Study on the performance of the steel slag base stabilized by multiple solid waste geopolymer
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Abstract: With the deepening of the concept of sustainable development, cement-stabilized macadam—a traditional road base material—faces increasing demand for improvement due to its high resource consumption, significant environmental pollution, and poor shrinkage performance. Steel slag, an important solid waste product of the steel industry, accumulates in large quantities, resulting in resource waste and environmental pollution. Conventional cement-stabilized steel slag base materials suffer from drawbacks such as high carbon emissions and poor volumetric stability. In this context, geopolymers emerge as an environmentally friendly alternative starting from the raw material level. This study proposes the use of three solid waste materials—fly ash, ground granulated blast furnace slag (GGBS), and red mud—in combination with an alkali activator to enhance the performance of geopolymer-stabilized steel slag as a road base material. These industrial solid wastes serve as cementitious materials replacing traditional cement, while steel slag is introduced as a substitute for natural aggregates. A series of laboratory tests, including compressive strength tests, splitting tensile tests, drying shrinkage tests, and freeze-thaw cycle tests, was conducted to comprehensively evaluate the pavement performance of the geopolymer-stabilized steel slag mixture. The aim is to achieve the dual objectives of solid waste recycling and the development of low-carbon road materials. The results indicate that the geopolymer-stabilized steel slag mixture meets the specifications required for road base materials. Geopolymers show promise as a replacement for cement, with steel slag serving as the base aggregate, forming a new type of green semi-rigid base material.
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1. Introduction
The rapid development of the steel and power industries has led to the generation of large amounts of solid waste. Data from 2024 show that China’s annual steel slag production has exceeded 120 million tons, yet its comprehensive utilization rate has remained below 30% for a long time. Massive stockpiling not only occupies land resources but also poses a risk of base course structure cracking due to the expansion characteristic of free calcium oxide (f-CaO) upon contact with water[1]. At the same time, the large-scale utilization of other solid wastes such as fly ash, red mud, and blast furnace slag also faces severe challenges. Annual fly ash emissions exceed 600 million tons. Although its utilization rate is relatively high (about 70%), the disposal of low-activity Class C fly ash remains difficult. Red mud, a by-product of alumina production with an annual output of about 100 million tons, has a comprehensive utilization rate of less than 5% due to its high alkalinity and potential radioactivity[2]. Heavy metal ions contained in these solid wastes can easily contaminate soil and groundwater through leaching by rainwater. According to TCLP test results, the concentration of Cr in the leachate of untreated steel slag can reach 15 mg/L, far exceeding the Class III groundwater standard limit of 0.05 mg/L[3].
In the field of road engineering, cement-stabilized aggregate (CSA) represents a traditional base course material. However, the production of each ton of cement emits approximately 0.81 tons of CO₂, and its ability to inhibit the hydration expansion of free calcium oxide (f-CaO) in steel slag is limited, often leading to base course cracking[4]. Geopolymer, a three-dimensional network cementitious material formed through the polymerization of aluminosilicate materials under alkaline conditions, offers advantages such as low carbon emissions (50–70% reduction compared to cement), strong corrosion resistance, and exceptional effectiveness in immobilizing heavy metals. This makes it an ideal binding medium for stabilizing steel slag[5]. Steel slag outperforms conventional crushed stone in several physical indicators, including crushing value, abrasion value, and soundness. Its unique porous structure endows it with excellent bonding capacity in base course materials, meeting the performance requirements specified in relevant standards[6]. Furthermore, the distinct chemical composition of steel slag includes reactive components that can undergo chemical reactions with water or cementitious materials. These reactions generate substances that fill pores and enhance bonding, thereby improving the strength of the base course material[7]. Therefore, the widespread application of steel slag in pavement base and surface courses would not only facilitate effective waste utilization but also contribute to land conservation and soil and water environmental protection.
It is feasible to utilize geopolymer as a substitute for cement as a cementitious material, combined with steel slag, to produce a stabilization material suitable for road base courses[8]. Currently, research on utilizing multi-solid waste to prepare geopolymers, particularly employing steel slag as a replacement for crushed aggregate in road base courses, remains insufficient both domestically and internationally, and is still in the exploratory stage. In view of this, this study will systematically investigate the mechanical properties and durability of a road base course employing geopolymer-stabilized steel slag. This research is expected to promote the large-scale synergistic utilization of multi-source solid waste in road base construction, providing support for sustainable development in the field of road engineering[9].


METHODLOGY

2 Raw material detection and mix proportion design
1.1Geopolymer raw materials
The Grade II low-calcium fly ash (FA) used in the experiment was produced by a company in Henan Province. It appeared as a gray powder with a fineness of 47 μm and a residue of 26.8% on a square-hole sieve. The slag was S95-grade ground granulated blast furnace slag (GGBFS) with a specific surface area of 416 m²/kg and a density of 3.1 g/cm³[10]. The red mud was obtained from Zhongzhou Aluminum Plant Co., Ltd. in Henan. After drying, ball milling, and sieving, its density was measured as 3.05 g/cm³ with a specific surface area of 625 m²/kg.X-ray fluorescence (XRF) analysis was employed to determine the composition proportions of the fly ash, GGBFS, and red mud. Among these, the contents of SiO2, Al2O3, and CaO are particularly critical indicators affecting the performance of the geopolymer[11]. The main chemical compositions of the fly ash, slag, and red mud are presented in Table 1.
Table 1: Main chemical compositions of fly ash, slag, and red mud
	Chemical composition content (wt.%)
	SiO2
	Al2O3
	CaO
	Fe2O3
	MgO
	Na2O
	K2O
	SO3
	Loss

	Flyash
	55.2
	27.5
	3.87
	4.86
	0.59
	0.75
	2.83
	1.43
	2.97

	Slag powder
	26.5
	19.4
	35.3
	0.61
	8.9
	1.75
	1.43
	0.83
	5.28

	Red mud
	16.55
	22.53
	14.38
	33.36
	0.52
	8.17
	0.34
	0.89
	3.26


The steel slag was sourced from a large steel plant in Hebei Province, with a specific surface area of 487 m²/kg and a density of 3.12 g/cm³. Its main components include oxides such as iron oxide, aluminum oxide, and silicon oxide, along with oxides of certain metallic elements [12]. Additionally, the slag may contain certain impurities such as silt and sand, as well as eroded furnace lining materials from the steelmaking process. The presence of these impurities can influence the chemical composition and properties of the steel slag. As a by-product generated during steel production, steel slag requires subsequent treatment and disposal [13]. The main chemical composition of the steel slag is presented in Table 2.
Table 2: The main chemical composition of steel slag
	Chemical composition content
(wt.%)
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Na2O
	K2O
	TiO2
	MnO
	LOI

	steel slag
	26.04
	4.47
	27.36
	6.45
	28.87
	0.12
	0.11
	0.69
	5.55
	0.34


1.2Alkali activator
Alkali activators are critical components in the preparation of geopolymers. Commonly used alkali activators include sodium hydroxide (NaOH), potassium hydroxide (KOH), and sodium silicate (Na₂SiO₃, water glass). Although strong alkalis such as NaOH and KOH can be used as single-component activators, their environmental corrosiveness and potential safety hazards in engineering applications have led to the widespread adoption of composite alkali activation systems in practice—for instance, mixed solutions of NaOH and sodium silicate (Na₂SiO₃) [14].
Sodium silicate, as an activator with controllable reactivity, offers both cost-effectiveness and environmental friendliness. In particular, by adjusting its modulus (molar ratio of SiO₂ to Na₂O), the rates of the depolymerization and polycondensation reactions can be precisely regulated.
In this study, a composite activator consisting of sodium hydroxide and sodium silicate was selected to ensure the effective progression of the geopolymerization reaction while minimizing adverse environmental impacts. The sodium silicate had a modulus of 3.38 and a density of 1.410g/cm³. The sodium hydroxide used to adjust the modulus of the sodium silicate was in granular form with analytical purity. The main chemical composition of the sodium silicate is detailed in Table 3.
Table 3  Chemical composition parameters of water glass
	Chemical composition content 
( wt. % )
	SiO2
	Na2O
	H2O
	杂质
	模数

	water glass
	26.42
	7.54
	58.63
	7.41
	3.38


1.3Mixing ratio design of multi-element solid waste geopolymer
The mix proportion design of the geopolymer in this study followed the standard requirements of 《Methods of testing cement-Determination of strength (ISO method)》GB/T 17671-2021[18]. Fly ash, ground granulated blast furnace slag (GGBFS), and red mud were used as raw materials, with a mass ratio of 40:30:20 for the geopolymer paste components. Considering the significant influence of alkali activator dosage on the properties of the geopolymer, an excessively low dosage is unfavorable for the hydration reaction and the development of geopolymer strength. Although a high alkali activator concentration can enhance the adhesiveness of the geopolymer paste, it reduces its fluidity and adversely affects the compactness of the internal structure. Therefore, the alkali activator dosage was set at 25%.
The fly ash, ground granulated blast furnace slag (GGBFS), and red mud were dried at 105 °C for 24 hours to remove excess moisture. After drying, the moisture content of all raw materials was reduced to below 1%. The water-to-binder ratio in the experiment was fixed at 0.4. The specific amounts of materials used in the test were as follows: fly ash 180 g, GGBFS 135 g, red mud 90 g, standard sand 1350 g, sodium silicate 80 g, and water 185 g. Geopolymer and cement mortar specimens were prepared and cured for 3, 7, and 28 days, after which flexural strength and compressive strength tests were conducted.
1.4Modulus adjustment of water glass
Numerous technical indicators are used to evaluate the performance of sodium silicate binders, one of the most important being the modulus. The modulus significantly affects the viscosity, curing rate, and bonding strength of the sodium silicate binder. The primary purpose of using a NaOH solution to reduce the modulus of sodium silicate is to adjust its physical and chemical properties, enabling it to more effectively participate in the depolymerization-polycondensation reaction with fly ash and ground granulated blast furnace slag[15]
The modulus of sodium silicate refers to the molar ratio of silicon dioxide (SiO₂) to sodium oxide (Na₂O) in the solution, commonly denoted as *m*. The Na₂SiO₃ solution used in this study had an initial modulus of 3.38, with a sodium oxide (Na₂O) content of 7.54% and a silicon dioxide (SiO₂) content of 26.42%. The modulus was adjusted by adding NaOH, and in this experiment, the target modulus of the sodium silicate solution was set to 1.4.
The amounts of substance of SiO₂ and Na₂O per 100 g of sodium silicate can be calculated using Equation (2-1) and Equation (2-2), respectively:
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Assuming the SiO₂ content remains unchanged, when the target modulus of sodium silicate Ms=1.4, the amount of substance of Na₂O required should be: 0.44 / 1.4 =0.314mol.
Therefore, the amount of Na₂O that needs to be added is:0.314-0.122=0.192mol.Let *x* be the mass (in grams) of NaOH that needs to be added. Based on the chemical equation:
2NaOH=Na₂O+H₂O, the mass of NaOH required to prepare 100 g of sodium silicate with a modulus of 1.4 is calculated as: as:0.192×2×40 =15.36g.
1.5 Design of the mix proportion of steel slag stabilized by multiple solid waste geopolymer
[bookmark: _Ref24377]This study utilizes geopolymer as a substitute for cement to stabilize aggregate materials for road base courses. The mix gradation was designed in accordance with the recommended gradation range for cement-stabilized graded crushed stone C-B-2 (suitable for base courses of highways, first-class roads, as well as secondary and lower-class roads) specified in the 《Technical Guidelines for Construction of Highway Roadbase》JTG/T F20-2015[19].To adhere to the principle of a single variable, the gradation of the aggregate in all mixtures was designed using the median values of the recommended gradation range. The specific recommended gradation range is provided in Table 4 and illustrated in Figure 1.
Table 4: The recommended gradation range of C-B-2 cement stabilized macadam
	Sieve size ( mm )
	19
	16
	13.2
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075

	Upper limit of gradation ( % )
	100
	93
	86
	72
	45
	31
	22
	15
	10
	7
	3

	Lower limit of gradation( % )
	100
	88
	76
	59
	35
	22
	13
	8
	5
	3
	2

	Gradation median ( % )
	100
	91
	81
	66
	40
	27
	18
	12
	8
	5
	3
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Fig. 1 Grain-size distribution curve
1.6 Preparation method of multi-component solid waste geopolymer mortar specimen
The preparation procedure for geopolymer mortar specimens is as follows:
(1) After cooling the NaOH solution to 20 °C, mix it with the Na₂SiO₃solution. Stir slowly at room temperature for 3 minutes, then let the mixture stand and cool to 20 °C before bottling and storing.
(2) Pour the prepared alkali activator solution into a mixing pot, add a specified amount of water, and stir for 1 minute. Then weigh the corresponding masses of fly ash, ground granulated blast furnace slag (GGBFS), and red mud, mix them uniformly, add them to the mixing pot, and incorporate the corresponding mass of standard sand. Mix thoroughly until uniform, then cool to room temperature.
(3) Secure the mixing pot firmly. Pour the uniformly dry-mixed fly ash and GGBFS into the cleaned mixing pot. Immediately after adding water and the alkali solution, start the mixer—first at low speed for 2 minutes, then at high speed for 2 minutes.
(4) Pour the mixture into the molds in two layers. After leveling the surface, secure the mold on a vibrating table and vibrate for 60 times. Once vibration is complete, use a steel scraper to remove excess geopolymer mortar above the mold surface, and wrap the mold with a layer of plastic film. Then place the specimens in a curing chamber for 24 hours before demolding. Subsequently, transfer them to a standard curing chamber and continue curing until the specified ages for strength testing.
1.7 Multi-element solid waste geopolymer stabilized gravel specimen
Based on the mix design parameters for the geopolymer-stabilized aggregate, the designed geopolymer content was set at 5%, and the proportions of the various aggregates were as follows:1# (9.5–19 mm): 2# (4.75–9.5 mm) : 3# (2.36–4.75 mm): 4# (0–2.36 mm) = 38: 29 : 21: 12. Similarly, the control mixture was prepared using the same proportions and masses of aggregate and geopolymer, and corresponding specimens were fabricated following the same procedure. All test specimens were prepared in accordance with the 《Test Methods of Materials Stabilized with Inorganic Binders for Highway Engineering》JTG 》 JTG 3441-2024[9]. For example, for a total aggregate mass of 5000 g, the amounts for each fraction were as follows:9.5-19mm:1900g,4.75-9.5mm: 1450 g,2.36-4.75mm:1050g,0-2.36 mm: 600 g
1.8 Moisture-density test
[bookmark: _Ref24320]The compaction test is a crucial method for evaluating the compactability of base course materials. Its purpose is to determine the optimum moisture content (OMC) and maximum dry density (MDD) of the material, thereby understanding its performance under different moisture contents and compaction levels. This provides reliable theoretical indicators for field compaction quality and ensures engineering reliability. In this study, the heavy compaction—Method C was selected to conduct the test on the geopolymer-stabilized aggregate[16]. Using 5% as the median value and adjusting in 1% intervals, five moisture content groups were designed: 3%, 4%, 5%, 6%, and 7%. According to the designed mix proportion, the geopolymer-stabilized aggregate (approximately 5000 g) was mixed and placed in three layers into the large compaction mold of an electronic compaction apparatus. Each layer was compacted with 94 blows using a heavy compaction hammer. The optimum moisture content and maximum dry density of the inorganic binder-stabilized material are shown in Table 5 below.
Table 5. Compaction test results
	Multiple solid waste
	moisture content（%）
	3.6
	4.5
	5.6
	6.2
	6.7

	
	dry density（g/cm3）
	2.28
	2.34
	2.48
	2.39
	2.31

	100 % steel slag replacement
	moisture content（%）
	3.9
	4.8
	6.1
	6.6
	7.4

	
	dry density（g/cm3）
	2.41
	2.51
	2.59
	2.48
	2.43


As can be seen from Tables 1 to 5, the optimum moisture content (OMC) of the crushed stone with 5% geopolymer content is 5.6%, and the maximum dry density (MDD) is 2.48 g/cm³. For the steel slag stabilized with 5% geopolymer, the OMC is 6.1% and the MDD is 2.59 g/cm³. Under the same binder content and gradation conditions, the OMC and MDD of the geopolymer-stabilized crushed stone are both lower than those of the geopolymer-stabilized steel slag. This is because the incorporation of steel slag significantly affects the density and moisture characteristics of the base course material. The porous nature of steel slag requires more water to participate in the reaction, and its inherently higher density leads to a gradual increase in the dry density of the mixture. In the chemical reaction of the geopolymer, aluminosilicate materials readily undergo depolymerization-polycondensation with the geopolymer, forming a denser structure. As a result, the maximum dry density of the geopolymer-stabilized steel slag is further enhanced.


Result & discussion
2 Aest result analysis
2.1Mortar strength test
Strength comparative tests were conducted on geopolymer mortar specimens and cement mortar specimens cured for 3, 7, and 28 days. The geopolymer was activated using an alkali activator with a sodium silicate modulus of 1.4, with a multi-solid-waste mixture of fly ash, ground granulated blast furnace slag, and red mud as the cementitious materials. For the control group, specimens were prepared using P·O 42.5 ordinary Portland cement. The aim was to investigate the feasibility and performance advantages of geopolymer cementitious materials in base course applications. Prior to testing, all instruments and equipment were rigorously inspected to ensure normal operation of the universal testing machine, stability of the control system, and accuracy of the data acquisition system. During specimen placement, care was taken to ensure the smooth surface faced upward and the specimen was properly aligned to avoid measurement errors caused by eccentric loading. After starting the testing machine, continuous loading was applied until specimen failure occurred. The maximum load value and failure mode were recorded, and the compressive and flexural strengths were calculated accordingly. The strength testing process is illustrated in Figure 2, and the experimental data are summarized in Table 6, including the average strength values of each group of specimens at different ages for subsequent comparative analysis and discussion.
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Fig. 2  Geopolymer strength test
Table 6: Test results of geopolymer and cement strength at different ages
	Material Type
	3-day flexural strength（MPa）
	7-day flexural strength（MPa）
	28-day flexural strength（MPa）
	3-day compressive strength（MPa）
	7-day compressive strength（MPa）
	28-day compressive strength（MPa）

	Multi-solid-waste geopolymer mortar specimen
	5.3
	6.8
	9.3
	28.1
	36.8
	43.7

	Geopolymer-stabilized steel slag
	4.5
	6.1
	7.8
	23.4
	33.7
	46.2


Data analysis indicates that the early-age strength of geopolymer mortar specimens is higher than that of cement mortar specimens, which can be attributed to the faster reaction rate of geopolymerization. In contrast, the early strength of cement mortar primarily relies on the hydration of cement clinker, which proceeds at a relatively slower pace. Although the strength development of geopolymer mortar tends to slow in later stages, it continues to increase and remains sufficient to meet design requirements. The strength growth of cement mortar, on the other hand, is more gradual and typically reaches the design strength at 28 days. After 28 days, the strength of cement mortar exceeds that of geopolymer mortar. The performance of cement mortar is more dependent on the properties of the cement itself, the water-cement ratio, and standard curing conditions. Multi-solid-waste geopolymer enables large-scale utilization of industrial solid wastes such as fly ash, slag, and red mud, thereby reducing environmental pollution. Its production process does not require high-temperature calcination, as is necessary for cement clinker, resulting in lower energy consumption and carbon emissions compared to conventional cement. This gives it significant environmental advantages[17]. Based on the above analysis, geopolymer cementitious materials demonstrate clear practical advantages as a substitute for cement.
2.2 Unconfined Compressive Strength Test
Following the specimen preparation method specified in standard JTG 3441-2024[20], this study designed unconfined compressive strength tests for 7 days, 28 days, and 90 days, with geopolymer-stabilized crushed stone set as the control group. A comparative analysis of the mechanical properties of the two base course materials at different curing ages was conducted. The prepared mixture was placed into a mold measuring 150 mm in diameter×150 mm in height, with the material added in at least three separate layers. Each layer was thoroughly vibrated or compacted. The final layer was filled to approximately 2 cm below the top of the mold. A jack reaction frame system was then used to apply sufficient compression until no further volume change occurred. The pressure was maintained for 2 minutes before release. After 6 hours, the specimen was demolded using an extruder and immediately wrapped in plastic film. The wrapped specimens were subsequently cured under standard conditions at a temperature of 20 °C±2 °C and a relative humidity of ≥95%. The unconfined compressive strength of the specimens was calculated using Equation (2-1):
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Where: ——Unconfined Compressive Strength of Specimens（MPa）；
          ——Maximum Load at Failure（N）；
          —— The sectional area of the specimen（mm2）。
During unconfined compressive strength testing, any moisture on the surface of the specimen shall be wiped off with a dry towel. The compressive strength of the specimen is then tested using a universal testing machine, with a constant loading rate of 1 mm/min maintained throughout the experiment. The testing process is illustrated in Figure 3, and the experimental data are summarized in Table 7.
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	Fig. 3 Unconfined compressive strength test
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Table 7. Unconfined compressive strength of 7 d,28 d, and 90 d age
	Material Type
	7-day compressive strength（MPa）
	7-day coefficient of variation(Cv)%
	28-day compressive strength（MPa）
	28-day coefficient of variation (Cv)%
	90-day compressive strength（MPa）
	90-day coefficient of variation(Cv)%

	Geopolymer-stabilized crushed 
stone
	4.17
	11.6
	4.54
	10.4
	4.87
	7.9

	Geopolymer-stabilized steel slag
	3.87
	12.1
	4.67
	11.1
	5.24
	8.4


According to the 《Technical Guidelines for Construction of Highway Roadbases》(JTG/T F20-2015), for medium and light traffic conditions on secondary and lower-class highways, the unconfined compressive strength of the base course at 7 days of curing should range between 2.0 and 4.0 MPa.Analysis of the data in Table 7 shows that the unconfined compressive strength at 7 days for all material categories meets the specification requirements. Furthermore, the coefficient of variation (Cv) of the unconfined compressive strength of the base course material at 7, 28, and 90 days all satisfy the specification requirement of not exceeding 15%, indicating that the geopolymer-stabilized steel slag fully complies with the standards. The coefficient of variation for the compressive strength at 7 days is generally above 10%, reflecting a relatively high discreteness in specimen strength at this stage. This can be attributed to the rapid strength development in early ages, as well as influences from material properties and curing conditions, leading to variations in strength among specimens. However, after 28 days of curing, the coefficient of variation typically decreases to below 10%, indicating that the strength development among specimens becomes more consistent. This demonstrates that the compressive strength data tend to stabilize and homogenize over time.
2.3Splitting strength test
Cylindrical specimens with dimensions of 150 mm × 150 mm were prepared. After 90 days of standard curing, the specimens were immersed in a water tank one day prior to testing to simulate potential humid conditions in actual engineering applications. Before the test, the specimens were removed from the water, and any surface moisture was wiped off with a towel. They were then weighed, and the mass recorded. The diameter and height of each specimen were measured, and the average of four different directional measurements was taken as the material data. During the splitting tensile test, the specimen was placed steadily and secured between two metal rods at both ends to prevent movement. A constant loading rate of 1 mm/min was applied, and the load at failure was recorded. The experimental data are summarized in Table 8.
Table 8. 90-day age splitting test
	Material Type
	Splitting strength ( MPa )
	Coefficient of variation(%)

	Geopolymer-stabilized crushed 
stone
	0.68
	8.3

	Geopolymer-stabilized steel
slag
	0.54
	6.8


The splitting tensile performance of geopolymer-stabilized steel slag base course materials is significantly influenced by their constituent components, including the paste, aggregate particles, and the interfacial transition zone between the paste and aggregates. The synergistic interaction among these components plays a decisive role in determining the splitting tensile strength of the base material. Owing to their rougher surface and higher porosity, steel slag aggregates allow for better penetration of the paste, resulting in stronger bonding forces. As the paste hardens, the interfacial strength is further enhanced, thereby improving the splitting performance of the base material. The splitting tensile strength is also affected by the hydration reaction of the cementitious materials and the bonding interaction with the aggregates. The formation of C-S-H gel during the hydration of steel slag, combined with its rough surface, creates favorable conditions for strength enhancement. When the incorporation amount of steel slag reaches 100%, the splitting tensile strength of the base material decreases, reflecting the negative effect of reduced compactness. Nevertheless, the material still meets the required strength specifications.
2.4 Dry shrinkage test
The drying shrinkage test is designed to evaluate the drying shrinkage characteristics of inorganic binder-stabilized materials. By measuring the shrinkage deformation and water loss rate of the material, the drying shrinkage coefficient is calculated, thereby enabling the assessment of the drying shrinkage performance of different materials. The specimens were formed using static compaction. After formation, they were placed in an environment maintained at 20 °C and 60% relative humidity. Data were recorded daily until the 7th day; from then on, recordings were taken every two days. Starting from the 30th day of the experiment, data for the 60th, 90th, 120th, 150th, and 180th days were also recorded. Each time data were collected, the moisture content of the specimens was measured. Upon completion of the test, the specimens were oven-dried to constant mass and weighed. The testing of the specimens is shown in Figure 4, and the experimental data are summarized in Table 9.
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	Fig. 4 Drying shrinkage test device and specimen


Table 9 Drying shrinkage test results
	Geopolymer-stabilized crushed stone
	Geopolymer-stabilized steel slag

	instar（d）
	water loss rate（%）
	dry shrinkage（mm）
	dry shrinkage strain（10-6）
	coefficient of shrinkage（10-6）
	instar（d）
	water loss rate（%）
	dry shrinkage（mm）
	dry shrinkage strain（10-6）
	coefficient of shrinkage（10-6）

	1
	0.56
	0.012
	31.0
	57.23
	1
	0.47
	0.008
	25.5
	50.38

	2
	0.77
	0.028
	69.0
	92.70
	2
	0.69
	0.026
	64.5
	96.08

	3
	1.04
	0.044
	110.0
	109.63
	3
	0.95
	0.043
	108.5
	117.55

	4
	1.27
	0.059
	148.0
	121.43
	4
	1.15
	0.057
	142.0
	126.45

	5
	1.51
	0.069
	173.5
	119.12
	5
	1.36
	0.064
	160.0
	120.94

	6
	1.75
	0.080
	199.0
	118.15
	6
	1.60
	0.072
	180.5
	116.29

	7
	1.90
	0.089
	222.0
	121.76
	7
	1.71
	0.078
	196.0
	117.89

	9
	2.03
	0.105
	263.0
	134.63
	9
	1.83
	0.095
	237.0
	133.09

	11
	2.09
	0.119
	298.5
	148.41
	11
	1.88
	0.107
	267.5
	146.34

	13
	2.18
	0.128
	319.0
	151.83
	13
	1.95
	0.114
	286.0
	151.23

	15
	2.28
	0.136
	229.5
	154.96
	15
	2.04
	0.125
	311.5
	157.36

	17
	2.43
	0.141
	352.0
	150.58
	17
	2.18
	0.130
	324.5
	153.04

	19
	2.50
	0.145
	362.5
	150.47
	19
	2.25
	0.136
	340.0
	155.92

	21
	2.64
	0.149
	372.5
	146.86
	21
	2.39
	0.142
	355.5
	153.17

	23
	2.74
	0.154
	385.5
	146.18
	23
	2.48
	0.147
	368.5
	152.79

	25
	2.91
	0.157
	393.0
	140.12
	25
	2.62
	0.151
	378.5
	149.03

	27
	2.98
	0.162
	405.5
	141.67
	27
	2.71
	0.159
	396.5
	150.78

	29
	3.08
	0.166
	416.0
	140.38
	29
	2.81
	0.165
	412.0
	150.92

	60
	3.14
	0.181
	451.5
	149.43
	60
	2.87
	0.176
	440.5
	157.83

	90
	3.36
	0.193
	482.0
	149.29
	90
	3.20
	0.188
	471.5
	151.52

	120
	3.56
	0.207
	518.0
	151.08
	120
	3.30
	0.202
	504.5
	157.72

	150
	3.80
	0.218
	546.0
	149.34
	150
	3.53
	0.214
	535.5
	156.15

	180
	3.98
	0.230
	574.0
	150.10
	180
	3.72
	0.226
	564.0
	156.21


As shown in Figure 5, the water loss ratio of both specimens increases with age and gradually stabilizes. After 7 days of curing, the water loss ratio of the geopolymer-stabilized crushed stone is 1.9%, while that of the specimen with 100% steel slag incorporation is 1.71%—a reduction of 10% compared to the specimen without steel slag. Beyond 7 days, the rate of increase in water loss slows down as the curing age progresses. By 90 days, the water loss ratio of the geopolymer-stabilized crushed stone reaches 3.36%, whereas with 100% steel slag incorporation, the water loss ratio at 90 days is 3.2%, representing a 4.8% reduction compared to the specimen without steel slag. Drying shrinkage is caused by water loss. The specimens with steel slag exhibit lower water loss ratios and drying shrinkage strains than those without steel slag. The hydration reaction of steel slag in the base material is the main reason for the reduction in water. The gel substances formed after hydration encapsulate the surface, and the porous nature of steel slag allows it to adsorb more water, resulting in a lower water loss ratio in steel slag-incorporated specimens. Moreover, steel slag itself exhibits micro-expansion. When incorporated into the base material, the expansion strain of steel slag increases, which can counteract the increase in shrinkage strain, thereby reducing the overall strain of the geopolymer-stabilized steel slag base material. It can be concluded that steel slag plays a role in compensating for shrinkage in geopolymer-stabilized materials.


[bookmark: _GoBack]2.5 Freeze-thaw cycle test
After undergoing freeze-thaw cycles, the specimens were subjected to compressive tests under a controlled loading rate of 1 mm/min applied by the testing machine. The frost resistance of the inorganic binder-stabilized material was evaluated by calculating the residual compressive strength ratio after freeze-thaw cycles (i.e., the frost resistance coefficient, calculated as RDC/RC). Table 10 presents the test results of specimens at 28 days of curing age after freeze-thaw cycles.
Table 10. 28d age freeze-thaw cycle strength
	Material Type
	Unfreeze-thaw strength（MPa）
	Strength after freeze-thaw（MPa）
	Frost resistance coefficient（%）
	Strength loss rate（%）

	Geopolymer-stabilized crushed 
stone
	4.62
	4.01
	86.79
	13.21

	Geopolymer-stabilized steel
slag
	4.82
	3.96
	82.16
	17.84


The 28-day frost resistance coefficient of the geopolymer-stabilized crushed stone is 86.79%, corresponding to a strength loss of 13.21%. When the steel slag content reaches 100%, the frost resistance coefficient decreases to 82.16%, while the strength loss increases to 17.84%. Steel slag aggregates are characterized by high porosity and water absorption. As the content of steel slag increases, the amount of water absorbed within its micro-pores also rises. Under freezing conditions, this absorbed water generates expansive stress upon ice formation, leading to a reduction in frost resistance.
3 Conclusion
This study utilizes three types of waste materials—fly ash, slag, and red mud—to prepare geopolymers as a substitute for cement in cement-stabilized base courses. It investigates the influence of different material types, steel slag, and crushed stone, on the performance of base course materials through performance analysis. The mechanical properties were evaluated via mortar tests, unconfined compressive strength tests, and splitting tensile strength tests. The resistance to drying shrinkage was assessed based on the drying shrinkage rate and water loss rate, while frost resistance was evaluated using the strength loss rate, thereby exploring the durability of the base course materials.
The main conclusions of this study are as follows:
1. From an environmental perspective, multi-solid-waste geopolymer-stabilized steel slag, though slightly superior to geopolymer-stabilized crushed stone in terms of mechanical properties, drying shrinkage, and freeze-thaw resistance, still meets specification requirements. It incorporates recycled solid wastes and significantly reduces carbon emissions during production, not only addressing the challenge of excessive construction waste accumulation but also promoting the development of a green circular economy.
2. The preparation process of geopolymer is more complex compared to cement, and its technology is less mature, which limits its application in road base courses. However, due to its rapid early-age strength development, steel slag can be selected as an aggregate if early mechanical performance and economic efficiency are prioritized. Geopolymer-stabilized steel slag is recommended, as both steel slag and crushed stone meet the physical performance requirements of specifications, and steel slag exhibits good stability, allowing for direct utilization.
3. Geopolymer-stabilized steel slag demonstrates excellent mechanical properties. Its unconfined compressive strength at various ages is comparable to that of geopolymer-stabilized crushed stone with the same 5% binder content, fully meeting road specification requirements. However, during the hardening process of geopolymer, uneven cementation caused by the alkali activator may lead to volumetric shrinkage and resulting microcracks. It is recommended to incorporate fibers to repair or fill these microcracks.
4. Geopolymer possesses a denser microscopic structure, making it difficult for water molecules to penetrate into the interior of the geopolymer cementitious material. The incorporation of steel slag has a positive effect on the drying shrinkage performance of the base material. However, excessively high steel slag content reduces the freeze-thaw resistance of geopolymer-stabilized materials. Steel slag aggregates are inherently porous and highly absorbent. As the steel slag content increases, so does the amount of water absorbed within its micropores. Under freezing conditions, this water generates expansive stress due to ice formation, leading to a decrease in frost resistance.
[bookmark: _Ref4881]
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