Their results indicated that the mixture of 3% SBS in binder showed the maximum
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tensile strength and rutting resistance. Previous studies have also noticed that the stability of SBS-modified asphalt
deteriorates with aging, particularly under the situation of coupled heavy traffic load and extreme temperature variation
[7, 8]. Using SBS together with crumb rubber materials (CRM) to modify asphalt binder has also been investigated by
many researchers. For example, Li et al. [9], through the rutting test, asphalt bond strength test, moisture-induced
sensitivity test, and low-temperature cracking resistance test, found that SBS-CRM asphalt can greatly increase both the
moisture resistance and low-temperature cracking resistance. Abed et al. [10] compared asphalt modification using SBS
alone and a mixture of SBS and polyvinyl chloride (PVC). Comparing the effect on the hot mix asphalt concrete using
fine and coarse aggregate, respectively, they found that, on the improvement by SBS, PVC can further improve the
mechanical rigidity and strength, but the material toughness on energy absorption degraded.

Steel slag (SS) is a byproduct generated during the steel manufacturing process when molten steel is separated from
impurities [11]. SS contains abundant minerals of significant economic value. Due to its favorable pozzolanic properties,
SS has been widely used in large-scale building construction projects as a cementitious material, working in conjunction
with Portland cement [12, 13]. In pavement engineering, SS has been utilized for sub-base stabilization to prevent the
expansion of clayey soils [14] and as a substitute for natural aggregates [15], thereby enhancing pavement foundation
strength and reducing maintenance costs [16, 17]. Additionally, SS has been directly incorporated into asphalt concrete
as both coarse aggregate and micro filler in the wearing course, improving resistance to rutting, fatigue, skid, and creep
[17]. Hosseinzadeh et al. [18] reported that using electric arc furnace (EAF) steel slag as fine aggregate enhanced the
moisture resistance, Marshall stability, and indirect tensile strength of hot mix asphalt mixtures. Similarly, Oluwasola
et al. [19] found that replacing natural granite aggregates with EAF slag and copper mine tailings (CMT) improved the
performance characteristics of asphalt mixtures. Investigating its application in wearing courses, base, and sub-base
layers, a recent study by Hassan et al. [20] recommended replacing 25-30% of the coarse aggregate with SS. However,
modeling based on the Mechanistic-Empirical Pavement Design Guide (MEPDG) rutting model indicated that the use
of SS increases rut depth. Nevertheless, life cycle cost (LCC) analysis estimated approximately a 29.4% cost saving
when SS is used in both the base and sub-base layers, assuming zero material cost for SS.

SS itself exhibits high compressive strength and durability. Its physical properties, summarized in Table 1, endow it
with superior mechanical characteristics, including strength, hardness, and moisture resistance. Furthermore, SS has
high porosity, resulting from microscopic air bubbles formed during the rapid cooling of molten metal in the steel
manufacturing process [21, 22]. The alkaline nature of SS promotes strong chemical binding or adhesion with asphalt,
which is inherently acidic [22]. As shown in Table 2, the chemical composition of SS, rich in calcium and magnesium
oxides, facilitates stronger bonding with asphalt resin compared to conventional minerals like limestone [23, 24]. This
improved bonding enhances the performance of asphalt concrete mixtures in terms of moisture resistance, stiffness,
fatigue life, and rutting resistance [17, 25-28].

Moreover, the crystalline structure of SS improves particle interactions with principal elements such as calcium,
silicon, and iron, significantly boosting asphalt mixture performance in key areas [29]. It is also important to note that
stockpiling SS poses environmental concerns due to the potential leaching of heavy metals [30]. Incorporating SS into
asphalt concrete matrices mitigates this risk by preventing direct exposure to rainfall, thereby substantially reducing
leaching and minimizing its environmental impact.

Table 1. Typical physical properties of steel slags [31] Table 2. Typical chemical composition of steel slags [31]
Physical properties Unit Values Constituent  Percent by weight%
Impact value % 17 cao 35-45
) , SiO, 11-17
Compressive strength ~ N/mm 200 ALOs 16
Particle density g/cm® 3.6 MgO 2.9
Water absorption % 1 FeO 16-26
Polishing resistance PSSV 57 MnO 26
. P.0s 1-2
Freeze/thaw resistance % Less than 0.5
S Less than 0.2
Cr203 0.5-2

The combined benefits of binder modification and the use of recycled waste materials have garnered significant
interest. Zeinoddin et al. [32] utilized steel slag (SS) and an amino-based resin-modified asphalt, which helped reduce
the binder's viscosity to facilitate the production of warm mix asphalt. Experimental results demonstrated acceptable
moisture resistance and an improvement in rutting resistance compared to mixtures using a neat asphalt binder. Abbas
[33] investigated the use of Styrene-Butadiene Rubber (SBR) in combination with fly ash. Marshall property tests
revealed that increasing the content ratio of fly ash and SBR resulted in higher sample stiffness. More recently, Abbas
and Abed [34] studied the use of a Styrene-Butadiene-Styrene (SBS) modified asphalt binder along with partial
replacement of limestone filler with cement kiln dust (CKD). Their findings indicated that the addition of SBS increased
the binder’s hardness, while 25% and 50% replacement of filler with CKD enhanced the stability, plastic flow, and
indirect tensile strength of the asphalt concrete samples.
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Nie et al. [35] investigated the modification effects and mechanisms of using recycled glass fiber (GF) from wind
turbine blades (WTB) in SBS-modified asphalt. A GF-WTB/SBS composite-modified asphalt was developed, and its
performance was assessed using a dynamic shear rheometer (DSR) and a bending beam rheometer (BBR). The results
demonstrated that a moderate addition of GF-WTB improved both the high-temperature performance and low-
temperature crack resistance of the asphalt, due to the compatibility between SBS and GF-WTB, which enhanced the
asphalt’s elasticity and toughness. A recent study by Li et al. [9] explored the use of steel slag (SS) as a coarse aggregate
in asphalt concrete combined with an SBS/crumb rubber (CR) composite-modified asphalt binder. Their findings
showed that under both high and low temperature conditions, SS and SBS/CR composites exhibited improved adhesion
due to enhanced electrostatic interactions. Additionally, Shen et al. [36], through SEM and FTIR analysis of aggregate
morphology and the microstructure of the asphalt binder—aggregate matrix, revealed that SS provides much stronger
adhesive bonding with rubberized asphalt binder compared to conventional aggregates.

While the physical characteristics and chemical composition of SS are comparable to those of conventional limestone
dust used as mineral filler in asphalt concrete, limited research has been conducted on the combined use of SBS-modified
asphalt binder with SS as a mineral filler substitute. Against this backdrop, a comprehensive experimental study was
conducted, as reported in this paper, to evaluate the performance of asphalt concrete mixtures incorporating SS at zero,
half, and full replacement levels of conventional limestone dust as the mineral filler, alongside the use of both neat and
SBS-modified asphalt binders. The results demonstrated the beneficial effects of the combined use of SBS and SS on
the Marshall properties and moisture susceptibility of asphalt concrete mixtures. Finally, SEM and EDX examinations
were performed to gain deeper insight into the microscopic characteristics and chemical composition of the filler
materials, providing analytical explanations for the observed improvements in material properties and performance.

2. Experiments

The experimental methodology of the current study was conducted in three phases. The first phase involved the
preparation of raw materials following the research plan, including aggregate, mineral fillers (traditional limestone dust
and steel slag powder), and asphalt cement (both neat and SBS-modified). The second phase focused on mix design,
experimental setup, and test material properties and performance on durability. In the third phase, the microstructural
characteristics and composition of the fillers were analyzed using SEM and EDX technology. The overall experimental
framework is illustrated in Figure 1.
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Figure 1. The flow chart of experimental study
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2.1. Raw Materials

2.1.1. Asphalt Binder

Two types of asphalt binder were used. One is a neat asphalt cement (NB), brought from Al-Daura Refinery in
Baghdad, Iraq, which has penetration grades of 40-50. The physical properties of the asphalt binder were examined
against the standard, State Corporation for Roads and Bridges (SCRB 2003), which are listed out in Table 3. The other

one (MB) is a modification of the NB, which contains 4% styrene-butadiene styrene (SBS) rubber by total weight of
binder.

Table 3. Physical properties of asphalt binder

Test Degg-r:—e'i\gon Unit Results SCRB ISirr)ﬁi(i[iSfication
Penetration (25°C,100g,5 sec) D-5 1/10 mm 46 40-50
Softening point (Ring& Ball) D-36 °C 53
Ductility (25°C,5cm/min) D-113 cm 110 >100
Specific gravity at 25°C D-70 1.03
Flash, Point (Cleveland Open up) D-92 °C 243 >232

2.1.2. Aggregate

The aggregate was supplied by the Al-Nibaie quarry in Baghdad, Irag. The physical attributes of the aggregate are
listed in Table 4 against the SCRB (2003) specification for surface layer design. Figure 2 illustrates the aggregate particle
gradation.

Table 4. Physical properties of aggregate

Property ASTM Designation Coarse aggregate  Fine aggregate  SCRB Specification
Bulk Specific Gravity ASTM C127-15 [37] 2.613 2.621 -

Apparent Specific Gravity ASTM C127-15 [37] 2.678 2.683 -

Percent Water Absorption ASTM C127-15 [37] 0.91 0.94 -
Toughness (Los Angeles Abrasion) ASTM C131/C131M-20 [38] 20.8% - Max. 35%
Soundness loss by sodium sulfate solution% ASTM C88/C88M-18 [39] 4.1% - Max 12 %

100

90 —&=— Lower-Limit
80 —&— Mid-Size

70 Upper-Limit
60

50

40

Percent Passing (%)

30
20

: T
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Figure 2. Aggregate particle gradation against the limits for surface course

2.1.3. Mineral Filler

Both limestone dust (LS) and steel slag (SS) powder, which were obtained from respective manufacturers’ factories
located in Karbala Governorate, Irag, were utilized for the mineral fillers. The physical characteristics of the LS and the
SS are listed in Table 5.
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Table 5. Physical properties of mineral filler

Property Steel Slag ~ Limestone
Specific gravity 3.6 2.77
Specific surface area 330 m?kg 309 m¥kg
passing sieve N0.200 (0.075 mm) 98

2.2. Marshall Test

After material preparation and initial testing, the Marshall stability test was conducted to determine the optimum
asphalt binder content and key volumetric properties for all the designed asphalt concrete. As listed out in Table 6, there
are total six concrete designs using two different binders, i.e., the NB and MB, together with three percentages of the
LS replacement by SS at 0%, 50%, and 100%. For each of the design, five sub-mixtures were made, which have varied
asphalt binder contents at 4, 4.5, 5, 5.5 and 6% by total aggregate weight.

Table 6. The Designed Asphalt Concrete Mixtures for the Research

Mixtures Asphalt binder % SBS %  Limestone dust %  Steel slag powder % OAC %
NB-LS (Control) 100 0 100 0 4.8
NB-LS-SS 100 0 50 50 4.9
NB-SS 100 0 0 100 5.08
MB-LS 96 4 100 0 4.75
MB-LS-SS 96 4 50 50 5
MB-SS 96 4 0 100 5

Three specimens were made for each of the sub-mixtures following the specific procedure (MS-2, Asphalt Mix
Design Methods, Asphalt Institute, 2015) [40] and tested for their Marshall properties (ASTM D6926-20). The final
Marshall properties of each sub-mixture took the average of the measurements of its three specimens. At last, the
optimum binder content (OAC) for each mixture design, which is listed in Table 6, takes the average value of the binder
contents of the sub-mixtures that had the maximum unit weight, maximum stability, and 4% air void content,
respectively, in the Marshall test. After the Marshall test for OAC, the six designed mixtures in Table 6 were reprepared
in terms of the determined OBC for each of them. Thereafter, the Marshall test was conducted again for each of these
mixes in triplicate for their Marshall material properties. Figure 3 shows the setup of the Marshall test and the specimens
for the test.

Figure 3. Marshall test equipment and the specimens in water path at 60°C (ASTM D6926-20) before test

2.3. Indirect Tensile Test (IDT)

After completing the Marshall tests, the six designed mixtures were evaluated for their durability using the Indirect
Tensile (IDT) test method (ASTM D6931) to assess moisture susceptibility. Initially, the prepared mixtures were divided
into two groups. For each group, cylindrical specimens were cast in triplicate for each mix. The specimens were molded
using cylindrical molds with two open ends, measuring 101.6 mm in diameter and 63.5 mm in height. The mixtures
placed into the molds were compacted using a Marshall compactor, applying 45 blows to each end of the cylindrical
specimens to achieve an air void ratio of approximately 7.0 £ 0.5%.
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Subsequently, all specimens in the first group were tested in an unconditioned state. These specimens were first
placed in a 25°C water bath for one hour, then removed, towel-dried, and tested for their Indirect Tensile Strength (ITS)
at room temperature using the IDT test. Meanwhile, the specimens in the second group were tested in a conditioned
(moisturized) state. To prepare them, the specimens were first subjected to a vacuum of -70 kPa in a flask filled with
25°C water for five minutes to achieve saturation. They were then wrapped in plastic bags and placed in a freezer at
approximately -18°C for 16 hours. After removal from the freezer, the specimens were immediately immersed in a 60°C
water bath for 24 hours, followed by an additional hour in a 25°C water bath. Finally, the specimens were removed and
tested for ITS at room temperature using the IDT method.

During the IDT tests, a compressive load was applied at a constant rate of 50 mm per minute until the specimens
failed or split. The maximum recorded load represented the ITS value of each specimen. Figure 4 illustrates the IDT test
setup and an example of a specimen after failure.

Sample under loading Sample split

Figure 4. The indirect tensile test

3. Results and Discussion
3.1. The Marshall Test

Figure 5 compares the densities of the six concrete mixtures studied in Table 6. It can be seen that both the SBS
asphalt binder (MB) and SS filler make the density of mixtures increase because the SBS and the SS have a higher
specific weight than the asphalt binder (NB) and the LS filler, respectively.

2.35 -

234 uNB = MB

2.33 A
2.32 A
2.31 A1
2.3 A

2.29 1

Density, gm/cm?

2.28 A
2.27 A

2.26 1

2.25

0% 50% 100%
Steel slag in mineral filler, %

Figure 5. The density of mixtures

Figure 6 shows the Marshall stability test results of the mixtures. It can be seen that both the SBS binder modifier
and the SS mineral filler respectively help enhance the Marshall stability of mixtures. A comparison shows that the
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mixture using the MB binder only (i.e., MB-LS) has an almost equivalent stability to that using the NB binder but 100%
SSfiller (i.e., NB-SS). Overall, the combined use of the MB binder and the SS filler produced progressive improvement
in mixture stability, with the best benefit achieved by the mixture using 100% SS filler (MB-SS). This finding is in
agreement with a previous similar study but using SS to replace copper mine tailings for mineral filler [19].

15 ~

14 A ENB =MB

12 A

11 A

Marshall Stability, kN

10 1

0% 50% 100%
Steel slag in mineral filler, %

Figure 6. the Marshall stability of mixtures

Figure 7 presents the measured Marshall flow values, which show that both the MB binder and the SS filler help
reduce the plastic deformation of mixtures. The results are aligned with the property of the SBS, which is stiffer than
neat asphalt binder, and the characteristics of SS powder, which has a higher porosity and rough surface texture in
comparison with limestone dust. These binder properties and filler characteristics working together help enhance the
rigidity of the mixtures.

35 ENB mMB

Marshall Flow, mm
N

0% 50% 100%
Steel slag in mineral filler, %

Figure 7. Marshall Flow of mixtures

Marshall Stiffness Index (MSI) is the ratio of Marshall stability in kN to the flow of the sample in mm. The higher
the MSI, the stiffer the mixture and the better the resistance to shear and permanent deformation of asphalt concrete
mixtures [41]. Figure 8 compares the MSI of the studied mixtures. It can be seen that both the SBS and SS help enhance
the MSI. The combined use of both gives a further progressive improvement on the MSI when the SS filler content
increases because steel slag has a larger angle of internal friction, angularity, and bulk specific gravity than limestone
dust. The combined use of SS powder to replace all the LS dust filler and the SBS-modified binder generated the highest
MSI value. This finding is also compatible with the similar work before, which used SS and copper mine tailings for
mineral filler [19].
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MSI, KN/mm

0% 50% 100%
Steel slag in mineral filler, %

Figure 8. Marshall Stiffness Index (MSI) of Mixtures

3.2. The Indirect Tensile Test

Figure 9 presents the ITS results. Similar to the observations made during the Marshall tests, both the SBS binder
modifier and the SS filler, when used individually, improved the ITS of the mixtures in both conditioned and
unconditioned states. The combined use of both materials resulted in even greater enhancement. The mixture
incorporating 100% SS along with the SBS-modified binder achieved the highest ITS. Fundamentally, SS possesses
an alkaline nature, with a pH value of approximately 11.42, and exhibits pozzolanic properties due to its high
chemical content of silica oxide and aluminum oxide. This composition promotes a pozzolanic reaction under
alkaline conditions, generating a dense calcium-silicate-hydrate (C-S-H) gel, which enhances the bond with the
asphalt binder [19, 42].

1600 -

m Unconditioned

1400 1 = Conditioned
1200 -
1000 -
800 -
600 -
400 -
200 -
0 - T T T T

Control NB-LS-SS NB-SS MB-LS MB-LS-SS MB-SS
Mixtures

ITS kPa

Figure 9. Indirect Tensile Strength (ITS) test results

Figure 10 compares the remaining tensile strength (RTS) of mixtures after conditioned freeze-thaw moisture
exposure. RTS is the ratio of the ITS of a conditioned specimen to the ITS of an unconditioned specimen as expressed
in Equation 1 below.

RTS = ITS conditioned (1)

ITS unconditioned
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Mixtures

RTS (%)

Figure 10. The Remaining Tensile Ratio results for the different types of mixtures

The higher the RTS value, the less the moisture susceptibility and the higher the resistance to stripping. It can be
seen that either using SBS-modified binder or using SS for mineral filler alone can increase the RTS. However, the SS
filler has a more pronounced effect on the mixture durability than the SBS asphalt binder. The result highlights the role
of the chemical composition of SS in the adhesive strength to binder and the durability on moisture resistance of the
mixtures [42]. The combined use of SBS asphalt binder and the SS filler together generated the best result, a result in
agreement with the other similar work [19].

3.3. Scanning Electron Microscopy

Figure 11 compares SEM analysis of the SS particles and LS particles at three magnification scales. At the 5um and
50 um scales, it can be noticed that the crystal structure of SS particles presents an irregular 2D plate-form shape with
sharp corners and a rough surface. The crystal structure of LS particles presents a regular shape of comparable 3D
dimensions. In addition, the average crystal size of SS is bigger than that of LS. The SEM images at 500 um scale show
that SS particles displace a denser morphological texture of a high content of microscopic pores in comparison with the
LS particles. Such a characteristic might be attributed to the plate shape of the SS crystal structure, which gives the SS
particles themselves a high porosity and specific surface area. It also explains the capacity of SS to promote the adhesion
of asphalt binders.

v 09 O | WD spot  det
M 3000kV  10000x  11.8mm 40 ETD

Limestone particle at 10 pm scale

Limestone particle at 50 um scale
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30.00kV 300 x m; ETD

Steel slag particle at 500 pm scale Limestone particle at 500 um scale

Figure 11. SEM images for the microscopic characteristics of SS and LS particles

Figure 12 shows the EDX results for the chemical composition of the two mineral fillers. Table 7 gives out the
chemical composition examination, which shows that SS has a lower calcium content than LS. Although a high calcium
oxide content is good for pavement because it reacts with water to generate calcium hydroxide (hydrated lime), a
composition will enhance the resistance to rutting and fatigue cracking when present in asphalt mixtures. SS presents a
high composition of carbon, silica oxide, and aluminum oxide. These components themselves can help increase the
hardness of asphalt mixtures [42]. Most importantly, the silica oxide and aluminum oxide possess the pozzolanic nature,
which promotes the pozzolanic reaction given the alkaline nature of SS itself. In addition, the presence of metallic
components also helps enhance polishing resistance as well [42].

8k- ja
6k |
1 Si, Rb
“« ‘
1 || Nb
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I || I’. ‘ | Ca
I HITA - .
o (Fanialvi ot KSULW L MnFe N e R
eV 5 keV 10 keV 15 keV 20 keV]
Steel Slag Particles
Cla
10k- H
5k-
- ¢
cf N
0 )il ASkes U | Fe :
oev SkeV 10 keV 15 keV 20 keV]

Limestone Particles

Figure 12. The EDX analysis results

Table 7. The chemical composition of limestone and steel slag

Constituent  Steel slag (%0) Limestone dust (%)

c 255 11.1
o} 325 44.0
Mg 33 0.0
Al 53 0.2
Si 104 04
Ca 18.7 43.9
Fe 05 04

1327



Civil Engineering Journal Vol. 11, No. 04, April, 2025

4. Conclusion

Asphalt concrete mixtures consume large quantities of natural resources, which has motivated researchers to explore
the use of sustainable materials. This study aimed to evaluate the utilization of steel slag as a substitute for conventional
limestone mineral filler, as well as the combined use of an SBS-modified binder to enhance the strength of asphalt
mixtures. The designed mixtures included varying percentages of steel slag replacement: 0%, 50%, and 100%. The
evaluation approach was based on two strategies: mechanical performance testing and microstructural analysis using
SEM and EDX techniques. Mechanical performance was assessed through Marshall stability and flow tests, moisture
susceptibility tests, and evaluation of volumetric properties. The results demonstrated that both the use of SBS-modified
asphalt binder and the replacement of limestone filler with steel slag independently enhanced the Marshall stability and
moisture resistance of asphalt mixtures. Moreover, the combined use of both materials provided even greater
improvements, with the mixture incorporating 100% steel slag replacement exhibiting the best performance.

Steel slag particles possess higher porosity and specific surface area compared to limestone dust particles, attributed
to the crystal structure of steel slag, which typically exhibits an angular, plate-like shape. This crystalline structure
promotes better mechanical interlock among particles, resulting in increased mixture rigidity. Furthermore, the high
porosity, larger surface area, and rough texture of the steel slag particles enhance binder-filler contact and improve
adhesive bonding. EDX analysis confirmed the pozzolanic nature of the steel slag composition. The pozzolanic reaction
further contributes to the enhancement of the mechanical properties of the asphalt mixtures.
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