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As the main waste product of iron and steel industry, steel slag possesses considerable cementitious activity,
making it a promising alternative to cement in Cement Stabilized Macadam (CSM). However, CSM was inevitably
exposed to groundwater and rainwater when served as the pavement base course, leading to concerns over poor
early strength and potential pollutant leakage, which are the main factors that may hinder the widespread
utilization of steel slag in CSM base. To address these issues, this study investigated the feasibility of using steel
slag powder to produce CSM. Steel Slag Powder-Cement Stabilized Macadam (SSCSM) samples were prepared
and the hydration products, microstructure, mechanical properties, water damage resistance and heavy metal
ions leaching behavior were investigated. The results show that the nucleation effect of steel slag powder ac-
celerates the early hydration, but the C-S-H produced by hydration is not sufficient to form a stable hydration
product network, so the microstructure of SSCSM is looser than that of CSM. The addition of steel slag powder
improved the shrinkage performance of SSCSM, and the mechanical properties and heavy metal ion leaching
concentration of SSCSM meet the engineering application requirements when the steel slag powder replacement
level does not exceed 30 %. It was also found that the addition of steel slag powder promoted the development of
pores in SSCSM samples after dry-wet cycles, resulting in the reduction of water damage resistance. Compared
with conventional CSM, the use of SSCSM can not only reduce 4 % of raw material cost and 23.5 % of equivalent
CO, emission, but also mitigate the heavy metal ions leaching risk associated with steel slag, making it an
effective and sustainable solution for steel slag recycling.

1. Introduction However, compared to other industrial by-products that are commonly

employed as supplemental cementitious material (SCM), such as blast

Steel slag is a large-scale industrial solid waste stream generated by
the iron and steel industry [1-3]. China produced 1.013 billion tons of
crude steel in 2022, which resulted in the generation of more than 160
million tons of steel slag. Although steel slag is commonly recycled as
aggregates in road engineering, its utilization rate in China remains
below 30 % [4-9]. Large amounts of waste steel slag require significant
land resources for storage. Moreover, the piling-up of steel slag poses a
heavy metal leaching risk when exposed to natural water such as flood,
rain, etc., which results in soil pollution, placing a significant burden on
the environment [10-12].

Steel slag is primarily composed of CyS and Cs3S, which can form
calcium silicate hydrates (C-S-H) when reacted with water, demon-
strating the prospect to be utilized as cementitious materials [13-16].

furnace slag and fly ash, steel slag has lower hydration activity. Using
steel slag as SCM will reduce early strength, which limits its applicability
in cement-based materials [17-19]. Zhuang and Wang [20] investigated
the hydration mechanism of steel slag’s early hydration. They found that
the pH of the blended cement paste’s pore solution was lowered by steel
slag, the formation and development of C-S-H were also inhibited,
leading in a reduction of hydration rate.

It has been proven that activating steel slag is a reliable way to
enhance its early hydration activity. Singh et al. [21] investigated the
mechano-chemical activation of steel slag. Firstly, the steel slag was
ground for 20 minutes, until its specific surface area reached
3590 cm?/g. Next, sodium silicate and sodium sulfate were employed for
chemical activation of steel slag powder (SSP). The findings
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demonstrated that the hydration activity of SSP was largely improved
after mechano-chemical activation, and the sample’s 28-day compres-
sive strength was enhanced by 12.64 %. Zhang et al. [22] added
nano-SiO; to the SSP-cement cementitious system to enhance the con-
crete’s early strength. The incorporation of nano-SiO, reduced the
porosity of concrete and the hydration heat of cementitious system, and
improved the hydration degree of steel slag.

A great deal of study has also been done to assess the risks of heavy
metal leaching from steel slag [23,24]. Gan et al. [25] studied the
leaching risk of steel slag asphalt mixture. The findings indicate that
under acid rain, the leaching risks of heavy metal ions in steel slag would
significantly increase, and the gradation and asphalt content are the
primary factors influencing the leaching behavior of steel slag. Wang
et al. [26] developed a kind of steel slag-based cementitious material
and studied its leaching behavior of heavy metals. They found that hy-
dration would change the leaching behavior of heavy metals. As the
duration of the curing increased, the leaching concentration of Cr
increased and the leaching concentration of Mn decreased. Sun et al.
[27] utilized steel slag to produce SCM after mechanical activation and
analyzed its heavy metals leaching risks. They found that wet grinding
greatly raised the probability of heavy metal leaching and increased the
leaching concentrations of Ti, Cr, Mn, and Zn in steel slag. The potential
risk of steel slag in heavy metal leaching has aroused people ’s concern
about its safety and hindered its recycling and utilizing in engineering.

Cement stabilized macadam (CSM) is the most widely used semi-
rigid base material in pavement engineering. It consists of cement and
graded broken stone and is often used as the base course of high-grade
pavement structures in China [28]. Traditional CSM uses cement and
limestone as cementitious materials and aggregates, it raises the cost of
the engineering while also consuming a lot of mineral resources.
Therefore, if steel slag aggregates or SSP can be utilized for the pro-
duction of CSM, the engineering cost of road base can be reduced.
However, in engineering applications, CSM is prone to volume
shrinkage due to water loss, and leads to shrinkage cracks in road base.
The service life of the pavement structure will be limited due to the
development of these cracks [29-31]. Considering that the reaction
between f-CaO in steel slag particles and water can lead to poor volume
stability [32], the utilization of SSP instead of cement in preparing CSM
can not only mitigate the adverse effect of steel slag aggregates on the
volume stability of road base materials but also reduce the carbon
emissions generated by cement consumption and promote the recycling
of steel slag. However, how to prepare the Steel Slag Powder-Cement
Stabilized Macadam (SSCSM) and the effect of SSP on the mechanical
performance, shrinkage performance and heavy metal leaching perfor-
mance of base materials remain unclear.

This study investigated the potential use of SSP to replace cement in
the manufacture of CSM. Firstly, the SSCSM mixture was designed and
the cylinder samples and beam samples were prepared. The hydration
chemical kinetics of SSCSM samples were investigated by hydration heat
test. The microstructure and hydration product distribution of SSCSM
samples were observed by scanning electron microscope (SEM). The
elemental composition of hydration products was analyzed by energy
dispersive spectrometer (EDS). Then, the mechanical properties and
shrinkage properties of SSCSM were studied, and the water damage
resistance of SSCSM was tested by dry-wet cycling test and X-ray
computed tomography (X-CT). A column leaching testing setup was
developed to simulate the leaching behavior of heavy metal ions in
SSCSM during rainfall in Hubei Province, China. Finally, the economic
and environmental benefits of SSCSM were compared. The findings of
this paper establish a theoretical basis for the feasibility of utilizing steel
slag in base course and offer a cleaner approach for the recycling of steel
slag.

Construction and Building Materials 449 (2024) 138566

2. Materials and methods
2.1. Materials

The physical properties of P.1 42.5 Portland cement used in this study
are shown in Table 1. SSP was provided by China Baowu Iron and Steel
Group Co., Ltd., and the limestone aggregates were produced from a
stone factory in Wuhan. The physical properties of limestone aggregates
are shown in Table 2.

The results of X-ray fluorescence (XRF) test and X-ray diffraction
(XRD) analysis of SSP are shown in Table 3 and Fig. 1(a). The XRF results
show that the primary oxides of steel slag are CaO, Fe;Os, SiO and
Al;03, which account for 83.46 % of the total components. The XRD
results show that the steel slag’s primary mineral components are
olivine (y-CyS), p-larnite (B-C2S) and hatrurite (C3S). In addition, the
mineral components of steel slag also contain srebrodolskite (CyF),
mayenite (Ci2A7), RO phase, quartz (SiO;) and calcium aluminate
(C3A). RO phase is the solid solution formed by metal oxides such as
MgO, MnO and FeO in steel slag at high temperature [33]. The
cementitious composition of steel slag (-C2S and C3S) is similar to that
of cement, which provides a possibility for using SSP as cementitious
material. The particle size distribution of SSP is shown in Fig. 1(b). The
specific surface area of SSP is 467 m?/kg, which is higher than that of
cement (Table 1). The higher specific surface area helps to improve the
early reactivity of SSP.

2.2. Mixture design and sample preparation

According to the Chinese standard JTG-T-F20-2015[34], the C-A-1
gradation can be used as the subbase gradation of expressway. There-
fore, it is selected as the design gradation of SSCSM. According to the
screening results of the aggregates, a gradation close to the grading
median is designed, as shown in Fig. 2. The amount of cement and SSP is
5 % of the total weight of aggregate. Considering that high amount of
SSP in SSCSM will significantly affect the mixture’s early strength [26].
SSP was used to replace 10 wt%, 20 wt%, 30 wt% and 40 wt% of
cement. As shown in Table 4.

The compaction test was carried out on mixtures with different SSP
contents to obtain the maximum dry densities and optimum moisture
contents of SSCSM. The cylinder samples with dimensions of
®150x150 mm were prepared by the compressive testing machine
(Jianyi TYE-3000, China) to test the unconfined compressive strength
(UCS), indirect tensile strength and compressive modulus, the beam
samples with dimensions of 100x100x400 mm were prepared to test
bending strength and drying shrinkage. All samples were wrapped in
plastic bags and placed at the relative humidity of 95 % and the tem-
perature of 20°C. The samples were cured for different periods according
to test requirements, and for every test, a minimum of 4 samples were
prepared.

2.3. Test methods

2.3.1. Hydration heat test
The hydration kinetics of SSP-cement-limestone slurry were
measured by isothermal calorimeter (Lrel TAM Air, China). Before the

Table 1
Physical properties of cement.

Physical properties Measured values

Specific surface area (kg/m>) 372
Normal consistency (%) 27
Setting time (min) Initial set 218
Final set 293
3d compressive strength (MPa) 5.8

3d flexural strength (MPa) 2.71
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Table 2
Physical properties of limestone aggregates.
Physical properties Measured values
Apparent density(g/cm®) 0-4.75 mm 2.734
4.75-9.5 mm 2.727
9.5-19 mm 2.729
19-37.5 mm 2.731
Crushing value (%) 21.7
Elongated and flaky particles content (%) 1.9
Water absorption (%) 0.37

test, the calorimeter was equilibrated at 25°C for 12 h. During the
preparation of the slurry, cement and SSP were first mixed according to
the designed proportions in Table 4. Then, 5 g of this mixture was
blended with 5 g of fine limestone aggregate, and finally, it was stirred
evenly with 4 g of deionized water and sealed in the calorimeter. The
change of hydration heat within 72 h was recorded.

2.3.2. Microstructure analysis

Mirco-morphology of hydration products was studied by observing
the fracture surface of SSCSM under SEM (Zeiss Gemini 300, Ger). The
chemical elements composition of the polymerization and hydration
products were tested by using EDS analysis. Before the test, the cylinder
sample was broken, and the center part was selected and coated with a
layer of gold to improve the quality of images.

2.3.3. Mechanical properties
The mechanical properties of cylinder samples were investigated by

100
90 1

8

Passing rate (%)

20 1
10 1

Table 4

70
60 1
50
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Table 3
Chemical compositions of steel slag tested with XRF.
Oxide type CaO Fe,03 SiOy Al,O3 MgO MnO P,0s5 TiO4 SO3 Nay,O
Oxide content (%) 35.10 21.49 19.74 7.13 6.77 3.62 1.50 1.03 0.97 0.81
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Fig. 1. XRD patterns particle size distribution of SSP, (a) XRD patterns, (b) Particle size distribution.
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samples cured for 7d. The test process followed the Chinese standard
JTG E51-2009. The samples were placed in an environment with the
temperature of 20°C and the relative humidity of 60 %. The water loss
rate of samples was recorded during the drying process. The water loss
rate and drying shrinkage coefficient was determined by the following
equations:

i — Min

m
Wi =———*
my @

L

Where i is the number of days (1 <i < 12); W; is the water loss rate of the
sample at i day (%); m; and m;, ; are the weight of the sample at i day and
i+1 day (g); m, is the weight of the sample after drying (g); aq is drying
shrinkage coefficient (%); §; is the shrinkage value of the sample at i day
(%); L is the length of the sample (mm).

®))

2.3.5. Dry-wet cycling test

The dry-wet cycling test was carried out to evaluate the water
damage resistance of SSCSM, following a 74h-cycling program devel-
oped by Peng et al.[35]: i) Firstly, the SSCSM samples cured for 28d were
placed in an oven at 60+5°C for 48 h. ii) Subsequently, the SSCSM
samples were taken out for 2 h to be cooled to ambient temperature
(around 23°C), and then placed in a constant temperature water tank at
20+5°C for 24 h to complete a dry-wet cycle. iii) Finally, the dry-wet
cycling test program was finished after five dry-wet cycles and the
UCS test was employed to investigate the UCS of SSCSM samples after
dry-wet cycles. The water stability coefficient was calculated using the
following equations[36] :
Uafter
Kr - Ubefore (3)
Where K; is the water stability coefficient; Ugger is the UCS of SSCSM
samples after dry-wet cycles (MPa); Upefore is the 28d UCS of SSCSM
samples (MPa).

The X-ray computed tomography (X-CT, Zeiss Xradia 510 Versa,
GER) was employed to investigate the pore structure and pore distri-
bution. The cylinder samples cured for 28d were cut into cubes with the
dimensions of 40x40x40 mm. The three-dimensional pore structure
before and after dry-wet cycles was detected.

leachate
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2.3.6. Heavy metal ions leaching test

According to Chinese standard HJ/T 299-2007 [37], the leaching
behavior of heavy metal ions in SSP under a weak acid environment such
as acid rain was evaluated. Most of the acid rain in China is sulfate acid
rain, so sulfuric acid and nitric acid were mixed at the weight ratio of 2:1
and then diluted with deionized water to prepare the leaching solutions
with a pH of 3.20+0.05. 150 g SSP and 1500 g leaching solution were
mixed evenly in the extraction bottle and sealed. The extraction bottle
was fixed on the overturning oscillation device and rotated at 30
42 r/min for 20 h under 234+-2°C. The leachate was filtered, and then
20 g of liquid was collected to measure the content of heavy metal ions
(Fe, Mn, Zn, Cr, Zn) by inductively coupled plasma mass spectrometry
(ICP-MS, Thermo Fisher iCAP RQ, US).

It should be noted that the standard leaching test method may not
accurately assess the heavy metal leaching behavior of SSP in CSM. The
SSP in SSCSM is often surrounded by hydration products and the
mixture, moreover, the weight ratio of rainfall to base course is much
higher than the liquid-solid ratio in traditional leaching tests, which can
largely affect the leaching behavior.

Aimed to simulate the leaching behavior of SSCSM during service, a
column leaching test setup for SSCSM was developed which is shown in
Fig. 3. The setup is primarily consisting of a peristaltic pump and an
infiltration container. The infiltration container is a cylindrical
container with an inner diameter of 150 mm and a height of 300 mm,
with three outlets of different heights. The leaching process is divided
into three parts: i) The leaching solutions were pumped to the bottom of
the infiltration container by the peristaltic pump and rose slowly. ii)
When the leaching solutions gradually submerged the entire cylinder
sample, it flowed out from the outlet. iii) After the leaching was
completed, the leachate was centrifuged at 1500 r/min for 20 min, and
then 20 g of supernatant was taken for ICP-MS test to measure the
content of heavy metal ions (Fe, Mn, Zn, Cr, Zn). In order to simulate the
rainfall in the natural environment, the liquid-solid ratio of leaching
solutions and sample, and the flow rate of the peristaltic pump were
calculated using the following equations:

Pxp,

: = : 4

M,, : M 10 H; * p,# ()]

g I * 7R? # 5)
T 2400

Where M,, is the weight of the leaching solutions (g); Mg is the weight of
the sample (g); P is the average rainfall of Hubei Province in 2022 (mm),

f;eac—hing
solutions

Fig. 3. Column leaching test setup.
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which is 984.5 mm according to the statistics from Hubei Provincial
Meteorological Bureau; p, is the density of the leaching solutions (g/
em®), whichis 1 g/em?; H; is the height of CSM base course in the project
(cm), which is generally 20 cm; ps is the dry density of the sample (g/
cm®), depending on the results of the compaction test; S is the flow rate
of the peristaltic pump (ml/min); Iy is the rainfall intensity (mm/h),
which is set as 10 mm/h; and R is the diameter of the infiltration
container (cm).

2.3.7. Economic& environmental benefits analysis

Taking the construction of a 1 km long, 20 cm thick, and 20 m wide
highway base course as an example, a cost comparison was conducted
between CSM and SSCSM to evaluate the economic benefits of SSCSM.
To assess the environmental benefits of CSM and SSCSM, Table 5 sum-
marizes the energy consumption information for the manufacturing of
cement, limestone, and SSP. The electricity and diesel consumption for
the production of cement and limestone were obtained from the study of
Anastasiou et al. [38]. As a type of solid waste, steel slag is recycled, so
its energy consumption can be regarded as zero. However, the produc-
tion of SSP requires ball milling of steel slag, resulting in energy con-
sumption. The energy consumption of SSP production is calculated
according to the following equation:

3.6 x 106Ws

> oo s 6
Ms * 10° ©)

ES =
Where Eg is the electricity consumed to produce 1 kg SSP (MJ/kg), WS is
the power of the ball mill (kWh), which is set to 250kWh, and Ms is the
output of the ball mill (t/h), which is set to 10t/h.

The transportation distance of materials in the life cycle of this paper
is set based on the distribution of building resources in Hubei Province,
China. Usually, limestone aggregates and cement can be obtained from
nearby quarries and construction sites, so the transport distance of
limestone aggregates is set to 50 km and that of cement is set to 20 km.
However, considering that steel slag is supplied by fixed steel mills, its
transport distance is longer. Therefore, the transport distance of steel
slag is set to 100 km, which is a fair long distance. The IPCC 2013 GWP
method developed by the Intergovernmental Panel on Climate Change
was selected to calculate the environmental impact. SimaPro was used
for Life cycle assessment, 1 kg mixture was used as the unit for envi-
ronmental impact calculation.

3. Results and discussions
3.1. Density and moisture content of SSCSM

Compaction test was conducted on mixtures with different SSP
content to investigate the effect of SSP content on the moisture content
and dry density of base materials. The relationships of dry density and
moisture content are shown in Fig. 4. As SSP content increased, the
maximum dry densities of the mixture decreased from 2.428 g/cm® to
2.41 g/cm®, and the optimum moisture contents also decreased slightly.
Because SSP has a greater specific surface area and density than cement,
when the weight of cementitious material is the same, with the increase
of SSP substitution, the porosity of the mixture also increases, resulting
in a decrease in dry density. In addition, due to the poor water ab-
sorption of SSP compared with cement, the optimum moisture content
decreased with the addition of SSP.

Table 5
Energy consumption of raw materials.

Materials Electricity (MJ/kg) Diesel (MJ/kg)
Cement 0.36 -

Limestone 0.00828 0.000542

SSp 0.09 -

Construction and Building Materials 449 (2024) 138566
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Fig. 4. Relationship of the maximum dry densities and optimum mois-
ture contents.

3.2. Microstructure and hydration products of SSCSM

3.2.1. Hydration heat analysis

The SSP-cement-limestone mixtures’ 72 h hydration heat was tested
to assess the influence of SSP on the cementitious system’s hydration
process. Fig. 5 shows the hydration heat of the mixtures with different
SSP content. The composite paste’s second exothermic peak moved to
the left side as SSP content increased, and the composite paste’s cu-
mulative hydration heat was reduced by the addition of SSP.

There are fewer hydralic mineral components (such as CyS and C3S)
in steel slag than cement, and the RO phase in steel slag does not have
hydration activity. In principle, SSP will reduce the amount of reactive
phase in the system, making the induction period of hydration longer
and the cumulative hydration heat reduced[39,40]. However, with the
addition of limestone particles, It can be observed that the hydration
heat showed an opposite trend, in which the induction period of mix-
tures decreased as SSP content rose. It might be because the limestone
particles can provide nucleation sites, thereby accelerating the cement
hydration kinetics, shortening the induction period, and accelerating the
initial hydration process, which was supported by the findings from Ye
et al. [41]. Similar to limestone particles, some studies have also re-
ported the nucleation effect of SSP [42,43]. Therefore, with the incor-
poration of SSP, the mixtures’ early hydration process is promoted, so
the second exothermic peak appears in advance, but the total amount of
hydration products reduced.

3.2.2. Micro-morphology examination on the hydrated mixture

The micro-morphology of SS-0 and SS-40 are shown in Fig. 6. It is
evident that SS-0’s structure is denser than SS-40, and the limestone
aggregates in SS-0 are combined into a uniform whole through hydra-
tion products, while the structure of SS-40 is looser. This might be
attributed to two factors. Firstly, as discussed in Section 3.1 of this
paper, the particle characteristics of SSP lead to more pores and defects
in SS-40. Secondly, the nucleation effect of SSP makes the SSP in the
mixture become the site of hydration, and the disparity in hydration
rates between SSP and cement results in an uneven distribution of hy-
dration products.

Fig. 7 shows the SEM images of hydration products distribution for
SS-0 and SS-40. It can be observed that the flocculent hydration product
is widely distributed inside SS-0 and SS-40. The EDS results show that
the primary chemical elements of the flocculent product are Ca, Si and
O, indicating that it is flocculent C-S-H gel. In Fig. 7(b), the needle-like
hydration product can be clearly observed. EDS results show that the
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Fig. 6. SEM images of cylinder samples with different SSP content, (a) SS-0 magnified by 2000 times, (b) SS-40 magnified by 2000 times.

primary chemical elements of the needle-like product are Ca, Si, O and S,
indicating that it is needle-like ettringite (AFt) crystals. C-S-H is pro-
duced by the reaction of p-CyS and C3S with HyO. AFt is produced by the
reaction of C3A with CaSO4 and H30. The hydration reaction of C-S-H
and AFt can be approximated as:

2 (3Ca0OuSiO, + 6H,0)—CaOm2Si0,m3H,0 + 3Ca(OH), @

3CaOmAl, 03 + 3CaSO,w2H,0 + 26H,0—3CaOmAl,0;m3CaSO,u32H,0
(8

C-S-H and AFt play the main role of bonding aggregates, and
strengthen the mechanical properties of SSCSM. Fig. 7(a) shows that the
C-S-H gel covers the surface of the aggregate, filling the gap between
SSCSM samples and connecting aggregates. However, as shown in Fig. 7
(b), the C-S-H gel on the surface of SS-40 is less than that of SS-0, which
might be because the content of calcium silicate (C2S and C3S) in cement
is more than that in steel slag, SS-40 produces fewer hydration products
than SS-0. The hydration heat results also confirmed the decrease of
hydration products with the incorporation of SSP. Therefore, with the
increase of SSP, the C-S-H gel formed by hydration is not enough to form
a stable hydration network, and the pores in the mixture increase. In
addition, as shown in Fig. 7(b), AFt crystals fill the gap of the C-S-H,
providing support for the mixture’s strength. AFt crystals will also
produce crystallization stress inside the mixture. When the sample is
dried, the crystallization stress can counteract the capillary tension
caused by water loss and enhance the mixture’s shrinkage performance
[44].

3.3. Performance of SSCSM

3.3.1. Mechanical property

The base course of an asphalt pavement serves as the primary load-
bearing layer, therefore, the UCS is an important parameter for CSM.
According to the Chinese standard JTG/T F20-2015, CSM needs to have
a minimum 4 MPa 7d UCS for serving as the base course. Fig. 8 presents
the 3d, 7d, 14d and 28d UCS of SSCSM samples with different SSP
content. It shows that the UCS decreases with the incorporation of SSP,
and for the samples with the same SSP content, as the duration of curing
time increases, the UCS increases. The UCS of the samples at 7d from
high to low is SS-0 (5.1 MPa), SS-10 (4.7 MPa), SS-20 (4.5 MPa), SS-30
(4.2 MPa) and SS-40 (3.9 MPa). The UCS of the samples reaches 4 MPa
when the content of SSP does not exceed 30 %, which satisfies the
requirement for engineering application.

The strength and stiffness of SSCSM are shown in Fig. 9. The bending
strength, indirect tensile strength and compressive modulus of SSCSM
samples decrease with the increase of SSP content, which follows the
same trend as UCS. It might be because cementitious mineral compo-
nents such as CS and C3S in steel slag are less reactive, so the addition of
SSP resulted in a decrease of hydration products. This is demonstrated
by the hydration heat results presented in Section 3.2.1 of this paper.
The reduction of C-S-H gel reduced the structural stability of SSCSM
samples, thus reducing the strength and stiffness of the SSCSM samples.
The high porosity of SSCSM also has an unfavorable influence on the
UCS. The structural uniformity of SSCSM samples will be impacted by
the increase of pore size, making it more prone to stress concentration
when stressed, resulting in the decrease of strength.
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Fig. 7. SEM images and EDS results of hydration products, (a) SS-0, (b) SS-40.

3.3.2. Shrinkage performance

The drying shrinkage coefficient and water loss rate of beam samples
are affected by the incorporation of SSP, as shown in Fig. 10. It is evident
that after 12d, the beam sample’s drying shrinkage and water loss ten-
ded to remain stable, and as SSP content increased, the water loss rate of
the beam samples increased and the drying shrinkage coefficient
decreased. With SSP content rose from 0 % to 40 %, the beam samples’
water loss rate at 12d increased from 2.8 % to 4.4 %. Compared with the
beam samples without SSP, the drying shrinkage coefficient of the beam
samples with 40 % SSP at 12d decreased by 32 %, demonstrating that
the addition of SSP limits the drying shrinkage of SSCSM samples
therefore shows higher resistance to drying shrinkage.

SSP hydrates more slowly than cement during the early stages. As the
SSP content increased, the amount of chemically bonded water in
SSCSM samples decreased, and more free water led to the increase of
water loss rate of SSCSM samples. However, Steel slag contains f-CaO,

which can produce Ca(OH), when it reacted with water, causing volume
expansion[32]. In asphalt concrete, when using steel slag as aggregates,
its volume expansion will destroy the structure of pavement[45]. In
SSCSM, the volume expansion of SSP may partially counteract the dry-
ing shrinkage, leading to a reduction in the shrinkage value, so the
drying shrinkage coefficient of SSCSM samples reduced as SSP content
increased.

3.3.3. Water damage resistance

Table 6 summarizes the UCS of cylinder samples before and after dry-
wet cycles and the water stability coefficient of samples. The findings
show that when SSP content increased, the samples’ water stability
coefficient reduced. After dry-wet cycles, the UCS of SS-0 dropped from
7.22 MPa to 6.24 MPa, and the K; was 0.865. When SSP content reached
40 %, the UCS of SS-40 decreased from 4.97 MPa to 3.67 MPa, and the
K; of the sample was 0.738. The addition of SSP reduced the water
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damage resistance of the samples. But all samples’ K; are greater than
0.7, which satisfies the engineering application’s requirements for
durability [36].

Fig. 11 shows the CT results of the SSCSM samples before and after
dry-wet cycles, and the impact of water damage on the structure of
SSCSM samples can be observed clearly. After dry-wet cycles, SS-0’s
porosity rose from 1.58 % to 2.37 %, and SS-40’s porosity increased
from 2.03 % to 3.16 %. The connected layered pores in the samples are
caused by the breakage of limestone aggregates during compaction; The
unconnected pores represent the voids inside the sample that are not
filled by aggregates and hydration products. It can be observed that SS-
40 has more non-connected pores than SS-0, which indicates that the
internal structure of the SSCSM sample becomes looser with the addition
of SSP, thereby increasing the SSCSM sample’s water penetration. The
porosity of SS-40 increased by 1.13 % after dry-wet cycles, which was
much higher than that of SS-0 (0.79 %), demonstrating that the addition
of SSP not only increased the sample’s initial porosity, but also increased
the porosity of the sample after water damage. After the dry-wet cycles,
the sample’s porosity increased, increasing the probability of stress
concentration when the sample was strained, thereby reducing the UCS
of the sample.

To further discuss the pore size distribution of SSCSM before and
after the dry-wet cycles, a fitting was done for the pore size distribution.
The following equation displays the probability function [46]:

(D—p)

1
(,
——exp' 26
cV2n P

Where f(D) and D are probability function and pores diameter, respec-
tively. o is the standard deviation. Fig. 12 depicts the pores’ diameter
distribution and normal distribution fitting curves. It can be seen that
after the dry-wet cycles, the average pore diameter of SS-0 increased
from 65.2um to 72.5um, and the standard deviation(c) increased from
24.3 to 27.1. The average pore diameter of SS-40 increased from 66.4um
to 78.1pm, and the standard deviation(c) increased from 22.0 to 29.2.

£(D) = I ©)

Table 6
Results of dry-wet cycling test and Kr of samples with different SSP content.
Samples Uafter (MPa) Ubefore (MPa) K.
SS—0 7.22 6.24 0.865
SS—10 6.45 5.42 0.841
SS—-20 5.83 4.74 0.813
SS—30 5.51 4.28 0.776
SS—40 4.97 3.67 0.738
140
120 +
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Fig. 10. Shrinkage development of SSCSM samples with different SSP contents, (a) Water loss rate; (b) Drying shrinkage coefficient.
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Fig. 11. Three-dimensional pores of samples with different SSP contents, (a) SS-0 before dry-wet cycles, (b) SS-0 after dry-wet cycles, (c) SS-40 before dry-wet cycles,

(b) SS-40 after dry-wet cycles.

The findings showed that the average pore diameter and standard de-
viation of SSCSM both increased after water immersion, and the diam-
eter and standard deviation increased more significantly after the
additon of SSP. The increase of standard deviation means that the pore
size distribution becomes larger. This indicated that after the dry-wet
cycles, not only new pores were generated inside the sample [47], but
also the original pores will expand or even connect with each other.
Hence, the addition of SSP not only increased the initial porosity of
SSCSM, but also promoted the development of pores in SSCSM samples
after water immersion.

The above findings indicate that the incorporation of SSP de-
teriorates the strength and the water stability of SSCSM through the
following three different ways:

(1) Considering SSP’s high specific surface area and density, the
addition of SSP increased the initial porosity of SSCSM samples
and accelerated the penetration of water. Consequently, the
capillary tension of water inside the SSCSM samples increased.

(2) The incorporation of SSP decreased the amount of hydration
products and weakened the connection of C-S-H, which made it
hard to form a stable hydration network. Therefore, compared
with CSM, the repeated infiltration of water in SSCSM will
destroy the hydration structure of the mixtures and reduce the
stability of SSCSM samples.

(3) When water penetrated into SSCSM, the SSCSM samples’ internal
structure was destroyed as a result of the high capillary tension
inside the sample and the loose structure of the hydration prod-
ucts. The average pore diameter of the sample increased and the
pore size distribution became larger, it leads to the increase of
porosity and connected pores in the SSCSM samples. Conse-
quently, the SSCSM sample was more prone to stress concentra-
tion, showing a decrease of UCS and water stability coefficient.

3.4. Environmental feasibility

3.4.1. Heavy metal ions leaching behavior of SSP

The leaching concentration of heavy metal ions for SSP is shown in
Table 7. The leaching concentration of Fe in SSP was the highest
(19.78 mg/L), because steel slag contains a lot of iron oxide, which will
react with acidic leaching solutions. The leaching concentration of Cr
was the lowest, only 0.024 g/ml. The content of MnO in steel slag was
less than that of FeO, but the leaching concentration of Mn in SSP
(17.52 mg/L) was close to that of Fe. This is because the reactivity of Mn
with acid is higher than that of Fe, which will make more Mn dissolve in
the leaching solutions. The Chinese standard GB/T 14848-2017’s Class
IV water requirements [48] are exceeded by the leaching concentrations
of Fe, Mn, Zn, and Pb in the leaching solutions of SSP, demonstrating
that the concentration of heavy metal ions in the SSP leaching solutions
is too high to be utilized as drinking water. The accumulated steel slag
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Table 7
The heavy metal ions leaching concentration value of SSP.

Heavy metal ions SSP Standard Limits (GB/T
14848-2017)
Leaching concentration Fe 19.78 <2
(mg/L) Mn 17.52 <15
Zn 8.72 <5
Cr 0.024  <0.1
Pb 1.28 <0.1

will leach a significant amount of heavy metal ions after contact with
water, leading to significant soil and water pollution in the environment.

3.4.2. Heavy metal ions leaching behavior of SSCSM

Fig. 13 shows the column leaching test results for SSCSM samples.
The amounts of heavy metal ions leaching from SSCSM increased as the
SSP content rose, however, compared to SSP, all SSCSM samples’
leaching concentrations were substantially lower. In SSCSM, the SSP is
covered by hydration products which form a protection barrier that
prevented the RO phase (FeO and MnO) in the steel slag from coming
into contact with the acidic leaching solutions. As a result, the leaching
concentrations of Fe and Mn were significantly reduced. Compared with
SSP, the concentration of Fe and Mn in the leaching solutions of SS-40
decreased by 92.2 % and 99.9 %, respectively, while Zn, Cr, and Pb
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leaching concentrations also dropped by 44.9 %, 61.7 % and 90.7 %. In
all SSCSM samples, only the leaching concentration of Pb in SS-40 was
higher than the standard limits. Therefore, when the content of SSP is
less than 30 %, the leaching concentrations of heavy metal ions in
SSCSM are relatively low, and the leaching solutions can meet the re-
quirements of Class IV water in China, which can be used as domestic
water for residents after treatment.

3.5. Economic& environmental benefits of SSCSM

Although there may be additional costs incurred during the grinding
and transportation of SSP raw materials, the SSP accounts for only 2 %
of the total weight of base course materials. Therefore, these expenses
are negligible compared to the overall construction costs of SSCSM.
Hence, it can be assumed that the expenses for producing CSM and
SSCSM with 30 % SSP are identical since the overall transportation and
production processes of SSCSM are similar to those of conventional
cement-based CSM. However, as a byproduct of the metallurgical in-
dustry, the cost of steel slag is significantly less than cement. As shown in
Table 8, the price of SSP is only 48 % of cement. When using SSP to
replace 30 % of cement, it is expected to achieve a net economic saving
of 4 % of the base course expenditure.

Fig. 14 are the equivalent CO; produced during the production of
CSM and SSCSM. The equivalent CO, produced by 1 kg CSM and 1 kg
SSCSM are 0.0553 kg and 0.0423 kg, respectively. The equivalent CO5
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Table 8
Cost of raw materials.

Item Unit (¥/t) CSM SSCSM with 30 % SSP
Amount/t Cost/¥ Amount/t Cost/¥
Materials Cement 500 486 243000 337 168500
SSP 240 - - 145 34800
Limestone 110 8748 962280 8676 954360
Water 2.5 437 1093 414 1035
Total - 1206373 - 1158695

Note: The unit price comes from Wuhan Construction Bureau in January 2023, China.

produced by cement is the most, accounting for 79.4 % and 65.7 % of
the emissions of CSM and SSCSM, respectively, which follows the
expectation. Because the cement manufacture will consume significant
amounts of electricity and diesel. Therefore, using SSP to replace cement
can reduce equivalent CO, emissions. When using SSP to replace 30 %
cement to produce SSCSM, the equivalent CO; produced by the mixture
is reduced by 23.5 %, indicating that using SSCSM as base course can
produce great environmental benefits.

The use of SSCSM will reduce the cost of raw materials and signifi-
cantly lower the equivalent COy emissions in road engineering. In
addition, as the main waste product of iron and steel industry, the use of
steel slag will also save a lot of land resources and natural resources,
which is helpful to achieve the clean production of road materials.

4. Conclusions

In this study, SSP was utilized to substitute the cement in CSM in
different content (10 %, 20 %, 30 % and 40 % by weight). The hydration
process, microstructure, mechanical properties, shrinkage properties
and water damage resistance of SSCSM were investigated. Column
leaching tests were conducted to simulate the leaching behavior of
heavy metal ions of SSCSM, and the economic and environmental ben-
efits of SSCSM were calculated. The following conclusions can be drawn:

(1) The maximum dry densities and optimum moisture contents of
SSCSM decrease with the addition of SSP. The nucleation effect of
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SSP accelerates the early hydration, but the C-S-H produced by
hydration is not sufficient to form a stable hydration product
network, therefore, the microstructure of SSCSM is looser than
that of CSM.
(2) When the content of SSP does not exceed 30 % of the total
cementitious material, the strength of SSCSM meets the re-
quirements of engineering application. The f-CaO in SSP will
react with water to cause volume expansion, which can inhibit
the drying shrinkage of SSCSM, therefore, its drying shrinkage
performance is better than that of CSM. The water damage
resistance of SSCSM is weaker than that of CSM, but its water
stability still meets the durability requirements of engineering
applications.
In comparison to steel slag, the leaching concentration of heavy
metal ions in SSCSM is substantially lower. The heavy metal ions
in SSCSM with no more than 30 % substitution of SSP will not
produce serious environmental pollution.
(4) SSCSM prepared by using SSP to replace 30 % cement can reduce
4 % of raw material cost and 23.5 % of equivalent CO, emission,
which has sound economic and environmental benefits.

3

In conclusion, SSCSM can satisfy the application requirements of the
base course and is conducive to the cleaner production of road materials.
Therefore, SSCSM has good application potential in the base course of
pavement.



X. Yang et al.

Construction and Building Materials 449 (2024) 138566

l

0.905 kg 0.0199 tkm 0.0515 tkm 0.05 kg 0.00403 kg
Limestone, crushed, Transport, freight, Transport, freight, Cement, Portland Hard coal {CN}|
washed {CH}| lorry, unspecified lorry >32 metric {CH}| production | market for | APOS,
production | APOS, {RER}| market for ton, EURO3 {RER}| APOS, U u
0.00206 kg CO2 eq 0.0026 kg CO2 eq 0.00468 kg CO2 e .0371 kg CO2 eq 0.00223 kg CO2 eq

0.905 kg 0.0515 tkm 0.05 kg 0.0256 MJ
Limestone, crushed,| Transport, freight, Cement, Portland Electricity, high
washed {CH}| lorry >32 metric {CH}| market for | voltage {CN-HB}|
market for ton, euro3 {RER}| APOS, U electricity
0.00453 kg CO2 eq 0.00468 kg CO2 eq 0.0372 kg CO2 eq 0.00934 kg CO2 eq

e

|
! (o)

0.906 kg
Limestone

0.0114 kg CO2 eq

0.0317 kg
Cement

0.0278 kg CO2 eq

0.906 kg 0.0511 tkm 0.00138 tkm 0.0317 kg 0.0201 M)
Limestone, Transport, freight, Transport, freight, Cement, Portland Electricity, high
crushed, washed lorry >32 metric light commercial {CH}| market for | voltage {CN-HB}|
{CH}| market for ton, euro3 {RER}| vehicle {RoW}| APOS, U electricity
0.00454 kg CO2 eq 0.00464 kg CO2 eq 0.00262 kg CO2 eq 0.0236 kg CO2 eq 0.00733 kg CO2
| [
0.906 kg 0.0195 tkm 0.0511 tkm 0.00138 tkm 0.0317 kg 0.00325 kg
Limestone, Transport, freight, Transpont, freight, Transport, freight, Cement, Portland Hard coal {CN}|
crushed, washed lorry, unspecified lorry >32 metric light commercial {CH}| production | market for | APOS,
{CH}| production | {RER}| market for ton, EURO3 {RER}| vehicle {RoW}| APOS, U U
10.00207 kg CO2 eq 0.00254 kg CO2 eq 0.00464 kg CO2 0.00262 kg CO2 eq 10.0235 kg CO2 eq 0.0018 kg CO2 eq

Fig. 14. COxq emissions of CSM and SSCSM,(a) CSM, (b) SSCSM.

5. Recommendations

The steel slags have a slower hydration process compared with the
conventional cement, therefore the curing time after construction
should not be less than 10d to ensure the strength and reduce the water
damage influence. In addition, based on the water damage process of
SSCSM, it is also recommended to use Stone Mastic Asphalt (SMA) or
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dense graded asphalt as surface courses, and a layer of tack coat that
prevents water penetrating into the SSCSM base course.

It can be considered to activate SSP by alkali activators or high-
hydration activity solid waste (such as blast furnace slag) to further
strengthen SSCSM’s strength. Furthermore, the bond strength between
SSP and aggregate lacks quantitative analysis, and the water damage
resistance of SSCSM also needs to be further improved. These critical
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issues will be covered in a follow-up more in-depth study.
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