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Abstract: In order to ensure the safety of traffic, asphalt pavement is commonly required to utilize
aggregates with excellent anti-abrasion property. This results in the lack of high-quality aggregates.
The incorporation of solid waste in the aggregates is regarded as a high potential alternative for
solving this problem. Since its material properties, such as rough surface, high Polished Stone
Value (PSV) and the excellent adhesion property of asphalt, Basic Oxygen Furnace (BOF) slag can
effectively improve the skid resistance of asphalt mixtures. First, the material properties of BOF
slag are reviewed in this study. Then, the skid resistance of asphalt mixtures and aggregates are
commendably evaluated by the Polished Stone Value test, Wehner/Schulze Tester, Aachen Polishing
Machine, British Pendulum Test and Sand Patch test. The physical and mechanical properties of BOF
slag play a key role in asphalt mixtures. This review found that the skid resistance mechanism of the
BOF slag asphalt mixture is governed by factors such as BOF slag properties, incorporation methods
and gradation types. Finally, the economic and environmental benefits of BOF slag asphalt mixtures
were discussed. In addition, the function of gas catalysis and the melting of ice and snow can be added
to the BOF slag asphalt mixture for a cleaner development in engineering. Furthermore, the existing
problems, research directions and corresponding measures in this field are directed towards more
durable and functional asphalt pavement construction.

Keywords: road engineering; asphalt mixtures; BOF slag; skid resistance; differential
polishing principle

1. Introduction

The skid resistance of asphalt pavement is not only crucial for traffic safety, but also an
important aspect of asphalt pavement durability [1–3]. Asphalt pavement is composed of asphalt,
mineral aggregates and filler. Mineral aggregates, which have a great impact on the anti-skid of asphalt
pavement, consist of more than 70% by weight in asphalt mixtures [4,5]. In order to ensure the safety
of traffic, the pavement surface is generally required to utilize aggregates with excellent anti-wear
and anti-abrasion properties. This requirement imposes huge pressure on the store of high-quality
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natural aggregates [6–10]. To preserve natural resources, researchers began to look for materials that
can replace natural aggregates.

The Basic Oxygen Furnace (BOF) slag, main solid waste of steel industry, has high Polished Stone
Value (PSV) and wear resistance due to containing significant amounts of iron. These make it possible to
use the BOF slag as aggregates in surface layers to elevate the skid resistance [11]. Two thousand years
ago, the Roman Empire used slags in road-based construction; in the nineteenth century, America and
England also applied slag to road-based material and rail ballast [12,13]. Recently, Bessa et al. found
that the main anti-slip parameters of BOF slag, such as polished value and abrasion value, are superior
to natural aggregates [14]. This is related to iron and manganese ions in the steel slag. These ions have
a strong polarization ability, which helps to break the original orthosilicate structure and form a new
large and complex silico-oxygen group. Hence, BOF slag has excellent abrasion resistance, compression
resistance, anti-skid and other properties [15]. The Transport Research Laboratory (TRL) points out
that when the PSV value of steel slag is higher than 60, it can be used in the wearing courses [16].
Emery applied BOF slag in dense gradation asphalt mixtures and open gradation asphalt mixtures to
ensure the safety of the asphalt pavement [17–19]. Asi attained that asphalt mixture containing 30%
slag has a superior skid resistance performance than traditional mixture [20]. In addition, the steel slag
asphalt mixtures have superior skid resistance performance compared to natural aggregates used in
the surface layers [21]. On the whole, the incorporation of BOF slag in asphalt mixtures is a promising
way to settle aggregate insufficiency and diminish environmental depredation.

This review documented the mechanism of skid resistance of BOF slag asphalt mixtures,
summarized the effects of BOF properties, incorporation methods and grading types on skid
resistance, and discussed the skid resistance evaluation methods of asphalt mixtures and aggregates.
Additionally, it further highlighted some main challenges and considerations in order to provide
guidelines for selecting the appropriate BOF slag to enhance the anti-skid of asphalt mixtures and the
utilization of BOF slag.

2. Materials

2.1. Chemical and Mineral Composition of BOF Slag

Influenced by different steelmaking processes, the chemical composition of steel slags mainly
consists of elements such as calcium, iron, silicon, magnesium, aluminum, manganese, and phosphorus.
The chemical composition of BOF Steel from different areas varies, which is presented in Table 1.
Generally speaking, the chemical composition of materials can be gained by X-ray Fluorescence (XRF).
Table 2 shows XRF test results of different aggregates from China. The following is a brief introduction
of China, as an example.

Table 1. Composition in %weight of basic oxygen furnace (BOF)-Steel obtained from different countries.

Country MgO Al2O3 SiO2 P2O5 CaO MnO Fe2O3

China [22] 5.19 3.25 19.24 1.41 42.70 1.77 24.55
USA [23] 12.7 2.3 9.3 0.3 11 1.8 26.2
Japan [24] 6.4 1.5 13.8 - 44.3 5.3 17.5
France [25] 5 2.5 13 1 40 6 29

Table 2. X-ray fluorescence (XRF) test results of different aggregates [22].

Chemical Composition of Different Aggregate (mass%)

Item MgO Al2O3 SiO2 P2O5 CaO MnO Fe2O3

BOF 5.19 3.25 19.24 1.41 42.70 1.77 24.55
limestone 1.74 0.30 14.55 1.02 46.80 4.30 0.20

basalt 5.59 18.30 58.09 0.97 7.14 3.22 0.50
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According to Table 2, iron oxides (FeO, Fe2O3), lime (CaO), silica (SiO2), and alumina (Al2O3) are
the main chemical constituents of steel slags, which are quite different from natural aggregates such as
limestone and basalt. Generally speaking, high SiO2 content means high hardness, and benefits
to the mineral skeleton; as for Al2O3, it is good for adhesion between aggregate and asphalt.
However, influenced by steelmaking process, the f-CaO is inevitably produced, and this will bring
some problems. For example, free calcium oxide reacts with water, turns into calcium hydroxide
Ca(OH)2, and damages the pavement structure.

Mineral composition refers mainly to calcium silicate phases (C3S, C2S), and RO phases, as shown
in Table 3. These mineral phases relate to the properties of BOF slag as coarse aggregate in asphalt
mixtures, especially as polishing properties and volume instability behavior.

Table 3. Mineral phases in BOF slag [8].

Mineral
Phase

α-Dicalcium
Silicate

β-Dicalcium
Silicate

γ-Dicalcium
Silicate

Tri-calcium
Silicate

RO
Phase

Chemical
Formula (α-C2S) (β-C2S) (γ-C2S) (C3S) MgO-FeO-MnO

2.2. Physical and Mechanical Properties of BOF Slag

BOF Slag is an aggregate that is rough, porous, and rounded, as shown in Figure 1. Figure 2
indicates the macro and micro morphology of basalt and steel slag; and Figure 2a,b is basalt; Figure 2c,d
is limestone. There is evidence of differences of surface textures between basalt and steel slags.
Compared with basalt, the rougher and more porous surface of steel slag increases its adhesion with
asphalt [26–29].
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Figure 1. Macro and micro morphology of BOF slag. (a) is macro morphology; (b–d) are
micro morphology.
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Figure 2. Macro and micro morphology of basalt and limestone: (a,b) basalt; (c,d) limestone.

Table 4 shows a difference between the properties of BOF slag and traditional aggregates. It is
concluded that the steel slag has higher density. This helps to elevate the abrasion but also causes the
segregation between BOF slags and natural aggregates in the transportation. The segregation includes
material segregation and temperature segregation. Controlling stack height in the truck can avoid
material segregation to some extent. Temperature segregation is related to the cover of the truck.

Table 4. Technical indicators of BOF slag and natural aggregates [30].

Properties Units BOF Slag Basalt Limestone JTG F40-2004 *

Bulk Density g/cm3 3.290 2.900 2.750 ≥2.6000
Water Absorption % 1.18 0.70 1.05 ≤2.00

Los Angeles coefficient (LA) % 13.1 14.9 22.0 ≤28.0
Polished Stone Value (PSV) % 57 49 44 ≥42

Crush value % 12.0 12.9 15.1 ≤26.0

* JTG F40-2004 is Technical Specification for Construction of Highway Asphalt Pavements in China.

As it is known, these indicators reflect the anti-skid of asphalt mixtures, the LA and PSV values
are applied to estimate the properties of aggregates. The abrasion value of the aggregate that is
estimated by the abrasion test represents the mass loss of the aggregate in the abrasion process,
and can show the durability of asphalt pavements. The polishing property of aggregates describes
the process of aggregate microtextures being gradually “cut”. Generally speaking, only when the
PSV value is more than 50 and the LA value is less than 20, can the aggregates be used in anti-slip
layers. These requirements ensure enough microtexture of aggregates after suffering from repeated
traffic loadings. BOF slag contained significant amounts of iron, which helps to break the original
orthosilicate structure and form a new large and complex silico-oxygen group. Hence, the PSV of BOF
Steel is higher. As for the Crush value, the BOF slag is the smallest in these aggregates. This indicated
that BOF slag aggregate has superior resistance to crushing, and an internal friction angle, as well as
better performance in road pavements than natural stone aggregates.

The texture of asphalt pavement consists of microtextures and macrotextures. Macrotexture is
closely associated with gradation of aggregates, while microtexture is affected by morphological
properties of aggregate. The morphological characteristics of aggregates can be divided into three
dimensions, namely surface texture, shape and angular, such as Figure 3, which has a great influence
on the skid resistance of asphalt pavements [31–33]. Recently, the Aggregate Imaging System (AIMS)
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was applied to evaluate the coarse aggregate’s morphological characteristics in order to improve
the accuracy.
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When the texture of the aggregate surface is rough, it is beneficial to improve the contact area
between the asphalt and aggregate and enhance the adhesion. The shape and angle attach the
importance to the formation of the structure of interlock. Due to a lower length-to-particle ratio
and a smaller number of needle-like particles, the steel slags easily form stable skeleton structures.
However, a higher angle of BOF slag does harm to the asphalt mixture’s anti-rutting performance,
and should be considered. In conclusion, due to the high contents of SiO2 and Al2O3, the BOF slag has
excellent PSV, resistance to wear and polish. This makes it appropriate for incorporating in asphalt
mixtures as coarse aggregate to improve the performance of skid resistance.

2.3. The Volumetric Expansion of BOF Slag

As showed in Section 2.1, the steel has the potential possibility of swelling, due to it containing
f-CaO. This is harmful to the durability of asphalt mixtures. The durability of asphalt mixtures,
referring to the ability to withstand various loads, including vehicle and environment loads, is
important. To ensure the durability of asphalt mixtures, the expansion of the steel slag must be taken
into consideration [34]. There are three methods to improve the stability of steel slags, as shown in
Table 5. According to the process principle, the three ways can be divided into two types—active
and passive. Evidently, aging is a passive method. Chen et al. [35] used this method to enhance the
stability of steel slags, and the results showed that the stability of steel slags aged to meet specification
requirements. In this way, the steel slag was moved to a vibrating–dewatering screen and washed by
a vertical high-pressure water jet. However, this traditional testing method is not only time-consuming,
but also damaging to the environment. Consequently, Chen et al. applied a hydration and silicone
resin to cover the steel [36]. This worked as follows: first, the fully hydrated BOF slag (FHS) was
immersed in silicone resin for 1 h; then, FHS covered with silicone resin was cured in the oven at 60 ◦C
for 24 h. The process needed to be repeated for three cycles, and BOF slag modification of hydration
and silicone resin (HSS) was then obtained. The results demonstrated that the volume expansion ratio
of Newly Crushed BOF Slag (NCS) was 5.1 and 7.7 times the size that of FHS and HSS.

Table 5. The methods to control the volume expansion of steel slag.

Methods Researchers

Covering steel slag surface Chen [36], Ravichandar [37], Zhao [38].
Aging Chen [35], Bocci [39], Shu [40], Zhao [41].

Using acidic compound to react with steel slag Ding [42], Teir [43].
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Ma et al. [44] applied this way of covering a steel slag surface to elevate the performance of steel
slag asphalt mixtures. The results indicated that this way of using a silicone waterproof agent proved
to be the best treatment effect. The expansion ratio reduced by 34% and the dynamic stability increased
by 20%. This indicated that covering steel slag surfaces can elevate the performances of steel slag
asphalt mixtures.

Crisman et al. [45] established a model to predict the long-term skid resistance of pavements
containing natural aggregates and steel slags. The skid resistance of the pavement was measured
by British Pendulum Number (BPN), and the Polished Stone Value (PSV) was applied to estimate
the aggregate’s anti-polishing performance. The aggregates of wearing course was blended by slag
(60%) and limestone (40%). During an eight-year period, the British Pendulum tests were used in the
different areas. The PSV was determined by the standard UNI EN 1097-8. An analysis between the
anti-skid performance of the in-service pavement and PSV test of the aggregate can be expressed by
Equations (1) and (2).

t (
T

2520
) (1)

BPN(T) = (
A·7·vCLA

T
)4 +

B·PSV
k

(2)

where A and B are two regression parameters; vCLA is the speed in rounds per minute (360 RPM);
T is the number of car; PSV is the value that comply with EN 1097-8; t is the polishing time (s); k is
a coefficient that considering of difference between the pavement and laboratory test.

The results showed that the slags had a superior long-term skid resistance—namely more
durability—than basalt.

3. Evaluation Methods of Anti-Skid Performance

Asphalt mixture is composed of aggregate and asphalt, and aggregate is used as the direct contact
medium with tires. Therefore, for sufficient skid resistance of the road surface, coarse aggregates of
asphalt mixtures should be correctly selected. The British Pendulum Tester, Polished Stone Value
test, Wehner/Schulze test and other tests are currently in use for selecting aggregates and evaluating
asphalt mixtures. Water, the polishing agent, and affinity of the aggregate have vital impact on the skid
resistance development of the specimen, namely the removal speed of the bitumen film. The following
Table 6 summarizes the characteristics of them.

3.1. Polished Stone Value Test (PSV)

The Polished Stone Value test (PSV) is widely used to evaluate the polishing property of aggregates.
The PSV test is only applied to estimate the skid resistance of surface layer aggregates. The specimen
can be polished by two stages. In the first 3 h, the specimen is subjected to cleaning on the surface.
The second 3 h is related to the polishing action. One used coarse emery and the other used fine emery.
The degree of polish of the specimens was then obtained by the British Pendulum device of the F-scale,
and the method was recorded in BS EN 13036. The PSV coefficient is calculated by Equation (3) [46].

However, PSV in correspondence with the BS EN 1097 test method does not correspond with the
PV-10 measured correspondence with AASHTO T279 method on occasion [47]. Moreover, it is difficult
to effectively simulate the influence of the roll pneumatic rubber tires on the pavement.

PSV = S + (52.5 − C) (3)

where PSV is the polished stone value of aggregate British Pendulum Number (BPN), S is the average
value of four test specimens, BPN; C is the average value of four standard specimens, BPN.



Materials 2020, 13, 2169 7 of 18

3.2. The British Pendulum Tester (BPT)

The British Pendulum Tester has been universally applied to measure the skid resistance of
aggregates and asphalt mixtures respectively, according to EN1097-8 and NLT-175/98. The Pendulum
Test evaluates low-speed friction (about 10 km/h). In the experiment, the pendulum with a rubber slide
is released at a certain position. By recording the position where the pendulum rises after rubbing
against sample surface, the British pendulum number (BPN) can be obtained. The friction is related
to a reduction in the length of the oscillation. It is acknowledged that the British Pendulum Tester
is an empirical test. Fwa et al. [48] developed a finite-element simulation model to calculate the
corresponding of BPN value with the coefficient of friction, and the results indicated that the measured
BPN and the friction coefficient have a unique one-to-one mechanistic relationship.

In addition, The BPT can effectively identify the direction of skid resistance in a polished
pavement [49].

3.3. The Sand Patch Test

The Sand Patch Test can be applied to determine the text depth of asphalt mixtures. In the
program, a graduate cylinder filling with 25 mL standard sand was needed. The size of standard sand
particle ranged from 0.15 mm to 0.30 mm. The sand was then spread on the central area of the samples
as a circle. The diameter of the sand patch needed to be measured [50], and the mean texture depth
(MTD) can be calculated by Equation (4) [51].

It is worth noting that the Sand Patch result is affected by the gradation of asphalt mixtures.
Generally speaking, open gradation provides a superior result.

MTD = 4V/πD2 (4)

where the MTD is mean texture depth, mm; V represents the volume of sand introduced, mm3; and the
D is average diameter of the circle, mm.

3.4. W/S Tester

To simulate a real situation of asphalt pavements, the rubber tires were used to polish the samples
in the Wehner/Schulze (W/S) tester. The W/S device has two positions, one is used to polish, the other
for measuring friction. Aggregates or asphalt mixture samples can be evaluated [52]. The polishing
station with three rubber cones can be lowered and move across the specimen surface at a predefined
loading. The rotation speed of the ring is 500 r/min, which is equal to the linear velocity of 17 km/h.
The contact load between the rubber cones and specimen is 0.4 MPa. The slip ratio between the rubber
block and specimen is about 0.5% to 1%, which is close to the slip ratio of the rolling rubber tire to road
surface. However, it cannot change polishing agent to adapt different situations [53].

3.5. Aachen Polishing Machine Polishing Machine (APM)

The Aachen Polishing Machine (APM), designed by RWTH-Aachen University, used genuine car
tires (Type: Vanco-8,165/75 R 14 C 8PR 97/95 R TL from Continental) to polish the specimen. The APM
tester can be used to measure not only the dynamic friction of aggregate but also the asphalt mixture
specimen. The inner pressure and loading are 0.2 MPa and 200 kg, respectively. Generally speaking,
polishing agent and water are spread on the surface at a rate about 27 ± 7 g/min, and the polishing time
was controlled to 300 min. Wang et al. [45,54–56] applied the APM tester and W/S Tester to estimate
the effect of the polishing conditions on the anti-skid. The results demonstrated that the difference of
the sand in the summer and winter could lead to different results.
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Table 6. Polishing property test method of aggregates and asphalt mixtures [57–61].

Methods Materials Standards Indicators Advantages Disadvantages

Polished
Stone Value test (PSV) Aggregates EN 1097-8 PSV Simple Lower accuracy

Wehner/Schulze Tester Aggregates/mixtures EN 12697-49 FAP *
Ability to simulated the

interaction between tire and
road surface

Certain
conditions

Aachen Polishing Machine Aggregates/mixtures / PSV Good correlation with the
reality of the road

Certain
temperature

The British Pendulum Tester Aggregates/mixtures EN 1097-8 PTV High efficiency Lower accuracy
Sand Patch test Mixtures EN 13036-1 MTD Simple Lower accuracy

* FAP is Friction after Polishing; PTV is Pendulum Test; MTD is Mean Texture Depth.

4. Key Factors Influenced Performance of BOF Slag Asphalt Mixtures

4.1. BOF Slag Properties

Skid resistance is one of main functions of asphalt pavements. When the pavement was exposed
to the wheel load, the surface texture could not maintain its original shape and the skid resistance
of asphalt pavement decreased. It is usually considered that this process is associated with coarse
aggregates, namely, mechanical properties, and adhesion properties. The BOF Slag had relatively
excellent adhesion and polishing properties, and improved the anti-resistance property of the asphalt
mixtures when it was added into the asphalt mixtures.

4.1.1. Physical and Mechanical Properties of BOF Slag

Bessa et al. [14] used the Los Angeles abrasion device and the AIMS to evaluate angularity and the
surface texture’s change of steel slag and natural aggregates. Compared with the natural aggregates,
the steel slag showed a lower loss of surface texture and low roughness. As for angularity, the steel
slag had the lowest increase on sphericity, but still kept the highest average value after the degradation
when compared with the other aggregates. The results indicate that BOF slag is the most resistant to
polish. Vaiana et al. assessed the anti-skid of the steel slag with the British pendulum test. The result of
the BPN changed before and after polishing, with a mean value of about −7%, 1/3–1/2 of kinzigite and
limestone. It also showed a superior resistance to polish [62]. In addition, the high contents of SiO2

and Al2O3 have positive influences on hardness [8]. Additionally, the BOF slag can provide a high PSV
value though the different polishing effect between the different mineralogies.

4.1.2. The Adhesion Properties of Steel Slag with Asphalt

The adhesion of the steel slag with asphalt is crucial for the durability of skid resistance.
The adhesion ability between asphalt and aggregate is composed of physical and chemical adhesion.
The physical adhesion refers to the surface adsorption, tension, energy, and so on, which are related to
the morphology of surface. The chemical adhesion mostly depends on the chemical reaction between
asphalt and aggregate. It is obvious that rough surface texture, porosity and high alkalinity strengthen
the adhesion ability.

Xiao et al. [63] designed an Active Adhesion Evaluation Method (AAEM) that can reduce
the operation error in the boiling process, and transform it into a dependable operation.
Subsequently, the AAEM and the digital image processing system were used to study the adhesive
properties between basalt and steel slags. In both the AAEM and boiling water methods, the adhesion
performance of steel slags is better than basalt. This owes to the content of SiO2, which increases the
alkalinity of steel slags.

Xue et al. [30] investigated the possibility of BOF slags incorporated as aggregates in asphalt
mixtures. The SEM test indicated that the steel slag has rougher surface texture than natural aggregates,
which strengthens their adhesion ability with asphalt. Moreover, the BPN value and Texture Depth
revealed that the skid resistance of the asphalt mixture with steel slags is better.
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Gao et al. [64] introduced the fractal dimension to quantify the structure of the aggregate surface,
and found that the fractal dimension of the aggregate had a good positive correlation with tortuosity.
This indicates that the shape in the pores of the steel slag is more complex than the diabase, and the
bitumen can form a better bite force with the complex texture of the steel slag.

Shen et al. [65] studied the adhesion ability between the steel slag aggregate and rubber asphalt.
A pull-out test indicated that the interfacial adhesion strength between the steel slag aggregate and
rubber asphalt is larger than the diabase. Moreover, the SEM test revealed that the amount of pores on
the surface of steel slags enhance embedding depth.

Liu et al. studied the reaction of the steel slag with the asphalt interface. The mineral composition
and structural composition of the steel slag were tested by X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR), respectively [66]. The results indicate that the steel slag
contained some calcium hydroxide, and can react with asphalt to improve the adhesion between the
steel slag and asphalt.

4.2. Incorporation Method

Asphalt mixtures generally consist of asphalt, coarse aggregate, fine aggregate and mineral filler,
and the performance of asphalt mixture is based on the coarse aggregates volumetric parameters.
Differential polishing, namely blending aggregates which have very different intrinsic properties is
beneficial to both pavement and environment. Compared with common polishing, differential polishing
can utilize difference between discrepant aggregate in order to enough macrotexture, as shown in
Figure 4. Generally speaking, the greater gap in mineral hardness of the different aggregate is, the better
skid resistance of asphalt mixtures is.
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Replacing in mass, volume and volume mass conversion method are three methods often adopted
for asphalt mixtures design, and information of these are shown in Table 7. Mass substitution method
refers to that the replacing aggregate is equal with the original aggregate in quality. Volume substitution
method ensures the volume parameters of asphalt mixture are basically unchanged after the blending.
Volumetric mass conversion method takes the aggregate mixed in proportion as a whole and carries
out the mixing ratio design according to the original Marshall design process. The above methods
have their own characteristics and are suitable for different situations. Due to the volume parameters
of BOF slag and natural aggregates are quite different, volume parameters of asphalt mixtures must be
taken into account.
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Table 7. The incorporation methods of aggregate in asphalt mixture [67–71].

Aggregate Type Density
Difference (%)

MaximumSize
(mm) Mixtures Type Incorporation

Method

BOF with Gneiss [68] 18 4.75 Surperpave-12.5 In volume
Ceramsite with Basalt [69] 50 13.2 SMA-13 Volume mass conversion

BOF with Basalt [70] 15-20 13.2 AC-13, SMA-13 Volume mass conversion
Limestone with Basalt [71] 5 16 AC-13, SMA-13 In mass
Limestone with Basalt [72] 3 16 AC-13, SMA-13 In mass

AC-XX refers to Asphalt mixtures. SMA-XX refers to Stone Mastic Asphalt mixtures. Surperpave refers to Superior
Performing Asphalt Pavements.

Rondon-Quintana et al. [72] designed an experiment to evaluate the steel slag asphalt mixture by
different replacement (in mass and volume). The results showed positive effect in the performance of
the mixtures when replaced in volume. When it comes to the replacement in mass, the adhesive ability
of the asphalt-aggregate was decreased.

Niu [69] applied volumetric mass conversion method to discuss the anti-skid of Stone Mastic
Asphalt (SMA) steel asphalt mixtures. Results showed that the Texture Depth is 1.67 mm, the outcome of
volume substitution is 1.2 mm. Both are higher than basalt asphalt mixtures. Therefore, it is more suitable
to adopt the volume substitution method or volume mass conversion method. However, the porous
property of BOF slag causes higher binder content, which should be considered.

However, studies on differential polishing are few, and the composition design method of
incorporating BOF steel in asphalt mixture with natural aggregate is worth further exploration.
In addition, BOF steel asphalt mixture’s anti-skid durability is also very important under the action of
environmental factors and driving load. Incorporating BOF steel into an asphalt mixture can not only
effectively solve the problem of the gradual shortage of high-quality anti-skid aggregate for roads,
but also add to the economic and environmental benefits.

4.3. Gradation

Theoretically, BOF slag can be incorporated as an aggregate into the mixtures whether coarse
or fine. Cao et al. [73] investigated the two kinds of SMA-13 asphalt concrete with the steel slag as
incorporated coarse aggregate and fine aggregate respectively, and found that the oil–stone ratio of the
former is 0.5% lower than the latter. Chen et al. [74] believed that, when the diameter of steel slag is
less than 4.75 mm, it is easier to carry dust and increase the construction cost. Wu et al. [75] stated that
the scheme of choosing the steel slag as coarse aggregate (>4.75 mm or 2.36 mm) was more economic.
In addition, the steel slag asphalt mixtures have lower asphalt–aggregate ratios. Therefore, it is suitable
for use as coarse aggregate in asphalt mixtures.

Wang [76] used various gradations of steel asphalt mixtures in a study on skid resistance.
The optimal dosage of SMA-10 and SAC-10 are 40%, 60% respectively, where the Texture Depth value
is 0.84 mm, 0.98 mm, and this value is higher than 0.55 mm (the minimum requirement of Texture
Depth value).

Niu [69] studied the impact of gradations on the performance of asphalt mixtures. He compared
two kinds of gradations of AC-13 and SMA-13. The results indicated that of the two properties,
the gradations are different based on the BPN and Texture Depth test. The Texture Depth of SMA-13 is
twice as much as AC-13, but the BPN value is close.

Chen et al. [77] used Analysis of Variance (ANOVA) to study the influence of gradation on anti-slip
performance. The results showed that the grading type was thought to be not statistically significant
at the 95% confidence level. It showed that the aggregate and grading types have no significant
influence on BPN value. However, if Texture Depth is taken as the evaluation index, there may be
different results.

Texture Depth, BPN20, and DF60 are commonly used to evaluate the anti-slip performance of
asphalt mixtures. In different gradations, only Texture Depth changed clearly. Because texture depth
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refers to the macroscopic structure of the mixture, which is affected by gradation, gradation has no
significant influence on the skid resistance of the steel slag asphalt mixture.

5. The Skid Resistance of BOF Slag Asphalt Mixtures

Generally speaking, resistance to skid, in terms of the British pendulum number or texture depth,
is higher in the steel slag asphalt mixes. This is related to its properties as a coarse aggregate. On one
hand, the coarse aggregate’s surface texture, hardness, porosity, wear resistance and polishing are
crucial for the anti-slip performance. On the other hand, the steel slag is an alkaline aggregate and has
a porous surface, so it has good adhesion to asphalt.

5.1. Macro Performance Anti-Sliding

Some studies showed that skid resistance was better in mixes that only used BOF slags as coarse
aggregates. Most of the studies about these are summarized in Table 8.

Xu et al. [78] conducted research on improving skid resistance of asphalt mixtures by adding BOF
slag. According to the results of the BPN and Texture Depth test, the anti-skid of asphalt mixtures
could be enhanced by the addition of the steel slag. The slip resistance and structural depth of the steel
slag asphalt mixtures were comparable to basalt asphalt mixtures.

Table 8. Skid resistance of BOF slag asphalt mixtures with different gradation.

Reference Aggregate Gradation Indicators Device Results JTG D50-2017

Xu [79] BOF
Basalt

AC-13
AC-25

TD
BPN20

SP
BPT

0.64(13), 0.69(25)
75.2(13), 79.3(25)

BPN20 ≥ 45
TD ≥ 0.55 mm

DF60 ≥ 54
Wang [77] BOF

Basalt
SMA-10
SAC-10 TD SP 084

0.98

Niu [70] BOF
Basalt

AC-13
SMA-13 DF60 DFT 0.58(A), 0.57(S)

Xue [30] BOF
Basalt SMA-13 TD

BPN20

SP
BPT

0.8
62

Xie [22] BOF
Basalt AC-16C TD

BPN20

SP
BPT

0.66,
68.3

SP is Sand Patch test, BPT is British Pendulum tester, DFT is Dynamic Friction tester. JTG D50-2017 is Specifications
for Design of Highway Asphalt Pavement in China.

Shen et al. [79] presented a survey on the skid resistance of steel slag asphalt by changing
the content of the steel slag. The results of the structure depth test showed the skid resistance of
asphalt mixes could be enhanced by the addition of steel asphalt. When the steel slag weighs 50%
of the aggregate, the structure depth was increased by 0.05 mm compared to the net asphalt mix.
However, with the steel slag content higher than 50%, the structure depth decreases, but remains better
than net asphalt mixtures.

Nguyen et al. [80] measured the surface roughness and slip resistance of steel slag asphalt test
section. The texture depth values demonstrated that steel asphalt mixture is higher than a common
asphalt mixture.

Motz et al. [11] evaluated the use of more than 25 steel slag roads in Germany. After a long period
of using, the steel slag asphalt pavement still maintained a high polish value and these roads had no
harmful effect on the environment.

Chen et al. [81] estimated the skid resistance of SMA mixtures with different BOF steel size
by the BPN test. In the BOF slag coarse aggregates (BSCA), content with the size of 9.5–16 mm,
4.75–9.5 mm, 4.75–16 mm accounted for 45%, 29% and 16% of the total volume of the mineral mixture,
respectively. The results indicated that the BPN value of SMA mixture increased by 3.4%, 6.3% and
11.4%, respectively. It was indicated that coarse particles of BSCA played an effective role in improving
the antiskid of SMA mixtures.

Asphalt mixtures containing copper tailings and EAF steel slag were studied [82]. Skid number
and mean texture depth were improved by 29.3% and 80.5% respectively. It is the angular shape,
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the high porosity and the surface texture of copper tailings and EAF steel slag that enhance the
interlocking structures and adherent bond formed in asphalt mixtures.

5.2. Micro Performance Anti-Sliding

Liu et al. [66] investigated the adhesion mechanism of the steel slag with asphalt, as shown in
Figure 5. The results showed that the pore structure of the steel slag is beneficial to form a certain
embedding depth between the asphalt and the steel slag. This can improve the interface adhesion
between asphalt and the steel slag, as well as the durability of skid resistance. Shen et al. [65] studied the
adhesion property between steel slag aggregate and rubber asphalt with the pull-out test, and gained
a similar conclusion.
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Komg et al. [27] analyzed the effect of sphericity, gradient angularity and micro texture on BOF slag
asphalt mixtures with the image measurement system (AIMS). The result showed that the extremely
high angularity of BOF slag will weaken the VV of AC 13.

Xiao et al. [22] compared the texture of different steel slag micro-surfacing by laser scanning,
as shown in Figure 6. It can be found that steel slag replacing basalt used as coarse basalt has
a significant positive effect on surface texture.

From the above-mentioned studies, it can be concluded that adding BOF steel significantly
improves the structure of interlocks and increases the texture of asphalt mixtures, which is beneficial to
the skid resistance of asphalt mixtures.
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6. Economic and Environmental Benefits of BOF Slag Asphalt Mixtures

In 2014, the production of steel slags was estimated to be 200–223 million tons across the world.
If the steel slag was not incorporated in asphalt mixtures or other fields, the general way of disposal is
storage or burying. This has the potential to lead to environmental and health damage, such as water
and soil pollution due to the leaching characteristics of BOF slag [83]. In particular, pH, chemical oxygen
demand (COD), oxygen depletion, salinity, and metal concentrations of water were increased [84,85].
Given the high costs and constraints of disposal, the recycling and re-utilizing of BOF Steel has become
significant [86,87]. In addition, the recycling of BOF Steel can produce a huge economic effect. In the
United States, the steel slag used as an aggregate for pavement construction and other miscellaneous
applications accounts for 50–70%, 10–15%, respectively [88]. In Europe, the consumption of BOF and
other steel slags in pavement has gone from 6.6 million tons in 2000 to 65.3 million tons in 2016 [89].
In China, based on the annual output of 2.16 million tons of steel slag of the Wuhan Iron and Steel
Company, researchers calculated that an economic benefit of 108 million yuan will be generated in one
year [90]. In addition, the re-utilization of BOF Steel in asphalt mixtures has a potential impact on the
environment due to the hazardous elements leached from BOF Steel. The heating and compacting of
BOF Steel are more costly. Despite some performance challenges, the incorporation of BOF Steel into
asphalt mixtures indicates potential benefits to not only the environment, but also the economy.

7. Conclusions and Future Developments

BOF slag is widely applied in asphalt pavement engineering to improve the skid resistance due to its
excellent mechanical strength and adhesion ability. This review first introduces material characteristics
of BOF slag asphalt mixtures and the polishing property testing methods of aggregates and mixtures.
Meanwhile, the composition design of BOF slag asphalt mixtures is summarized, including BOF
properties, incorporation methods and gradation. Finally, the economic and environmental benefits
of BOF Slag asphalt mixtures were discussed. Based on these studies, the following conclusions can
be obtained:

1. The skid resistance of BOF slag asphalt mixtures seems to be dependent upon physical and
mechanical properties of the BOF slag. The high density, angular shape and the irregularities on
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the BOF slag aggregate’s surfaces ensure substantial resistance to deterioration under construction
and continuous traffic loading. In addition, the BOF slag has a complex pore structure and
reasonable pore gradation, which enhances adhesion property between the rubber asphalt and
BOF slag aggregates.

2. The incorporation method and grading type have significant influences on the durability of
skid resistance. Generally, the steel slag mixtures with the volume blending method and SMA
gradation can enhance the durability of the adhesive ability of the asphalt aggregate.

3. In terms of skid resistance test methods, the Wehner/Schulze Test and Aachen Polishing Machine
testing methods can be used for asphalt mixtures and aggregates. Considering the polishing
simulation and application range, the APM method is a more practical method.

4. Compared with dry conditions, the skid resistance of asphalt pavements under snow and ice
conditions deserves more attention. The addition of steel slags can enhance the induction heating
property of asphalt mixtures. Under microwave irradiation, the temperatures of asphalt mixtures
were sharply raised, while the ice and snow of asphalt mixtures began to melt. This is an excellent
way to ensure traffic safety in the cold winters.

5. The pavement will generate cracks due to the expansion of steel slags. This is harmful to the
durability of the pavement. To limit the volume expansion of steel slag, some approaches have
been applied, including natural aging or accelerating aging, which includes covering the steel
slag surface with waterproof materials. Covering the steel slag surface is a very promising surface
treatment approach for steel slags. If the TiO2 particles can be taken into consideration to be used
as modified materials, more economic and environmental benefits will be obtained.

6. The long-term evolution of the skid-resistance property of BOF slag asphalt mixtures has
a profound impact on the durability and service quality of the asphalt surface course, which needs
to be focusing more attention on. Based on the differential polishing, the blends of BOF aggregate,
and traditional aggregate can provide a new idea for the improvement of the anti-skid performance
and durability of asphalt pavements. In view of this, more effective prediction models of life-cycle
skid-resistance properties of BOF slag asphalt mixtures should be established, and exposed to the
coupling effect of the variable environment and load.

For future research, the recommendations are proposed:

1. The mechanisms on how the difference of minerals can improve the polishing effect should
be described.

2. Further combination with the surface macroscopic and microscopic decay test and the polishing
evolution mechanism of BOF steel slag ultra-thin abrasion layer under long-term polishing should
be completed.

3. A method to choose the suitable aggregate that can blend with BOF slag to gain the best differential
polishing effect should be put forward.

Author Contributions: Conceptualization, R.X.; Writing—Original Draft Preparation, S.L. and J.Z.;
Writing—Review and Editing, S.L., J.Z., W.J., F.Y., X.Y. and H.Z.; Supervision, R.X. and K.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the program of Traffic Innovation Management Consulting Research Project
of Yunnan province (No. 2019304), the Key R&D Plan of Jiangxi Provincial Department of Science and Technology
(20192BBG70064) and the Fundamental Research Funds for the Central Universities, CHD (No.300102319202); R.X.
also appreciates the fund from the program of China Scholarship Council (No. 201906565014).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wilson, D. An Analysis of the Seasonal and Short-term Variation of Road Pavement Skid Resistance.
Master’s Thesis, The University of Auckland, Auckland, New Zealand, 2006.



Materials 2020, 13, 2169 15 of 18

2. Kogbara, B.; Masad, A.; Emad, E.; Scarpas, A.; Anupam, K. A state-of-the-art review of parameters influencing
measurement and modeling of skid resistance of asphalt pavements. Constr. Build. Mater. 2016, 114, 602–617.
[CrossRef]

3. Kane, M.; Artamendi, I.; Scarpas, T. Long-term skid resistance of asphalt surfacings correlation between
Wehner-Schulze friction values and the mineralogical composition of the aggregates. Wear 2013, 303, 235–243.
[CrossRef]

4. Huang, Y.; Bird, R.; Heidrich, O. A review of the use of recycled solid waste materials in asphalt pavements.
Resour. Conserv. Recycl. 2007, 52, 58–73. [CrossRef]

5. Zhu, J.; Wu, S.; Zhong, J.; Wang, D. Investigation of asphalt mixture containing demolition waste obtained
from earthquake-damaged buildings. Constr. Build. Mater. 2012, 29, 466–475. [CrossRef]

6. Ibrahim, A.; Faisal, S.; Jamil, N. Use of basalt in asphalt concrete mixes. Constr. Build. Mater. 2009, 23, 498–506.
[CrossRef]

7. Pan, P.; Wu, S.P.; Xiao, Y.; Liu, G. A review on hydronic asphalt pavement for energy harvesting and snow
melting. Renew. Sustain. Energy Rev. 2015, 48, 624–634. [CrossRef]

8. Kambole, C.; Paige-Green, P.; Kupolati, W.K.; Ndambuki, J.M.; Adeboje, A.O. Basic oxygen furnace slag for
road pavements: A review of material characteristics and performance for effective utilisation in southern
Africa. Constr. Build. Mater. 2017, 148, 618–631. [CrossRef]

9. Jiang, Y.; Ling, T.; Shi, C.; Pan, S. Characteristics of steel slags and their use in cement and concrete—A review.
Resour. Conserv. Recycl. 2018, 136, 187–197. [CrossRef]

10. Poulikakos, L.; Papadaskalopoulou, C.; Hofko, B.; Gschösser, F.; Falchetto, A.; Bueno, M.; Arraigada, M.;
Sousa, J.; Ruiz, R.; Petit, C. Harvesting the unexplored potential of European waste materials for road
construction. Resour. Conserv. Recycl. 2017, 116, 32–44. [CrossRef]

11. Motz, H.; Geiseler, J. Products of steel slags an opportunity to save natural resources. Waste Manag. 2001, 21, 285–293.
[CrossRef]

12. Lewis, D.W. Properties and Uses of Iron and Steel Slags. In Symposium on Slags: National Institute for Transport
and Road Research South Africa, February 1982; Publication No. MF 182-6; National Slag Association: Cape
Town, South Africa, 1992; pp. 1–11.

13. National Slag Association. Slag in History; National Slag Association: Cape Town, South Africa, 6 August 2015.
14. Bessa, I.S.; Soares, J.B. Evaluation of polishing and degradation resistance of natural aggregates and steel slag using

the aggregate image measurement system. Road Mater. Pavement Des. 2014, 15, 385–405. [CrossRef]
15. Jiang, C.; Peng, B.; Li, C.; Wang, F.; Hu, S. The feasibility study of steel slag used wearable aggregate. J. Wuhan

Univ. Technol. 2001, 23, 14.
16. Roe, P. Basic Oxygen Steel Slag as Surface Course Aggregate: An Investigation of Skid Resistance; TRL REPORT

TRL: Washington, DC, USA, 2003; p. 566.
17. Emery, J. Steel Slag Utilization in Asphalt Mixes. In Canadian Technical Asphalt Association Proceedings;

Publication No. MF 186-1; National Slag Association: Pleasant Grove, UT, USA, 1984; p. 111.
18. Coomarasamy, A.; Walzak, T. Effects of moisture on surface chemistry of steel slags and steel slag-asphalt

paving mixes. Transp. Res. Rec. 1995, 3, 859.
19. Farrand, B.; Emery, J. Recent improvements in quality of steel slag aggregate. Transp. Res. Rec. 1995, 1468, 137–141.
20. Asi, I. Evaluating skid resistance of different asphalt concrete mixes. Build Environ. 2007, 42, 325–329.

[CrossRef]
21. Kehagia, F. Skid resistance performance of asphalt wearing courses with electric arc furnace slag aggregates.

Waste Manag. Res. 2009, 27, 288–294. [CrossRef]
22. Jun, X. Research on the Preparation, Performance and Application of basic Oxygen Furnace Slag Based

Asphalt Concrete. Ph.D. Thesis, Wuhan University of Technology, Wuhan, China, 2013.
23. Brand, A.; Roesler, J. Cement and concrete composites steel furnace slag aggregate expansion and hardened

concrete properties. Cem. Concr. Compos. 2015, 60, 1–9. [CrossRef]
24. Doucet, F. Effective CO2-specific sequestration capacity of steel slags and variability in their leaching behavior

in view of industrial mineral carbonation. Miner. Eng. 2010, 23, 262–269.
25. Mahieux, P.; Aubert, J.; Escadeillas, G. Utilization of weathered basic oxygen furnace slag in the production

of hydraulic road binders. Constr. Build. Mater. 2009, 23, 742–747. [CrossRef]
26. Cui, P.; Wu, S.; Xiao, Y.; Yang, C.; Wang, F. Enhancement mechanism of skid resistance in preventive maintenance of

asphalt pavement by steel slag based on micro-surfacing. Constr. Build. Mater. 2020, 239, 117870. [CrossRef]

http://dx.doi.org/10.1016/j.conbuildmat.2016.04.002
http://dx.doi.org/10.1016/j.wear.2013.03.022
http://dx.doi.org/10.1016/j.resconrec.2007.02.002
http://dx.doi.org/10.1016/j.conbuildmat.2011.09.023
http://dx.doi.org/10.1016/j.conbuildmat.2007.10.026
http://dx.doi.org/10.1016/j.rser.2015.04.029
http://dx.doi.org/10.1016/j.conbuildmat.2017.05.036
http://dx.doi.org/10.1016/j.resconrec.2018.04.023
http://dx.doi.org/10.1016/j.resconrec.2016.09.008
http://dx.doi.org/10.1016/S0956-053X(00)00102-1
http://dx.doi.org/10.1080/14680629.2014.883323
http://dx.doi.org/10.1016/j.buildenv.2005.08.020
http://dx.doi.org/10.1177/0734242X08092025
http://dx.doi.org/10.1016/j.cemconcomp.2015.04.006
http://dx.doi.org/10.1016/j.conbuildmat.2008.02.015
http://dx.doi.org/10.1016/j.conbuildmat.2019.117870


Materials 2020, 13, 2169 16 of 18

27. Ye, Y.; Wu, S.; Li, C.; Kong, D.; Shu, B. Morphological Discrepancy of Various Basic Oxygen Furnace Steel
Slags and Road Performance of Corresponding Asphalt Mixtures. Materials 2019, 12, 2322. [CrossRef]
[PubMed]

28. Kuang, D.; Zhang, B.; Jiao, Y.; Fang, J.; Chen, H.; Wang, L. Impact of particle morphology on aggregate-asphalt
interface behavior. Constr. Build. Mater. 2017, 132, 142–149. [CrossRef]

29. Zhou, X.; Zhao, G.; Tighe, S.; Chen, M.; Wu, S.; Adhikari, S.; Gao, Y. Quantitative comparison of surface and
interface adhesive properties of fine aggregate asphalt mixtures composed of basalt, steel slag, and andesite.
Constr. Build. Mater. 2020, 246, 118507. [CrossRef]

30. Xue, Y.; Wu, S.; Hou, H.; Zha, J. Experimental investigation of basic oxygen furnace slag used as aggregate in
asphalt mixture. J. Hazard. Mater. 2006, 138, 261–268. [CrossRef] [PubMed]

31. Prowell, B.; Zhang, J.; Brown, E. Aggregate Properties and the Performance of Superpave-Designed Hot Mix Asphalt;
NCHRP Rep. No. 539; National Research Council: Washington, DC, USA, 2005.

32. Masad, E.; Luce, A.; Mahmoud, E. Relationship of Aggregate Texture to Asphalt Pavement Skid Resistance Using
Image Analysis of Aggregate Shape; Final Rep. for Highway IDEA Project 114; National Research Council:
Washington, DC, USA, 2007.

33. Kong, D.; Chen, M.Z.; Xie, J.; Zhao, M.; Yang, C. Geometric Characteristics of BOF Slag Coarse Aggregate
and its Influence on Asphalt Concrete. Materials 2019, 12, 741. [CrossRef]

34. Mohd Hasan, M.; Jamshidi, A.; Yang, X.; Hamzah, O. Review of sustainability, pretreatment, and engineering
considerations of asphalt modifiers from the industrial solid wastes. J. Traffic Transp. Eng. (Eng. Ed.) 2019, 6, 209–244.
[CrossRef]

35. Chen, Z.; Jiao, Y.; Wu, S.; Tu, F. Moisture-induced damage resistance of asphalt mixture entirely composed of
gneiss and steel slag. Constr. Build. Mater. 2018, 177, 332–341. [CrossRef]

36. Chen, Z.; Wu, S.; Xiao, Y.; Zeng, W.; Yi, M.; Wan, J. Effect of hydration and silicone resin on basic oxygen
furnace slag and its asphalt mixture. J. Cleaner Prod. 2016, 112, 392–400. [CrossRef]

37. Sabapathy, Y.K.; Balasubramanian, V.B.; Shiva Shankari, N.; Yeshwant Kumar, A.; Ravichandar, D.
Experimental investigation of surface modified EOF steel slag as coarse aggregate in concrete. J. King Saud
Univ. (Eng. Sci.) 2017, 29, 388–393. [CrossRef]

38. Zhao, Z.; Wang, S.; Lu, L.; Gong, C. Evaluation of pre-coated recycled aggregate for concrete and mortar.
Constr. Build. Mater. 2013, 43, 191–196. [CrossRef]

39. Bocci, E. Use of ladle furnace slag as filler in hot asphalt mixtures. Constr. Build. Mater. 2018, 161, 156–164.
[CrossRef]

40. Shu, C.; Kuo, W.; Juang, C. Analytical model of expansion for electric arc furnace oxidizing slag-containing
concrete. Comput. Concr. 2016, 18, 937–950. [CrossRef]

41. Zhao, M.; Wu, S.; Chen, Z.; Li, C. Production and application of steel slag coarse aggregate in asphalt mixture.
Emer. Mater. Res. 2017, 6, 219–222. [CrossRef]

42. Ding, Y.; Cheng, T.; Liu, P.; Lee, W. Study on the treatment of BOF slag to replace fine aggregate in concrete.
Constr. Build. Mater. 2017, 146, 644–651. [CrossRef]

43. Teir, S.; Eloneva, S.; Fogelholm, C.; Zevenhoven, R. Dissolution of steelmaking slags in acetic acid for
precipitated calcium carbonate production. Energy 2007, 32, 528–539. [CrossRef]

44. Ma, L.; Xu, D.; Wang, S.; Gu, X. Expansion inhibition of steel slag in asphalt mixture by a surface water
isolation structure. Road Mater. Pavement Des. 2019, 1–15. [CrossRef]

45. Crisman, B.; Ossich, G.; Bevilacqua, P.; Roberti, R. Degradation Prediction Model for Friction of Road
Pavements with Natural Aggregates and Steel Slags. Appl. Sci. 2020, 10, 32. [CrossRef]

46. Akacem, M.; Bouteldja, M.; Cerezo, A.V.; Hachichi, A. Method to use local low Performances aggregates in
asphalt pavements—An algerian case study. Constr. Build. Mater. 2016, 125, 290–298. [CrossRef]

47. Yu, D.; Xiong, R.; Li, S.; Cong, P.; Shah, A.; Jiang, Y. Laboratory evaluation of critical properties and attributes of
calcined bauxite and steel slag aggregates for pavement friction surfacing. J. Mater. Civ. Eng. 2019, 31, 04019155.
[CrossRef]

48. Chu, L.; Guo, W.; Fwa, T. Theoretical and practical engineering significance of British pendulum test. Int. J.
Pavement Eng. 2020, 1–8. [CrossRef]

49. Chu, L.; Cui, X.; Zhang, K.; Fwa, T.; Han, S. Directional skid resistance characteristics of road pavement:
Implications for friction measurements by British pendulum tester and dynamic friction tester. Transp. Res. Rec.
2019, 2673, 793–803. [CrossRef]

http://dx.doi.org/10.3390/ma12142322
http://www.ncbi.nlm.nih.gov/pubmed/31330866
http://dx.doi.org/10.1016/j.conbuildmat.2016.11.132
http://dx.doi.org/10.1016/j.conbuildmat.2020.118507
http://dx.doi.org/10.1016/j.jhazmat.2006.02.073
http://www.ncbi.nlm.nih.gov/pubmed/16982138
http://dx.doi.org/10.3390/ma12050741
http://dx.doi.org/10.1016/j.jtte.2018.08.001
http://dx.doi.org/10.1016/j.conbuildmat.2018.05.097
http://dx.doi.org/10.1016/j.jclepro.2015.09.041
http://dx.doi.org/10.1016/j.jksues.2016.07.002
http://dx.doi.org/10.1016/j.conbuildmat.2013.01.032
http://dx.doi.org/10.1016/j.conbuildmat.2017.11.120
http://dx.doi.org/10.12989/cac.2016.18.5.937
http://dx.doi.org/10.1680/jemmr.16.00035
http://dx.doi.org/10.1016/j.conbuildmat.2017.04.164
http://dx.doi.org/10.1016/j.energy.2006.06.023
http://dx.doi.org/10.1080/14680629.2019.1601588
http://dx.doi.org/10.3390/app10010032
http://dx.doi.org/10.1016/j.conbuildmat.2016.08.035
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0002806
http://dx.doi.org/10.1080/10298436.2020.1726351
http://dx.doi.org/10.1177/0361198119851453


Materials 2020, 13, 2169 17 of 18

50. Skaf, M.; Pasquini, E.; Revilla-Cuesta, V.; Ortega-López, V. Performance and durability of porous asphalt
mixtures Manufactured Exclusively with Electric Steel Slags. Materials 2019, 12, 3306. [CrossRef] [PubMed]

51. Qian, Z.; Liu, Y.; Liu, C.; Zhang, D. Design and skid resistance evaluation of skeleton-dense epoxy asphalt
mixture for steel bridge deck pavement. Constr. Build. Mater. 2016, 114, 851–863. [CrossRef]

52. Sengy, Y.; Dony, A.; Colin, J.; Hamlat, S.; Berthaud, Y. Study of the skid resistance of blends of coarse
aggregates with different polish resistances. Constr. Build. Mater. 2013, 48, 901–907. [CrossRef]

53. Chen, X.; Dai, S.; Guo, Y.; Yang, J.; Huang, X. Polishing of asphalt pavements: From macro- to micro-Scale.
J. Test. Eval. 2016, 44, 885–893. [CrossRef]

54. Wang, D.; Chen, X.; Oeser, M.; Stanjek, H.; Steinauer, B. Study of micro-texture and skid resistance change of
granite slabs during the polishing with the Aachen Polishing Machine. Wear 2014, 318, 1–11. [CrossRef]

55. Wang, D.; Liu, P.; Oeser, M.; Stanjek, H.; Kollmann, J. Multi-scale study of the polishing behaviour of quartz
and feldspar on road surfacing aggregate. Int. J. Pavement Eng. 2019, 20, 79–88. [CrossRef]

56. Wang, D.; Chen, X.; Yin, Z.; Oeser, M.; Steinauer, B. Influence of different polishing conditions on the skid
resistance development of asphalt surface. Wear 2013, 308, 71–78. [CrossRef]

57. Shabani, S.; Ahmadinejad, M.; Ameri, M. Developing a model for estimation of polished stone value (PSV)
of road surface aggregates based on petrographic parameters. Int. J. Pavement Eng. 2012, 3, 1–14. [CrossRef]

58. Wang, D.; Wang, H.; Bu, Y.; Schulze, C. Evaluation of aggregate resistance to wear with Micro-Deval test in
combination with aggregate imaging techniques. Wear 2015, 338, 288–296. [CrossRef]

59. Wang, D.; Chen, X.; Xie, X.; Stanjek, H.; Oeser, M.; Steinauer, B. A study of the laboratory polishing behavior
of granite as road surfacing aggregate. Constr. Build. Mater. 2015, 89, 25–35. [CrossRef]

60. Qian, Z.; Hou, Y.; Dong, Y.; Cai, Y.; Meng, L.; Wang, L. An evaluation method for the polishing and abrasion
resistance of aggregate. Road Mater. Pavement Des. 2018, 1–12. [CrossRef]

61. Wang, H.; Wang, D.; Liu, P.; Schulze, C.; Oeser, M. Development of morphological properties of road
surfacing aggregates during the polishing process. Int. J. Pavement Eng. 2017, 18, 367–380. [CrossRef]

62. Vaiana, R.; Balzano, F.; Iuele, T.; Gallelli, V. Microtexture performance of EAF slags used as aggregate in
asphalt mixes: A comparative study with surface properties of natural stones. Appl. Sci. 2019, 9, 3197.
[CrossRef]

63. Cui, P.; Wu, S.; Xiao, Y.; Wang, F.; Wang, F.S. Quantitative evaluation of active based adhesion in
Aggregate-Asphalt by digital image analysis. J. Adhes. Sci. Technol. 2019, 33, 1–14. [CrossRef]

64. Gao, Z.X.; Shen, A.Q.; Zhai, C.W.; Guo, Y.C.; Yu, P. Determination of volumetric parameters and impacting
mechanism of water stability for steel slag asphalt mixture. J. Traffic Transp. Eng. (Eng. Ed.) 2018, 18, 1–10.

65. Shen, A.; Zhai, C.; Guo, Y.; Yang, X. Mechanism of adhesion property between Steel slag aggregate and
rubber asphalt. J. Adhes. Sci. Technol. 2018, 32, 1–14. [CrossRef]

66. Liu, W.; Li, H.; Zhu, H.; Xu, P. Properties of a steel slag–permeable asphalt mixture and the reaction of the
steel slag–asphalt interface. Materials 2019, 12, 3603. [CrossRef] [PubMed]

67. Chen, Z.W.; Wu, S.P.; Wen, J.; Zhao, M.L.; Yi, M.W.; Wan, J.M. Utilization of gneiss coarse aggregate and steel
slag fine aggregate in asphalt mixture. Constr. Build. Mater. 2015, 93, 911–918. [CrossRef]

68. Chen, H. Research on Optimizing the Skid Resistance of SMA Pavement Based on Aggregate Discrepant
Abrasion Principle. Master’s Thesis, Haerbin University of Technology, Haerbin, China, 2016.

69. Niu, Z. Research on Preparation and Performance of Steel Slag Asphalt Pavement. Master’s Thesis, Southeast
University, Nan Jing, China, 2016.

70. Wang, Y.; He, L.; Sun, L. Effect of differentiation processing of mineral aggregate on asphalt pavement sliding
resistance. J. Southeast Univ. (Nat. Sci. Ed.) 2017, 47, 1216–1220.

71. Li, J.; Wu, Z.; Chen, X.; Sun, H.; Tan, W.; Li, N. Study on the evaluation indexes for anti-sliding performance and
evaluation method on the anti-sliding life of asphalt pavement. J. Chongqing Jiaotong Univ. (Nat. Sci. Ed.) 2019,
38. Available online: http://kns.cnki.net/kcms/detail/50.1190.U.20190603.1508.002 (accessed on 26 September 2018).
[CrossRef]

72. Rond’-Quintana, A.; Ruge-Cárdenas, C.; De Farias, M. Behavior of hot-mix asphalt containing blast furnace
slag as aggregate: Evaluation by mass and volume substitution. J. Mater. Civil. Eng. 2019, 31, 1–10.

73. Cao, L.; Wang, M. Experimental research on stone matrix asphalt mixtures containing steel Slag. Shanxi Arc.
2013, 39, 94.

74. Xie, J.; Chen, J.; Wu, S.; Lin, J.; Wei, W. Performance characteristics of asphalt mixture with basic oxygen
furnace slag. Constr. Build. Mater. 2013, 38, 796–803. [CrossRef]

http://dx.doi.org/10.3390/ma12203306
http://www.ncbi.nlm.nih.gov/pubmed/31614492
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.210
http://dx.doi.org/10.1016/j.conbuildmat.2013.07.040
http://dx.doi.org/10.1520/JTE20150271
http://dx.doi.org/10.1016/j.wear.2014.06.005
http://dx.doi.org/10.1080/10298436.2016.1260129
http://dx.doi.org/10.1016/j.wear.2013.09.013
http://dx.doi.org/10.1080/10298436.2012.693179
http://dx.doi.org/10.1016/j.wear.2015.07.002
http://dx.doi.org/10.1016/j.conbuildmat.2015.04.032
http://dx.doi.org/10.1080/14680629.2018.1546219
http://dx.doi.org/10.1080/10298436.2015.1088153
http://dx.doi.org/10.3390/app9153197
http://dx.doi.org/10.1080/01694243.2019.1602912
http://dx.doi.org/10.1080/01694243.2018.1507505
http://dx.doi.org/10.3390/ma12213603
http://www.ncbi.nlm.nih.gov/pubmed/31684050
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.070
http://kns.cnki.net/kcms/detail/50.1190.U.20190603.1508.002
http://dx.doi.org/10.3969/j.issn.1674-0696.2019.12.10
http://dx.doi.org/10.1016/j.conbuildmat.2012.09.056


Materials 2020, 13, 2169 18 of 18

75. Chen, Z.; Xie, J.; Xiao, Y.; Chen, J.; Wu, S. Characteristics of bonding behavior between basic oxygen furnace
slag. Constr. Build. Mater. 2014, 64, 60–66. [CrossRef]

76. Wang, Y. Study on Application of Steel Slag Aggregate in Ultra-thin against Sliding Wear Layer.
Master’s Thesis, Chongqing Jiaotong University, Chongqing, China, 2013.

77. Chen, J.; Wei, S. Engineering Properties and Performance of Asphalt Mixtures Incorporating Steel Slag.
Constr. Build. Mater. 2016, 128, 148–153. [CrossRef]

78. Xu, D. The material and performance research of steel asphalt mixtures. Master’s Thesis, Southeast University,
Nan Jing, China, 2018.

79. Shen, A.; Chen, X.; Guo, Y.; Li, P. Road performance evaluate on effects of steel slag asphalt mixture based on
grey target decision. Bull. Chin. Ceram. Soc. 2019, 38, 1245–1252.

80. Nguyen, H.; Lu, X.; Le, D. Investigation of using steel slag in hot mix asphalt for the surface course of flexible
pavements. IOP Conf. Ser. Earth Environ. Sci. 2018, 143, 012022. [CrossRef]

81. Chen, Z.; Wu, S.; Ling, P.; Xie, J. Function investigation of stone mastic asphalt (SMA) mixture partly
containing basic oxygen furnace (BOF) slag. J. Appl. Biomater. Funct. Mater. 2016, 14, s68–s72. [CrossRef]

82. Oluwasola, E.; Hainin, M.; Maniruzzaman, M. Evaluation of rutting potential and skid resistance of hot
mix asphalt incorporating electric arc furnace steel slag and copper mine tailing. Indian J. Eng. Mater. Sci.
2015, 22, 550–558.

83. Shen, H.; Forssberg, E. An overview of recovery of metals from slags. Waste Manag. 2003, 23, 933–949.
[CrossRef]

84. Mayes, W.; Younger, P.; Aumônie, J. Hydrogeochemistry of alkaline steel slag leachates in the UK. Water Air
Soil Pollut. 2008, 195, 35–50. [CrossRef]

85. Mayes, W.; Younger, P. Suffering of Alkaline Steel Slag Leachate across a Natural Wetland. Environ. Sci. Technol.
2006, 40, 1237–11234. [CrossRef] [PubMed]

86. Stadler, S.; Eksteen, J.; Aldrich, C. An experimental investigation of foaming in acidic, high FexO slags.
Miner. Eng. 2007, 20, 1121–1128. [CrossRef]

87. Tsai, T.; Kao, C.; Hong, A. Treatment of tetrachloroethylene-contaminated groundwater by
surfactant-enhanced persulfate/BOF slag oxidation—A laboratory feasibility study. J. Hazard. Mater.
2009, 171, 571–576. [CrossRef] [PubMed]

88. Oss, H.G. Slag-Iron and Steel, Annual Review 2006; Mineral Industry Surveys; U.S. Geological Survey:
Reston, VA, USA, 2012.

89. Euro Slag. Slag: A High Grade Product Out of A High Quality Controlled Industry—Statistics 2012.
Available online: http://www.euroslag.com/products/statistics/2012/ (accessed on 22 September 2016).

90. Liu, S.; Jiao, L.; Li, C. The research about wisco steel slag using in the main road of Wuhan east-lake high-ech
development zone. Iron Steel Scrap China 2012, 4, 37.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.conbuildmat.2014.04.074
http://dx.doi.org/10.1016/j.conbuildmat.2016.10.027
http://dx.doi.org/10.1088/1755-1315/143/1/012022
http://dx.doi.org/10.5301/jabfm.5000307
http://dx.doi.org/10.1016/S0956-053X(02)00164-2
http://dx.doi.org/10.1007/s11270-008-9725-9
http://dx.doi.org/10.1021/es051304u
http://www.ncbi.nlm.nih.gov/pubmed/16572781
http://dx.doi.org/10.1016/j.mineng.2007.01.013
http://dx.doi.org/10.1016/j.jhazmat.2009.06.036
http://www.ncbi.nlm.nih.gov/pubmed/19586715
http://www.euroslag.com/products/statistics/2012/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials 
	Chemical and Mineral Composition of BOF Slag 
	Physical and Mechanical Properties of BOF Slag 
	The Volumetric Expansion of BOF Slag 

	Evaluation Methods of Anti-Skid Performance 
	Polished Stone Value Test (PSV) 
	The British Pendulum Tester (BPT) 
	The Sand Patch Test 
	W/S Tester 
	Aachen Polishing Machine Polishing Machine (APM) 

	Key Factors Influenced Performance of BOF Slag Asphalt Mixtures 
	BOF Slag Properties 
	Physical and Mechanical Properties of BOF Slag 
	The Adhesion Properties of Steel Slag with Asphalt 

	Incorporation Method 
	Gradation 

	The Skid Resistance of BOF Slag Asphalt Mixtures 
	Macro Performance Anti-Sliding 
	Micro Performance Anti-Sliding 

	Economic and Environmental Benefits of BOF Slag Asphalt Mixtures 
	Conclusions and Future Developments 
	References

