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Applying basic oxygen furnace (BOF) slag as aggregate in asphalt mixture is continuously investigated due to the increasing
shortage of natural aggregate in recent years. However, the negative effect of BOF’s expansion in water greatly limits its further
application in pavement construction. To address this problem, this paper studied the volume stability of BOF, and its asphalt
mixture relied on actual engineering. *e asphalt mixtures contained BOF aggregate was designed by the Marshall method with
three different gradation types (AC-16, AC-20, and ATB-25). Besides, both laboratory samples and the core samples from field
drilling were investigated in volume expansion rate after curing in a water bath. *e economic and resource benefits of BOF
replacement of natural aggregates were also analyzed. *e results showed that the free calcium oxide content of BOF slag is
positively related to the particle sizes. Nevertheless, the expansion rates of both the BOF aggregate and its asphalt mixture were less
than 1%, which meant the BOF aggregate applied to the asphalt mixture meets the practical engineering requirements. *e
maximum allowable free calcium oxide content for large-grain size of steel slag is the smallest; it is also recommended that the
expansibility of large-grain steel slag should be the first concern in the application. *e resource assessment indicated that the use
of steel slag for the construction of a trial section of one kilometer of single lane can save 967 tons of natural aggregates. *e
economic evaluation showed that the use of steel slag instead of natural aggregates for surface course construction could reduce
the investment by 16.87%. *e experimental methods and conclusions mentioned in this article provide stable references to
enhance the development of sustainable pavement by recycling metallurgical slag in highway construction.

1. Introduction

Asphalt pavement has been widely used in high-grade
highways because of its unique advantages, such as com-
fortable driving, low noise, and short construction period
[1–4]. Asphalt binder, aggregate, and mineral filler are the
three major elements of asphalt concrete. Aggregate, which
accounts for more than 90% of the total volume of asphalt
concrete, as the primary skeleton plays a key role in resisting
vehicle load [5, 6]. *e quality of aggregate has remarkable
impacts on road performance and life period [7, 8]. In recent
decades, superior natural aggregate for high-grade highway
construction such as limestone and basalt have become a
scarce resource due to excessive extraction [9]. Regulations
restricting sand and gravel mining have also been

promulgated throughout China. Natural aggregates are
expensive and difficult to obtain. However, as the world’s
largest developing country, China’s investment of resources
in large-scale infrastructure construction is inevitable. Be-
cause of the practical demands of road network improve-
ments, there is an urgent need to find succedaneum to
relieve the extreme shortage of natural stones for road
construction [10].

Steel slag is a typical by-product of steel smelting process.
Every 100 tons of crude steel produced will bring 10–15 tons
of steel slag [11–14]. *e large accumulation of steel slag not
only wastes substantial land resources but also brings po-
tential pollution and adverse effects on groundwater, plants,
and air [15–18]. Basic oxygen furnace slag (BOF) is a
widespread type of steel slag, which is workable in antiskid
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and abrasion resistance due to predominant textures and
abundant angularity [19–21]. *erefore, applying BOF slag
as raw materials for roads construction seems to be an ef-
fective way to save precious natural aggregates [22–24].
Meanwhile, the environmental pressure caused by the ac-
cumulation of steel slag may be alleviated [22].

Pasetto and Baldo [25, 26] evaluated high performance
base course and road base asphalt concrete with electric arc
furnace steel slags. *e experimental results demonstrated
that steel slag can enhance the performances of asphalt
mixture such as high-temperature deformation resistance,
abrasion, and skid resistance. Masad et al. [27] discovered
that the BOF slag has stronger bonding strength with asphalt
binder than natural stones. Tao et al. [28] grind BOF slag into
powder instead of limestone filler. *e result indicated that
asphalt mixture with BOF slag powder as filler possesses
excellent water damage resistance [29, 30]. Meanwhile, Wan
et al. [31, 32] observed that steel slag contains effective
components for induction heating which can be used to
preparation deicing pavement. It also proved that the Fe3O4
plays the dominant part to steel slag induction heating when
their sizes are smaller than 75 μm. Cui et al. [33] recycled
steel slag as aggregate in chip seals.*e results found that the
self-bonded function of chip seal can be enhanced by steel
slag. Besides, a remarkable economic efficiency of ship seal
with deicing and self-bonded functions can be observed.
Hainin et al. [14] summarized the engineering properties of
steel slag and its application advantages for road con-
struction and proposed that the geotechnical characteristics
of steel slag needs some attention, because the shear strength
parameters and the compaction characteristics have not
been studied properly. Pathak et al. [34] evaluated the benefit
of open gradation friction layer of basic oxygen furnace steel
slag aggregate in the hilly region of India. Results showed
that steel slag used as coarse aggregate improved the fric-
tional resistance of OGFC mixes.

However, the great mass of these studies was carried out
in the laboratory. Few roads have been built with BOF slag as
substitutes for natural aggregates on a large scale [1]. *e
reason is mainly that part of the quicklime used in the
steelmaking process will become free quicklime if it is not
fully combined. If such BOF is piled in large pieces without
being crushed in advance, it will react to form calcium
hydroxide when it meets water, which results in volume
expansion about twice [35–37]. *e expansion force caused
be steel slag hydration may shorten the service life of roads
and even bring hidden dangers to driving safety [38, 39].*e
volume instability has become the primary obstacle to its
application on the road. Besides, the BOF produced in
different regions will also vary greatly [40]. Only if the
accumulation time is long enough can steel slag with free
calcium oxide content within a safe range be successfully
applied to pavement engineering. *erefore, strict material
selection and detection are the most critical step for the
successful application of BOF [35].

*e author’s research team used Baotou Iron and Steel
Group’s abundant BOF resources to construct dozens of
kilometers of steel slag asphalt trial pavement in Inner
Mongolia during the past three years relying onMajor Science

and Technology Projects of Inner Mongolia Autonomous
Region. *e free calcium oxide content determination was
carried out in concert to strictly control the degree of de-
position of the applied steel slag. Besides, the expansion rates
of the BOF slag and its asphalt concrete were measured. *e
economy and resources benefit brought by BOF slag instead
of natural aggregate was also discussed. *e main purpose of
this research is to rely on actual engineering to provide stable
references to enhance the development of sustainable pave-
ment by recycling metallurgical slag in highway construction.

2. Experimental Design

2.1. Materials. Virgin asphalt graded 90 (penetration grade)
and SBS-modified asphalt (Changhe Chemical Co. Ltd.,
Heilongjiang, China) were used as binders in this study.
Limestone filler (Chengxin Aggregates, Inner Mongolia,
China) with a hydrophilic coefficient of 0.83 was employed
as filler. *e basic properties of used asphalt binders are
shown in Table 1.

Basic oxygen furnace (BOF) slag provided by Baotou Iron
and Steel Group, InnerMongolia, China, was used as aggregate
in this study. BOF slag had been deposited about seven years
before the application.*e physical properties of BOF slagwere
investigated, including apparent specific gravity, water ab-
sorption, flakiness content, Los Angeles abrasion, and crush
values. *ree control experiments were done for each grade of
aggregate. *e experiment results are listed in Table 2.

2.2. Experimental Methods

2.2.1. Gradation Design. Baotou-Maoming Expressway,
which is numbered G65 in China’s National Expressway
Network, was designed with six pavement structure layers.
*e steel slag asphalt concrete trial pavement is planned to
be laid on the upper, middle, and lower surface course,
respectively.*ree different gradation types, namely, AC-16,
AC-20, and ATB-25, were designed, respectively, according
to the Marshall design method. Sieve pass rates of steel slag
asphalt concrete with different gradations are shown in
Table 3.

2.2.2. Free Calcium Oxide Content Tests.
Glycerin-ethanol titration was used in this paper to deter-
mine the content of free calcium oxide in BOF slag. *e
experimental process and device are shown in Figure 1. *e
residual calcium oxide in the steelmaking process exists in
the steel slag in the form of a free state. Calcium glycerin can
be formed when it is azeotropic with the ethanol-glycerin
solution. *e reaction can be accelerated by adding the
proper amount of strontium nitrate and alumina mixture
into glycerol-anhydrous ethanol solution as a catalyst. *e
chemical reaction involved is shown in (R1). Calcium
glycerin is weakly alkaline, which can make phenolphthalein
indicator red. *e reaction equation is shown in (R3). *e
mixture is titrated with a weakly acidic benzoic acid solution
until the red color disappears completely.*e corresponding
chemical reaction is shown in (R2). *e content of free
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calcium oxide in steel slag can be calculated according to the
consumption of benzoic acid solution. *ree replicates for
each particle size were conducted.

2.2.3. Hydration Treatment of Steel Slag. *e hydration
treatment can effectively eliminate the free calcium oxide
content of BOF slag due to its sensitivity to moisture. *e free
calcium oxide content in steel slag before and after hydration
treatment was quantified in this study. *e surface of BOF slag
was kept wet but not immersed in water in order to get hy-
dration product accumulated on the surface of BOF slag [1].
*e above process was carried out twice a day. *e content of
free calcium oxide in the BOF slag was measured after 3 days.

2.2.4. Optimal Moisture Content Tests. *e heavy com-
paction test was used to determine the optimal moisture
content of BOF slag in this study. *e weight of the hammer

is 4.5 kg, and the drop height is 45 cm. *e entire aggregates
were filled in three layers, and each layer was compacted 98
times. *e dry density calculation method is (1). Draw a
curve with dry density as the ordinate and water content as
the abscissa.*e abscissa corresponding to the peak point on
the curve is the optimal water content of the sample:

ρd �
ρw

(1 + w)
, (1)

where ρd is the dry density (g/cm3), ρw is the wet density (g/
cm3), and w is the water content (%).

2.2.5. Expansion Tests of Steel Slag. *e heavy compaction
tests were conducted using actual asphalt mixture grades
according to the compaction test method for base materials.
*e weight of the hammer is 4.5 kg, and the drop height is
45 cm. *e entire aggregates were filled in three layers, and
each layer was compacted 98 times to determine the opti-
mum moisture content and maximum dry density.

*ree heavy compaction specimens of 150mm diameter
with a total weight of about 7 kg were prepared according to
the actual gradation of the project. A certain amount of
water was added to the above mixture according to the
optimal moisture content (±1%). Finally, the fully mixed
mixtures were placed in a closed container for 24 hours for
compaction test.

Four semicircular carrier plates weighing 1.25 kg each
pressed on the porous plates. A dial indicator for measuring
the amount of expansion on which the dial indicator shall be
accurately aligned with the central contact and maintained
upright was used. Finally, the device was moved to a
thermostatic water bath with the temperature set at 80°C.
*e system was maintained at the desired temperature for 6
hours, and then it can cool naturally. *e dial indicator was
read before heating the next day. *e device should be

Table 1: Basic properties of binders.

Materials Properties Values Specification Standard

Matrix asphalt

Penetration (25°C, 0.1mm) 92 80–100 T0604-2011
Ductility (15°C, cm) >100 100 T0605-2011
Softening point (°C) 46 ≥45 T0606-2011
Density (g/cm3) 1.025 — T0603-2011

SBS- (I-C-) modified asphalt

Penetration (25, 0.1mm) 69 60–80 T0604-2011
Ductility (5°C, cm) 68.5 ≥30 T0605-2011
Softening point (°C) 59 ≥55 T0606-2011
Density (g/cm3) 1.026 — T0603-2011

Table 2: Fundamental properties of BOF slag.

Aggregate size (mm) Apparent specific gravity Water absorption (%) Flakiness
content (%) Los Angeles abrasion (%)

0–2.36 3.556 1.81 — —
2.36–5.5 3.774 1.80 — 8.5
5.5–11 3.789 0.90 8.3 9.4
11–18 3.755 0.70 9.8 13.2
18–22 3.766 0.60 7.3 12.8
22–27 3.752 0.50 6.8 13.0
Criteria in China ≥2.9 ≤3.0 ≤12 ≤28

Table 3: Gradation composition of steel slag asphalt concrete.

Sieve size (mm)
Passing ratio (%)

AC-16 AC-20 ATB-25
31.5 100.0 100.0 100.0
26.5 100.0 100.0 99.6
19 100.0 96.8 75.2
16 93.0 84.8 62.9
13.2 85.8 75.7 54.7
9.5 71.7 62.4 45.9
4.75 47.7 40.4 36.1
2.36 30.1 25.1 24.9
1.18 23.2 19.5 19.4
0.6 16.6 14.1 14.1
0.3 11.3 9.8 9.8
0.15 8.6 7.5 7.5
0.075 3.8 3.5 3.6
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heated and cooled once a day for a total of 10 days. *ree
replicates for each sample were conducted.

2.2.6. Expansion Tests of Asphalt Mixture with Steel Slag.
*e expansion tests for standard Marshall specimens and
core samples that were drilled in the field can reflect the
possible damage of pavement in the actual service process.
According to the actual mix ratio of steel slag asphalt
mixture, three standard Marshall specimens were prepared
in the laboratory, and two pavement core samples were
drilled by asphalt mixture core-drilling machine in the as-
phalt pavement construction site for the test of asphalt
concrete expansion. *e caliper was used to carefully
measure 3 sections in the diameter direction of the specimen
and 4 sections in the height direction. *e volume V1 of
specimen was calculated. *e specimens were then placed in
a 60°C constant temperature water bath for 72 h.*e volume
V2 of the specimens was determined immediately after the
curing process at the same site. *e expansion rate of steel
slag asphalt concert is calculated according to

C �
V2 − V1

V1
× 100, (2)

where C is the expansion rate of steel slag asphalt concert,
(%), V1 is the volume before immersion, (cm3), and V2 is the
volume after immersion (cm3).

2.2.7. Calculation of Raw Materials and Costs. *e calcu-
lation method of resource benefit and economic benefit
brought by steel slag substituting natural aggregate is for-
mulated in the following equations:

M � v∗ ρf, (3)

MB � M∗ a, (4)

MA � M∗ (1 − a), (5)

MF � ma ∗fi, (6)

where M is the quality of the asphalt concrete, (t); V is the
construction scale, (m3); ρf is the bulk density of asphalt
concrete, (g/cm3);MB is the quality of asphalt binder, (t); a is
the amount of asphalt, (%); MA is the quality of aggregate,
(t); MF is the quality of filler; and fi is the mass fraction of
filler in aggregate, (%).

3. Results and Discussion

3.1. Free Calcium Oxide Content of Steel Slag. *e free
calcium oxide content of steel slag with different grain
sizes is shown in Figure 2. It can be seen from the figure
that the content of free calcium oxide increases with the
increase of particle size. *e results indicate that the
content of free calcium oxide in steel slag is closely related
to the size of steel slag. However, the maximum content is
only 1.2958%, which is far lower than the industry
standard of 3%. *e BOF slag used in this study has been
stockpiled for at least 7 years. Steel slag has already reacted
in advance when they encounter moisture in the air
during the process of accumulation and aging. Conse-
quently, the overall free calcium oxide in BOF slag
presents a lower content. Besides, the granules with small
particle sizes have a larger specific surface area, which
accelerates the digestion rate of free calcium oxide. *at is
because they can be more fully exposed to moisture than
large pieces of steel slag. For steel slag with larger particles,
a large amount of free calcium oxide exists inside the
particles. It is difficult for the moisture to penetrate and
react with them in a short time.*erefore, there is a strong
correlation between the content of free calcium oxide and
the particle size of steel slag. It is suggested that the newly
produced steel slag should be broken into granules as soon
as possible to accelerate the reaction of free calcium oxide.
Overall, the steel slag used in this research fully meets the
specification requirements only from the perspective of
free calcium oxide content.

Steel slag

Repeat
5

Boil Vibrate

Titration
2 Ethyl alcohol

Ethyl alcohol

Benzoic

Glycerin
Phenolphthalein

End
4 3

1

Figure 1: Schematic of the determination process of free calcium oxide in steel slag.
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*e content of free calcium oxide in the steel slag after
three days of water treatment is also shown in Figure 2. It can
be summarized in Figure 2 that the free calcium oxide
content of samples of various particle sizes decreased in
different ranges after being sprayed for three days. *e free
calcium oxide content of steel slag with different particle
sizes decreased by 0.0091%, 0.015%, 0.0095%, 0.0036%, and
0.0103% respectively. It can be inferred that the free calcium
oxide in the steel slag is sensitive to water vapor. *erefore,
fresh steel slag can be manually sprayed with water vapor
during crushing, stacking, and transportation to predigest
the calcium oxide to maximize its volumetric stability.

Wang et al. [35] proposed the maximum allowable free
lime content in consideration of free volume, external
pressure, and precipitated lime. When the measured value of
free lime is less than 4%, the maximum allowed free lime
content can be calculated by

Fall < 2.0% +
0.075 cs − c0( 􏼁

0.38c
2
s

, (7)

where Fall is the maximum free lime content for given steel
slag, cs is the specific gravity of steel slag (g/cm3), and c0 is
the bulk density of steel slag (g/cm3).

It states if the free calcium oxide content of steel slag is
not more than the righthand term, the steel slag will not
expand macroscopically. *e expansion caused by free
calcium oxide can be regarded as being absorbed by the
cavities of the steel slag itself under the action of external
force. *e allowable free lime content for the steel slag used
in this study can be obtained according to the above
equation.*e relevant parameters and calculation results are
listed in Table 4.

It can be seen from Table 4 that the maximum allowable
free lime content decreases as the particle size increases. For
example, steel slag with a particle size of less than 5.5mm can
be considered that the expansion will be absorbed by its
pores when the content of free calcium oxide is not more

than 2.334%. However, If the expansion of steel slag with a
particle size of 22mm or more is to be ignored, the maxi-
mum free calcium oxide content allowed is reduced to
2.090%. Furthermore, it is concluded in the previous chapter
that the free calcium oxide content of steel slag is propor-
tional to its particle size. Consequently, it is recommended
that attention should be paid to whether large-diameter
particles meet the requirements when steel slag is used as
aggregate.

3.2. Volume Stability Evaluation

3.2.1. Volume Stability of Steel Slag. *e heavy compaction
tests on BOF slag were carried out in accordance with the
compaction test method for base materials. *e BOF slag
mixture needs to be activated at the optimal moisture
content before the experiment. *e relationship between the
maximum dry density and the optimal water content of the
sample used in the heavy compaction experiment is shown
in Figure 3. When the water content of the system increases
from 1% to 2%, the dry density of the sample increases from
2.7423 g/cm3 to 2.7647 g/cm3. And the density is almost close
to the peak value. However, the dry density of the sample
began to decrease continuously when the water content of
the system was continued to increase. *erefore, 2% of the
water content was taken as the optimal water content. And
the sample was processed on this basis.

*e expansion of the experimental mixture prepared
according to the actual gradation of the project is shown in
Figure 4. *e three steel slag mixtures with different grades
all showed obvious expansion during the first 6 days of
curing. As shown in Figure 4, the ATB-25 graded mixture
had the largest expansion height in the compaction barrel,
which is 0.661mm. *e maximum expansion height of the
AC-16 graded mixture was only 0.22mm after 10 days in the
water bath. *e expansion height of the AC-20 graded
mixture was 0.582mm, which is somewhere in between.*e
results of the aggregate expansion were fit to the result of free
calcium oxide content measured above. *e mixture system
with more large particles also contains more free calcium
oxide. Consequently, there is a greater expansion phe-
nomenon in comparison. Nevertheless, the expansion of the
three gradations meets the specification requirements.

Yunpeng et al. [41]. studied the water swelling rate of two
steel slags from different origins in the laboratory and one
group of steel slag produced in the same place as the steel
slag used in this study. Liu et al. found that the initial ex-
pansion rate of BOF slag produced in Inner Mongolia was
relatively small and showed a small and steady increase trend
with the increase of curing time. *e expansion rate is only
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Figure 2: Content of free calcium oxide in steel slag with different
particle sizes.

Table 4: Allowable free lime content for steel slag.

Size (mm) cs(g/cm) c0(g/cm) Fall (%)

0–5.5 3.774 3.533 2.334
5.5–11 3.789 3.673 2.159
11–18 3.755 3.667 2.123
18–22 3.766 3.692 2.103
22–27 3.752 3.688 2.090
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0.45% after 10 days of water bath curing. It also can be seen
that the experimental results obtained from the field are
consistent with the laboratory.

In another study, Chen et al. studied the effect of hy-
dration and silicone resin on BOF slag [1]. *e expansion
time and ratio of BOF slag after fully hydration and silicone
resin treatment are reduced. *e results illustrated that
hydration and silicone resin both can restrain the slag’s
volume expansion. However, it is difficult to apply silicone
resin to treat steel slag on a large scale in construction sites.
*erefore, this study only explored the impact of water
treatment on steel slag in the previous chapter. *e ex-
perimental results also show that the advanced water
treatment can make the free calcium oxide in the steel slag
react in advance to ensure its volume stability.

Zhang reported that the expansion rate of 10 d im-
mersion is very effective for the production quality control of
the stability of steel slag for road construction. It is found
that the expansion of steel slag specimens less than 2%
within 10 days is not significant after 10 days. However, if the
steel slag exceeds 2% within 10 days, the expansion of most

samples will not converge in the later period [42]. *e
expansion curves obtained in this study are consistent with
the conclusion.

3.2.2. Volume Stability of Steel Slag Asphalt Mixtures.
*ere is a huge distinction between laboratory experiments
and industrial production due to the large disparity of
material handling capacity. *e results from the laboratory
cannot fully reflect the real application situation. To reflect
the actual conditions of the pavement as realistic and
comprehensively as possible, the standard Marshall speci-
mens used in the asphalt mixture expansion experiment
were compacted and molded from the mixture produced by
the mixing station. Besides, a core-drilling sampling ma-
chine was used to directly drill cylindrical specimens from
the pavement as another source of samples after the pave-
ment was compacted and solidified for 48 hours. Meanwhile,
the adhesion between aggregates during water soaking may
be impaired by water immersion, resulting in a degree of
expansion that is not caused by free calcium oxide. Con-
sequently, Marshall specimens with basalt as controls were
also subjected to the same expansion tests.

*e expansion ratios of the asphalt mixture under three
different gradations are shown in Figure 5. It can be seen
from Figure 5 that both the asphalt mixture with steel slag
and mixture with basalt showed slight expansion in volume
after 3 days of curing in the water bath. *e expansion rates
of asphalt mixtures containing steel slag are higher com-
pared with the ordinary mixture. However, the corrected
expansion rates are less than 0.5% when ignoring the ex-
pansion that is not caused by lime. Steel slag would be
wrapped around a layer of asphalt film during the forming
process of asphalt mixtures. *e excellent waterproof
property of asphalt effectively prevents the junction of free
calcium oxide and moisture in the steel slag. Consequently,
the chance of hydration reaction between lime and water
vapor is greatly reduced. *erefore, an appropriate oil-stone
ratio can ensure that each aggregate is tightly wrapped by the
oil film which can inhibit the expansion of the asphalt
mixture with steel slag. *e experimental results also show
that the expansion of the ATB-25 graded mixture is more
obvious than that of AC-20 and AC-16. *e expansion
phenomenon is more obvious in the gradation with more
large-sized steel slag. In other words, the expansion ex-
periment results of the mixture are consistent with the
expansion results of the steel slag aggregate. *e same
conclusion was also reported by Chen et al. [1].

3.3. Resource and Economy Analyses

3.3.1. Resource Benefits Assessment. *ere are two ways to
replace natural aggregate with BOF slag, namely, full re-
placement (100% aggregate substituted) and partial re-
placement (BOF slag as coarse aggregate). *e higher the
proportion of steel slag in the asphalt mixture, the greater the
possibility of expansion cracks in the road. *us, steel slag is
generally not used to replace natural aggregates fully in
practical applications. When BOF slag partially replaces
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natural aggregates, it is more reasonable to use only the
particle size larger than 2.36mm to blend into the mixture.
On the one hand, the coarse aggregate of steel slag can
further reduce the amount of asphalt and reduce the cost of
preparation. On the other hand, the dust content on the
surface of steel slag coarse aggregate is much lower than that
of fine aggregate. High dust content will affect the normal
operation of the machine during mixing [43]. For the
completeness of the research, this study carried out field
application of the above two ways of replacing natural ag-
gregate with steel slag.

Figure 6 uses the lower surface course as an example to
show the demand for various raw materials for a 10 km
single-lane road (the width is 3.75m and the thickness is
0.11m) for three different gradations. NA means that all the
aggregate uses basalt; BOFA means that all the aggregate
uses steel slag; BOFA (C) indicates that the coarse aggregate
uses steel slag. It can be seen from Figure 6 that 7,870 tons of
basalt can be saved per 10 kilometers of a single-lane road
when the coarse aggregate is replaced by BOF slag. Mean-
while, 9,070 tons of waste steel slag can be disposed of.
However, the amount of asphalt and filler have increased by
23 tons and 194 tons, respectively, due to the porous
properties of steel slag.When natural aggregates are replaced
by steel slag fully, 9,670 tons of basalt can be saved for every
10 kilometers of single-lane road, and 12,490 tons of waste
steel slag can be disposed of, which is a meaningful pro-
tection method for the environment and the land. *e
amount of asphalt and filler increased by 40 tons and 210
tons accordingly. *e number of saved materials and waste
disposal of the surface source are listed in Table 5.

Marina also pointed out in his life cycle assessment
(LCA) study on steel slag that the high yield of steel slag
means that slag accumulation is a thorny issue. It is an
urgent need for the environment to avoid the burial of
such wastes and give them value for use [44]. From
Figure 6 and Table 5, it can be concluded that the asphalt
mixture prepared by steel slag instead of natural

aggregates can save a large amount of nonrenewable stone
resources. Meanwhile, a great deal of steel slag is utilized
resourcefully, which is beneficial to the land, water re-
source, and air. *e application of steel slag in asphalt
concrete may be its best destination. Although the amount
of asphalt binder and filler will increase due to the porous
nature of the steel slag, in general, the resource advantages
of steel slag used as aggregate in pavement engineering are
enormous. Meanwhile, the cost changes caused by steel
slag as aggregate will be described in detail in the next
chapter.

3.3.2. Economy Benefits Assessment. To briefly illustrate the
cost advantages of steel slag over natural aggregates, a road
whose length and width are 10 km and 3.75m is used to
calculate the cost. *e raw materials cost decrements of all
types of substitute positions and substitute modes with BOF
slag were calculated and compared with ordinary asphalt
mixture. *e price list of the full replacement and partial
replacement of natural aggregates by BOF slag is shown in
Table 6. *e cost reduction rates for different substitute
modes and substitute positions are shown in Figure 7. It can
be derived from the analysis results that the cost decrement
rates of partial replacement are 8.99%, 7.46%, and 14.13%
lower than no replacement when substitute occurs in upper,
middle, and lower surface course, respectively, and the cost
decrement rates of full replacement are 12.66%, 13.36%, and
21.48% lower than no replacement when substitute occurs in
upper, middle, and lower surface, course respectively. When
the cost of each layer of the road is considered as a whole,
partial replacement or full replacement can save 10.87% or
16.87% of the cost compared with basalt used as aggregate,
respectively. It is indicated that natural aggerate is replaced
by BOF slag has remarkable economic benefits. It is also
found that the total replacement of natural aggregate by BOF
slag is more economical than partial replacement. However,
the mainstream view is that the use of more steel slag fine
aggregate will lead to the increase of asphalt dosage and thus
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increase the cost [43]. *ere may be two main reasons why
the conclusion of this study deviates from the traditional
viewpoint. (1)*e calculation method in this article does not
consider the transportation cost of steel slag because it is
based on local materials. (2) A large amount of hydration
reaction products on the surface of steel slag blocked the
existing pores to a certain extent and reduced its oil ab-
sorption capacity [1].

It is worth noting that the transport distance of BOF
slag used in this study is much smaller than that of natural
aggregate. Consequently, transport costs are not taken into
account in the assessment of the economic benefits.
However, the density of steel slag is generally greater than
that of natural aggregates such as basalt and limestone.
*erefore, the decision should be made according to the
actual situation in the application. In a study conducted by
Grncel, they can tolerate the increase in transportation
costs due to their excellent durability over natural aggre-
gate. *e cost and frequency of maintenance and reno-
vation of asphalt roads will be greatly reduced by the
application of steel slag [45]. In another study, Marina
found that the BOF slag still shows benefits for a delivery
distance up to 200 km. However, the economic benefits of
steel slag must be carefully decided when the transport
distance is up to 400 km [44]. It is suggested that the road
project manager should choose the most suitable aggregate
according to the actual cost brought by the transportation
distance.

4. Conclusions

In this research, BOF slag was investigated as an alternative
aggregate in asphalt mixture to enhance sustainability. *e
volume stability, resource benefits, and economical assess-
ments of steel slag were evaluated based on laboratory
analysis and field application. According to the experimental
results, the following conclusions can be drawn:

(1) *e free calcium oxide content of the BOF slag used
in this research is only 1.2958%, which is far lower
than the industry standard of 3%. Besides, hydration
treatment can effectively reduce the content of free

Table 5: Material savings per 10 kilometers of a one-lane road.

Substitute position Substitute mode
Saving (t) Disposition (t)

Asphalt Filler Nature aggregate BOF slag

Upper surface course Partial −29 −45 3606 5214
Full −35 −46 5113 6716

Middle surface course Partial −23 −81 2870 3996
Full −35 −93 4306 5242

Lower surface course Partial −23 −194 7870 9070
Full −40 −210 9670 12490

Table 6: Price list of asphalt mixture with BOF slag.

Substitute position Substitute mode
Materials requirements (t) and unit price (CNY/t) Total

price(CNY)Asphalt Price Filler Price Nature aggregate Price BOF slag Price

Upper surface
course

None 202 5000 (modified
asphalt)

135
200

4306
170

0
60

1769020
Partial 225 216 1188 3996 1609920
Full 237 228 0 5242 1545120

Middle surface
course

None 242 5000 (modified
asphalt)

161
200

5113
170

0
60

2111410
Partial 271 206 1440 5214 1953840
Full 277 207 0 6716 1829360

Lower surface
course

None 380 4000 (virgin
asphalt)

300
200

9670
170

0
60

3223900
Partial 403 494 3020 9070 2768400
Full 420 510 0 12490 2531400
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Figure 7: Cost reduction rates of BOF slag as aggregate.
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calcium oxide in BOF slag, which has reference
significance in practical engineering.

(2) *e content of free calcium oxide in BOF slag is
proportional to the particle size. However, the maxi-
mum allowable free calcium oxide content in BOF slag
is inversely proportional to the particle size.*is means
that the expansion of steel slag with large diameter
should first be paid attention to in practical applications.

(3) *e optimum moisture content of steel slag aggre-
gate used in this study is 2.0%. *e result of the
expansion experiment of the aggregate shows that
the expansion of the steel slag reaches the peak value
after 6 days of immersion in water. However, the
maximum expansion is only 0.661mm, which is far
less than the maximum requirements in the
specification.

(4) *e expansion of steel slag asphalt concrete is less
than 0.5%. *is may be attributed to the excellent
waterproofing effect of the asphalt film on the outer
layer of steel slag.

(5) *e use of BOF slag in road construction can alle-
viate the pressure of the shortage of natural aggregate
resources. Meanwhile, BOF slag may increase the
demand for asphalt and filler due to its porosity and
high density.

(6) *e use of BOF slag to replace natural aggregates in
pavement engineering has significant economic
benefits. When all the aggregate of asphalt mixture is
replaced by steel slag, the cost of rawmaterials can be
reduced by 16.87%. Consequently, the application of
steel slag in asphalt pavement becomes a better
scheme that contributes to sustainable development.
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