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Based on an orthogonal experimental design, this study introduces rubber powder particle size alongside rubber powder content, aggregate gradation, and cement content as factors. A total of 16 mix proportions were formulated. For each mixture, compaction tests and unconfined compressive strength (UCS) tests were conducted. Using Statistical Product and Service Solutions (SPSS) software, a multifactor variance analysis was performed to determine the influence levels of the four factors on maximum dry density and compressive strength. The optimal mix proportion was selected based on compressive strength. The results indicate that aggregate gradation and rubber powder content significantly affect the maximum dry density of the mixture, with aggregate gradation having the greatest impact. Rubber powder content has the most substantial effect on compressive strength, while rubber particle size has the least influence. The optimal formulation is 7% cement content, 30-mesh rubber powder, 0.5% rubber powder content, and a skeletal dense gradation close to the median.
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1 INTRODUCTION
With the rapid development of the national economy, China has made remarkable achievements in infrastructure construction. In road construction, most highways in China utilize semi-rigid base courses, among which cement-stabilized crushed stone is widely employed due to its high strength, abundant material sources, and low cost (Ji et al., 2016; Chen et al., 2022). Research shows that cement-stabilized crushed stone materials are used in 90% of pavement base courses (Zheng et al., 2019; Sun and Li, 2018).
Cement-stabilized crushed stone is a cement-based composite material composed of aggregates of various particle sizes, 3%–8% cement, and the optimum water content. The cement’s hydration, hardening, and polymerization processes provide cement-stabilized crushed stone mixtures with sufficient strength. Researchers have identified the interfacial transition zone (ITZ) between the cement paste and aggregate as the most critical interface in cement-based materials, which also represents the weakest link (Lyu et al., 2019). The significant size disparity between cement and aggregate particles causes the aggregates to form distinct “walls,” disrupting the packing of cement particles and resulting in a “wall effect.” This phenomenon introduces an increased concentration of water molecules and air near the aggregates, significantly raising the porosity (Scrivener et al., 2004), which leads to poor bonding between the cement paste and aggregate, thereby hindering the formation and development of strength. The strength of the mixture is influenced by various factors, such as cement content, aggregate gradation, additives, and curing age. Cement hydration increases the bond strength between aggregates, implying that the mixture’s strength increases with higher cement content (Reddy et al., 2020; Zhou et al., 2019). Additionally, research has indicated a near-linear relationship between cement content and compressive strength (Li and Hu, 2020).As a key component of cement-stabilized crushed stone, the gradation and properties of aggregates significantly affect the strength of the mixture. Coarse aggregates provide structural support, while fine aggregates serve as fillers. The gradation of aggregates directly influences the mechanical properties of the mixture, and a proper balance between coarse and fine aggregates can enhance the density and strength of the cement-stabilized crushed stone base course. In certain cases, additives are incorporated to improve other pavement performance characteristics of the mixture. Waste tires are globally recognized as hazardous industrial solid waste, and the issue of recycling and reusing them urgently needs addressing. Recycling waste tires and using them as aggregates in cement concrete can effectively reduce environmental hazards and decrease the exploitation of natural resources (Wang et al., 2023).Rubber powder is a product of waste tire recycling, with widely available raw materials and a mature production process. Incorporating rubber powder into cement-stabilized crushed stone bases can impart some deformation coordination capability to the mixture, providing a better stiffness transition between the subgrade and asphalt mixture surface. Studies have shown that an appropriate rubber particle content can significantly improve the road performance of cement-stabilized crushed stone (Gong et al., 2021). However, rubber powder is also a polymeric organic material, leading to poor adhesion with cement-based materials. Gaps may form in the ITZ, resulting in a decline in the mechanical properties of the mixture. Existing studies indicate that both the particle size and content of rubber powder negatively affect the strength of cement-based materials. With the same particle size, waste rubber powder increases the rate of compressive strength reduction in mixed aggregate concrete. For the same content, the 80-mesh rubber powder shows the highest rate of compressive strength reduction (Wang et al., 2016). The compressive strength of cement-stabilized crushed stone bases containing rubber particles is inversely related to the rubber particle content (Jiao, 2012). Furthermore, the compressive strength of cement-stabilized natural aggregate mixtures is also related to rubber particle size. Smaller rubber particles result in a lower rate of compressive strength loss (Chen et al., 2013; Wu, 2014).
The compressive strength and stability of cement-stabilized crushed stone bases are critical for ensuring road traffic safety, with the 7-day unconfined compressive strength being a key indicator for evaluating subgrade quality. Therefore, this study, based on existing research, considers the characteristics of rubber powder. By employing orthogonal experimental design, we investigate the effects of rubber powder content, rubber particle size, aggregate gradation, and cement content on the 7-day compressive strength of cement-stabilized crushed stone. The goal is to identify the optimal rubber powder content and particle size to maximize the beneficial properties of rubber powder while minimizing its adverse effects. This study aims to contribute to the recycling of waste tires by providing valuable insights and has significant research implications.
2 RAW MATERIALS
2.1 Cement
This experiment used Conch brand ordinary Portland cement P·O42.5. The technical performance indicators of the cement are shown in Table 1.
TABLE 1 | Technical performance indexes of cement.
[image: Table 1]2.2 Aggregate
The aggregates used in this experiment have four specifications: 15–25 mm, 10–20 mm, 5–15 mm, and 0–5 mm, referred to as materials No. 1, No. 2, No. 3, and No. 4, respectively.
According to the Test Methods of Aggregate for Highway Engineering (JTG E2, 2005), the apparent density, water absorption, crushing value, and needle-flake content of the four aggregate specifications were tested. The results are shown in Table 2.
TABLE 2 | Technical performance of the aggregate.
[image: Table 2]2.3 Rubber powder
The experiment used rubber powder with four particle sizes: 20 mesh, 30 mesh, 40 mesh, and 50 mesh, produced by Zhongjiao Resource Recycling (Suzhou) Co., Ltd. The performance indicators of the rubber powder are shown in Table 3.
TABLE 3 | Technical properties of rubber powder.
[image: Table 3]3 EXPERIMENTAL METHODS
3.1 Design of aggregate gradation composition
This experiment aims to investigate the influence of gradation on mechanical properties. According to the Technical Guidelines for Construction of Highway Pavement Bases (JTG T-F20, 2015) (2015) and the Specifications for Design of Highway Asphalt Pavement (JTG D50, 2006) (2006), recommended gradation ranges for skeletal dense and suspended dense types are provided for high-grade and first-class highways. Four gradations were designed:
1. Suspended dense type.
2. Skeletal dense type (close to the upper limit).
3. Skeletal dense type (close to the median).
4. Skeletal dense type (close to the lower limit).
These are referred to as G1, G2, G3, and G4, respectively.
3.1.1 Suspended dense type gradation design
Gradation G1 (suspended dense type) uses materials No. 2, No. 3, and No. 4. The composite gradation is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Grplot of G 1 cascade.
3.1.2 Skeletal dense type gradation design
Gradation G2 (skeletal dense type close to the upper limit) uses materials No. 1, No. 3, and No. 4. The composite gradation is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Grplot of G 2 cascade.
Gradation G3 (skeletal dense type close to the median) uses materials No. 1, No. 3, and No. 4. The composite gradation is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Grplot of G 3 cascade.
Gradation G4 (skeletal dense type close to the lower limit) uses materials No. 1, No. 3, and No. 4. The composite gradation is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Grplot of G 4 cascade.
3.2 Orthogonal experimental design
This study uses the orthogonal experimental method to design the experiments. Four influencing factors were determined, each with four levels, so an L16 (4^4) orthogonal array was selected.
Because the rubber powder particle size is small, rubber powder was used to replace an equal mass of material No. 4 (0–5 mm) aggregate. The rubber powder content is determined by the Calculate according to Equation 1:
[image: image]
The proposed factors and levels are shown in Tables 4, 5.
TABLE 4 | Proposed factors and levels.
[image: Table 4]TABLE 5 | Orthogonal test design.
[image: Table 5]3.3 Compaction test
The Class C compaction method was chosen for this experiment, with the main test parameters shown in Table 6.
TABLE 6 | Compaction test parameters.
[image: Table 6]Five samples were obtained using the quartering method, each weighing approximately 5.5 kg (oven-dry mass). Five different water contents were selected near the estimated optimal moisture content: 4\%, 4.5\%, 5.0\%, 5.5\%, and 6.0\%. All aggregates were dried to constant weight before use, so the aggregate moisture content need not be considered. Several points should be noted during the test:.
1. After adding water, the sample should be mixed evenly, then placed into a plastic bag for soaking, with a soaking time of not less than 2 h.
2. Considering the losses during the test, water and aggregate should have a 1%–2% compensation.
3. After adding cement into the mixture and mixing evenly, compaction should be completed within 1 h. During compaction (Figure 5), material is added in three layers, with the surface of each layer being roughened.
[image: Figure 5]FIGURE 5 | The picture of compaction.
The dry density of each test group is calculated using the following formulas:
First, calculate the wet density of the stabilized material according to Equation 2:
[image: image]
where: ρw—the wet density (g/cm3) of the stable material; Total mass of m1 test cylinder and sample (g); Mass of m2 a test cylinder (g);V1—Volume of the test cylinder (cm3).
Then, calculate the dry density of the stabilized material after each compaction according to Equation 3:
[image: image]
where: ρd—Dry density (g/cm3) of a sample; ω—Water content of one sample (%).
3.4 Unconfined compressive strength test
Before the test, cylindrical specimens of size Φ150 mm × 150 mm were prepared and cured in a standard curing chamber for 7 days. On the last day of curing, each group of specimens was soaked in water for 24 h. After soaking, a soft cloth was used to remove surface water, and the mass of each specimen was recorded. The specimen surfaces were checked for flatness to prevent stress concentration during testing. The specimens were placed steadily at the center of the loading plate in the compression testing machine. During loading (Figure 6), a constant loading rate of 1 mm/min was maintained, and the maximum load and stress at specimen failure were recorded.
[image: Figure 6]FIGURE 6 | Unlimited compressive strength test.
3.5 Statistical product and service solutions analysis
Using SPSS software, a multifactor variance analysis was performed on the strength results to calculate the significance levels of the four factors affecting strength, further verifying the influence degree of each factor.
3.6 MATLAB software analysis
MATLAB software was used to plot a three-dimensional fitting diagram of cement content, rubber powder content, and unconfined compressive strength.
4 RESULTS AND DISCUSSION
4.1 Compaction test
Based on the compaction data, moisture content–dry density relationship curves were plotted for each group. Using the fitting equations, the maximum dry density and optimal moisture content for each group were calculated. The 16 groups of compaction results are organized in Table 7.
TABLE 7 | Results and analysis of the compaction test.
[image: Table 7]In Table 7, the four numbers in the K1 (K2, K3, K4) row represent the sums of the maximum dry density corresponding to the first (second, third, fourth) level of factors A,B, C, and D. K1′, K2′, K3′, K4′ are the average values of the four levels, namely, calculated by dividing K1, K2, K3, and K4 by 4, respectively.
From the range analysis results, the influence degree of the four factors on the maximum dry density of the mixture is approximately D > C > A = B. Cement content and rubber powder particle size have similar, minimal impacts on maximum dry density. Aggregate gradation has the most significant influence, followed by rubber powder content.
The main reason is that the maximum dry density is closely related to the densities of the constituent materials. Aggregates account for the largest proportion in the mixture, and different gradations result in varying interlocking structures, affecting the overall density. Additionally, the apparent density of rubber powder is much lower than that of aggregates, so the mixture’s density changes with rubber powder content. Under the same rubber powder content, particle size has a limited influence on mixture density. The density difference between cementitious materials and aggregates is not particularly significant, so the influence degrees of cement content and rubber powder particle size are minimal and similar.
Since cement content and rubber powder particle size have minimal effects on compaction results, and given rubber powder’s high water absorption, the impact of different rubber powder contents on compaction results under the same aggregate gradation was analyzed. The compaction results for gradations G1, G2, G3, and G4 are shown in Figures 7–10.
[image: Figure 7]FIGURE 7 | G1 cascade (suspension compaction) compaction.
[image: Figure 8]FIGURE 8 | G2 cascade (skeleton compaction near the upper limit) compaction results.
[image: Figure 9]FIGURE 9 | G3 level solid results.
[image: Figure 10]FIGURE 10 | G4 stage solid results.
Comparing the gradation tables of G1 (suspended dense type) and G2 (skeletal dense type close to the upper limit), G2 has more coarse aggregates forming a skeleton structure, while G1 has more fine aggregates. As shown in Figures 7, 8, with increasing rubber powder content, the optimal moisture content of G1 changes little. Rubber powder replaces part of the fine aggregates by equal mass, and its limited content has little effect on moisture content in gradations with more fine aggregates, resulting in minimal changes in optimal moisture content. In contrast, G2’s optimal moisture content is greatly affected by rubber powder content.
Because G1 has fewer coarse aggregates and G2 has more, forming a denser skeleton structure, the maximum dry density in G2 is generally higher than in G1. In both gradations, when rubber powder content reaches 2\%, the maximum dry density decreases significantly compared to 0.5\% content. This may be because rubber powder, being elastic, absorbs some stress generated by aggregate interlock.
Gradations G2 (skeletal dense type close to the upper limit), G3 (close to the median), and G4 (close to the lower limit) are all skeletal dense types, but G3 has a more reasonable aggregate composition, resulting in a higher maximum dry density than G2 and G4.
In G1, G2, and G3, when rubber powder content reaches 2\%, maximum dry density decreases significantly. However, in G4, maximum dry densities at 1.0\%, 1.5\%, and 2.0\% rubber powder contents are higher than at 0.5\%, possibly due to G4’s characteristics of more coarse aggregates and fewer fine aggregates.
4.2 Unconfined compressive strength test
According to the test methods, 16 groups of strength results were obtained (Table 8). To explore the influence degree of the four factors on unconfined compressive strength, K1′, K2′, K3′, and K4′ values were calculated to compute the range.
TABLE 8 | Unlimited compressive strength values and calculated extreme range results.
[image: Table 8]The calculation results show that the influence order is C > A > D > B, meaning rubber powder content has the greatest influence on strength, followed by cement content and aggregate gradation, while rubber particle size has the least influence.
4.3 Statistical product and Service Solutions analysis
The multifactor variance analysis results indicate that factors A and C are most significant, with (Pc < Pa < Pd < Pb), so the influence degrees are C > A > D > B (Table 9), consistent with the range analysis. For clarity, the variation of 7-day strength with factor changes is plotted (Figure 11).
TABLE 9 | Analysis of variance of SPSS factors.
[image: Table 9][image: Figure 11]FIGURE 11 | Relationship between rubber powder dosage and compressive strength.
Rubber powder content has the greatest influence on compressive strength. Among the four contents, 0.5\% is optimal. Specimens with 1.0\%, 1.5\%, and 2.0\% rubber powder content showed compressive strength reductions of 27.9\%, 47.0\%, and 56.0\%, respectively, compared to 0.5\%. As content increases, overall strength decreases significantly. At 2.0\% rubber powder content, compressive strength is less than half of that at 0.5\%. This is because rubber powder is an organic polymer, and its unmodified surface has poor adhesion with cementitious materials, leading to decreased mixture strength.
Cement content also significantly impacts strength (Figure 12). Cement provides the binding material; as cement content increases, more binding material is available, and compressive strength rises. At cement contents of 5\% and 7\%, compressive strength increased by 31.2\% and 18.4\%, respectively. From a strength perspective, 7\% cement content is optimal; from an economic standpoint, 5\% can be considered if strength requirements are met.
[image: Figure 12]FIGURE 12 | Relationship between cement dosage and compressive strength.
Aggregate gradation also affects compressive strength (Figure 13), though less so than cement and rubber powder content. Gradations G2, G3, and G4 are skeletal dense types with more coarse aggregates forming a skeleton structure, filled by fine aggregates, creating a dense interlocking structure that enhances overall strength. G1 is a suspended dense type with more fine aggregates and fewer coarse aggregates, resulting in lower compressive strength. Among the skeletal dense gradations, G3 showed the highest compressive strength, likely due to its more reasonable aggregate composition. Therefore, G3 (skeletal dense type close to the median) was selected as optimal.
[image: Figure 13]FIGURE 13 | Relationship between aggregate grading type and compressive strength.
Rubber powder particle size has the least influence on strength (Figure 14). Rubber powders of 30 mesh, 40 mesh, and 50 mesh had similar effects on compressive strength. However, adding 20-mesh rubber powder significantly reduced strength compared to the other sizes, possibly due to poorer bonding with the cement matrix. Therefore, 30–50 mesh rubber powders are preferred in practice.
[image: Figure 14]FIGURE 14 | Relationship between particle size of rubber powder and compressive strength.
4.4 MATLAB software analysis
The three-dimensional plot (Figure 15) shows that compressive strength generally increases with cement content and decreases with rubber powder content.
[image: Figure 15]FIGURE 15 | 3 D fit diagram of cement dosage, rubber powder dosage and unconfined compressive strength.
When rubber powder content is less than 1.0\%, its negative impact on compressive strength is minimal. Increasing cement content boosts strength, reaching a peak at 7\% cement content. When rubber powder content exceeds 1.0\%, strength reductions are significant regardless of cement content, and increasing cement content yields variable results, possibly due to influences from aggregate gradation and rubber powder particle size. At fixed cement contents, compressive strength decreases with increasing rubber powder content. With a fixed 7\% cement content, compressive strength reaches its peak regardless of rubber powder content.
5 CONCLUSION
This study investigated the influence and degree of impact of rubber powder content, rubber powder particle size, aggregate gradation, and cement content on the 7-day compressive strength of cement-stabilized crushed stone. Sixteen mixtures were tested for compressive strength, leading to the following conclusions:
1. The influence degree on maximum dry density is approximately D > C > A = B. Aggregate gradation and rubber powder content significantly affect maximum dry density, with aggregate gradation being the most influential. Cement content and rubber powder particle size have minimal and similar impacts.
2. The influence order on unconfined compressive strength is C > A > D > B, meaning rubber powder content has the greatest impact, followed by cement content and aggregate gradation, while rubber particle size has the least influence. For optimal strength, the best formulation is A4B2C1D3: 7\% cement content, 30-mesh rubber powder, 0.5\% rubber powder content, and gradation G3 (skeletal dense type close to the median).
3. Among the four gradations, G3 has a more reasonable aggregate composition and higher maximum dry density. Rubber powder, being elastic, can reduce the maximum dry density, but patterns may vary with different gradations, requiring specific analysis.
4. The rubber powder used was unmodified. While various surface modification techniques exist with significant improvement effects, they are often costly or complex, unsuitable for large-scale engineering applications. Further research into low-cost, simple treatment methods could enhance rubber powder’s advantages and promote widespread application.
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