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In order to understand the influence of the vibration mixing method on the performance of cement-stabilized aggregate mixture (CSAM), in this study, an unconfined compressive strength test, drying shrinkage test and the influence of gradation characteristics on compressive strength were used to systematically analyze the performance of CSAM based on vibration mixing. At the same time, the influence mechanism of vibration mixing on the interface transition zone of cement aggregate was analyzed by use of a scanning electron microscope (SEM), and the influence of the mixing method on cement dispersion uniformity was studied by the ethylene diamine tetraacetic acid (EDTA) titration method. The results show that 7 days of unconfined compressive strength and crack resistance of the CSAM with vibration mixing is better than those of the ordinary mixing, and the aggregate grade has a great influence on the compressive strength of the CSAM. Vibration mixing can improve the micro-water-cement ratio uniformity of CSAM and significantly improve the bonding condition of the interface transition zone between cement paste and aggregate, thus enhancing the structural compactness of CSAM. The dispersion uniformity of cement under the vibration mixing is better than that of ordinary mixing.
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INTRODUCTION

The semi-rigid base has the characteristics of high strength, excellent stability and high economical efficiency, and since the 1980s, it has therefore become the most widely used grass-roots road construction in China. However, the semi-rigid base has the disadvantage of easy cracking. At the same time, with the rapid increase in heavy load and overload vehicles, it also has poor durability and cracks. The main reason for these issues is that the semi-rigid base material is uneven and divided. Cement-stabilized aggregate mixture (CSAM) is a typical semi-rigid base material, which is a kind of heterogeneous material with low cement dosage. It is easily causes segregation, crushing, loosening and other defects in the mixing, transportation, paving and rolling stages, but improving the uniformity of the mixture can solve these defects to a certain extent. Researches on the impact of mixing methods on the mixture found that vibration mixing can make up for the defects of ordinary mixing, fully tap the potential of materials, reduce the amount of cement, enhance the strength of the mixture and reduce cracking.

For the research on the CSAM with vibration mixing (Dong et al., 2019), analyzed the influence of vibration on the mixing process of CSAM by testing the mixing power curve of different mixing methods and carried out a comparative test of vibration mixing and ordinary mixing. The results show that the vibration mixing improves the homogeneity of CSAM, and the microstructure is uniform and dense, which leads to high compressive strength and good dry shrinkage. Zhang et al. (2018) established the equivalent relationship between the modified laboratory vibration mixing and the site vibration mixing through a series of tests. It was found that the design result of laboratory CSAM vibration mixing was better than that of site CSAM vibration mixing, and the unconfined compressive strength of CSAM was greater than that of the mixture mixed by site vibration mixing. Zhao L. J. et al. (2018) carried out the comparative test of vibration mixing and ordinary mixing, and the results showed that under the condition of vibration mixing, the influence of mixing time on the compressive strength of mixture is the greatest, followed by vibration frequency and mixing speed, and the influence of wet mixing time is the least. With the increase in mixing parameters, the compressive strength increases as well, and the coefficient of variation decreases. On the basis of reasonable mixing parameters, the vibration mixing can significantly improve the strength index of the mixture, but with the increase of cement content, the strength improvement rate of CSAM with the vibration mixing decreases.

Chen et al. (2019) analyzed the influence of different design parameters of CSAM with vibration mixing on the mechanical properties of the mixture by using gray correlation theory. The test results show that the most significant design parameter affecting the mechanical properties of CSAM is the cement dosage, followed by dry density, aggregate gradation, compactness and water content. Liang (2018) carried out a freeze-thaw test and dry shrinkage test of CSAM under vibration and ordinary mixing methods, and they found that the frost resistance and crack resistance of the specimens under vibration mixing are better. Zhang and Zhang (2016) found that the appearance of vibration mixing can improve the mixing uniformity of the mixture and ensure the engineering quality at the mixing stage. Liu and Xiong (2018) compared the unconfined compressive strength, splitting strength and dry shrinkage coefficient of CSAM produced by vibration mixing and ordinary mixing with laboratory specimens with core samples of solid engineering. The results show that the unconfined compressive strength of CSAM made by vibration mixing is higher than that of ordinary mixing, and the unconfined compressive strength of laboratory vibration mixing specimens is better than that of site vibration mixing conditions. Duan et al. (2020) prepared skeleton-dense CSAM specimens by static pressure and vibration compaction and pre-cracked at the early stage of maintenance. The development laws of the pre-splitting degree, mechanics, dry shrinkage and crack resistance of CSAM after early pre-cracking treatment under different molding methods were studied. The results indicate that the pre-splitting degree of the specimen increases first and then decreases under the action of vibration. Before reaching the maximum pre-splitting degree, the pre-splitting degree of the static pressure specimen is higher than that of the vibration specimen; however, under the same pre-splitting parameters, the self-healing performance of the vibration specimen is better than that of the static pressure specimen, and the tensile strength index of the static pressure specimen is the worst. After the pre-splitting treatment, the dry shrinkage of the vibration and static pressure specimens can be reduced by 35.8 and 35.3%, respectively. After pre cracking treatment, the crack resistance of the specimens increases by 2–3 times. Zheng et al. (2018) used a fiber tensile test, splitting tensile test and bending test to analyze the influence of the two mixing methods on the mechanical properties of reinforcement, comparing the vibration mixing and the ordinary mixing. The findings show that vibration mixing can effectively improve the fiber distribution in the concrete and increase the fiber density to effectively improve the mechanical properties of steel fiber reinforced concrete. Zhou and Li (2019) compared the difference in compaction standards, mechanical strength, shrinkage characteristics and mineral gradation decay determined by the cement stabilized recycled gravel mixture with the compaction and static pressure method. The compacted moisture content and dry shrinkage determined by the vibration test deformation and gradation decay of minerals were lower, while maximum dry density and mechanical strength were higher. Zhao K. Y. et al. (2018) used two mixing methods for preparing C60 high-strength concrete, using one-step mixing technology and three-step mixing technology to carry out comparative experiments. The study finds that under the two mixing conditions, the viscosity of concrete was significantly reduced, the fluidity and compressive strength improved, and the most suitable mixing methods and mixing processes for C60 high-strength concrete were vibration mixing and three-step mixing.

By searching the existing data, it is found that the existing research on vibration mixing mainly focuses on the impact of vibration mixing on the performance of CSAM, such as compressive strength, dry shrinkage performance, etc., which can provide a reference for the study of this paper. However, the influence of aggregate gradation on the compressive strength of mixture and the influence mechanism of vibration mixing on the interface transition zone of cement aggregate are less involved, so the influence of vibration mixing technology on the performance of CSAM is not fully evaluated. Based on the double horizontal shaft vibration mixer (DT60ZBW), as a test, this paper compared the strength and crack resistance of the mixture, the relationship between the bearing capacity of coarse aggregate and the compressive strength of the mixture under two different mixing methods of vibration mixing and ordinary mixing. Meanwhile, we analyzed the influence mechanism of CSAM with vibration mixing and its influence on cement dispersion uniformity to guide the construction of CSAM, and improving road durability has a guiding role.



MATERIALS AND METHODS


Materials


Raw Materials

In this paper, the Portland cement (P.O 42.5) produced by Hunan Pingtang Nanfang Cement Co., Ltd. was used. The limestone produced in Yueyang was used as the aggregates, and the domestic tap-water was used as the mixing water. All the raw materials met the requirements of the Technical Guidelines for Construction of Highway Roadbases (hereafter Technical Guidelines).



Aggregate Gradation

The gradation selected in this paper is shown in Figure 1.
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FIGURE 1. Gradation curve.




Mix Proportion of the CSAM

Combined with the actual project and related research results, the cement dosage is determined as 3, 3.5, 4, 4.5, and 5% by using the external mixing method. The optimal moisture content is obtained according to the compaction test, and the results are shown in Figure 2.
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FIGURE 2. (A) Optimum moisture content and (B) maximum dry density.





Testing Methods


Mixing of Cement-Stabilized Aggregate

A double horizontal shaft vibrating mixer (DT60ZBW) with a nominal capacity of 60L developed by Detong vibration mixing company, Xuchang City, Henan Province, was adopted. DT60ZBW is mainly composed of a mixing driving mechanism, vibration driving mechanism, mixing cylinder, vibration exciter, synchronous device, transmission device, etc. The maximum stirring time was 55 s, the stirring speed was 55 r/min, the stirring blades were 14, and the vibration intensity was 3–5 g. Weigh the mass of aggregate, water and cement required by each test piece, add water to the weighed aggregate for 2 h, add the corresponding cement, and put it into the mixer to mix for 15 s until it is even. When the mixing motor and vibration motor are started at the same time, it is vibration mixing combined with conventional mixing; only starting the mixing motor is ordinary mixing. The equipment is shown in Figure 3.
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FIGURE 3. Double horizontal shaft vibrating mixer (DT60ZBW).




Unconfined Compressive Strength Test

The unconfined compressive strength test (T 0805-1994) of CSAM was carried out according to Test Methods of Materials Stabilized with Inorganic Highway Engineering JTG E51-2009 (hereinafter, Test Methods). The 7 days unconfined compressive strength was determined to evaluate its ultimate strength under the condition of no lateral pressure. Through the contrast test of different mixing methods, the influence of the mixing method on the compressive strength of CSAM is analyzed.



Coarse Aggregate Penetration Test

The maximum nominal particle size of aggregate used in this paper is 26.5 mm. According to the Bailey method, the boundary particle size of coarse and fine aggregate is calculated: 0.22 times the maximum nominal particle size of aggregate is taken as the boundary point of coarse and fine aggregate (5.83 mm). According to the principle of closest particle size of aggregate, 4.75 mm is taken as the boundary particle size of coarse and fine aggregate in which the aggregate above 4.75 mm is coarse aggregate.

The computer-controlled electronic universal testing machine was used to carry out penetration tests on coarse aggregate above 4.75 mm. A total of 12 mm was taken as the standard depth of penetration test, and the penetration load was recorded to study the skeleton bearing capacity of coarse aggregate with different aggregate gradation.



Dry Shrinkage Test

According to the Test Methods, the dry shrinkage test (T 0854-2009) of CSAM was developed. The beam type specimen with the size of 100 mm × 100 mm × 400 mm is formed by the static pressure method, and the compactness was 98%. After 6 h, the specimen is taken out by dismantling the mold and placed in the standard curing room for 7 days. When the temperature and humidity in the drying shrinkage test chamber reach 20 ± 1°C and 60 ± 5%, put the beam specimen and shrinkage meter into the drying shrinkage test chamber for drying shrinkage test, read the dial indicator at the same time every day, and record the length change of the specimen. The moisture change of the same specimen is determined by measuring the mass of the specimen, and the drying shrinkage coefficient of the specimen is calculated according to the drying shrinkage strain and water loss rate. At the end of the 29 days test period, the test pieces are put into the oven, dried to constant weight, and the standard length of the test pieces is measured. Through the contrast test of different mixing methods, the influence of mixing methods on dry shrinkage performance of CSAM is analyzed.



Dispersion Uniformity Test

On the basis of the ethylene diamine tetraacetic acid (EDTA) titration method (T 0809-2009) in the Test Methods, four groups of parallel tests are carried out for each mixture (different mixing methods and cement dosage). In each parallel test, four different areas of the mixture in the mixing bin are selected to carry out the tests, and the ratio is that between the standard deviation and the average of the measured cement dosage of different parts of the mixture in the mixing bin. The coefficient of variation is obtained, and the averages of the four groups of the parallel tests are taken to evaluate the dispersion uniformity of CSAM under different mixing methods.



Scanning Electron Microscope

The S-3000N produced by Hitachi company of Japan was used to scan the specimens prepared by different mixing methods. The scanning area is divided into cement matrix, aggregate surface and aggregate cement interface to evaluate the effect of different agitation methods on cement particle distribution and gel structure, pore saturation of aggregate surface and cracking of mixture.



Experimental Scheme

The mechanism of the experimental scheme is seen in Table 1.


TABLE 1. Design of experimental scheme.

[image: Table 1]




RESULTS


Unconfined Compressive Strength Test

By changing the mixing method, cement dosage and aggregate gradation, the unconfined compressive strength of CSAM was tested. According to the test results of four parallel groups, the average value and the results are shown in Figure 4.
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FIGURE 4. 7 days Unconfined compressive strength of cement-stabilized aggregate mixture (CSAM) with different mixing methods.


The 7-day unconfined compressive strength of CSAM with vibration mixing is better than that of CSAM with ordinary mixing. It is because vibration can break up the water film wrapped on the outer surface of the cement mass, and increase the dispersion and hydration of cement particles in the mixture. On the other hand, vibration mixing can improve the movement speed of aggregate and the collision frequency between aggregate particles, which is conducive to the coating of cement and aggregate particles, so as to enhance the bond between cement and aggregate, and enhance the strength of the interface transition zone (Feng and Wang, 2009; Zhao et al., 2015; Wang et al., 2020).

The 7-day unconfined compressive strength of the C-B-3-1 mixture is higher than that of the C-B-1-1 mixture under the two mixing methods. The C-B-3-1 mixture belongs to the skeleton dense structure, and the degree of intercalation between aggregates is more obvious. While the C-B-1-1 mixture belongs to the suspension dense structure, the degree of intercalation of aggregates is insufficient, and the compressive strength is mainly provided by the bonding of cement hydration products (Wang, 2017), resulting in the above results at the same cement dosage.

The 7-day unconfined compressive strength of the C-B-3-1 and C-B-1-1 mixture increased linearly with the cement dosage under the two mixing methods, and the correlation coefficients were all over 0.97 (Table 2), indicating a good correlation. This is due to the increase of cement dosage, which shows that the effective cement particles participating in hydration reaction in the mixture increase, and the content of viscous hydrated calcium silicate increases, which further improves the strength of the interface transition zone; on the macro level, the compressive strength of the mixture increases (Han and Li, 2016).


TABLE 2. Linear regression coefficient between 7 days unconfined compressive strength and cement dosage with a different mixing method.

[image: Table 2]
Four kinds of aggregate gradation are selected: C-B-3-1, C-B-3-2, C-B-3-3, and C-B-3-4. In order to eliminate the influence of cement dosage difference on the compressive strength of the mixture, the cement dosage was set at 4%. The 7-day unconfined compressive strength results of four kinds of coarse aggregate penetration are tested and their corresponding mixtures under different mixing methods are shown in Figure 5.
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FIGURE 5. The relationship between penetration load of coarse aggregate and compressive strength of CSAM.


There is a good linear relationship between the penetration load of coarse aggregate and the 7-day unconfined compressive strength of CSAM. The correlation coefficient between the penetration load of coarse aggregate and the compressive strength of CSAM with ordinary mixing is 0.8417, and that of CSAM with vibrating mixing is 0.7835. Due to the increase of penetration load of coarse aggregate and the increase of aggregate resistance to deformation under external force, resulting in the increase of compressive strength of CSAM.



Dry Shrinkage Test

The drying shrinkage test results of C-B-3-1 and C-B-1-1 mixtures with ordinary mixing and vibration mixing are shown in Figures 6, 7.
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FIGURE 6. Cumulative dry shrinkage of two mixtures under different mixing methods. (A) C-B-3-1 and (B) C-B-1-1.
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FIGURE 7. The results of dry shrinkage test.


The cumulative water loss rate and the cumulative dry shrinkage both show the law of gentle in the initial stage and rapid increase in the later stage. When the cumulative water loss rate is the same, the common mixing mixture has a greater cumulative dry shrinkage.

Under the same cement dosage, the dry shrinkage performance of the CSAM with vibration mixing is better than that of the ordinary mixing. The vibration mixing ensures the water and cement in the CSAM are more evenly distributed, and the bonding part is denser and uniform; meanwhile, the strength is improved, the crack resistance is enhanced, and the corresponding dry shrinkage coefficient is reduced. After the mixture is evenly mixed, the large pores decrease, and the small pores increase; this enhances the water holding capacity, reduces the cracking caused by water evaporation and reduces the drying shrinkage coefficient accordingly. The hydration products are evenly distributed among the aggregate pores, making the mixture specimen more uniform and dense, improving its overall coordination deformation ability and thus reducing the overall dry shrinkage strain (Bai, 2013).

Under the same dosage and mixing mode, the dry shrinkage performance of the C-B-3-1 mixture is better than that of the C-B-1-1 mixture. This is because the C-B-3-1 mixture belongs to the skeleton dense structure, and the C-B-1-1 belongs to the suspended dense structure. In the dense skeleton mixture, the coarse aggregate forms a skeleton, which contains fine aggregate and cement. Therefore, the volume change can occur inside the coarse aggregate, which will weaken the overall volume change of the mixture (Xue, 2016).

Vibration mixing can improve the crack resistance of the mixture by reducing the cement dosage. The dry shrinkage coefficient of the CSAM of 3% of the cement in vibration mixing is smaller than that of the ordinary mixing. According to the strength test results, the unconfined compressive strength of the mixture with 3% cement and 3.5% of the cement for 7days meets the specification requirements. This shows that the cracking problem of mixture can be reduced significantly when the cement content is reduced and when the base strength is guaranteed under the same grading condition.



Dispersion Uniformity Test

According to the EDTA titration method in the test procedures, the cement dosage of fresh CSAM in the mixing bin under different mixing methods was tested. The cement dispersion uniformity of the C-B-3-1 and C-B-1-1 mixtures with vibration mixing is better than that of ordinary mixing. Figure 8 shows that the variation coefficient of cement dose of vibration mixing is basically smaller than that of ordinary mixing. The average variation coefficient of cement dosage with the 3 and 3.5% C-B-3-1 mixtures under ordinary mixing is 1.4 and 1.7% higher than that of vibration mixing, respectively. The average coefficient of cement dosage with the 3.5 and 4% C-B-1-1 mixtures under vibration mixing decreased by 3.9 and 3.5%, respectively, compared with the ordinary mixing. It should be that the high-frequency vibration wave emitted by the vibration source at the mixing shaft will disperse the agglomerated cement particles evenly in the mixture to improve the overall uniformity of the mixture.
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FIGURE 8. Coefficient of variation of CSAM under different mixing methods. (A) C-B-3-1 and (B) C-B-1-1.




Scanning Electron Microscope

The C-B-1-1, C-B-1-2, and C-B-1-3 mixtures with 4.0% cement dosages at a curing age of 28 days under different mixing methods were cut into samples of 5 mm by a precision cutting machine and polished by sandpaper from coarse to fine to obtain a smooth plane to be measured and sealed for preservation. The interface transition zone was found by an electron microscope at 100 times magnification, and then the cracks and cement hydration products were observed at 1,000 times magnification. The scanning area was divided into cement matrix, aggregate surface, aggregate and cement interface. During scanning, the more comprehensive and typical areas were taken as far as possible to make one picture include three expected contents. The scanning results are shown in Figures 9–11.
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FIGURE 9. Scanning electron microscope (SEM) picture of C-B-1-3 (1000×). (A) C-B-1-3 with ordinary mixing and (B) C-B-1-3 with vibration mixing.
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FIGURE 10. Scanning electron microscope picture of C-B-1-1 (1000×). (A) C-B-1-1 with ordinary mixing and (B) C-B-1-1 with vibration mixing.
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FIGURE 11. Scanning electron microscope picture of C-B-1-2 (1000×). (A) C-B-1-2 with ordinary mixing and (B) C-B-1-2 with vibration mixing.


In Figure 9A, the cement matrix is similar to the cluster formed by spherical particles, and there are some small pores and gullies between the cement particles. This indicates that although cement hydration has reached a certain degree, there may be hydrated particles inside the spherical particles. In Figure 9B, the particles of cement hydration products in the cement matrix are more delicate, and some are even flocculent and evenly distributed. The results show that the hydration of cement in CSAM is more sufficient under vibration mixing. Cement and free water become loose under high-frequency vibration with vibration mixing, which means the cement comes into contact with free water more fully, there is less cement agglomeration, and cement hydration products are distributed more evenly and widely.

In Figure 10A, there are a large number of small pores in the joint of aggregate and cement and cement matrix under ordinary mixing. In Figure 10B, there is an obvious crack in the interface transition zone of CSAM with vibration mixing, but the transition areas at other positions are in close contact, which shows that the probability and degree of internal defects in vibration mixing are lower than in ordinary mixing, and the effect of vibration mixing is better. This is due to the insufficient contact between the cement and free water in the mixture with ordinary mixing, and the free water wrapped in the dry cement cannot contact with the cement inside the matrix, resulting in insufficient hydration degree of cement, voids in the transition zone and agglomeration in the cement matrix. In Figure 11A, there is an obvious boundary between the interface transition zone of aggregate and cement, meanwhile, there are obvious gaps between the aggregates. In Figure 11B, the cement matrix and aggregate in the interface transition zone of CSAM with vibration mixing are closely combined with the aggregate, and there are small gullies on the surface, but no obvious cracks and pores are found. This illustrates that the internal structure of vibration is more compact than that of ordinary mixing.

This can be attributed to the fact that the aggregate and cement particles in the CSAM are close to each other under vibration, the gap between particles is reduced, and the contact between particles and free water is enhanced, which makes the cement hydration more sufficient and the overall structure more compact.




DISCUSSION

In this paper, the compressive strength and dry shrinkage of cement are prepared by vibration mixing and ordinary mixing, the relationship between the bearing capacity of coarse aggregate and compressive strength of mixture is compared, and the influence of vibration mixing on the interface transition zone of cement aggregate is analyzed. The main conclusions are as follows:


(1)The 7-day unconfined compressive strength of CSAM with vibration mixing is better than that of CSAM with ordinary mixing, and the enhancement rate of mixture strength by vibration mixing shows a decreasing trend with the increase of cement dosage. The 7-day unconfined compressive strength of the C-B-3-1 mixture is higher than that of the C-B-1-1 mixture with ordinary mixing, and the strength difference presents an upward trend with the increase of cement dosage.

(2)Under the same cement dosage, the dry shrinkage performance of CSMA with vibration mixing is better than that of ordinary mixing. The cumulative water loss rate of two kinds of aggregate gradation changes little with the mixing method, while the cumulative dry shrinkage increases with the increase of water loss rate. Under the same cement dosage and mixing method, the dry shrinkage performance of the C-B-3-1 mixture is better than that of the C-B-1-1 mixture.

(3)Vibration mixing can significantly improve the bonding condition of the interface transition zone between cement paste and aggregate. The cement matrix and aggregate in the interface transition zone are closely combined, and there are small gullies on the surface, but no obvious cracks and pores are found.
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