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Abstract: Steel slag (SS) is industrial waste, and there is a large amount of SS to be treated in China.
Its disposal generates severe environmental pollution. One of the best ways to use SS is as a road
base material. This paper reviews the possibility of using SS in semi-rigid base and evaluates the
performance of SS base course. The interaction between three stabilizers (cement, lime–fly ash, and
cement–fly ash) and SS is analyzed, and the influence of modifier content on the performance of
base course is evaluated. The potential laws between SS, curing time, and unconfined compressive
strength, as well as drying shrinkage and temperature shrinkage, are discussed and their effects
on the performance of the base course are revealed. The finite element method, discrete element
method, and molecular dynamics can be used to analyze the freeze-thaw, rutting resistance, and crack
development of SS base. In addition, compared with traditional macadam base, the CO2 emissions for
the use of SS base are slightly more, one of the disadvantages of its use in production, transportation,
and compaction. However, considering the overall mechanical, economic, and environmental benefits,
it is recommended to use SS in semi-rigid base course. The future research scope of SS as base material
is suggested.

Keywords: steel slag; semi-rigid base; performance evaluation; numerical simulation; environmental
impacts

1. Introduction

As an essential symbol of the national industrial development level, steel slag (SS)
is one of the most residual solid wastes in the rapid development of its economy and
society [1]. In developed countries and regions, SS is widely used in road engineering,
concrete aggregate, cement production, fertilizer, and soil modifier [2–5]. The production
of SS in China has been ranked first globally since the 21st century. In recent years, the
steel output was close to 50% of the world’s output [6]. The national steel output was
1.33 billion tons in 2020, and according to the traditional steelmaking method commonly
used in China’s iron and steel enterprises, the SS produced per ton of iron and steel is
approximately 100–150 kg [7,8]. In addition, a total of 133–199 million tons of SS have been
produced by 2020. However, less than 30% will be utilized in China. The Chinese Scrap
Iron and Steel Application Association has put forward the goal that the total utilization
rate of SS will reach 60% in 2025 [9].

Due to its large consumption of aggregate resources, there is a potential market to
reuse the solid waste SS as subgrade material in road engineering. With certain technical
advantages and market capacity, the road construction industry has gradually becoming
the main battlefield of solid waste reuse [10]. However, compared with Japan, Europe,
and the United States, the utilization rate of SS in China lags far behind those developed
countries (regions). The percentage of SS used in road construction in Japan, Europe, and
the United States is 32%, 43%, and 50%, respectively, while only 3% is used in China [11].
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The utilization of SS has been studied in developed countries and regions earlier.
According to the data from the Japan Nippon Slag Association in 2016, the utilization rate of
SS in Japan was as high as 98.4% [11]. Of this, 30.9% of SS was used for soft soil foundation,
road subgrade, and embankment [12]. In the United States, the majority of SS was used
for road construction, while the remainder was used for marine filler, asphalt concrete
aggregate, cement production, and the rest was used for soil pH adjustments and steel
reproduction [3]. As the earliest industrialized region in the world, the data of the European
SS Association showed that the utilization rate of SS reached 87.0% in 2012 [11]. SS was
widely used in geotechnical engineering, road engineering, water conservancy engineering,
and railway engineering in Germany early in 2005. In road engineering, Germany used
SS for base course and surface course, and tried to mix it with other metallurgical slags as
a bearing layer with high bearing capacity [13]. As another industrial power, the UK has
widely used SS in the production of cement, highway engineering concrete, and coarse
aggregate for road construction [14,15].

Researchers from other developing countries have also carried out research on the
utilization of SS in road engineering. Behiry [16] of Egypt mixed SS with limestone ag-
gregate, exploring the influence of SS content on improving the density and strength of
base course, and analyzed the relationship between mixture and deflection, stress, strain,
and other factors under different content. Kumar and Kumar [17] summarized and an-
alyzed the utilization of SS in India, using SS in road base, and conducted continuous
observation after construction, finding that the performance of SS road base was excellent.
Karatağ, et al. [18] studied the feasibility of combining SS and macadam in Vietnam for
road base, and their results showed that the mechanical properties and porosity were good.

SS is an excellent substitute for natural aggregate [18], which has the advantages of
high strength, good wear resistance, durability, and strong stability. It can meet various
indexes when used in road base and surface course, and performs better in mechanical
properties than natural aggregate [19,20]. Compared to natural aggregate, SS has more
apparent edges and corners, a rougher surface texture, and better wear resistance [21]. At
the same time, the micropores on the surface of SS are conducive to combining with cement
and improving its strength [22], showing its potential utilization in road base.

As the bearing layer of the road, the road base can be divided into rigid base, semi-rigid
base, and flexible base according to the different mechanical characteristics. Since the 1970s,
semi-rigid base has been rapidly promoted in China because of high bearing capacity, high
stiffness, comprehensive material sources, and low cost. Recently, semi-rigid stabilized base
asphalt pavement has become one of the typical structures of high-grade roads in China [23].
Various types of the semi-rigid bases have received extensive attention [24], such as cement
stabilized base [25,26], lime stabilized base [27], lime–fly ash stabilized base [28,29], and
cement–fly ash stabilized base [30]. However, the aggregate utilization of semi-rigid
base is extensive, which has a significant impact on the ecological environment. With
the continuous attention to global sustainable development and cleaner production [31],
how to reduce environmental pollution and save resources has also becoming a critical
research direction of road researchers. In recent years, researchers have increased the
use of industrial by-products [32–35] in road base, such as SS, fly ash, coal gangue, etc.
Alternatively, waste base materials are recycled [36,37].

However, little research has been done on the utilization of SS as semi-rigid road base
material. The paper aims to review and highlight the possibility of using SS as semi-rigid
base material, evaluating the performance of SS base and its impact on the environment.
The flowchart of the review is shown in Figure 1.
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2. Materials
2.1. Physical Characteristics of SS

The physical and mechanical properties of SS from the present paper are shown in
Table 1. In most of the relevant literature, the apparent specific gravity of SS is shown to
be higher than 3.20 g/cm3. The crushing value of the aggregate is used to measure the
crushing resistance of the aggregate under increasing load. It is a vital index to measure
the mechanical properties of the stone to evaluate its applicability in road engineering. The
crushing value of SS ranges within 10%–21%, and all meet the requirements of less than
22% in the standard [24]. SS has a porous surface, with more open pores and higher water
absorption than ordinary macadam. Elongated and flaky particles (EFP) will form large
pores, greatly weakening the intercalation of aggregates and affecting the road performance
of the mixture. According to Table 1, the EFP content of SS is very low, almost all particle
sizes are less than 10%.

Table 1. Physical properties of SS from the researched literature.

Particle Size (mm) ASG (g/cm3) CV (%) LA (%) WA (%) EFP (%) References

4.75–9.5 -
10.3 8.5 - 10.1

[38]≥9.5 - 6.7
0–4.75 3.37

23.5 - 1.33 0.0 [39]4.75–16 3.48
16–26.5 3.47
0.06–50 3.34 - 20 0.85 - [16]

0.075–31.5 3.31 16.7 21.5 0.43 5.7 [40]
<1 3.35 - - 0.40 - [41]

0.075–31.5 3.50 16.3 12.05 2.00 1.1 [42]
0–25 2.90–3.20 - - ≤1.50 - [43]

5–10 3.25
13.6 13.2

2.70 5.1
(4.75–9.5mm) [44]

10–16 3.26 1.96 4.3 (>9.5mm)
0.075–31.5 3.24–3.36 17.5 18.5 0.46 4.6 [45]
0.075–31.5 3.55 14.5 11.8 2.60 4.7 [46]

0–5 - - - - - [47]
0–25 - 19.7 - - - [48]

0.075–31.5 - 20.7 - - - [49]
0–10 3.14 - - 4.44 - [50]
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2.2. Chemical and Mineralogical Characteristics of SS

Generally, SS can be categorized into four types based on the production process:
blast furnace slag, basic-oxygen furnace slag, electric-arc furnace slag, and ladle furnace
slag [51]. However, in the selection of semi-rigid base materials, little information about
the types of SS is mentioned in the previously referenced published paper. It means that
SS used for semi-rigid base is not usually considered with regards to production process,
but rather regarding its basic performance. The chemical composition of SS from the
previous studies is shown in Table 2. SS has a higher density than limestone and granite
because of its high iron content [52]. The relative proportion of Al2O3 and SiO2 is high,
and tricalcium silicate and active mineral calcium aluminate are formed in the later
stage. When SS contains a greater proportion of CaO, then it has a greater alkalinity and
has a greater activity [53]. CaO can react with SS and water, and the pH can reach 10–12,
which has a certain anti-corrosion effect [40]. Free calcium oxide (f-CaO) is generally
considered to be the main problem in terms of swelling in water [54,55]. The content of
f-CaO in the researched literature is lower than the recommended limit [56].

Table 2. Chemical composition of SS from the researched literature.

CaO Fe2O3+FeO SiO2 MgO MnO P2O5 Al2O3 SO3 Na2O+K2O f-CaO References

51.23 16.78 8.59 3.93 2.26 1.52 1.29 0.30 - 2.47 [39]
- 89.00 1.00 - - - - - - - [16]

66.58 3.20 21.86 1.39 - - 5.46 0.32 0.91 - [46]
52.52 0.33 23.72 4.50 0.97 - 2.26 0.76 - - [47]
40–50 7–10 10–15 10.82 - 3–5 - - - 2.10 [48]
21.08 12.84 14.21 13.49 - - 5.83 - - - [49]
24.98 25.45 17.08 10.58 8.91 - 5.40 0.25 0.25 - [57]
45.90 11.20 16.30 6.50 - 4.10 9.70 - - - [58]
42.72 25.02 15.77 4.79 4.79 0.86 6.07 - 0.08 0.71 [50]
19.59 40.74 22.69 0.23 0.13 0.60 12.75 - - <0.01 [59]
35.30 1.20 33.40 6.50 0.75 - 18.20 - - - [34]

3. Performance Evaluation and of SS Mixtures
3.1. Cement Stabilized Steel Slag (CSS)

The volume expansion of SS can be reduced by natural weathering, aging, or
chemical treatment [11,60,61]. Table 3 shows that part of SS is aged or pretreated before
being used for base course to reduce volume expansion. The combination of SS and
macadam cannot only be applied for the full utilization of the active components of
SS and avoid overstrength, but also for good stability [49]. Through the mechanical
test, it is found that adding SS can improve the mechanical properties of the mixture,
which is better than the traditional semi-rigid base [13]. It is possible to improve
the performance of the base course using SS, but consuming a great deal of SS and
improving resource utilization can also be achieved by using SS as a partial or complete
replacement for macadam. However, the research on CSS started late and there are few
relevant engineering and technical standards.

3.1.1. OMC and MDD of CSS

There are many factors affecting OMC and MDD determined by the compaction test,
especially the influence of compaction work and the particle size gradation of SS. The
compaction work is defined, and the transmission of compaction work and the movement
effect among SS particles in different gradations are different, so the OMC and MDD
under different SS gradations are different. MDD and OMC play an important role in the
compaction, which many mechanical property tests are based on. Therefore, it is essential
to study OMC and MDD of CSS.
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Table 3. Components and properties of CSS from the researched literature.

Treatment SS: Macadam
Content (%) Cement Content (%) OMC (%) MDD (g/cm3) References

- 69:31 5 4.60 - [38]
- 30:70, 50:50, 70:30 3.5/4/4.5 4.72–5.14 2.39–2.56 [39]
- 100:0 3/4/5 6.72–8.52 2.72–2.75 [40]

Pretreat 100:0, 90:10, 70:30, 50:50, 0:100 4/5/6 4.90–5.85 2.31–2.38 [41]
Aged 1 year,

Pretreat (fly ash) 75:25, 50:50, 25:75, 0:100 - 4.71–5.37 2.49–2.74 [42]

- 100:0, 60:40 5 4.70–5.60 2.65–2.66 [44]
- 100:0 3/4/5 6.73–8.51 2.71–2.75 [45]

Aged 85:15, 65:35, 55:45, 0:100 4/5/6 3.80–5.30 2.23–2.68 [46]
Pretreat (NaOH) 100:0 5/8/10/14 - - [47]
Aged 6 months 100:0 1/2/3/4/5 7.70–8.30 2.62–2.64 [48]

Aged 75:25, 50:50, 25:75 3 5.50–7.00 2.25–2.41 [49]

- 100:0, 75:25, 50:50, 25:75, 0:100 2/4/6 - 2.26–2.53 (7d)
2.28–2.60 (28d) [57]

- 100:0, 75:25, 50:50, 25:75, 0:100 3 4.30–7.00 2.27–2.63 [58]

Figure 2 shows that the law of OMC and MDD of CSS with different proportions is
significant. The higher the SS content, the greater OMC of the mixture and MDD. It can
be explained that the water absorption of SS is smaller than that of crushed stone, which
is also consistent with the physical characteristics of the SS in Section 2.1. The OMC and
MDD of 0% SS mixture are significantly less than 100% SS.
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Figure 2. The relationship between (a) OMC, (b) MDD and different SS content (Adapted
from [39–42,44–46,48,49,58]).

The difference of SS gradation will cause the change of its OMC and MDD, as
shown in Figure 3a. The particle size ranges of SS for coarse, fine and intermediate are
0.075–31.5 mm [40,49]. According to the specification of China, the upper, middle, and
lower limits of the gradation range are selected as three kinds of gradations [40]. The finer
the SS gradation, the greater OMC and the smaller MDD, but the change range of MDD is
small. It can be explained that the finer gradation contains more fine materials and has a
more prominent specific surface area. The fine SS particles have high water absorption, so
the water content of the mixture will become larger. The coarser gradation contains more
coarse materials, and the skeleton structure formed between the coarse materials makes
MDD larger than that of the finer gradation. However, the fine gradation is more likely to
develop a dense structure due to the large amount of fine materials, so MDD is similar.
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Figure 3b shows that OMC increases with the addition of cement content. However,
due to different materials and graduation types, the growth range of OMC is 0.4%–31.6%,
when the cement content increases from 3% to 5%. The MDD shows a similar trend with the
OMC. The increasing rate of most MDD ranges from 1.9% to 10.3%. MDD values dropped
slightly in two sets, but fluctuated within 0.5%. Due to the difference of materials, it is
considered negligible.

3.1.2. UCS of CSS

With the increase of SS, UCS increases continuously, as shown in Figure 4a. UCS of 7d
meets the requirements of medium and light traffic of high-grade roads in China. When
the content of cement exceeds 5% and SS exceeds 40%, it meets the requirements of heavy
traffic (4 MPa) [63].

Coatings 2022, 12, x FOR PEER REVIEW 7 of 23 
 

 

When the cement content is low, the 7d UCS of CSS is low. It can be explained by the 
fact that there are many pores on the surface of SS, and some cement particles gather on 
the surface of SS so that this part of the cement cannot be hydrated quickly. In the case of 
low cement content, the adsorption of SS reduces the amount of reactive cement, which is 
not conducive to improving the compressive strength of the mixture. 

  
(a) (b) 

Figure 4. (a) UCS of different SS and cement contents (Adapted from [39,46,62]) (b) UCS of different 
curing time (Adapted from [39,46,62]). 

With the same cement content and SS content, the UCS of CSS rises with the curing 
time increasing, as shown in Figure 4b. The appearance of SS can be seen clearly as shown 
in Figure 5a. It can be seen that there is a small amount of white floccules on the outer 
surface of SS, which is C-S-H gel. The number of products in the field of vision is not 
dense, indicating that SS has just begun to react with water. In the first 7 days of curing, 
the reaction inside CSS is relatively slow, and there are not many substances generated. 
Meanwhile, there are many pores on the surface of SS, and some cement particles gather 
on the surface of SS which cannot be hydrated quickly [62]. The adsorption of SS reduces 
the amount of reactive cement, which is not conducive to improving the compressive 
strength of the mixture. Therefore, the compressive strength of the mixture cannot be sig-
nificantly improved at the initial stage. After 28 days, the white floccules have basically 
wrapped the SS, and the original appearance of the SS can hardly be seen, as shown in 
Figure 5b. The strength of CSS is mainly provided by skeleton strength, hydration, and 
pozzolanic reaction of SS. There are similar active ingredients in cement and SS, which 
will hydrate calcium silicate, hydrated calcium aluminate, hydrated calcium ferrite, and 
calcium hydroxide after reacting with water. The active silicon dioxide and aluminum 
oxide components in SS can react with calcium hydroxide to produce hydrated calcium 
silicate and hydrated calcium aluminate. As the curing time increases, a large number of 
substances are generated in CSS, which are closely connected to the SS and crushed stone 
particles to form a firm structure and improve the overall strength of the mixture. 

  

0 20 40 60 80 100
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

U
C

S 
(M

Pa
)

SS content (%)

 4% cement- Ji et al.     4% cement- Liu et al.
 6% cement- Ji et al.     5% cement- Zheng
 5% cement- Ji et al.     6% cement- Zheng

4

5

6

7

8

9
 4% cement
 5% cement
 6% cement
 different SS content

28d14d

U
C

S(
M

Pa
)

Curing time (d)
7d

Figure 4. (a) UCS of different SS and cement contents (Adapted from [39,46,62]) (b) UCS of different
curing time (Adapted from [39,46,62]).

Some studies show that UCS increases with the SS content increasing [49,62,64]. The
addition of crushed stone directly reduces SS, and the reduction of active components in SS
will inevitably have a negative impact on the compressive strength. When the crushed stone
exceeds 75%, its compressive strength is almost the same as 100% crushed stone [49]. The
reason is that a small amount of SS does not play a decisive role in the strength, and only
when the amount of SS accounts for a large proportion will the 7d compressive strength be
greatly improved.

Other researchers have found an optimal SS content between 40% and 80%, within
which the UCS value can reach the maximum [39,42,46]. When the SS content increases
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from zero to the optimal content, the damage resistance is effectively improved. This is
because the high strength and rough surface structure of SS cause the UCS to increase
continuously. In addition, C3S and C2S cementitious components in SS form C-S-H gel to
make the system stronger [65]. When the SS content is further increased, CSS will produce
more harmful pores [66]. CSS has high porosity and water absorption, leading to a large
internal gap of the sample, which is not conducive to the formation of strength.

When the cement content is low, the 7d UCS of CSS is low. It can be explained by the
fact that there are many pores on the surface of SS, and some cement particles gather on the
surface of SS so that this part of the cement cannot be hydrated quickly. In the case of low
cement content, the adsorption of SS reduces the amount of reactive cement, which is not
conducive to improving the compressive strength of the mixture.

With the same cement content and SS content, the UCS of CSS rises with the curing
time increasing, as shown in Figure 4b. The appearance of SS can be seen clearly as shown
in Figure 5a. It can be seen that there is a small amount of white floccules on the outer
surface of SS, which is C-S-H gel. The number of products in the field of vision is not
dense, indicating that SS has just begun to react with water. In the first 7 days of curing,
the reaction inside CSS is relatively slow, and there are not many substances generated.
Meanwhile, there are many pores on the surface of SS, and some cement particles gather on
the surface of SS which cannot be hydrated quickly [62]. The adsorption of SS reduces the
amount of reactive cement, which is not conducive to improving the compressive strength
of the mixture. Therefore, the compressive strength of the mixture cannot be significantly
improved at the initial stage. After 28 days, the white floccules have basically wrapped the
SS, and the original appearance of the SS can hardly be seen, as shown in Figure 5b. The
strength of CSS is mainly provided by skeleton strength, hydration, and pozzolanic reaction
of SS. There are similar active ingredients in cement and SS, which will hydrate calcium
silicate, hydrated calcium aluminate, hydrated calcium ferrite, and calcium hydroxide after
reacting with water. The active silicon dioxide and aluminum oxide components in SS can
react with calcium hydroxide to produce hydrated calcium silicate and hydrated calcium
aluminate. As the curing time increases, a large number of substances are generated in CSS,
which are closely connected to the SS and crushed stone particles to form a firm structure
and improve the overall strength of the mixture.
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With the increase of cement, the UCS of CSS also increases. The cement is continuously
hydrated in the mixture, and the compressive strength of the mixture increases. There are
few reaction products at first. The SS activity in the mixture is low, and the reaction speed
is slow. However, with the increase of curing time, the activity of SS is slowly stimulated,
the reaction is constantly accelerated, and the cementitious products are also continuously
increased, increasing the compressive strength of the mixture [67,68]. Despite reducing cement
hydration rates in the early stages, SS can boost cement hydration later. In addition, SS will
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also react with water to increase the compressive strength of the mixture. Therefore, at the
same cement content, the more macadam replaced by SS, the greater the UCS of the mixture.

3.1.3. DS of CSS

The cement stabilized base course is easy to crack under long-term load or when the
ambient temperature changes. After the cracking of the base course, the integrity of the
base course can be destroyed with the cracking of the pavement surface. The relationship
among water loss rate, DSC, and time is shown in Figure 6. The water loss rate and DSC
of different mixing ratios show similar growth trends, and they are close to the level with
the increase over time [39–41,62,64]. The water loss rate of the CSS mixture is greater
than that of the CSM mixture, indicating that the water absorption performance of SS is
better than that of macadam, and the hydration effect of CSS is more evident than that of
CSM [40]. Therefore, when SS is used as base material, special attention should be paid
to field construction in the first two weeks to avoid adverse impact of water loss on the
performance of base [39,58]. The high-water loss rate in the early stage occurs when the
specimen is saturated, the cement and SS in the mixture react with water to consume water,
and a large amount of free water will evaporate from the specimen. The greater the internal
reaction of the mixture in the early stage, the greater the water loss, making the water loss
rate in the early stage more prominent. After that, the specimen will consume more water
in the early stage, and the products generated by hydration reaction are wrapped on the
surface of cement and SS particles. Therefore, the hydration reaction rate of cement and
SS is slowed down and the water consumption is reduced. Thus, the water loss rate will
gradually decrease in the later stage.
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Figure 6. (a) The water loss rate of CSS with curing time (Adapted from [39]). (b) Dry shrinkage
development of CSS with different SS contents (Adapted from [39]).

At the same cement content, the greater the amount of SS, the greater the water loss rate
of the mixture and the smaller the DSC [39–41,62,64]. The DS of materials is caused by the
shrinkage of pores caused by water evaporation, resulting in the change in overall macro
volume. The micro expansion of active components such as f-CaO in SS in contact with water
makes up for this defect, thus reducing the DS of the material [39,40,62,64,69]. Therefore, CSS
as pavement base or subbase material can effectively slow down the formation of pavement
reflection cracks. According to the research of Xu [70], DSC becomes 42% less with 50% SS
added after 90 days of curing.

Under the same SS content, the more the cement content, the greater the water loss
rate of the mixture, and the DSC increases to a certain extent, but it is not significant [62,70].
Based on 40% and 60% SS content, Zheng [62] increased the cement content by 1%, resulting
in the DSC increasing by 7.1% and 9.7%, respectively. Similarly, the cement content was
increased by 1%–2%, which caused a 10% increase in the DSC of the specimens with four
SS contents [70].
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3.1.4. TS of CSS

The average value of TSC corresponding to each temperature interval in the TS test
results represents the overall level of shrinkage performance of SS mixtures related to
temperature change, as shown in Figure 7. The development law of TSC is opposite to
that of DSC. The increase of temperature causes the expansion of water, and the expan-
sion pressure of water increases the particle spacing, resulting in the expansion of base
materials [40]. With the same cement content, the TSC of CSS mixture increases with the
increase of the content of SS. Due to the SS reaction with water, the hydration products
and secondary minerals in CSS mixture will increase. Compared with macadam, it is
more sensitive to the change in temperature [39,40,62]. The research results of Zheng [62]
are shown as follows: under the content of 5% cement, the average TSC of CSM was
7.5 × 10−6/◦C. When the content of SS was 40% and 60%, the TSC of CSS increased by
14.7% and 25.3%, respectively. Similarly, under the content of 6% cement, the average
TSC of CSM was 8.7 × 10−6/◦C. When the content of SS is 40% and 60%, the TSC of
CSS increased by 19.5% and 29.9%, respectively. The cement content will affect the TS
deformation of base material [40,62]. In the case of the same SS content, adding 1% cement
would increase the TSC by 20.9% and 20.2%, respectively.
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Figure 7. Temperature shrinkage of CSS with different SS contents (Adapted from [39]).

The cracking of CSM base is mainly caused by DS. It can be seen from the comparison
between Figures 6b and 7 that the DS of CSS base is much greater than the TS. Although
the TSC of the mixture increases with adding SS into CSM, the increased value is far
less than the decrease of DSC. Therefore, due to the addition of SS into CSM, the DS of
base course is greatly reduced, which indicates that the crack resistance of base course is
enhanced. Furthermore, SS added to CSM improves the strength of the base course as
well. In conclusion, on the premise of meeting the strength design requirements of the
base course, the amount of cement in CSS mixture can be appropriately reduced, and the
strength still meets the requirements. By reducing cement content, the economic cost of CSS
will be reduced, and the DS and TS of the base will also be reduced so that crack resistance
will be improved.

3.2. Lime–Fly Ash Stabilized Steel Slag (LFSS)

Fly ash is another type of industrial waste. The combination of fly ash and SS can not
only obtain better environmental benefits but also inhibit the expansion of SS. The use of
fly ash as a stabilizer for SS base has been widely studied, as in LFSS [59], lime–fly ash
stabilized steel slag and crushed stone [71], fly ash–steel slag soil [72], and fly ash–steel
slag–phosphogypsum [73]. Due to a relative scarcity of studies on other types, this paper
mainly focuses on LFSS with 100% SS as aggregate. The traditional lime–fly ash soil base
shows low early strength, and the addition of SS can effectively improve the early strength
of the base for the characteristics of SS. Components and properties of LFSS from the
researched literature are shown in Table 4.
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Table 4. Components and properties of LFSS from the researched literature.

Lime: Fly Ash
Content (%)

Binder: Aggregate
Content (%) OMC (%) MDD (g/cm3) References

1:3 16:84 5.60–6.10 2.29–2.58 [58]
1:3 1:2.5, 1:3, 1:3.5, 1:4 8.10–10.60 2.07–2.28 [59]

6:19, 1:3, 4:11 25:75, 20:80, 15:85 8.7–14.0 1.69–2.00 [74]
1:3 25:75, 20:80, 15:85 - - [75]

3.2.1. UCS of LFSS

When the lime-to-fly ash ratio is 1:3, the UCS relationship of LFSS of various mix
proportions is shown in Figure 8. It can be seen that the 7d UCS exceeds 4 MPa, which
is much higher than the requirements for the extra heavy traffic on expressways in the
specification (1.1 MPa) [63]. In LFSS mixture, SS is used as the skeleton to provide strength
and stiffness for the mixture. Lime and fly ash as fillers must also maintain a certain
proportion to ensure the long-term strength and durability of the LFSS mixture. The
increase of the mixture’s compressive strength mainly depends on the pozzolanic reaction
of lime and fly ash [59]. With the increase of aggregate proportion, UCS values continue to
improve. Pai, et al. [59] found that when the binder-to-aggregate ratio increased from 1:4 to
1:2.5, the UCS decreased by 20% (7d) and 19% (14d), respectively. Because the pozzolanic
reaction is slow, the increase of curing time can significantly improve UCS value [59]. When
the binder-to-aggregate ratio is 1:3, the UCS of 14d and 28d was 64% and 83% higher than
that of 7d. When the binder-to-aggregate ratio is 1:4, the UCS value of 14d and 28d was
33% and 64% higher than that of 7d.
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Figure 8. UCS of different curing time (lime-to-fly ash ratio = 1:3, B: A denotes binder-to-aggregate
ratio) (Adapted from [59]).

As shown in Figure 9a, when the ratio of lime-to-fly ash is approximately 1:3, the
7d compressive strength of the binder is the largest. The addition of little lime cannot
fully stimulate the activity of fly ash, resulting in a slow reaction of pozzolanic ash and
low early strength. The influence of the lime-to-fly ash ratio on the compressive strength
of the mixture can be seen from Figure 9b. The compressive strength of all proportions
of the LFSS mixture is higher than 1.1 MPa, meeting the specification requirements [63].
Although the ratio of lime-to-fly ash can be from 1:2 to 1:5, due to quality and economic
reasons, the ratio of 1:3 is more adopted, which is consistent with the data of Table 4. When
the lime-to-fly ash ratio is between 5:15 and 4:16, the compressive strength result of LFSS
mixture is better, which further explains the rationality of the lime-to-fly ash ratio.
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Figure 9. (a) UCS of binder; (b) UCS of LFSS; UCS of different binder of LFSS (binder-to-aggregate
ratio= 1:4) (Adapted from [74]).

3.2.2. DS of LFSS

The water loss rate and DSC of LFSS are shown in Figure 10. Because all materials
in LFSS have high water absorption, it shows significant water loss rate in the early stage.
On the third day, the maximum water loss rate exceeded 5%. On average, the water
loss rate in the first week exceeded 90% of the whole observation period, and the second
week accounted for less than 10%. In comparison with CSS, LFSS exhibits less shrinkage
deformation. The DS of LFSS is mainly affected by the water in SS and lime–fly ash. In
general, the more the content of fine aggregate, lime and fly ash, the greater the DSC. In
addition, the increase of dry density may also lead to the increase of DSC. Because the
initial water content is high, mainly due to the rapid evaporation of free water, and the DS
is less affected, and the DSC shows a downward trend.
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Figure 10. (a) The water loss rate of LFSS with curing time (lime-to-fly ash ratio = 1:3) (Adapted
from [58,74]) (b) Dry shrinkage development of LFSS with different SS contents (Adapted from [74]).

3.2.3. TS of LFSS

The TS of lime–fly ash stabilized mixture is explained by the fact that each component
of the material has thermal expansion and shrinkage when it meets heat and cold. There
are many minerals in LFSS mixture, which can be mainly divided into aggregate and
new cementitious minerals. The TSC varies between different materials. According to
the existing study, the thermal expansion and shrinkage of new cement minerals is much
greater than that of raw material minerals. Therefore, with the increase of SS in the mixture,
the internal hydration products also increase, which improves the sensitivity of the mixture
to temperature [76]. SS is more sensitive to temperature, which is consistent with the
TS of CSS, as shown in Figure 11. The existing study results show that the TSC of LFSS
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shows different trends. However, it is noteworthy that there are inflection points around
0–10 ◦C. From high temperature interval to low temperature interval, TSC first showed a
downward trend, and then increased [74]. The maximum values of different SS contents
appeared at between −10 and −20 ◦C. The maximum values of TSC were 130.8%, 84.3%,
and 93.6% higher than the minimum values, respectively. According to Li, et al. [58], TSC
first increased with temperature decrease, then decreased. The difference between the
maximum value and the minimum value of TSC is only 21.4%. It indicated that the effect
of temperature in CFSS is not significant. In general, the change trend of TSC is complex
and needs to be further studied.
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Figure 11. Temperature shrinkage of LFSS with different SS contents (Adapted from [58,74]).

3.3. Cement–Fly Ash Stabilized Steel Slag (CFSS)

In CFSS mixtures, the gradation and strength of the SS itself caused the SS skeleton to
have a certain strength. In addition, among the SS particles, due to the active substances
provided by cement hydration, physical and chemical reactions such as ion exchange
reaction, Ca(OH)2 crystallization reaction, and pozzolanic reaction are carried out in the
water environment in the mixture. The main function of fly ash was to provide the active
silica and alumina required for the pozzolanic reaction. The activity was stimulated by the
action of cement and alkaline substances to promote the pozzolanic reaction. The reaction
of cement fly ash in the mixture increased with age, and various reactions continued. The
products generated by the pozzolanic reaction were aggregated, forming a chaotic spatial
network connection between the SS particles, and the connection strength and stiffness
were enhanced so that the CFSS had high strength. Components and properties of CFSS
are shown in Table 5.

Table 5. Components and properties of CFSS from the researched literature.

Cement
Content (%)

Fly Ash/SS
Content (%) OMC (%) MDD (g/cm3) References

1/2/3/4 10/90, 20/80 7.90–10.10 2.31–2.63 [48]

4 0/100, 10/90, 20/80, 30/70, 40/60, 50/50,
60/40 7.00–15.80 1.64–2.30 [50]

2/4/6/8 0/100, 10/90, 20/80, 30/70, 40/60 - - [34]

4/6/8/10 36/60, 34/60, 32/60, 26/70, 24/70, 22/70,
20/70, 16/80, 14/80, 12/80, 10/80 15.30–23.20 1.53–1.84 [77]

3.3.1. OMC and MDD of CFSS

In Figure 12, the cement was calculated by external admixture. In CFSS mixtures,
OMC was significantly larger than that of CSS mixtures due to the presence of fly ash.
With the increase of cement content, both OMC and MDD showed an increasing trend.
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From 1%–4%, OMC increased by approximately 5%, and MDD increased by 3% and 4%,
respectively. Compared with cement, the change of SS content had a more significant effect
on OMC and MDD. The SS content changed from 80% to 90%, and the OMC decreased
by 21%–24%. The OMC was changed since the WA of fly ash was much larger than that
of SS. Conversely, the specific gravity of SS was slightly larger than that of fly ash, so
the addition of more SS led to an increase in the density of the mixture. Therefore, the
SS content changed from 80% to 90%, and the MDD increased by 9%–11%. At the same
compaction energy, the mixture was compacted to a higher density, resulting in an increase
in MDD and a decrease in OMC. Therefore, replacing fly ash with an equivalent amount of
SS will inevitably increase the dry density of CFSS.
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Figure 12. OMC, MDD with different SS and cement contents (Adapted from [48]).

3.3.2. UCS of CFSS

Figure 13a shows the UCS of CFSS at 4% cement content. Singh, et al. [34] and Yu [77]
found the UCS development law of 0%–40% and 6%–80% SS content, respectively. The
results showed that with the increase of SS, the UCS increases continuously. Zhou, et al. [50]
found that with the increase of fly ash content, the UCS of CFSS first increased and then
decreased. When the content of SS was 80%, the UCS reached the maximum value. In the
mixtures, the cement provided the active substance, prompting the crystallization reaction
of Ca(OH)2, the pozzolanic reaction, and other reactions. Fly ash provided the active silica
and alumina required for the pozzolanic reaction. The activity was stimulated under the
action of cement and alkaline substances to promote the pozzolanic reaction.
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Figure 13. (a) The effect of fly ash addition on the UCS of CFSS (Adapted from [50]) (b) The effect of
cement contents on the UCS of CFSS (Adapted from [48]).

Compared with no addition of fly ash (100% SS), the incorporation of 20% fly ash (80%
SS) increased the 7d, 28d, and 90d UCS of CFSS by 126%, 157%, and 197%, respectively [50].
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This can be explained by the fact that the surface of the SS particles without fly ash had a
thin binder coating, resulting in a small contact area between the SS particles. In this case,
it was easy to cause stress concentration and damage under pressure. With the addition
of fly ash, the thickness of the binder coating gradually increased, making it increasingly
dispersed and subject to compressive stress.

The compressive strength of CFSS increased with curing time. The reaction of cement
fly ash in the mixture continues with the curing time, and the amount of the generated
cementitious substances also increases. This made a strong connection between the SS
particles, and the strength and stiffness of the association were gradually increased so that
the compressive strength of the CFSS was also gradually increased.

With the increase of cement content, UCS of CFSS also increases as shown in Figure 13b.
This can be explained by the fact that that the increase of curing time and binder content will
increase the amount of C-S-H gel, thus improving the compressive strength of the mixture.
In the case of the same cement content, the compressive strength was also significantly
improved by adding SS. SS could therefore play a role in increasing bearing load and
providing strength, which improved the UCS of CFSS.

3.3.3. DS of CFSS

Figure 14 reflects the relationship between moisture loss rate and curing time. The
moisture loss rate of the mixture increased with time. In the first ten days, the water loss rate
was faster, and its curve increased almost linearly. As the moisture content in the mixture was
consistent with the surrounding environment, the average moisture loss hardly changed. In
addition, there was also a certain relationship between the moisture loss rate and the OMC of
the mixture. The greater the OMC of the mixture, the greater the water loss rate.

The DSC decreased with curing time. As shown in Figure 15a, the maximum values of
DSC for different blend ratios all appeared in the early stage. This was the reason for the
enormous DS strain of the mixture in the early stage. From approximately the eighth day,
the DSC began to tend to the level and maintained at around 122 × 10−6, 94 × 10−6, and
101 × 10−6, respectively [77] Compared to the first day, DSC decreased by 64%, 68%, and
51%, respectively. With the increase of SS content, the DSC decreased to a certain extent.
For example, in the previous week of curing time, the DSC of 80% SS was more significant
than that of 70% SS. The changes in DSC and cement content after the seventh day are
shown in Figure 15b, when the content of SS was 70%. During the first week, the regularity
of DSC development was not significant, but after a week, the mixture with lower cement
content and more fly ash showed less DS. Among them, the DSC difference of 8% cement
content and 10% mixture was not significant.
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Figure 14. The water loss rate of LFSS with curing time (6% cement) (Adapted from [77]).
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Figure 15. (a) different SS content; (b) different cement and fly ash contents; Dry shrinkage develop-
ment of CFSS (Adapted from [77]).

3.3.4. Inhibition Mechanism of Fly Ash on CFSS

Figure 16 showed the SEM image results of the side of the cement–fly ash binder
in contact with the SS. The results showed that many needle-like, fibrous, and sheet-like
C-S-H phases were formed on the surface of the binder [50]. The hydration of f-CaO in
SS did not form larger Ca(OH)2 crystals [56]. The increase of fly ash content reduced the
possibility of SS forming a skeleton and prevented the concentration of expansion stress
between SS. The low elastic modulus of the cement–fly ash binder relieved the expansion
stress formed by the Ca(OH)2 expansion component. The binder reacted with the products
produced by the expansion of the SS, preventing the further growth of Ca(OH)2 [78,79].
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4. Numerical Simulation

With the rapid development of computer hardware and related scientific theories,
numerical simulation technology has been widely used in materials research, such as
finite element method (FEM), discrete element method (DEM), and molecular dynamics
(MD) [18,39,80–84]. The experimental cost of CSS is relatively large, the testing period is
long, and there are many uncontrollable external factors. Therefore, numerical simulation
technology has been adopted by some scholars in the study of CSS.

Wu [83] conducted a freeze–thaw cycle test on CSS specimens to consider the damage
to the CSS base in a seasonally frozen area. A simulation model of the freeze–thaw cycle
test suitable for CSS was constructed using ANSYS Workbench. Through the numerical
comparison analysis of the compressive strength test and simulation undergoing different
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freezing and thawing cycles (0, 5, 10, 20 times), it was found that the accuracy exceeded
92%. Through the numerical simulation of the freeze–thaw cycle test of CSS specimens,
the results showed that the stress and strain change periodically with temperature and
are positively correlated. With the increase of freezing and thawing times, the specimens
were subjected to stress and gradually diffused inward. The maximum stress on the
inside and outside of the samples increased accordingly. By comparing and calculating the
temperature, stress, and strain of each pavement structure with and without bed course, it
was recommended to set a cushion to protect the CSS in low-temperature areas.

Karatağ, et al. [18] used Plaxis software to perform a plane-strain FEM analysis of the
rutting characteristics of the SS base. A hardening soil model with small-strain stiffness was
used to examine the deformation behavior of layered pavement whereas asphalt concrete
modeled using the linear elastic model. After 10,110 triangular load cycles, the rutting rate
of the asphalt pavement on the SS base was approximately 33% lower than that on the
gravel base. It could be seen that SS was a better substitute for natural aggregate in terms
of deformation properties.

MD is an emerging technology to describe interactions between substances [85–87].
MD simulation has been widely used in materials science, biology, medicine, physical
chemistry, and other fields [88]. Liu, et al. [39] selected the condensed-phase optimized
molecular potentials for atomistic simulation study for cement–water–SS interfacial
simulation. The results showed that the interfacial binding energy of the SS mixture
reached 2781.6 MJ/m2, which was much larger than that of limestone (830.5 MJ/m2).
Since both limestone and SS are alkaline stones, Coulomb electrostatic interactions
account for most of the interfacial binding energy. A total of 91.80% of the cement–
limestone interfacial energy was composed of electrostatic energy, and in the cement–SS
system, the electrostatic energy increases to 99.55%. It could be concluded that during
the stirring process, due to the large positive charge contained in the SS, the electrostatic
energy increased, resulting in enhanced adhesion between the cement and the SS. At the
same time, the displacement velocity of the particles indicated that the diffusion rate of
cement molecules in the SS mixture was faster than that of limestone. This showed that
the cement wrapped the SS earlier and underwent hydration, which was beneficial to
forming the early strength of the SS mixture.

Wang, et al. [84] argued that traditional finite element methods focused on the
macroscopic behavior of materials, while ignoring the evolution of the microstructure.
Therefore, based on 3D scanning technology and in combination with physical test
results, a DEM of CSS with actual SS shape was constructed using Particle Flow Code
3D. During the CSS failure process, microcracks went through four stages: initiation,
propagation, convergence, and penetration, as shown in Figure 17. The leading cause of
CSS failure was the absorption and dissipation of energy within the structure. With the
increase of SS content, the number of microcracks gradually increased and the width of
the crack surface increased after the failure of the specimen. It was worth noting that
the SS content, SS particle size, SS roughness, and interface tensile strength had a great
influence on the CSS interface transition zone.

FEM, DEM, and MD have been adopted in different scales for SS base simulation
research, but they are still in the exploratory stage. FEM and DEM are mainly used to
simulate the cracks, rutting, freeze–thaw, anti-scour, and so on. MD is often selected to
simulate the diffusion of binder in the mixture to analyze the strength formation mechanism.
Numerical simulation results cannot be well connected with mechanical properties and
durability, so they cannot be well applied.
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5. Environmental Impacts

Road engineering is one of the major consumers of natural resources [89,90] and one
of the major producers of CO2 emissions [91,92]. Life cycle assessment (LCA) is a set of
standard procedures for evaluating environmental–economic efficiency in engineering with
the aim of finding better alternatives [93]. Based on the LCA assessment, the utilization
of SS has considerable environmental benefits [94]. Researchers have demonstrated that
SS utilization can significantly reduce greenhouse gases and ecological impacts [94,95].
Kang, et al. [96] build a SS prediction model based on a convolutional neural network by
relying on a big data acquisition and storage system to recommend the optimal utilization
of SS.

Anastasiou, et al. [97] evaluated the pavement construction with fly ash as binder
and SS as aggregate. Fly ash can significantly reduce the environmental impact of road
construction, of which binder replacement rate is the most crucial factor. The environmental
benefits of replacing 50% of cement with fly ash are far greater than the long-distance
transportation of fly ash [98]. The CO2 emissions of long-distance transport aggregates
are similar, and they account for a small proportion of the total emissions from road
construction. SS as aggregate can minimize the consumption of ecological resources, but it
is not recommended to transport SS over long distances.

Liu, et al. [39] evaluated CO2 emissions from material production and transportation
for CSM and CSS at 50% SS. The results showed that due to the large power consumption
in the cement production process, the emission of CO2 accounts for the largest proportion.
The transport emissions of SS and gravel mixture accounted for 28.9% and 19.3% of the
total emissions, respectively. Throughout the process, CSS (188, 368 kg) produced 0.25%
more CO2 than CSM (187, 896 kg).

Gao, et al. [38] discussed the compaction process of SS base and andesite (a natural
aggregate) base. The 98% compaction degree in the standard is used as the evaluation
index [99]. Based on the comparison of the three compaction methods, the results show
that strong vibration should be avoided or reduced and the static pressure exerted by the
roller compactor should be increased during SS compaction. This approach mitigates the
unfavorable “hard-to-hard” effect between adjacent slag particles, as shown in Figure 18.
The “hard-to-hard” effect refers to the deformation of SS particles under strong vibration,
followed by continuous elastic recovery and expansion. The final SS particle gap is more
significant than the initial one, which leads to a decrease in the density of the mixture after
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compaction. Compared with the andesite base, the diesel consumption of the compactor
at the SS base is higher, the energy consumption increases by 2.67 MJ/m3, and the CO2
equivalent emission increases by 0.20 kg/m3.
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At present, the environmental impact assessment of SS base mainly focuses on trans-
portation and compaction. From the perspective of construction economic cost, it is recom-
mended to use SS only in a short distance, and the environmental benefits generated by
higher content of solid waste will be more significant. For the compaction process of road
base, the CO2 emission of SS base course is slightly more than that of traditional base.

6. Conclusions

This paper focuses on a critical on the utilization of SS as a road material in semi-rigid
base course. The physical, mechanical, and durability properties indicate that SS is suitable
for semi-rigid base. It is usually the basic performance of SS that is considered when used
for semi-rigid base, rather than its production process. However, it is essential to pay
attention to the high-water absorption and calcium oxide content of SS.

The utilization of SS as a road base material in the literature can be mainly classified
into three aspects, consisting of CSS, LFSS, and CFSS. The SS content will significantly
increase OMC and MDD in CSS. The gradation of CSS will affect OMC, but has little effect
on MDD. The UCS rises with the SS content increasing. The water loss rate and DSC
showed a similar growth trend as time increases. The increase of SS and cement content
will increase the water loss rate, and DSC shows the opposite trend. After the addition
of SS, the TSC of the mixture rises, but the increased value is far less than the decrease of
DSC, which reduces the DS of the base course. In LFSS, when the content ratio of lime-
to-fly ash is 1:3, the maximum strength is achieved, and this proportion is recommended.
The ratio of binder-to-SS will also have a significant impact on UCS values, and around
20:80 is recommended. Due to the slow pozzolanic reaction, the increase of curing time
can significantly improve the UCS value. In comparison with CSS, LFSS exhibits less DS
deformation. The law of TSC is not clear, but there is an inflection point between 0–10 ◦C.
In CFSS, the change of SS content has a more significant impact on OMC and MDD than
that of cement content. The UCS increases with the increase of SS content, and there may be
an optimal content. Cement, fly ash, and curing time have a positive effect on the UCS. As
time increases, DSC decreases continuously, and large DS strains will be apparent during
the early stage of the mixture. There is no obvious correlation between DSC and the content
of cement and fly ash. FEM, DEM, and MD can be used to analyze the freeze–thaw, rutting
resistance, and crack development of SS base. LCA is used to evaluate SS road base, which
shows significant environmental significance. However, the CO2 equivalent emission of SS
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base in the process of production, transportation, and construction is slightly higher than
that of the traditional macadam base.

Based on this overview, the authors believe that further research is needed in certain
directions so as to promote the application of SS as a road material in semi-rigid base:

(1) The SS base course is generally designed according to the traditional grading range
recommended in the specification, and the particle size is within 0–31.5 mm. However, the
particle size of SS produced in the iron and steel industry is too large, and secondary crushing
is often required for the base course. After that, the SS mixture meets the requirements in
various properties, and the gradation of SS itself is not fully utilized. If the grading design
method based on the original grading of SS can be put forward, it will better promote the
application of SS in the base course. In addition, the structural type is less considered, and it
is not clear how the structural type affects the performance in the SS base.

(2) With the significant improvement of mechanical level and field construction tech-
nology, more projects adopt large thickness one-time molding to ensure the quality of
road construction. However, in the laboratory test, heavy compaction and static pressure
forming method are still widely used. It is worth noting that this method is matched with
the static roller and cannot effectively guide the gradation design and field construction of a
large thickness SS base course. In the laboratory test, it is necessary to select appropriate test
methods of SS base to better simulate the field construction, so as to ensure the authenticity
and reliability of the design results. At the same time, most of the existing studies focus
on the mechanical properties, DS, and TS of the mixture, and there is little research on the
anti-scour, fatigue performance, and frost resistance of the mixture. The applicability of SS
base in rainy and cold areas is not clear.

(3) Moreover, it is time-consuming and expensive to test the performance of SS base
course, and there are numerous uncontrollable factors. The numerical simulation of SS
base course will be one of the important research directions in the future, but now the
numerical simulation of SS base is still in the initial stage of development, and FEM, DEM,
and MD have been adopted by researchers. How to combine numerical simulation with
experimental characterization to explain the macro and micro mechanism and predict the
performance of SS mixture remains to be explored. Meanwhile, based on LCA, the whole
process of raw materials production, transportation, base course paving and use, and even
abandonment needs to be evaluated. However, there is little research on the paving and
using process of SS base. In addition to the compaction process, the high strength, high
capacity and high-water absorption of SS will have different effects on the mixing and
paving of the mixture. The impact of SS base on the environment has yet to be assessed.
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Abbreviations

ASG Apparent specific gravity LA Los Angeles abrasion
CFSS Cement–fly ash stabilized steel slag LCA Life cycle assessment
C-S-H Calcium silicate hydrates LFSS Lime–fly ash stabilized steel slag
CSM Cement stabilized macadam MD Molecular dynamics
CSS Cement stabilized steel slag MDD Maximum dry density
CV Crushing value OMC Optimum moisture content
DEM Discrete element method SS Steel slag
DS Drying shrinkage TS Temperature shrinkage
DSC Drying shrinkage coefficient TSC Temperature shrinkage coefficient
EFP Elongated and flaky particles UCS Unconfined compressive strength
FEM Finite element method WA Water absorption
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