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Abstract: Steel slag has been commonly used in road engineering as cementitious material; however,
its application in base course is not widely reported. Four contents of steel slag (0%, 30%, 50%,
75% by volume) were blended into different cement (3%, 4%, 5%, 6% by weight)-treated aggregates.
Mechanical properties, volume stability, economic benefits and environmental influences of steel
slag mixtures were investigated for the feasibility of applying steel slag in semi-rigid base course.
Abrasion, crushing and elongated particle content were compared against limestone aggregate,
showing that steel slag has the potential of replacing natural aggregate in concrete. Steel slag is
beneficial for reinforcement of the strength and stiffness. The mixture has the highest strength
and stiffness when bended with 50% steel slag at 4% cement content. By treating steel slag with
CH3COOH or adding silica fume, volume expansion of steel slag can effectively be controlled. Larger
size steel slag (>4.75 mm) and higher cement content are recommended due to heavy metal leaching
risk, especially in salty humid areas. Steel slag has sound economic benefits due to the relatively
low price. Environmental benefits can also be achieved given that the transport CO;¢q emission of
steel slag is accounted for. With proper control in production process, steel slag is a very promising
alternative material to be utilized in cement-stabilized base course in road engineering.

Keywords: steel slag; cement-stabilized aggregate; base course; mechanical properties; volume

expansion; environmental impact

1. Introduction

Road infrastructure in China has experienced a fast development in the past three
decades. The total mileage of motorway is over 5 million kilometers at the end of 2021,
including nearly 160 thousand kilometers of high-speed expressway [1]. In the meantime,
about 800 thousand kilometers of motorway needs rehabilitation or maintenance each year.
A large number of aggregates are required to meet the needs of new constructions and
maintenances, rendering a huge burden on natural resource and environment protection.
There are urgent needs for sustainable and environmental substitute for natural aggregates
in road engineering. At the same time, industrial wastes have increased as a result of rising
population and technological development, posing increasingly serious social problems
and environmental threats. Innovative approaches have been studied to decrease these
wastes, or, as a clearer option, turn them into valuable reserves [2,3]. For several decades,
various industry wastes have been extensively studied to replace aggregates or to enhance
performance of construction materials [4-6].

Steel slag is one of the by-products generated in steel making process. China’s crude
steel production reaches 1.03 billion tons in 2021 [1]. According to production rate of
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60~150 kgt ! based on the current refining processes, the steel slag production is around
60~150 million tons yearly. A huge quantity of steel slag needs to be handled properly.
Nevertheless, compared to 85~98% of utilization rate in industrialized countries such as
USA, Europe and Japan, the utilization in China is only at 29.5% [7]. Most of it is piled up
or disposed as landfill, which not only occupies land resource, but also causes leaking of
harmful component.

The physic properties of steel slag, i.e., hardness, crushing and grinding, makes it
adequate for road engineering. If used appropriately, steel slag can partially or fully replace
aggregates in mixtures; not only can the shortage of construction resources be alleviated,
but also the damage to environment can be reduced. The utilization of steel slag for road
construction in the United States is at nearly 50%; in Europe at 43%, and in Japan at 32.4%,
whilst in China it is only at 7.6% [7]. Much work has been done to apply steel slag in asphalt
pavement in recent years. He et al. and Skaf et al. have argued that road construction is
the most effective and lowest-cost way to utilize steel slag [8,9]. Studies have suggested
that electric steel slag displayed almost the same mechanical and physical properties as
traditional aggregates [10,11]. Scholars have also found that steel slag can improve high
temperature performance [12,13], moisture stability [14] and fatigue [15] of asphalt mixture
significantly. Moreover, the solutions to obtain functional pavement such as improving skid
resistance [16], deicing [17] and self-healing material [18] became more vital and diverse
with the application of steel slag. In addition, the utilization of steel slag mixtures has sound
economic benefit and potential environmental benefits compared to traditional mineral
aggregate mixtures [19-21]. Despite the many merits of steel slag over natural aggregates,
the applications of steel slag in paving material are still conservative. Concerns include
physical and morphologic property, replacement content, long-term volume stability and
environmental impacts [22-24].

Previous studies on steel slag in road engineering mainly focus on asphalt mixture
and surface course, relatively few on applications of incorporating steel slag in base layer.
Based on the reality that cement-stabilized base is the main base type, and the massive
slag waste in China at this stage and beyond, the utilizing of steel slag in cement-stabilized
base was investigated in this study. We designed four levels of replacement: 0%, 30%,
50% and 75% of steel slag, and the optimal moisture contents were determined through
compaction test. Performances of samples with different steel slag contents were evaluated.
Unconfined compressive strength, bending strength and resilient modulus were tested
for mechanical properties. Volume expansion of steel slag and dry shrinkage of steel slag
mixture were also checked. Environmental impacts were evaluated in view of heavy metal
leaching and carbon footprint. Other means including SEM, X-ray and FAAS were also
employed to check the surface morphology, element distribution and chemical composition
to comprehend the strength development and environmental impacts of steel slag in
cement-stabilized semi-rigid base.

2. Materials and Specimen
2.1. Materials

The steel slag used in this study was obtained from Shenglong Steel Mill and the
limestone was from a quarry, in Fangchenggang, Guangxi, China, as displayed in Figure 1.
Cement of 42.5 MPa was produced by Runfeng. Physical and mechanical properties of steel
slag and limestone are compared in Table 1. As properties of steel slag would change with
aging time, samples were examined at different aging times, namely, 0 months, 6 months
and 12 months. Although decreasing slightly with aging time and varying with particle
size, the apparent density of steel slag is about 25~36% higher than that of limestone. At the
same time, crushing, abrasion and elongated particle content of steel slag are smaller than
those of limestone. Water absorption of steel slag is higher, which can be explained by the
porous surface shown in the multi-scale images by Scanning Electron Microscopy (SEM)
in Figure 2. However, the water absorption decreases with aging time. Table 2 records
the chemical compositions of steel slag through an X-ray fluorescence semi-quantitative
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analysis. The most prominent component is CaO, followed by Fe,O3 and SiO;, accounting
for about 84% altogether. It is notable that f-CaO and {-MgO experience steady declines
with aging time. Metal constitutes of the steel slag were detected with grinded steel slag
powder (<0.125 pm) by the Flame Atomic Absorption Spectrophotometer (FAAS). Heavy
metal elements of steel slag with 12 months of aging are displayed in Figure 3. Mn, Cr and
V are the top 3 heavy metals.

- Steel slag: Steel slag:
9.5~19 mm 4.95~9.5 mm
o ! ~

Figure 1. Aggregates of limestone and steel slag.

Table 1. Physical and mechanical properties of steel slag and limestone.

Steel Slag
Li
Index Aging 0 Month Aging 6 Months Aging 12 Months imestone

Apparent densi 4.75~9.5 mm 3.551 3.482 3.374 2.661
pp o ey ty 9.5~19 mm 3.556 3.49 3.387 2,641
& 19~26.5 mm 3.555 3.475 3.397 2.667
Crushing value (%) 17.4 184 19.2 254

Abrasion (%) 12 12.5 13 22.7

Elongated or flaky particle content (%) 4.6 3.9 32 53
0.5h 1.10 1.08 1.01 0.29

1h 2.25 222 2.11 0.61

2h 2.45 241 2.30 0.64

PN 4h 2.54 2.48 2.33 0.71

Water absorption (%) 8h 2.66 2.60 241 0.72
12h 2.76 2.68 2.44 0.80
24 h 2.96 2.87 2.53 0.92
48h 3.08 2.95 2.69 1.02

Meso-scale Micro-scale

Macro-scale

Figure 2. Multi-scale structure of steel slag by SEM.
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Table 2. Chemical composition of steel slag (%).

Oxide Type CaO Fe, O3 SiO, MgO Mn Al,O3 P,0s5 f-CaO f-MgO  Others
Aging 0 month 48.26 19.01 16.41 6.6 3.74 3.73 1.23 3.42 0.037 1.02
Aging 6 month 44.5 20.62 17.86 6.43 3.56 3.54 1.65 2.43 0.034 1.84

Aging 12 month 40.74 22.23 19.31 6.26 3.38 3.35 2.07 1.44 0.028 2.66

0.59 035 0.0078

1.04

N

EMn ECr 8V Zn ENi 5Cu

Figure 3. Heavy metal components of steel slag.

2.2. Mixture Design and Specimen Preparation

The particle sizes of steel slag on site mainly lie between 4.75 mm~19 mm, as Figure 1
shows. Due to the differences of density between steel slag and limestone, volume was
chosen as an indicator for steel slag replacement. Thus, a volume-mass conversion was
performed on aggregates of steel slag and limestone. The composite gradation of “steel
slag + limestone” mixture in 0.45 power chart is illustrated in Figure 4.
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Figure 4. Mixture gradation.

Cement-treated aggregates with four steel slag contents of 0% (control group), 30%,
50%, 75% and four cement contents of 3%, 4%, 5%, 6% were formulated. The samples
of different steel slag contents were compacted using impaction test method as per JTG
E51-2009 [25] to determine the relationship between water content and dry density. The
determined optimum moisture content (OMC) and maximum dry density (MDD) are listed
in Table 3. With steel slag content growing, the OMCs and MDDs of mixture increase. OMC
of samples with 50% steel slag is about 30% higher than that of the control group.
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Table 3. OMC and MDD of different steel slag content and cement content.

Combinations OMC (%) MDD (g/cm?)
0% steel slag + 3% cement 3.98 2.237
0% steel slag + 4% cement 4.10 2.325
0% steel slag + 5% cement 4.32 2414
0% steel slag + 6% cement 4.87 2.498
30% steel slag + 3% cement 411 2.344
30% steel slag + 4% cement 431 2.409
30% steel slag + 5% cement 4.55 2.450
30% steel slag + 6% cement 5.17 2.542
50% steel slag + 3% cement 5.01 2.503
50% steel slag + 4% cement 5.37 2.544
50% steel slag + 5% cement 5.62 2.579
50% steel slag + 6% cement 6.27 2.599
75% steel slag + 3% cement 6.97 2.606
75% steel slag + 4% cement 7.21 2.620
75% steel slag + 5% cement 7.38 2.641
75% steel slag + 6% cement 8.11 2.653

The cylindrical specimens with dimension of @ 150 mm x 150 mm were adopted
for unconfined compressive strength (UCS), unconfined compressive resilient modulus
(UCRM) and volume expansion tests. Prism specimens with dimension of
100 mm x 100 mm x 400 mm were used for bending strength (BS) and dry shrinkage
tests. The samples were controlled at 98% compactness and at least four duplicates were
prepared for each test. Samples for UCS and dry shrinkage test were cured in standard
condition (temperature of 20 £ 1 °C, humidity of 95 &+ 5%) for 7 days, while samples for
UCRM and BS test were cured for 28 days. The production and curing process of samples
are shown in Figure 5.

Figure 5. Specimen preparation and curing.

3. Methodology
3.1. Mechanical Test

To investigate the influence of steel slag on strength and stiffness, the UTM-100
servo-hydraulic multi-functional material test system was employed to test unconfined
compressive strength (UCS), bending strength (BS) and unconfined compressive resilient
modulus (UCRM). When the samples were subjected to UCS test, the loading rate was
set to 1 mm/min, while in the BS test, the loading rate was set to 50 mm/min, as per JTG
E51-2009 [25]. For the UCRM test, the specimens were subjected to five loading levels, with
the maximum load of 65% of the strength, as per JTG E51-2009 [25]. The mechanical tests
are shown in Figure 6.
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Figure 6. Mechanical properties test.

3.2. Volume Stability Test

The volume stability test consists of two parts: the volume expansion of steel slag
and the dry shrinkage of cement-stabilized aggregates containing steel slag. The safety of
highway is affected by the possible expansion caused by {-CaO and f-MgO in steel slag.
Steel slag with no aging was compacted at OMC, and soaked in water in the mold with
permeable platters at each end. Dial directors were set to monitor the volume increase for
10 consecutive days. Samples treated with CH3COOH or silica fume were also tested to
clarify their inhibition effect on volume expansion. To explore the shrinkage of mixture
with different steel slag contents, after curing in standard condition for 7 days, prism
samples were examined for initial mass and length and then set in a condition of 20 = 1 °C
and 60 £ 5 % humidity with both ends measured with dial directors to monitor the length
change due to dry shrinkage. The mass and length of samples were recorded every day
during the first 7 days, every other day from 7th to 28th day, and on the 60th and 90th day.
In the end, the specimens were heated to constant weight. Length and mass of the final
state were measured. The volume expansion of steel slag and dry shrinkage of cement
concrete with steel slag are in Figure 7.

Figure 7. Volumetric properties test.

3.3. Heavy Metal Leaching Test

The heavy metal pollution of steel slag was examined through precipitation of Cr and
V. Influence of particle size, cement content and water salinity were evaluated. An amount
of 100 g of steel slag with different particle size from less than 0.075 mm to larger than
26.5 mm (Figure 8a) was put into 200 mL pure water for 24 h. To check the influence of
cement content on metal precipitation, samples of ® 150 mm x 150 mm containing 50%
steel slag with 4%, 5% and 6% cement content (Figure 8b) were prepared and put into
3250 mL pure water to be fully emerged. A control group with no steel slag was examined
as well. As Fangchenggang is a coastal city in southern China, heavy metal precipitation in
seawater environment was also checked. To eliminate size effect, the steel slag aggregates
were grinded into powder, and 100 g samples were put in 200 mL water of 0%, 0.5%, 1%,
1.5%, 2%, 2.5% salinity (Figure 8c). Change of heavy metal in the water was detected every
4 h for a total duration of 24 h.
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Figure 8. Heavy metal leaching test. (a) Steel slag aggregates of different particle size; (b) Samples
with different cement content; (c) Containers with different seawater salinity.

3.4. Economic Evaluation and Carbon Footprint Simulation

A case study of cement-stabilized aggregate base course for a typical four-lane highway
with a dimension of 1 km long, 20 cm thick and 32 m wide was conducted to investigate
economic gains and greenhouse gas (GHG) emissions. In the definition of cement-treated
aggregates, mainly Portland cement and gravel constitute the composition. Water is not
considered in the subsequent calculation due to its small amount. The consumptions of
steel slag, limestone aggregate and cement were determined based on the compaction
experiments (Table 3). Market prices of raw materials were surveyed. In the transportation
cost calculation, compared to the commonly seen natural aggregate quarries located in
many parts of the country, steel slag appears only in fixed steel mills. Silica fume is also
hauled long distance from manufactories. As a result, the average transport distance of
40 km for cement, 40 km for limestone, 100 km for steel slag and silica fume were assumed.

To further compare the environmental impacts of cement-stabilized aggregate with
steel slag in the aspect of equivalent CO, (COy¢q) emission, life cycle analysis (LCA) models
of cement-stabilized aggregate base course were prepared with SimaPro 9 software. The
methodology of LCA consists of 4 stages including goal and scope of the project, inventory
analysis, impact assessment and interpretation of results. Correspondently, the research
methodology followed for this research is represented in Figure 9. Consumption of natural
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resources and COpeq emission for mix preparation is considered the project’s goal and scope.
In inventory analysis, binder materials and aggregates are considered from the Ecoinvent
database as per European standards. In the LCA assembly stage, for mix preparation, all
the binders, minerals and steel slags are evaluated as per the mix compaction as indicated in
Table 3. Since steel slag is recycled as a by-product of steelmaking, the energy consumption
of producing steel slag is zero. The only major environmental impact of steel slag is the
transport process. Table 4 collects the energy consumption data for cement and limestone
production life cycle analysis (LCA) [19]. In the impact assessment, the ReCiPe 2016
midpoint method was used in SimaPro for LCA [26-28]. The mid-point implications
include climate change challenges, human toxicity, loss of the ozone layer, acidification,
and abiotic capital depletion, and is classified as more precise. Electricity was the final
contribution to the mix phase. Energy is necessary to blending the ingredients to obtain
the end product. The shipping of the material was also taken into account, by 32-ton
trucks. The average transport distance of 40 km for cement, 40 km for limestone, 100 km for
steel slag and silica fume were assumed. Global and European database values available
in SimaPro 8.4 were used to characterize and normalize the environmental impacts of
the products.

Raw material extraction

A

Cement Natural Aggregate
Produﬁtion Production
[
Natural
3 Aggregate
@rtation Cement
A Steel slag

Mix preparation

Figure 9. Virtual process for the cement-stabilized aggregate mix preparation.

Table 4. Energy consumptions for unit material production [19].

Materials Electricity (M]/kg) Diesel (M]/kg)

Cement 0.36 -
Limestone 0.00828 0.000542
Steel slag - -

4. Results and Discussions
4.1. Mechanical Properties

The UCS (Figure 10a), BS (Figure 10b) and UCRM (Figure 10c) are overall positively
related to cement content and steel slag: with steel slag replacement content increasing,
UCS and BS keep climbing until reaching its peak at 50% replacement, followed by a
small decrease. The average UCS of 4% cement treated aggregates without steel slag is
3.73 MPa, comparatively, UCS of specimens with 30% steel slag is 4.33 MPa, about 15%
higher, met the strength requirement of cement-stabilized base for heavy traffic pavement
(4.0~6.0 MPa) [29]. Especially when steel slag content is at 50%, the UCS is around 5.4 MPa,
meeting the strength requirement of cement-stabilized base for extremely heavy traffic
pavement (5.0~7.0 MPa) [29]. In other words, steel slag could be applicated in cement-
stabilized base for heavy traffic pavement.
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Figure 10. Mechanical properties of mixtures with steel slag. (a) UCS at 7 d; (b) BS at 28 d; (c) UCRM
at28d.

In general, when steel slag content increases from 0 to 50%, the strength and stiffness
increases. This is because steel slag is a very strong material with rough surface that
strengthens the particle extrusion, which helps form a strong aggregate skeleton to increase
the resistance to damage. Moreover, the cementitious components of C3S/C,S contained in
steel slag are hydrated to obtain C-5-H gel [30], which constitutes the fundamental building
block of hydrated cement and makes the system stronger:

2(3Ca0-Si0;) + 6H,0—3Ca0-2Si0,-3H,0 + 3Ca(OH),, 1)

2(2Ca0-Si0,) + 4H,0—3Ca0-2Si05-3H,0 + Ca(OH),. @)

In the event that gypsum is present in cement clinker, C3A would also react with CaSOy4
to form trisulfide calcium aluminate hydrate (CgASsH3;). The internal voids of cement



Materials 2022, 15, 8277

10 of 17

slurry and surface porosity of steel slag are filled with these two hydration products, and the
bonding effect of cement particle is improved. Apparently, the cementitious components
contained in steel slag would help increase the hydration products, thereby reinforcing the
mechanical performance and durability of the mixture.

However, when the content of steel slag further increases, the high porosity of steel
slag increases the voids in the sample. Some of the cement would be adsorbed and wrapped
in the surface porosity of steel slag and insulate from further hydration reaction, which is
unbeneficial to the strength formation. In this study, when steel slag increases from 50%
to 75%, the 7d UCS experienced a decline of 6~14%, and 28 UCRM a decline of 14~18%,
indicating that the adverse effects of porosity began to overtake the positive effects of rough
surface and gelling composition when replacement content of steel slag is too high. The
recommended steel slag replacement is about 50% based on the test results in this study.

4.2. Volume Stability
4.2.1. Volume Expansion of Steel Slag

The volume changes of steel slag are displayed in Figure 11. As is shown, the volume
of steel slag increases sharply with immerging time. This is mainly due to the reaction
of f-CaO contained in steel slag with water. The volume expansion can be significantly
reduced by treating the steel slag with CH3;COOH or adding silica fume. As can be seen,
the volume expansion has a negative relation with CH3COOH concentration or silica fume
content. In this study, volume expansion of steel slag treated with 15% CH3COOH or 4.8%
silica fume is reduced very close to 0%. However, the expansion rises again when silica
fume is increased to 9.6%; the excessive silica fume downgrades the skeleton structure of
aggregate and decreases the interlock of aggregates. To assure the volume stability in the
long run, it is recommended that the content of silica fume should be strictly controlled,
preferably around 4.5%.

—— Control group —<— 10% CH3COOH for 6 h
3.50 4 10% CH3COOH for3h ~ —&— 15% CH3COOH for 3 h
—<&— 15% CH3COOH for 6 h —a&— 20% CH3COOH for 3 h
3.00 —6—20% CH3COOH for 6 h
S
~ 250 4
=
g
£2.00 A
(=%
<
o
g 1.50 A
£
2
2 1.00 4
0.50 A
0.00
0
Time / d
(a)
150 —— Control group —o— 0.6% Silica fume
: 1.2% Silica fume 2.4% Silica fume
—o— 4.8% Silica fume —+— 9.6% Silica fume
3.00
=X
= 2.50
=
.2
2 2.00
<
o
5
= 1.50
Q
g
E]
© 1.00
>
0.50
0.00 T T T T )
0 2 4 Time / d 6 8 10
(b)

Figure 11. Volume stability results. (a) Treated with CH3COOH; (b) Addition of silica fume.
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Moisture loss rate / %

To ensure long-term performance, there are several recommendations to control the
possible expansion of steel slag: Firstly, steel slag should be detected for active substances
(free calcium oxide or free magnesium oxide). Unreliable source of steel slag with high
content of f-CaO or -MgO should not be used. Secondly, steel slag needs to be treated
to mitigate the expansion effects, either by aging for a period of time (as indicated that
f-CaO or £-MgO of steel slag steadily decline with aging time in Table 2), or treated with
appropriate CH3COOH or silica fume. Moreover, adding silica fume to steel slag during
production process when it is still in liquid molten state is an effective solution [21].

4.2.2. Shrinkage of Steel Slag Mixture

The recorded weight and length change of cement-stabilized mixes were employed to
calculate the moisture loss and shrinkage coefficients (Equations (3) and (4)).

m; — njq

Wi = Tc 3)
ng = gji )

where ¢; is the shrinkage strain; w; is the moisture loss rate; m; is the specimen weight; m,
is the constant dry weight of specimen; «; is the shrinkage coefficient.

Cumulative moisture loss rates and shrinkage coefficients and represented in Figure 12.
The moisture loss increases fast for the first few days because of free water evaporation. The
moisture loss at stable stage (after 30 days) of samples with 50% steel slag is much higher
than those with no steel slag, reflecting the fact that higher steel slag content corresponds
to higher water loss due to the higher water content. This reminds us that more attention
should be given to the moisture maintenance of cement-stabilized base with steel slag in
the first 1~2 weeks to reduce moisture loss. Then, it began to climb slowly. This stage is the
gradual bound water loss with time. After about 30 days, the water loss becomes stable. It
is found that steel slag inhibits the drying shrinkage: the shrinkage coefficients decrease
at higher steel slag content. The final shrinkage coefficients of samples with 50% of steel
slag are about 40% less than the control group. It is also evident in previous research that
the expansion caused by {-CaO and {-MgO contained in steel slag may counteract partial
shrinkage [31].

160 -
—a ]

._.

'S

(=]
L

—8— 0% steel slag

30% steel slag
—o— 50% steel slag
—a— 75% steel slag

—

[N

S
1

—_

(=3

(=]
1

—B— —8

—&— 0% steel slag
30% steel slag

Dry shrinkage coefficient
o0
(=)

—o— 50% steel slag 60 -
—a— 75% steel slag
40 -
20 A
0 T T T T |
0 20 40 60 80 100 0 - - - - -
Time / d 0 20 40 Time / 460 80 100
(a) (b)

Figure 12. Shrinkage of mixtures with different steel slag content (4% cement content). (a) Moisture
loss; (b) Shrinkage coefficient.

4.3. Heavy Metal Leaching

Cr and V leaching of different particle sizes are listed in Tables 5 and 6. It is clearly
shown that heavy metal leaching of small particle size is much higher than that of large
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ones. Cr precipitations of 4.75~9.5 mm, 9.5~19 mm, 19~26.5 mm particles are 60%, 67% and
71% lower than of those passing 0.075 mm, respectively. V precipitations of 4.75~9.5 mm,
9.5~19 mm, 19~26.5 mm particles are about 40%, 60% and 64% lower than of those passing
0.075 mm, respectively. Small particle size has higher specific surface area, meaning more
contact area with water. In this sense, it is recommended that steel slag used in cement-
stabilized base be not smaller than 4.75 mm.

Table 5. Cr precipitation (mg/L).

Time <0.075 0.075~0.6 0.6~2.36 2.36~4.75 4.75~9.5 9.5~19 19~26.5
4h 7.945 6.214 4.997 4.103 3.412 2.845 2217
8h 8.213 6.945 5.275 4.833 3.789 3.170 2.454
12h 8.517 6.843 5.678 4.791 3.615 2.576 2.526
16 h 8.342 6.732 5.161 4.894 3.849 2.755 2.498
20h 8.401 6.648 5.501 4.797 3.380 3.007 2.505
24h 8.443 6.713 5.329 4.901 3.667 2.571 2.536
Table 6. V precipitation(mg/L).
Time <0.075 0.075~0.6 0.6~2.36 2.36~4.75 4.75~9.5 9.5~19 19~26.5
4h 5.562 4715 4.210 3.732 3.489 2.241 1.985
8h 5.746 5.213 4.874 4.125 3.889 2.515 2.221
12h 6.245 5.632 5.187 4.402 3.914 2.626 2314
16 h 6.454 5.621 5234 4.698 3.951 2.648 2.369
20h 6.354 5.598 5.146 4.526 3.879 2.545 2.254
24h 6.21 5.634 5.098 4.395 3.881 2.556 2.246
Precipitations of Cr and V with different cement content are shown in Figure 13. The
precipitation of heavy metal decreased significantly after being mixed with cement, as
more cement mortar provides better coverage and inhibits heavy metal from leaching into
surrounding environment. Compared to 4% cement, precipitation of Cr and V at 6% cement
declined about 25% and 35%, respectively.
4 - 4 1
3.5 1 3.5 1
a3 —a— Control group 3 31 —&— control group
énz 5 | 4% cement %" 25 | 4% cement
g —o— 5% cenemnt = —o— 5% cenemnt
T 2 —#— 6% cement '% 2 - —a— 6% cement
£ E
5} - (o] .
g 1.5 % 1.5
5 1 SR
A A A S
0.5 1 T 0.5 - o
s— A 2 A A—B
0 T T T T T ] 0 T T T T T ]
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time / h Time / h

Figure 13. Heavy metal precipitation of different cement content.

The precipitation of heavy metal was also checked in salty water. The salinity of sea
water nearby Fangchenggang is about 2%. Figure 14 demonstrates that 24 h cumulative
precipitation of Cr and V at 2% salt water are nearly threefold and double those in pure
water, respectively. The active ions contained in salty water can react with the metal ions
in steel slag, and also would corrode the covering cementitious material which in turn
promotes heavy metal precipitation. When utilized in salty water environment, stricter
measurements should be implemented to prevent possible heavy metal pollution.
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Figure 14. Heavy metal precipitation at different salinity.

4.4. Economic and Carbon Footprint Analysis

Steel slag has shown sound performance following similar procedures of pavement
engineering; the economic cost and greenhouse gas (GHG) emission are two other aspects
to check. The material and transport costs were calculated for 50% and 30% steel slag
replacement, as shown in Table 7. Due to the low price of steel slag, the total costs of steel
slag mixture can be saved approximately by about 22% (50% steel slag replacement) and
15% (30% steel slag replacement). Even with 3% silica fume added, the total costs can
still be economized by 12% and 10%, respectively, indicating that the steel slag has sound
economic gains.

Table 7. Costs of material and transportation.

Cement-Stabilized
Cement-Stabilized Limestone + 50% Cement-Stabilized
Limestone + 50% Steel Limestone + 30%

Cement-Stabilized

Cement-Stabilized Limestone + 30%

Item Unit/(¥/t) * Limestone Steel Slag Slag + 3% Silica Steel Slag Steel slag + 3%
Silica Fume
Fume
Amount/t Cost/¥ Amount/t Cost/¥ Amount/t Cost/¥ Amount/t Cost/¥
Materials Cement 500 595 297,600 644 321792 644 321,792 609 304,512 609 304,512
Limestone 100 14,880 1,488,000 7388 738,808 7388 738,808 10,118 1,011,828 10,118 1,011,828
Steel slag 10 - - 8702 87,015 8702 87,015 5107 51,073 5107 51,073
Water 4 634 2221 899 3145 899 3145 682 2389 682 2389
Silica fume 700 - - - - 261 182,732 - - 153 107,254
Transportation tkm 0.35 212,486 412,491 421,628 324,675 330,038
Total - 2,000,307 1,563,252 1,755,120 1,694,477 1,807,093

Note *: The unit price is from Fangchenggang Construction Bureau in March 2022, China.

The COy¢q emission of different steel slag contents were displayed in Figures 15-18. As
shown in Figures 15-17, for 1 P of cement-stabilized limestone aggregate base course (1 km
long by 20 cm thick by 32 m wide), the CO»eq emission is 3.06 x 10° kg. Comparatively,
the COyeq emissions of 1 P of “30% steel slag +70% limestone” and “50% steel slag + 50%
limestone” base course are 3.18 x 10° kg and 3.37 x 10° kg, respectively. It is found that in
the initial assumption of 100 km transport distance for steel slag the total CO5¢q emissions
of “steel slag + limestone” mixtures actually are higher than the traditional limestone
concrete. The corresponding CO,¢q emissions for each procedure in the mixture production
are summarized in Figure 18. Cement production contributes the most CO¢q emission,
accounting for nearly 60% of the total emission. This adheres to our ordinary expectation
that energy consumption and pollution from cement production is very high. Unlike the
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overall life cycle, economic performance is usually less sensitive to transport distance [32],
COjz¢q emission from material transport is non-neglectable, and it grows with steel slag
replacement. For instance, the COyq emission from material (mainly steel slag) transport
accounts for as high as 30% of the total emission for the “50% steel slag + 50% limestone”
mixture. The environmental impacts of steel slag depend on the weight of steel slag as
well as its haul distance. In this sense, we further calculated the critical transport distance.
The critical transport distance is 59 km for “50% steel slag + 50% limestone” mixture, and
74 km for “30% steel slag +70% limestone” mixture. That is, environmental benefits can
be achieved if the transport distance is below 59 km for “50% steel slag + 50% limestone”
mixture, and below 74 km for “30% steel slag + 70% limestone” mixture.
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limestone

3.06E5 kg CO2 eq

1p
limestone A

1.29E5 kg CO2 eq

1.77E5 kg CO2 eq

1.49E7 kg 1.23E5 MJ 8.06E3 MJ 5.95E5 tkm 5.95E5 kg 2.17E5 M) 1.19E4 tkm
Limestone, crushed,| ici it Heavy fuel oil, Transport, freight, Cement mortar Electricity, Transport, freight,
for mill {CH}| coal, at power burned in refinery lorry >32 metric {CH}| market for bituminous coal, at lorry >32 metric
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Figure 15. COy.q emission of 100% limestone mixture.
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Figure 17. COy¢q emission of 30% steel slag + 70% limestone with transport distance 100 km.
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Figure 18. Detailed CO,.q emissions for each procedure.

5. Conclusions

Steel slag is a promising alternative for natural aggregates in pavement base course.
In this study, different steel slag content (0%, 30%, 50%, 75%) was added to cement-
treated aggregates. Throughout investigations including mechanical properties, volume
characterization, economic benefits and environmental impacts, main conclusions are
as follows:

(1) Compared to traditional mineral aggregate (i.e., limestone), steel slag aggregate has
equal or superior engineering properties, including density, abrasion resistance and
crushing resistance. Due to higher water absorption and larger gravity, the OMC and
MDD increase proportionally as more natural aggregates are replaced with steel slag.

(2) Mechanical properties including strength and stiffness are significantly improved
by steel slag within 50% replacement due to the increased hydration products and
interlocked aggregate structure. However, the porosity and water absorption rate
have greater negative effect on strength when steel slag replacement further increases.

(3) Appropriate treatment with CH3COOH or addition of silica fume can relieve the
volume expansion of steel slag. Nevertheless, excessive silica fume may be detrimental
to the aggregate structure and should be kept within a reasonable content: 3—4.5%.

(4) Smaller particle size shows higher risk of heavy metal precipitation, and the salty
water environment in coastal area adds to it. Large particle size (>4.75 mm) and higher
cement content are recommended to reduce heavy metal leaching threat.

(5) Steel slag mixture has sound economic gains and potential environmental benefits
compared to limestone mixture. However, the transport emission of steel slag should
be accounted for to determine an environmental haul distance of steel slag.

Further research would be focused on long-term performances of cement-treated
aggregate base containing steel slag in real pavement projects in both the theoretic and
engineering aspects.

Author Contributions: Y.H.: Investigation, Formal analysis, Methodology, Writing-original draft,
Funding acquisition; X.Y.: Investigation, Data curation, Formal analysis; S.W.: Investigation, Data
curation; Z.L.: Conceptualization, Supervision, Resources, Funding acquisition. L.L.: Conceptualiza-
tion, Project administration, Writing-review and editing; B.X.: Laboratory test, Data curation. All
authors have read and agreed to the published version of the manuscript.



Materials 2022, 15, 8277 16 of 17

Funding: This work was supported by National Natural Science Foundation of China (52008044);
Natural Science Foundation of Hunan Province (2022]J40479); Excellent Youth Project by Depart-
ment of Education of Hunan Province (21B0296); Open Fund of Engineering Research Center of
Catastrophic Prophylaxis and Treatment of Road & Traffic Safety of Ministry of Education (Changsha
University of Science & Technology) (kfj210401).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest, and no competing
financial interests or personal relationships that could have appeared to influence the work reported

in this paper.

References

1.  National Bureau of Statistics of China. Crude Steel Output. 2021. Available online: http://data.stats.gov.cn (accessed on
25 August 2022).

2. Mesci, B.; Coruh, S.; Ergun, O.N. Use of Selected Industrial Waste Materials in Concrete Mixture. Environ. Prog. Sustain. Energy
2011, 30, 368-376.

3. Ahmad, J.; Zhou, Z.; Martinez-Garcia, R.; Vatin, N.I.; De-Prado-Gil, J.; El-Shorbagy, M.A. Waste Foundry Sand in Concrete
Production Instead of Natural River Sand: A Review. Materials 2022, 15, 2365. [CrossRef] [PubMed]

4. Ahmad, J.; Martinez-Garcia, R.; De-Prado-Gil, J.; Irshad, K.; El-Shorbagy, M.A.; Fediuk, R.; Vatin, N.I. Concrete with Partial
Substitution of Waste Glass and Recycled Concrete Aggregate. Materials 2022, 15, 430. [CrossRef] [PubMed]

5. Kongar-Syuryun, C.; Tyulyaeva, Y.; Khairutdinov, A.M.; Kowalik, T. Industrial waste in concrete mixtures for construction of
underground structures and minerals extraction. IOP Conf. Ser. Mater. Sci. Eng. 2020, 869, 032004. [CrossRef]

6. Taskin, A.; Fediuk, R.; Grebenyuk, I.; Elkin, O.; Kholodov, A. Effective Cement Binders on Fly and Slag Waste from Heat Power
Industry of the Primorsky Krai, Russian Federation. Int. J. Sci. Technol. Res. 2020, 9, 3509-3512.

7. Guo, J.; Bao, Y.; Wang, M. Steel slag in China: Treatment, recycling, and management. Waste Manag. 2018, 78, 318-330. [CrossRef]

8. He, L.; Zhan, C; Lu, S.; Gao, J.; Xie, J.; Ling, T. Application status of steel slag asphalt mixture. J. Traffic Transp. Eng. 2020,
20, 15-33.

9.  Skaf, M,; Manso, J.; Aragon, A.; Fuente-Alonso, J.A.; Ortega-Lopez, V. EAF slag in asphalt mixes: A brief review of its possible
re-use. Resour. Conserv. Recycl. 2017, 120, 176-185. [CrossRef]

10. Martins, A.; Carvalho, J.; Costa, J. Steel slags in cement-based composites: An ultimate review on characterization, applications
and performance. Constr. Build. Mater. 2021, 291, 123265. [CrossRef]

11. Passeto, M.; Baliello, A.; Giacomello, G.; Pasquini, E. Sustainable solutions for road pavements: A multi-scale characterization of
warm mix asphalts containing steel slags. J. Clean. Prod. 2017, 166, 835-843. [CrossRef]

12. Wen, H.; Wu, S.; Bhusal, S. Performance evaluation of asphalt mixes containing steel slag aggregates as a measure to resist
studded tire wear. J. Mater. Civ. Eng. 2016, 28, 1-7. [CrossRef]

13.  Chen, J.; Wei, S. Engineering properties and performance of asphalt mixtures incorporating steel slag. Construct. Build. Mater.
2016, 128, 148-153. [CrossRef]

14. Passeto, M.; Baliello, A.; Giacomello, G.; Pasquini, E. Rheological characterization of warm modified asphalt mastics containing
electric arc furnace steel slag. Adv. Mater. Sci. Eng. 2016, 3, 1-11. [CrossRef]

15.  Shen, A.; Yu, M,; Guo, Y,; Cui, T.; Liu, B. Fatigue properties and improvement mechanism of steel slag asphalt mixture. J. Build.
Mater. 2018, 21, 327-334.

16. 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]

17.  Gao,],; Sha, A.; Wang, Z.; Tong, Z.; Liu, Z. Utilization of steel slag as aggregates in asphalt mixtures for microwave deicing. J.
Clean. Prod. 2017, 152, 429-442. [CrossRef]

18. Sun, Y;; Wu, S.; Liu, Q.; Zeng, W.; Chen, Z; Ye, Q.; Pan, P. Self-healing performance of asphalt mixtures through heating fibers or
aggregates. Construct. Build. Mater. 2017, 150, 673-680. [CrossRef]

19. Anastasiou, E.K,; Liapis, A.; Papayianni, I. Comparative life cycle assessment of concrete road pavements using industrial
by-products as alternative materials. Resour. Conserv. Recycl. 2015, 101, 1-8. [CrossRef]

20. Chen, X.; Wang, H.; Najm, H.; Venkiteela, G.; Hencken, J. Evaluating engineering properties and environmental impact of
pervious concrete with fly ash and slag. J. Clean. Prod. 2019, 237, 117714. [CrossRef]

21. Liu, J; Yu, B,; Wang, Q. Application of steel slag in cement treated aggregate base coarse. |. Clean. Prod. 2020, 269, 121733.
[CrossRef]

22. Guimaraes, A.; Costa, K.; Reis, M.; Santana, C.S.A.; Castro, C.D. Study of controlled leaching process of steel slag in soxhlet

extractor aiming employment in pavements. Transp. Geotech. 2021, 27, 100485. [CrossRef]


http://data.stats.gov.cn
http://doi.org/10.3390/ma15072365
http://www.ncbi.nlm.nih.gov/pubmed/35407698
http://doi.org/10.3390/ma15020430
http://www.ncbi.nlm.nih.gov/pubmed/35057148
http://doi.org/10.1088/1757-899X/869/3/032004
http://doi.org/10.1016/j.wasman.2018.04.045
http://doi.org/10.1016/j.resconrec.2016.12.009
http://doi.org/10.1016/j.conbuildmat.2021.123265
http://doi.org/10.1016/j.jclepro.2017.07.212
http://doi.org/10.1061/(ASCE)MT.1943-5533.0001475
http://doi.org/10.1016/j.conbuildmat.2016.10.027
http://doi.org/10.1155/2016/9535940
http://doi.org/10.1016/j.conbuildmat.2019.117870
http://doi.org/10.1016/j.jclepro.2017.03.113
http://doi.org/10.1016/j.conbuildmat.2017.06.007
http://doi.org/10.1016/j.resconrec.2015.05.009
http://doi.org/10.1016/j.jclepro.2019.117714
http://doi.org/10.1016/j.jclepro.2020.121733
http://doi.org/10.1016/j.trgeo.2020.100485

Materials 2022, 15, 8277 17 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Swathi, M.; Andiyappan, T.; Guduru, G.; Reddy, M.A.; Kuna, K.K. Design of asphalt mixes with steel slag aggregates using the
Bailey method of gradation selection. Constr. Build. Mater. 2021, 279, 122426. [CrossRef]

Xu, F; Chen, Z.; Zhu, J.; Zhou, M.; Shen, W.; Chen, J. Research on the volume stability performance of steel slag road base
materials. Concrete 2012, 9, 59-62.

Department of Transportation. Test Methods Of Materials Stabilized With Inorganic Binders For Highway Engineering, JTG E51-2009;
China Communications Press: Beijing, China, 2009.

Manjunatha, M.; Preethi, S.; Malingaraya, H.G.; Mounika, H.; Niveditha, K. Life cycle assessment (LCA) of concrete prepared
with sustainable cement-based materials. Mater. Today Proc. 2021, 47, 3637-3644. [CrossRef]

O’Born, R. Life cycle assessment of large scale timber bridges: A case study from the world’s longest timber bridge design in
Norway. Transp. Res. Part D Transp. Environ. 2019, 59, 301-312. [CrossRef]

Goedkoop, M.; Oele, M.; Vieira, M.; Leijting, J.; Ponsioen, T.; Meijer, E. SimaPro Tutorial; Creative Commons: San Francisco, CA,
USA, 2016.

Department of Transportation. Specification For Design Of Highway Asphalt Pavement, Jtg D50-2017; China Communications Press:
Beijing, China, 2017.

Liu, L.; Zhou, A.; Deng, Y.; Cui, Y,; Yu, Z.; Yu, C. Strength performance of cement/slag-based stabilized soft clays. Construct.
Build. Mater. 2019, 211, 909-918. [CrossRef]

Wang, G.; Wang, Y.; Gao, Z. Use of steel slag as a granular material: Volume expansion prediction and usability criteria. J. Hazard.
Mater. 2010, 184, 555-560. [CrossRef]

Ferreira, VJ.; Saez-De-Guinoa Vilaplana, A.; Garcia-Armingol, T.; Aranda-Uson, A.; Lausin-Gonzélez, C.; Lopez-Sabirén, A.M.;
Ferreira, G. Evaluation of the steel slag incorporation as coarse aggregate for road construction: Technical requirements and
environmental impact assessment. J. Clean. Prod. 2016, 130, 175-186. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2021.122426
http://doi.org/10.1016/j.matpr.2021.01.248
http://doi.org/10.1016/j.trd.2018.01.018
http://doi.org/10.1016/j.conbuildmat.2019.03.256
http://doi.org/10.1016/j.jhazmat.2010.08.071
http://doi.org/10.1016/j.jclepro.2015.08.094

	Introduction 
	Materials and Specimen 
	Materials 
	Mixture Design and Specimen Preparation 

	Methodology 
	Mechanical Test 
	Volume Stability Test 
	Heavy Metal Leaching Test 
	Economic Evaluation and Carbon Footprint Simulation 

	Results and Discussions 
	Mechanical Properties 
	Volume Stability 
	Volume Expansion of Steel Slag 
	Shrinkage of Steel Slag Mixture 

	Heavy Metal Leaching 
	Economic and Carbon Footprint Analysis 

	Conclusions 
	References

