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Abstract. The application of steel slag in pavement subgrade can not only im-

prove the comprehensive utilization of steel slag, but also help to reduce the con-

sumption of natural sand and gravel materials. In order to analyze the influence 

of steel slag fine aggregate on the road performance of cement-stabilized sand-

stone base layer (CSSB), this paper compares and analyzes the compressive 

strength, splitting strength and shrinkage of CSSB under different conditions of 

replacing limestone fine aggregate with steel slag fine aggregate, and uses SEM 

combined with energy spectroscopy to reveal the influence of steel slag fine ag-

gregate on the microstructure of CSSB. The results show that: steel slag fine ag-

gregate can effectively improve the late strength of CSSB, in which the 60 d 

strength of CSSB with 100% (mass fraction) steel slag fine aggregate replace-

ment rate increased by 18.7% compared with the undoped steel slag samples, but 

there is a certain negative effect on the early strength of CSSB; steel slag fine 

aggregate can improve the shrinkage performance of CSSB, and the higher the 

doping, the more obvious the improved performance; although steel slag fine ag-

gregate can improve the shrinkage performance, the higher the doping, the more 

obvious the improved performance. Compared with the unadulterated steel slag 

samples, at the age of 28 d, the m(Ca)/m(Si) mass ratio of CSSB interfacial tran-

sition zone was reduced by 62.95% at 100% steel slag fine aggregate replacement 

rate, and the C-S-H gel increased significantly, and the structure was denser. The 

study shows that steel slag fine aggregate can be used as a substitute for tradi-

tional sand and gravel fine aggregate by controlling the reasonable dosage, and 

has good application prospects in pavement subgrade. 
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properties; water stability 

1 Introduction 

Steel slag is one of the by-products produced in the steelmaking process, according to  
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statistics, the annual global crude steel production of 1,878.5 million tonnes in 2022, of
which, only China's crude steel production reached 1,013 million tonnes [1], in accord-
ance with the current iron and steel production efficiency in China, the steel slag gen-
eration rate of crude steel production of 8% to 15%, so the steel slag production of
about 0.8 to 150 million tonnes, a large number of steel slag needs to be properly
treated. The United States, Japan and other industrialised countries applied steel slag
earlier, and the current utilisation rate of steel slag can reach 98%, while the utilisation
rate of steel slag in China is only about 29.5% [2], most of which is piled up or trans-
ported as rubbish to landfills for disposal, which not only occupies land resources, but
also may cause environmental pollution. At the same time, with the rapid development
of China's transport construction, the lack of sand and gravel materials is becoming
increasingly serious, many areas of sand and gravel materials are scarce, so it is urgent
to find a new sand and gravel alternative resources. Steel slag has good physical and
mechanical properties, high strength, rough surface, good compatibility, and has a cer-
tain cementing properties [3] If used properly, steel slag can partially or completely
replace the aggregate in the mixture, not only to alleviate the problem of scarcity of
gravel, but also to save engineering costs and reduce the damage to the environment[5-
6].

At present, there have been several studies on the application of steel slag as a pave-
ment material in road engineering [7]. Gao [8] analysed the mechanism of steel slag on
the water stability of asphalt mixture from the chemical composition and microstructure
of steel slag, and found that the steel slag indicates alkaline, porous surface, which in-
creases the effective contact area between the steel slag and asphalt, and can signifi-
cantly improve the water stability of asphalt mixture. Therefore, this paper carries out
a systematic research on mixing steel slag fine aggregate in cement stabilised sandstone
base layer. Five cement stabilised gravel mixtures with 0%, 25%, 50%, 75% and 100%
steel slag fine aggregate were designed to study the mechanical properties, shrinkage
properties and water stability of cement stabilised gravel mixtures with different steel
slag fine aggregate dosages [9]. The results of the study can provide reference for the
application of steel slag in semi-rigid base layer.

(a) XRD map of steel slag (b) microscopic images of steel slag

Fig. 1. Raw material XRD and microscopic morphology
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Table 1. Main chemical composition of steel slag

Type CaO Fe2O3 SiO2 MgO TiO2 MnO Al2O3 V2O5 K2O
Content/% 39.66 21.02 16.10 3.37 2.75 5.75 3.46 1.541 0.063

1.1 Proportioning Design

The main chemical components of steel slag were determined by X-ray fluorescence
spectrometry (XRF) and the surface morphology of steel slag specimens was charac-
terized by a Czech Tescan MIRA LMS scanning electron microscope (SEM), and the
results are shown in Figure 1 and Table 1.In order to investigate the effects of different
steel slag fine aggregate replacement rates on the strength characteristics and water sta-
bility of cement stabilised sandstone mixes, the cement stabilised gravel mix ratios were
carried out according to the Technical Rules for the Construction of Highway Pavement
Base Levels (JTG/T F20-2015) [10] and Test Procedures for Stabilising Materials for
Inorganic Cement Stabilised Gravel Mixtures for Highway Engineering (JTG E51-
2009) [11].

Table 2. Experimental mixing ratio

Mixture
Number

Mass Fraction of the Material (wt/%)
Sandstone Limestone Steel slag Cement

19-26.5 16-19 9.5-16 4.75-9.5 0-4.75 0-4.75
LS-0 17 6 20 16 36 0 5

LS-25 17 6 20 16 27 9 5
LS-50 17 6 20 16 18 18 5
LS-75 17 6 20 16 9 27 5
LS-100 17 6 20 16 0 36 5

LS1 17 6 20 16 36 0 4.5
LS2 17 6 20 16 36 0 5.5

1.2 Test Methods

Strength Test.
Standard cylindrical specimens were molded under standard conditions according to

the ratios in Table 2, and cured under standard curing conditions until the experimental
age and the specimen was soaked in water for 24h one day before the determination of
unconfined compressive strength and splitting strength. The YES305-5000 digital pres-
sure tester was used (Jinan Tester Group Co., Ltd.), and the specimen was tested in
accordance with The compressive strength and splitting strength tests were carried out
by YES305-5000 digital display pressure testing machine (Jinan Testing Group Co,
Ltd.) in accordance with the Test Procedure for Stabilisation Materials of Inorganic
Binding Material for Highway Engineering (JTG E51-2009) [12], and the loading rate
was 1 mm/min.
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Shrinkage Performance Test.
The three groups of ratios numbered 1, 3 and 5 were selected in accordance with the

"Highway Engineering Inorganic Combined Material Stability. Material test proce-
dure" (JTG E51-2009) of the forming method in the best moisture content and maxi-
mum dry density of forming contraction test with the middle beam specimen, size
100mm × 100mm × 400mm, the same proportion of the mixture of six for a group,
three specimens to determine the shrinkage deformation of the material, and in addition
to reserve three standard specimens for the measurement of the material's contraction
of the water loss rate. The test was carried out when the material was maintained to 7d
according to the standard method of maintenance.

Microscopic Property Test (SEM-EDS).
In order to clarify the effect of steel slag on the microstructure of CSSB, a scanning

electron microscope was used to test the microstructure of CSSB

2 Results and Discussion

2.1 Unconfined Compressive Strength Test

The unconfined compressive strength is the most direct and critical index for evaluating
the performance of cement stabilised aggregates [13], in order to study the influence of
different steel slag fine aggregate replacement rate and maintenance age on the strength
of cement stabilised aggregates, the unconfined compressive strength test was carried
out on 5 different ratios of cement stabilised aggregates for 7d, 28d, 60d and 90d. The
relationship between the unconfined compressive strength of specimens and the re-
placement rate of steel slag fine aggregate and the age of maintenance is shown in Fig-
ures 2.

(a) Replacement ratio (b) Age

Fig. 2. Effect of different factors on the unconfined compressive strength of CSSB

The strength of cement-stabilised aggregates is mainly composed of two parts: the
adhesive force of hydrates produced by the hydration reaction of cement and the friction
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between coarse and fine aggregates [14-15]. As can be seen from Figure 2, under the
same replacement rate, the unconfined compressive strength of the mix increases with
the growth of age, in which the long-term strength of the mix increases significantly
with the increase in the replacement rate of steel slag fine aggregate, and the 60d
strength of the mix with 50% steel slag fine aggregate replacement rate reaches 8.21
MPa, which is 7.2% higher than that of the mix with unadulterated steel slag fine ag-
gregate.

2.2 Splitting Strength Test

As an important structural layer in the pavement, the base layer will be subjected to
tensile stress in addition to compressive stress, the splitting strength reflects the crack-
ing resistance of cement stabilised aggregates to a certain extent [16-17], and the spec-
imens were subjected to the splitting strength test, and the test results are shown in Fig.
3.

(a) Replacement ratio (b) Age

Fig. 3. Effect of different factors on the splitting strength of CSSB

Splitting tensile strength mainly reflects the cementation capacity of cement stabi-
lised aggregate within the aggregate, which mainly depends on the cohesion between
aggregates [18]. As can be seen from Figure 3(a), at the same replacement rate of steel
slag fine aggregate, the splitting strength of the specimen increases with the growth of
the age of maintenance, and the longer the age of maintenance, the more obvious the
increase. As can be seen from Figure 3(b), at different ages, the split  strength of the
mixture is similar to the law of strong compressive strength, the split strength at the age
of 7 d decreases with the increase of the replacement rate of steel slag fine aggregate,
and the split strength at the ages of 28d, 60d and 90d all increase with the increase of
the replacement rate of steel slag fine aggregate.

2.3 Analysis of the Effect of Steel Slag Fine Aggregate on Shrinkage
Properties

Shrinkage cracks will occur when cement stabilised materials are used as pavement
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base layers undergoing a certain degree of dry and wet cycling [19], so in addition to
strength, the influence of the material on the shrinkage properties of the mix needs to
be considered [20]. Since steel slag fine aggregate contains a certain amount of f-CaO,
it will have a positive effect on the shrinkage properties of the mix. The cumulative
moisture loss rate and shrinkage coefficient of the mixes with different steel slag fine
aggregate replacement rates were calculated according to the standardize, and the re-
sults are shown in Fig. 4(a). It can be seen that the moisture loss rate is faster in the first
few days of the test, which is mainly due to evaporation of free water in the specimen.
The moisture loss of the specimen with 50 per cent steel slag fine aggregate replacement
rate in the pre-conditioning period is much higher than that of the specimen without
steel slag, which is due to the fact that the steel slag fine aggregate This is due to the
fact that steel slag fine aggregate has a higher water absorption rate than limestone fine
aggregate, and the water loss in the initial period is also greater. 30d later, the water
loss rate of the three mixes tends to stabilise, and basically no longer changes.

(a) Dry Water Loss (b) Shrinkage factor

Fig. 4. Effect of different steel slag fine aggregate replacement rates on CSSB

As an important structural layer in the pavement, the base layer will be subject to
tensile stress in addition to compressive stress, the splitting strength reflects the crack-
ing resistance of cement stabilised aggregates to a certain extent, and the specimens
were subjected to the splitting strength test, and the test results are shown in Fig. 4(b).

Fig. 4(b) shows the shrinkage coefficient of mixes with age change rule of three
kinds of steel slag fine aggregate replacement rate, it can be found that the steel slag
fine aggregate has a good inhibition effect on drying shrinkage, the higher the replace-
ment rate of steel slag fine aggregate, the more obvious the reduction of the shrinkage
coefficient, at the end of the age of maintenance, compared with the unadulterated steel
slag specimens, the shrinkage coefficient of the specimens of the 50% steel slag fine
aggregate replacement rate and the 100% steel slag fine aggregate replacement rate
were reduced by 18.03%, 32.24%, the reason is that steel slag microexpansion can off-
set some of the volume shrinkage, which is similar to the findings of Huang [20].
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2.4 Microstructure Testing Result

From Fig.5(a), it can be seen that the CSSB without steel slag fine aggregate generated
fewer C-S-H gels with sparse distribution, while a small amount of acicular calcareous
alumina and flaky Ca(OH)2 appeared, whereas in Fig. 5(b), it can be clearly seen that
a large number of fibrous interspersed C-S-H gels were generated in the internal part
of the CSSB with the incorporation of steel slag to form a dense structure.

(a) 0% (b) 100%

Fig. 5. Effect of different steel slag replacement rates on microstructure

3 Conclusion

(1) The surface of steel slag is rough and porous, with high water absorption rate and
high density, which has good engineering mechanical properties; with the increase of
the replacement rate of steel slag fine aggregate, the optimum water content and maxi-
mum dry density of the mix are increased.

(2) The inclusion of steel slag fine aggregate will reduce the early mechanical prop-
erties of the mixture to a certain extent (including unconfined compressive strength and
splitting strength), but can improve the long-term strength of the mixture, based on the
results of this paper, the reasonable mixing amount of steel slag fine aggregate in
25%~75%, to meet the use of general road pavement grass-roots level requirements.

(3) The incorporation of steel slag fine aggregate will significantly improve the
shrinkage properties of the mixture, and the improvement effect increases with the re-
placement rate. Compared with the unadulterated steel slag fine aggregate samples, the
shrinkage coefficient of 100% steel slag fine aggregate replacement rate samples is re-
duced by 32.24%, and the shrinkage performance is greatly improved.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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