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Abstract: Recycling steel slag into asphalt concrete is an important way to save natural resources and
protect the environment. The high asphalt absorption and adsorption and the sensitivity of steel slag
aggregate (SSA) to the combined damage of temperature and moisture (volume expansion and poor
durability under freeze-thaw cycle damage) still pose risks for the use of SSA in asphalt concrete. It is
urgent to develop new utilization methods of steel slag. With this in mind, the material properties of
steel slag powder (SSP) and performance characteristics of asphalt concrete incorporating SSP filler
were evaluated in this research. The SSP was prepared in the laboratory by grinding steel slag with a
particle size of 2.36–4.75 mm. Firstly, the material properties of SSP including the specific surface area,
particle gradation, apparent density, chemical compositions, and thermal stability were analyzed.
Steel slag (2.36–4.75 mm) and common limestone powder (LP) filler were used as control groups.
The grindability of steel slag and the advantages of using SSP as a filler in asphalt concrete were
preliminarily analyzed based on the test results of material properties. Then, the Superpave method
was used to design asphalt concrete incorporating SSP and LP. Considering that steel slag is sensitive
to the combined damage of temperature and moisture, the main engineering performance of asphalt
concrete after the combined damage of temperature and moisture was evaluated to further reveal
the feasibility of using SSP as a filler. Two combined damage modes, namely hot water damage and
freeze-thaw cycle damage, were applied. Results suggest that although the steel slag is more difficult
to grind compared to limestone particles, grinding steel slag into SSP has improved the uniformity
of its material properties. Good uniformity of material properties, high alkalinity, and excellent
thermal stability of SSP give it some advantages in its application in asphalt concrete. Although
the freeze-thaw cycle damage has a slightly more significant effect on the engineering performance
of asphalt concrete than hot water damage, compared to the asphalt concrete with LP filler, even
after freeze-thaw cycle damage for three cycles asphalt concrete incorporating SSP still possesses
comparable or better volume stability, mechanical performance, high-temperature deformation
resistance, low-temperature crack resistance, fatigue crack resistance, and fatigue durability.

Keywords: asphalt concrete; mineral filler; steel slag powder; materials property; moisture;
temperature; engineering performance

1. Introduction

In the past few decades, the rapid construction of roads has significantly promoted
the development of the national economy and brought great convenience to people’s daily
travel in China. But at the same time, the road construction consumes a large amount of
natural resources. Recycling some solid waste into the construction of roads is a promising
way to save natural resources and eliminate the environmental pollution caused by the
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waste. Typical wastes mainly include rubber [1,2], smelting slags [3–7], construction
waste [8,9], reclaimed asphalt pavement (RAP) [10,11], plastic [12,13], glass [14,15], etc.

Steel slag is one of the main smelting slags and it is produced during the steelmaking
process [16]. The annual production of steel slag approaches 100 million tons in China. The
efficient disposal of steel slag has always been a challenge faced by the steel industry. In
recent decades, steel slag has been applied in many fields, mainly involving wastewater
purification [17], sewage sludge stabilization [18,19], carbon sequestration [20,21], agri-
culture utilization [22], cement and concrete production [23,24], road construction [25,26],
etc. Recycling steel slag in road construction is very attractive as the high consumption of
materials in road construction can accelerate the disposal of solid waste. Using steel slag to
replace partial natural aggregate to prepare road paving materials is one of the hot research
topics [27,28]. Although many research results have proved that steel slag aggregate (SSA)
can improve the skid resistance [29], high-temperature deformation resistance [30], fatigue
durability [31], etc., the high asphalt content and unstable performance under the moisture
damage of asphalt concrete incorporating SSA still hinder the use of SSA. These problems
are mainly caused by the porous structure and active mineral compositions of SSA.

Steel slag is reported to be a porous material [32]. The porous structure results in
strong absorption of liquid asphalt binder, especially for the steel slag fine aggregate (SSFA);
its asphalt adsorption is also obvious due to the contribution of the powder part in the
fine aggregate. Therefore, steel slag coarse aggregate (SSCA) is not suggested to be used
together with the SSFA [27]. Although steel slag shows excellent adhesive performance
with asphalt [33], the feedback of asphalt concrete incorporating SSA is very complex when
subjected to moisture damage conditions, especially the combined damage conditions
of temperature and moisture. Steel slag contains some active minerals (free lime, f-CaO,
and free magnesium oxide, f-MgO). These minerals will cause volume expansion in the
local zones of SSA under humid conditions after reacting with water which would bring
damage to the SSA-based engineering, such as random cracking of the road surface [34].
Weathering treatment, placing steel slag in the natural environment to make the active
minerals react with water before it is used, is a common method to improve the volume
stability of SSA [7]. Steel slag is also rich in silicate minerals (dicalcium silicate, C2S, and
tricalcium silicate, C3S). These minerals undergo the carbonization reaction during the
weathering period of SSA. The relatively higher temperature can promote the carbonization
reaction [33] which means the volume expansion would be more obvious when SSA is
sent to the hot water damage. In addition, the carbonation product layer wrapped on
the surface of SSA is sensitive to the water freeze-thaw damage (temperature alternately
changes) [35]. Meanwhile, the carbonation process also makes the SSFA agglomerate and
consolidate. Its particle gradation and rich angular feature are destroyed. As a result, the
material properties of SSFA are poor [7,32]. In addition, like other typical solid wastes, the
material properties of steel slag fluctuate greatly [36].

Considering that there are some disadvantages when using SSA in asphalt concrete,
developing a new reuse method for steel slag is urgent. In asphalt concrete, except for
aggregate and asphalt, there is also a small proportion of filler. It participates in forming
asphalt mastic with asphalt binder. The asphalt mastic helps to fill and glue the aggregate
skeleton of asphalt concrete [37]. Hence, the filler is very important to the performance of
asphalt concrete. Inspired by it, the feasibility of using steel slag powder (SSP) as a filler
for asphalt concrete was investigated in this research. There are already some studies on
the application of SSP in asphalt concrete [36,38,39]. Li et al. indicated that SSP is a high-
alkalinity material; it improves the crack resistance of asphalt concrete based on the results
of fracture energy [39]. Tao et al. suggested that for a combined filler composed of common
limestone powder (LP) and SSP the suitable percentage of SSP is lower than 75% [38]. The
research conducted by Chen et al. showed that compared to SSA, the properties of SSP
are more homogeneous and stable. Asphalt concrete incorporating SSP shows satisfactory
engineering performance [36]. Although some research has been performed on the use
of SSP filler in asphalt concrete, these works mentioned above mainly focus on the steel
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slag from the Wuhan iron and steel group, China (now called Baowu steel group, Wuhan,
China). China has a vast territory; for the steel plants located in different regions, there are
more or less differences in the steelmaking process and the types of raw materials used for
steelmaking, which will finally influence the material properties of steel slag. Therefore, for
the steel slag of each steel plant, especially the large plants such as the Baowu steel group,
the Shougang group (Beijing, China), the Baogang group (Baotou, inner Mongolia, China),
etc., it is necessary to conduct independent research on the feasibility of using SSPs from
different steelmaking plants as fillers of asphalt concrete. In this research, steel slag from the
Baogang group, China, was used. In addition, as mentioned earlier, steel slag is sensitive to
the combined damage of temperature and moisture. While the previous studies mainly
examined the changes in mechanical performance indexes after the combined damage,
such as the retained Marshall stability (RMS) after hot water damage and tensile strength
ratio (TSR) after freeze-thaw cycle damage [31,36], the effect of the combined damage on
other performances of asphalt concrete such as high-temperature deformation resistance,
low-temperature crack resistance, fatigue crack resistance, etc., is rarely evaluated.

Based on the above, the material properties of SSP prepared by grinding steel slag
with a size of 2.36–4.75 mm from the Baogang group, China, and the main engineering
performance of asphalt concrete incorporating this SSP under the combined damage of
temperature and moisture were investigated in this research. The conducted work includes
the following. (1) Preparing SSP by grinding steel slag (2.36–4.75 mm) in the laboratory
first and then evaluating its material properties including the specific surface area, parti-
cle gradation, apparent density, chemical compositions, and thermal stability. Steel slag
(2.36–4.75 mm) and common limestone powder (LP) filler were used as control groups.
The grindability of steel slag and the advantages of using SSP as a filler in asphalt concrete
were analyzed based on the results of material properties. (2) Using the Superpave method
to design asphalt concrete incorporating SSP and LP. Then investigating the effect of the
combined damage of temperature and moisture on the main engineering performance of
asphalt concrete including volume stability (volume expansion test), mechanical perfor-
mance (RMS and TSR tests), high-temperature deformation resistance (dynamic creep test),
low-temperature crack resistance (indirect tensile test), and fatigue crack resistance (indirect
tensile fatigue test). Two combined damage modes were used: hot water damage and
freeze-thaw cycle damage. The feasibility of using SSP as a filler was further determined
based on the results of the engineering performance of asphalt concrete. The research flow
chart is shown in Figure 1.
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2. Materials and Methods
2.1. Raw Materials

The crushed basalt (9.5–19 mm and 4.75–9.5 mm) and limestone (0–4.75 mm) were
used as a coarse aggregate and fine aggregate, respectively. They were from a crushed
stone processing factory located in the Xilinhot, China. Steel slag was provided by the
Baogang group located in inner Mongolia, China. In order to prepare steel slag powder
(SSP) more easily in the laboratory, steel slag with a small particle size (2.36–4.75 mm)
was sent to the ball mill for grinding. To compare the convenience of preparing SSP and
common limestone powder (LP), limestone particles (2.36–4.75 mm) screened from the
limestone fine aggregate (0–4.75 mm) were also adopted to prepare LP by a ball mill in
the laboratory. In addition, an SBS-modified asphalt produced by inner Mongolia Yadong
Asphalt Co., Ltd., Ordos, China, was also used.

Considering that all raw materials are produced in China and the terminal applica-
tion scenario of designed asphalt concrete is also Chinese asphalt pavement, the basic
technical properties of raw materials were tested according to the Chinese standard test
methods [40,41]. The test results of basalt coarse aggregate, limestone fine aggregate, and
SBS-modified asphalt are listed in Tables 1–3 which indicate that their basic technical
properties meet the requirements of the Chinese technical specification [42]. The material
properties of steel slag (2.36–4.75 mm), SSP, and LP will be discussed in detail in Section 3.1,
so their basic technical properties are not shown here.

Table 1. Technical properties of basalt coarse aggregate.

Properties Size Range (mm) Results Requirements

Apparent relative density 9.5–19 2.911 ≥2.64.75–9.5 2.903

Water absorption (%) 9.5–19 0.4 ≤24.75–9.5 0.7
Crushing value (%) 9.5–13.2 16.9 ≤26

Elongated particle contents (%) 4.75–19 6.8 ≤15
Los Angeles abrasion (%) 4.75–16 15.3 ≤28

Table 2. Technical properties of limestone fine aggregate.

Properties Results Requirements

Apparent relative density 2.709 ≥2.5
Soundness (%) 3.7 ≤12

Fine aggregate angularity (%) 60 ≥30
Sand equivalent (%) 66 ≥60

Table 3. Technical properties of SBS-modified asphalt.

Properties Results Requirements

Ductility (5 ◦C, 5 cm/min; cm) 37.8 ≥20
Softening point (◦C) 78.5 ≥60

Penetration (25 ◦C, 100 g, 5 s; 0.1 mm) 56 40–60
Viscosity (135 ◦C; Pa·s) 1.0 ≤3

Elasticity resume (25 ◦C; %) 78 ≥75
Solubility (%) 99.2 ≥99

2.2. Experimental Methods
2.2.1. Material Property Evaluation of SSP

Firstly, using a small-sized SM Φ500 × 500 mm ball mill with a rotation speed of
48 r/min to grind a total of 5 kg of steel slag and limestone particles (2.36–4.75 mm) for
20 min, 40 min, 60 min, and 80 min, and then the grindability of steel slag and limestone
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particles was compared based on the test results of the specific surface area and particle
gradation of SSP and LP. The specific surface area was determined by a fully automatic
FBT-9 specific surface area tester, from the Zhongshuo, Hebei, China. The particle gradation
was analyzed by a screening test.

The advantages of using SSP as a filler in asphalt concrete were preliminarily ana-
lyzed based on the test results of apparent density, chemical compositions, and thermal
stability. The apparent density and chemical compositions of steel slag (2.36–4.75 mm),
SSP, and LP were analyzed by the Chinese standard test method [40] and Zetium X-ray
fluorescence (XRF) from the PANalytical, Almelo, Netherlands. The thermal stability of
SSP during the mixing temperature range of asphalt concrete was evaluated by a discovery
thermogravimetric analyzer (TGA) from TA Instruments, New Castle, DE, USA.

2.2.2. Design of Asphalt Concretes

The Superpave design method of asphalt concrete is one of the important achievements
of the strategic highway research program (SHRP), which has been widely proven to be
more in line with the actual construction situation of asphalt pavement. Therefore, in this
research, the Superpave method was also used to design asphalt concrete incorporating
SSP and LP. The designed air void of asphalt concrete was 4%. The volume dosage of
basalt coarse aggregate (9.5–19 mm), basalt coarse aggregate (4.75–9.5 mm), limestone fine
aggregate (0–4.75 mm), and filler (SSP and LP) was 23%, 29%, 44%, and 4%, respectively.
The hybrid gradations of these two asphalt concretes are shown in Figure 2. The design
results of the volumetric properties of asphalt concrete are listed in Table 4. It shows that the
main volumetric property indexes of two asphalt concretes meet the design requirements.
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Table 4. Design results of asphalt concrete incorporating SSP and LP.

Volumetric Properties Asphalt Concrete
with SSP

Asphalt Concrete
with LP

Design
Requirements

Optimum asphalt content (OAC) (%) 4.8 4.8 —
Air voids (%) 4 4 4

Voids in the mineral aggregate
(VMA) (%) 14.2 14.4 ≥14

Voids filled with asphalt (VFA) (%) 71.8 72.2 65–75
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2.2.3. Performance Evaluation of Asphalt Concretes under the Combined Damage of
Temperature and Moisture

Preparation of samples for different performance evaluation. The Superpave design
method is implemented based on the volumetric performance results of cylindrical spec-
imens with a diameter of 100 mm and a height exceeding 100 mm, compacted in the
Superpave gyratory compactor. Therefore, the samples used for evaluating performance of
asphalt concrete were prepared by coring and cutting the Superpave gyratory compacted
samples. Finally, samples with a diameter of 100 mm and a height of 63.5 mm were used in
the evaluation of volume stability, mechanical performance, and low-temperature crack re-
sistance. Samples with a diameter of 100 mm and a height of 100 mm and 50 mm were used
in the evaluation of high-temperature deformation resistance and fatigue crack resistance,
respectively. The preparation process and the sizes of used samples are shown in Figure 3.
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Selection of combined damage conditions of temperature and moisture. Two combined
damage conditions of temperature and moisture were applied: hot water damage and
freeze-thaw cycle damage. For hot water damage, the conditioned samples for each
performance test were immersed in a hot water bath of 60 ◦C for 1 day, 2 days, and 3 days.
For freeze-thaw cycle damage, the conditioned samples for each performance test were
subjected to freeze-thaw damage for 1 cycle, 2 cycles, and 3 cycles. Single freeze-thaw cycle
damage consists of freezing water-saturated samples in a freezer at −18 ◦C for 16 h and
then thawing samples at a water bath of 60 ◦C for 24 h.

Volume stability evaluation. The volume stability of asphalt concrete was determined
based on the volume expansion ratio. As shown in Equation (1), it was computed based on
the changes in diameter and height of the sample after hot water damage or freeze-thaw
cycle damage.

ver =
d2

2h2 − d2
1h1

d2
1h1

× 100% (1)

where ver is the volume expansion ratio, %; d1 and h1 are the original diameter and height
of sample, respectively, mm; and d2 and h2 are the diameter and height of sample after hot
water damage or freeze-thaw cycle damage, respectively, mm.

Mechanical performance evaluation. The Marshall stability of the sample before and
after hot water damage was measured by an LWD-3C tester. The retained Marshall stability
(RMS) was computed by Equation (2). The indirect tensile strength (ITS) of the sample
before and after freeze-thaw cycle damage was computed by Equation (3) and the failure
load of the sample was also measured by the LWD-3C tester. The tensile strength ratio
(TSR) was computed by Equation (4).

RMS =
MS2

MS1
× 100% (2)

ITS =
2000 × P

π × D × h
(3)
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TSR =
ITS2

ITS1
× 100% (4)

where MS1 and MS2 are the Marshall stability of the sample before and after hot water
damage, kN; P is the failure load of the sample, kN; D is the diameter of the sample, mm;
h is the height of sample, mm; and ITS1 and ITS2 are the ITS of sample before and after
freeze-thaw cycle damage, MPa.

High-temperature deformation resistance. The high-temperature stability of asphalt
concrete was evaluated by a dynamic creep test. The samples for each asphalt concrete
before and after hot water damage or freeze-thaw cycle damage were sent to a UTM-130
machine for a dynamic creep test. The test temperature was 60 ◦C. Samples were sent to
the UTM-130 chamber for heat preservation for at least four hours in advance. The stress of
100 kPa with a haversine load pulse at 1 Hz (stop loading for 0.9 s after loading for 0.1 s)
was applied. The general deformation process of the sample under the dynamic creep
test is shown in Figure 4. The deformation process consists of three stages. In the first
stage, the deformation speed of the sample decreases rapidly and it maintains at a stable
value in the second stage, while the deformation speed rapidly increases when entering
the third stage. As a result, the accumulated deformation sharply rises in this stage. It
means that the deformation resistance ability of the sample rapidly decreases. Therefore,
the number of cyclic loading corresponding to the starting point of the third stage, flow
number (Ninstability), is frequently adopted to show the ultimate ability of asphalt concrete
to resist high-temperature deformation [43,44]. The high-temperature stability of asphalt
concrete was also determined based on the Ninstability value in this research.
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Figure 4. Deformation characteristics of the sample under the dynamic creep test.

Low-temperature crack resistance. The low-temperature crack resistance of asphalt
concrete was analyzed based on the test results of the indirect tensile test. The samples for
each asphalt concrete before and after hot water damage or freeze-thaw cycle damage were
sent to the UTM-130 machine for an indirect tensile test by applying a constant deformation
speed of 1 mm/min. The test temperature was −10 ◦C. The real-time load and deformation
on the sample were automatically recorded by the computer. Then, the real-time stress and
strain of the sample can be computed. Finally, the fracture energy index could be further
determined according to Equation (5). The low-temperature crack resistance of asphalt
concrete was quantized by the fracture energy index in this research.

f e = 10−3
∫ ε f

0
σ(ε)dε (5)

where fe is the fracture energy, kJ/m3; σ(ε) is the ITS of the sample when the strain is ε,
MPa; and εf is the failure strain of sample, µε.

Fatigue crack resistance. The fatigue crack resistance of asphalt concrete was analyzed
based on the test results of the indirect tensile fatigue test (ITFT). The ITFT of samples
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for each asphalt concrete before and after hot water damage or freeze-thaw cycle damage
was also conducted by the UTM-130 machine. The stress control mode with a total of
four stress levels (0.35 MPa, 0.45 MPa, 0.55 MPa, and 0.65 MPa) was used and the loading
frequency of the haversine load was 10 Hz. The test temperature was 20 ◦C. The test
was terminated when a crack completely penetrated the sample and the number of cyclic
loading at this point in time was regarded as the fatigue life of asphalt concrete. The fatigue
crack resistance of asphalt concrete was determined by the value of fatigue life and its
relationship with the stress level.

3. Results and Discussions
3.1. Material Properties of Raw Materials
3.1.1. Grindability of Steel Slag

The relationship between the specific surface area of SSP and LP and the grinding time
during the grinding period of steel slag and limestone particles (2.36–4.75 mm) are shown
in Figure 5. It can be seen that the specific surface area of SSP and LP both significantly
increase with the extension of grinding time. It contributes to the size reduction in steel
slag and limestone particles in the grinding process. In general, the specific surface area
of SSP is always lower than that of LP after grinding for the same time. It suggests that
the particles of LP are finer than SSP, namely, steel slag is more difficult to grind than
limestone. Figure 5 also shows that the difference in specific surface area between SSP and
LP gradually amplifies when the grinding time exceeds 40 min. The specific surface areas
of SSP are 296 m2/kg after grinding for 60 min and 351 m2/kg after grinding for 80 min,
respectively. They are 11.6% and 11.8% lower than that of LP, respectively. Results further
indicate that the grindability of steel slag becomes worse as the grinding time prolongs.
This is because steel slag contains some iron and because complex RO phases consist of
multiple metal oxides. It is difficult to fully grind them. As the grinding time increases,
the remaining ungrounded steel slag particles contain a higher proportion of iron and RO,
making the grinding process more difficult.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 22 
 

indicate that the grindability of steel slag becomes worse as the grinding time prolongs. 
This is because steel slag contains some iron and because complex RO phases consist of 
multiple metal oxides. It is difficult to fully grind them. As the grinding time increases, 
the remaining ungrounded steel slag particles contain a higher proportion of iron and RO, 
making the grinding process more difficult. 

 
Figure 5. Changes in specific surface area of SSP and LP with grinding time. 

According to the requirements of the Chinese technical specification [42], the maxi-
mum particle size of filler used in asphalt concrete should be no more than 0.6 mm. There-
fore, particles larger than 0.6 mm in SSP and LP after grinding for 80 min were removed 
through screening. The particle gradations of SSP and LP used in subsequent studies are 
shown in Figure 6. It can be seen that the particle gradations of SSP and LP both meet the 
requirements of technical specification. Meanwhile, the difference between these two gra-
dations is also very obvious. The passing percent of SSP corresponding to sieve sizes of 
0.075 mm, 0.15 mm, and 0.3 mm are 83.5%, 91.4%, and 97.3%, respectively, which for LP 
are 88.3%, 95.3%, and 100%, respectively. The gradation results also support the conclu-
sion that the grindability of steel slag is poorer than that of limestone. 

 
Figure 6. Particle gradations of SSP and LP. 

3.1.2. Advantages of Using SSP in Asphalt Concrete 
The average apparent densities of five randomly selected samples of SSA (steel slag 

aggregate with a particle size of 2.36–4.75 mm and raw materials for preparing SSP), SSP, 
and LP are presented in Figure 7. It shows that the densities of SSA and SSP are obviously 
bigger than that of LP. In detail, the densities of SSA and SSP are 3.345 g/cm3 and 3.313 
g/cm3, respectively, while the density of LP is only 2.701 g/cm3. This is also attributed to 
the contribution of high-density iron-related minerals (metal iron, iron oxide, and 

100

150

200

250

300

350

400

10 20 30 40 50 60 70 80 90

Sp
ec

ifi
c 

su
rf

ac
e 

ar
ea

 (m
2 /k

g)

Grinding time (min)

SSP LP

70.0

80.0

90.0

100.0

0.3000 0.4000 0.5000 0.6000 0.7000 0.800

M
as

s p
as

si
ng

 p
er

ce
nt

 (%
)

Sieve size (mm)

LP

SSP

Upper limit

Lower limit

0.075 0.15 0.60.3

Figure 5. Changes in specific surface area of SSP and LP with grinding time.

According to the requirements of the Chinese technical specification [42], the maximum
particle size of filler used in asphalt concrete should be no more than 0.6 mm. Therefore,
particles larger than 0.6 mm in SSP and LP after grinding for 80 min were removed
through screening. The particle gradations of SSP and LP used in subsequent studies
are shown in Figure 6. It can be seen that the particle gradations of SSP and LP both
meet the requirements of technical specification. Meanwhile, the difference between these
two gradations is also very obvious. The passing percent of SSP corresponding to sieve
sizes of 0.075 mm, 0.15 mm, and 0.3 mm are 83.5%, 91.4%, and 97.3%, respectively, which
for LP are 88.3%, 95.3%, and 100%, respectively. The gradation results also support the
conclusion that the grindability of steel slag is poorer than that of limestone.
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Figure 6. Particle gradations of SSP and LP.

3.1.2. Advantages of Using SSP in Asphalt Concrete

The average apparent densities of five randomly selected samples of SSA (steel slag
aggregate with a particle size of 2.36–4.75 mm and raw materials for preparing SSP),
SSP, and LP are presented in Figure 7. It shows that the densities of SSA and SSP are
obviously bigger than that of LP. In detail, the densities of SSA and SSP are 3.345 g/cm3

and 3.313 g/cm3, respectively, while the density of LP is only 2.701 g/cm3. This is also
attributed to the contribution of high-density iron-related minerals (metal iron, iron oxide,
and complex RO) in steel slag. Meanwhile, the density of SSP is about 0.96% lower than
that of SSA. Although the difference is small, it also indicates, to some extent, that steel
slag is difficult to grind. Some iron-related minerals which are difficult to grind remain
in incompletely ground SSA after grinding for 80 min, which results in the density of
SSP being relatively lower than that of SSA. Although the density of SSP is higher than
that of common LP, the increase in transportation cost caused by the SSP filler would not
be significant because the usage of filler in asphalt concrete is quite small (for example,
the filler only accounts for 4% of the total mineral mixture by volume in this research).
Another striking feature in Figure 7 is the size of the error bar. The sizes of the error
bars corresponding to the test results of the apparent density of SSP and LP are much
smaller than those of SSA. It indicates that multiple parallel test results of the apparent
density of SSP and LP are more stable. It also proves that the properties of steel slag have
been homogenized after grinding SSA into powder and that SSP possesses more uniform
material properties. This characteristic is very beneficial for the stable utilization of SSP in
asphalt concrete.
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Figure 7. Apparent density results of SSA, SSP, and LP.

Although the component of steel slag is very complex, it is well known that steel slag
mainly contains silicate minerals (tricalcium silicate, C3S, and dicalcium silicate, C2S) and
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iron-related minerals (Fe, FeO, Fe2O3, complex RO solid solution composed of oxides of
iron and other elements, etc.) [7,33]. In addition, it also contains some free lime (f-CaO) [7],
free magnesium oxide (f-MgO) [35], and calcite (CaCO3) [33]. Therefore, the contents of Ca,
Si, and Fe elements in steel slag would be quite large. The main chemical compositions of
SSA and SSP (content greater than 5%), provided by XRF analysis in the form of elemental
oxides, are presented in Figure 8. CaO, SiO2, Fe2O3, and MgO are the main chemical
compositions of SSA and SSP. CaO and SiO2 mainly belong to silicate minerals. Fe2O3
and MgO mainly belong to iron-related minerals. Figure 8 also clearly presents that fact
that the contents of CaO and SiO2 in SSP are higher than that in SSA while the content of
Fe2O3 in SSP is obviously lower than that in SSA. Hence, the XRF results also support the
conclusion that steel slag is difficult to grind and that some iron-related minerals remain in
incompletely ground SSA after grinding for 80 min, which results in the content of Fe2O3
in SSP being relatively lower than that in SSA.
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Figure 8. Main chemical compositions of SSA and SSP are given by XRF analysis.

The XRF results can demonstrate the advantages of SSP as a filler for asphalt concrete
from two aspects. One is the excellent uniformity of material properties. Figure 8 also
shows that the sizes of the error bars corresponding to the contents of the main chemical
compositions of SSP are much smaller than that of SSA (each group also underwent five
repeated tests). Chen et al. analyzed the chemical compositions of SSA and SSP from the
China Baowu steel group and they also proved that the contents of the main chemical
composition of SSP are more stable [36]. Therefore, the XRF results further confirm that
grinding SSA into SSP also improves the uniformity of material properties of steel slag,
which helps to realize the stable utilization of SSP in asphalt concrete. The other aspect is
the high alkalinity of SSP. Steel slag is usually divided into three categories according to its
alkalinity: low alkalinity steel slag (alkalinity below 1.8), intermediate alkalinity steel slag
(alkalinity between 1.8 and 2.5), and high alkalinity steel slag (alkalinity beyond 2.5) [45].
The alkalinity can be computed based on the analysis results of chemical compositions
as w(CaO)/[w(SiO2) + w(P2O5)]. The computed alkalinities of SSA and SSP are 2.61 and
2.64, respectively (the contents of P2O5 in SSA and SSP are 1.2% and 0.8%, respectively).
So, SSA and SSP are high-alkalinity steel slag. Previous research also confirmed that the
steel slag from Baowu steel group is also high alkalinity steel slag [36]. It indicates that the
steel slag produced by large steel plants in China is mainly highly alkaline slag. In order
to improve the bonding strength and engineering performance of asphalt concrete, some
alkaline fillers are frequently adopted to modify asphalt mastic, such as hydrated lime [46].
Hence, the high alkalinity feature of SSP gives it an advantage for use in asphalt concrete.

The mixing temperature of asphalt concrete will be less than 200 ◦C even for the
modified asphalt concrete. To determine whether SSP can maintain stability at the mixing
temperature of asphalt concrete, the thermal stability of SSP during the mixing temperature
range of asphalt concrete was further analyzed based on the measure results of TGA, as
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shown in Figure 9. It can be seen that the mass loss of SSP is only about 0.5% when the
temperature rises from room temperature to 200 ◦C. The mass change in SSP is quite small.
The DSC curve further shows that there is an endothermic peak and the temperature to the
top of the peak is about 79.5 ◦C. This corresponds to the evaporation of free water In SSP.
Therefore, the compositions of SSP remain stable during the mixing temperature of asphalt
concrete. SSP shows good thermal stability.
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3.2. Effect of the Combined Damage of Temperature and Moisture on the Engineering Performance
of Asphalt Concrete Incorporating SSP

In this section, five aspects of engineering performance of asphalt concrete were ana-
lyzed: volume stability, mechanical performance, high-temperature deformation resistance,
low-temperature crack resistance, and fatigue crack resistance. All presented results are
average value computed based on five parallel tests. For convenience, asphalt concrete
incorporating SSP and asphalt concrete incorporating LP were referred to as AC-SSP and
AC-LP in the following text, respectively.

3.2.1. Volume Stability

Volume stability test results of asphalt concrete under the hot water damage mode and
freeze-thaw cycle damage mode are shown in Figures 10 and 11, respectively. Figure 10
shows that the volume expansion ratio of AC-SSP and AC-LP both gradually increase
as the hot water damage time prolongs, although their growth patterns are different. In
general, the expansion behavior of these two asphalt concretes under hot water damage
are very weak. The volume expansion ratio of AC-SSP and AC-LP is only 0.68% and 0.63%,
respectively, even after hot water damage for 3 days. There is no significant difference in
volume expansion ratio between these two asphalt concretes. It indicates that the f -CaO in
did not cause obvious volume expansion, which is attributed to the excellent uniformity of
material properties of SSP, low usage of SSP in asphalt concrete, and effective wrapping
behavior of asphalt to SSP. It is also consistent with the previous finding [36]. The Chinese
technical specification sets a requirement on the volume expansion ratio of asphalt concrete
under hot water damage: it should be no more than 1.5% after the asphalt concrete sample
is subjected to hot water damage for 3 days. AC-SSP can easily meet this requirement.
Therefore, the introduction of SSP filler has not worsened the volume stability of asphalt
concrete under hot water damage.
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Figure 11 also shows that there is no significant difference in the volume expansion
ratio between these two asphalt concretes under the freeze-thaw cycle damage mode. It
indicates that the f -CaO in SSP still keeps stable under this damage mode and that AC-SSP
also presents satisfactory volume stability. Therefore, the volume expansion phenomenon
of AC-SSP and AC-LP is attributed to the change in water during the cyclic freeze-thaw
process. Figure 11 further presents that for either AC-SSP or AC-LP, compared to the hot
water damage mode, the volume expansion phenomenon is slightly more obvious under the
freeze-thaw cycle damage mode. The volume expansion ratio of both AC-SSP and AC-LP is
around 0.7% even if just one freeze-thaw cycle is applied. It suggests that the frost-heaving
force of water inside the samples during the freezing period is more destructive.

3.2.2. Mechanical Performance

According to the Chinese technical specification [42], two mechanical performance
indexes of asphalt concrete under the combined damage of temperature and moisture are
required to be measured: Marshall stability after hot water damage and ITS after freeze-
thaw cycle damage. The mechanical performance evaluation in this research was also
conducted according to it.

The Marshall stability and RMS results of asphalt concrete after different times of hot
water damage are listed in Figures 12 and 13, respectively. It can be seen that the original
Marshall stability of AC-SSP is larger than that of AC-LP and that the former is about 13.2%
bigger than the latter. So, the introduction of SSP filler improves the Marshall stability of
asphalt concrete. The Marshall stability of AC-SSP and AC-LP both decreases to varying
degrees with the increase in hot water damage time. It confirms that the Marshall stability
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of asphalt concrete is sensitive to hot water damage. Figure 13 shows that AC-LP has a
more significant fall in Marshall stability with the increase in hot water damage time; the
loss of Marshall stability reaches 11.3% when the hot damage time increases to 3 days.
For AC-SSP, the loss is 9.7%. So, compared to AC-LP, AC-SSP shows better mechanical
performance in terms of Marshall stability even after serious combined damage of high
temperature and moisture. This may be attributed to the strong alkalinity feature of SSP.
The strong alkalinity of SSA and SSP has been widely proven to enhance the bonding
strength and moisture-induced damage resistance of asphalt concrete [33,36,47]. This is
because asphalt is a weakly acidic material and it shows better bonding performance with
alkaline aggregates such as SSA. For SSP, SSP particles form alkaline sites on the surface of
aggregates also help to enhance the bonding performance between asphalt and aggregates.
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Figure 12. Marshall stability results of hot water-damaged asphalt concrete.
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Figure 13. RMS results of hot water-damaged asphalt concrete.

The ITS and TSR results of asphalt concrete after different numbers of freeze-thaw
cycle damage are presented in Figures 14 and 15, respectively. Figure 14 also shows that the
original ITS of AC-SSP is larger and it is about 11.4% bigger than that of AC-LP. It confirms
that SSP filler also improves the ITS of asphalt concrete. Similar to the changing trend of
Marshall stability to hot water damage time, the ITS of AC-SSP and AC-LP both decrease
to varying degrees with the increase in the number of freeze-thaw cycles. According to
Figure 15, the TSR of AC-SSP and AC-LP after three cycles of freeze-thaw cycle damage is
84.9% and 82.6%, respectively. It means that the loss of ITS of AC-SSP and AC-LP reaches
15.1% and 17.4%, respectively. It confirms that the ITS of asphalt concrete is quite sensitive
to freeze-thaw cycle damage and AC-SSP performs better in maintaining the ITS of asphalt
concrete under freeze-thaw cycle damage. Therefore, compared to AC-LP, AC-SSP also
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shows better mechanical performance in terms of ITS even facing a serious freeze-thaw
cycle damage condition.
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Figure 14. ITS results of freeze-thaw cycle-damaged asphalt concrete.
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Figure 15. TSR results of freeze-thaw cycle-damaged asphalt concrete.

3.2.3. High-Temperature Deformation Resistance

The Ninstability value was determined based on the dynamic creep test result.
Figures 16 and 17 present the Ninstability of hot water-damaged asphalt concrete and freeze-
thaw cycle-damaged asphalt concrete, respectively. The embedded skeleton formed by
aggregates is believed to be the main factor determining the high-temperature stability
of asphalt concrete. Figures 16 and 17 show that the original Ninstability of AC-SSP is a
little higher than that of AC-LP. It suggests that the filler also affects the high-temperature
deformation resistance of asphalt concrete. After hot water damage or freeze-thaw cycle
damage is applied, the Ninstability value of both AC-SSP and AC-LP gradually decreases
as the hot water damage time or the number of freeze-thaw cycles increases. It proves
that the combined damage of temperature and moisture worsened the high-temperature
deformation resistance of asphalt concrete.

In addition, there are some differences in the variation characteristics of the Ninstability
of these two asphalt concretes under hot water damage and freeze-thaw cycle damage
conditions. To Figure 16, the Ninstability of AC-SSP is always more or less larger than that
of AC-LP after suffering the same time of hot water damage which means that SSP plays
a positive role in maintaining the high-temperature stability of asphalt concrete under
hot water damage. The situation is a little different when referring to freeze-thaw cycle
damage. Figure 17 displays that the Ninstability of AC-SSP is not always bigger than that of
AC-LP after suffering the same number of freeze-thaw cycle damage. The damage of the
frost heaving force of water to the aggregate embedded skeleton during cyclic freeze-thaw
process weakens the stability of embedded skeleton. However, the deterioration degree
of the stability of the embedded skeleton is not entirely the same, even facing the same
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number of freeze-thaw cycle damage, which is related to the initial status of the embedded
skeleton of the used sample. So, the Ninstability of AC-SSP is not always bigger than that of
AC-LP. Although the effect of freeze-thaw cycle damage on the high-temperature stability
of asphalt concrete is more obvious, the difference in Ninstability between AC-SSP and AC-LP
is small. Compared to AC-LP, the Ninstability of AC-SSP is 1.7% lower (1 cycle), 1.1% lower
(2 cycles), and 4.0% higher (3 cycles). It suggests that freeze-thaw-damaged AC-SSP and
AC-LP still have comparable high-temperature performance; AC-SSP even does slightly
better when facing serious freeze-thaw damage conditions.
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Figure 16. Ninstability value of hot water-damaged asphalt concrete.
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Figure 17. Ninstability value of freeze-thaw cycle-damaged asphalt concrete.

3.2.4. Low-Temperature Crack Resistance

The fracture energy of hot water-damaged asphalt concrete and freeze-thaw cycle-
damaged asphalt concrete is shown in Figures 18 and 19, respectively. These two figures
display that the original fracture energy of AC-SSP is 8.7% higher than that of AC-LP.
So, the introduction of SSP also improves the low-temperature crack resistance of asphalt
concrete. However, whether under hot water damage or freeze-thaw cycle damage, the
fracture energy of AC-SSP and AC-LP both shows a decreasing trend as the hot water
damage time or the number of freeze-thaw cycles increases. It indicates that the combined
damage of temperature and moisture also worsens the low-temperature crack resistance of
asphalt concrete. In detail, although the decrease in fracture energy of AC-SSP and AC-LP
after hot water damage for 3 days is relatively close (about 14%), compared to AC-LP,
AC-SSP always shows larger fracture energy after suffering the same time of hot water
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damage (see Figure 18). Therefore, SSP also performs a positive role in maintaining the
low-temperature crack resistance of asphalt concrete even when facing a serious damage
condition consisting of a high temperature and moisture. The advantage of SSP is not
prominent when facing freeze-thaw cycle damage. Figure 19 shows that the difference in
fracture energy between AC-SSP and AC-LP becomes small when the number of freeze-
thaw cycle damage exceeds one cycle. It suggests that some other factors in the freeze-
thaw period have affected the low-temperature crack resistance of asphalt concrete more
significantly. For example, the changes in the stability of aggregate embedded skeleton and
the bonding performance between aggregate and asphalt, caused by the frost-heaving force
of water, will lead to changes in ITS and strain in asphalt concrete under indirect tensile test,
which affect the fracture energy of asphalt concrete sharply. Compared to AC-LP, AC-SSP
also presents comparable or better low-temperature crack resistance after the combined
damage of temperature and moisture.
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Figure 18. Fracture energy of hot water-damaged asphalt concrete.
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Figure 19. Fracture energy of freeze-thaw cycle-damaged asphalt concrete.

3.2.5. Fatigue Crack Resistance

The fatigue life of asphalt concrete at 0.35 MPa was adopted to analyze the effect of
the combined damage of temperature and moisture on the fatigue life of asphalt concrete.
As shown in Figures 20 and 21, after hot water damage and freeze-thaw cycle damage,
the fatigue life of these two asphalt concretes both decreases and the loss of fatigue life
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gradually rises with the increase in hot water damage time and freeze-thaw cycles. In
detail, after hot water damage for 3 days, the fatigue life of AC-SSP and AC-LP is lost by
8.1% and 7.5%, respectively. After freeze-thaw cycle damage for three cycles, it was lost by
8.8% and 8.6%, respectively. This suggests that the combined damage of temperature and
moisture also lowers the fatigue crack resistance of asphalt concrete.
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Figure 20. ITFT results of hot water-damaged asphalt concrete.
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Figure 21. ITFT results of freeze-thaw cycle-damaged asphalt concrete.

Figures 20 and 21 also display that SSP plays a more positive role in improving the
fatigue life of asphalt concrete. The original fatigue life of AC-SSP is about 8.9% larger
than that of SSP-LP. Although the loss of fatigue life of AC-SSP after hot water damage
for 3 days or freeze-thaw cycle damage for three cycles is a little larger than that of AC-LP,
compared to AC-LP, the advantage of AC-SSP in terms of fatigue life is maintained during
the combined damage of temperature and moisture. Even after hot water damage for
3 days, the fatigue life of AC-SSP is still 8.2% bigger than that of AC-LP, which is 8.7% after
freeze-thaw cycle damage for three cycles. Therefore, AC-SSP also presents better fatigue
crack resistance after the combined damage of temperature and moisture.

The fatigue life of asphalt concrete after hot water damage for 3 days and freeze-
thaw cycle damage for three cycles at 0.35 MPa, 0.45 MPa, 0.55 MPa, and 0.65 MPa was
further adopted to analyze the relationship between fatigue life and stress level. The
power function, as shown in Equation (6), is very effective in modeling the relationship
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between the fatigue life of asphalt concrete and the stress level. It is usually represented as
a double logarithmic form as shown in Equation (7). The log(flife) and log(σ) have a linear
relationship. The parameter β reflects the sensitivity of log(flife) to log(σ).

fli f e = ασ−β (6)

log fli f e = −β log σ + log α (7)

where flife is the fatigue life of asphalt concrete, times; σ is applied stress, MPa; and α and β
are constants related to the characteristics of asphalt concrete.

The fitting results of fatigue life to stress level (power function) of AC-SSP and AC-LP
after suffering different conditions of damage are listed in Table 5. The high R2 value
proves that using the power model to fit the relationship between the fatigue life of asphalt
concrete and stress level is effective. Whether it is AC-SSP or AC-LP, β both increases
after the combined damage of temperature and moisture; the increase is more significant
after freeze-thaw cycle damage. It means the fatigue durability of asphalt concrete gets
worse after the combined damage of temperature and moisture. The destructive ability of
freeze-thaw cycles is stronger. Even so, when no any damage is applied or facing the same
damage conditions, the β of AC-SSP is always lower than that of AC-LP. It indicates that
the introduction of SSP improved the fatigue durability of original asphalt concrete, hot
water-damaged asphalt concrete, and freeze-thaw cycle-damaged asphalt concrete.

Table 5. Fitting results of the fatigue life of asphalt concrete after different damage.

Damage Condition Concrete Type Fitting Result β R2

Without damage AC-LP fli f e = 1442.3σ−4.147 4.147 0.99
AC-SSP fli f e = 1840.2σ−4.016 4.016 0.98

Hot water damage (3 days) AC-LP fli f e = 1138.6σ−4.316 4.316 0.97
AC-SSP fli f e = 1473.0σ−4.166 4.166 0.98

Freeze-thaw cycle damage
(3 cycles)

AC-LP fli f e = 857.9σ−4.597 4.597 0.99
AC-SSP fli f e = 1442.3σ−4.320 4.320 0.98

4. Conclusions

In this work, the steel slag with a size of 2.36–4.75 mm from the Baogang group
located in inner Mongolia, China, was first ground into SSP; the material properties of
SSP and performance characteristics of asphalt concrete incorporating SSP filler after the
combined damage of temperature and moisture were evaluated. The following conclusions
can be drawn:

1. Steel slag (2.36–4.75 mm) is more difficult to grind compared to the limestone particles
with the same size range. It is related to the rich contents of iron-related minerals.
Improving the grindability of steel slag is an important direction that needs to be
expanded in the future;

2. Grinding steel slag into SSP has improved the uniformity of its material properties.
Good uniformity of material properties, high alkalinity, and excellent thermal stability
of SSP give it some advantages for use in asphalt concrete;

3. The introduction of SSP in asphalt concrete improves the mechanical performance,
high-temperature stability, low-temperature crack resistance, fatigue crack resistance,
and fatigue durability of original asphalt concrete;

4. Compared to asphalt concrete with common limestone filler, asphalt concrete incorpo-
rating SSP filler possesses comparable or better engineering performance even after
suffering the serious combined damage of temperature and moisture.
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