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Abstract

:

The bearing capacity of the phyllite soil subgrade can be greatly improved by red clay, but the water stability of the modified soil is still poor. Hence, the blended soil has been found to be unsuitable for the construction of high-speed railways. This paper proposes an innovative scheme, by adding appropriate amounts of cement and red clay concurrently, to improve phyllite soil, which achieves a higher bearing capacity of the subgrade immediately after compaction, while also solving the problem of insufficient water stability. Laboratory tests of the permeability and disintegration characteristics of phyllite soils improved by cement, red clay, and both were carried out. The test results show that the permeability coefficient and maximum disintegration rate of soil can be improved effectively by using both red clay and cement. It was found that the optimal combination scheme is to add 3% cement and 40% red clay to phyllite soil by mass. Under the optimal scheme, the permeability coefficient, maximum disintegration rate, and disintegration rate of the improved soil decreased by 90.02%, 90.30%, and 99.02%, respectively, compared with the phyllite soil. The microscopic study shows that the mechanism of red clay blending with phyllite is that the finer particles of red clay infill the pores among the phyllite particles, thus reducing its permeability coefficient. The mechanism of adding cement to the blending soil mainly results from the production of hard-setting new materials and the formation of a cementation network among the soil particles, which not only increases the shear strength of the soil, but also reduces the permeability coefficient and the maximum disintegration ratio of the soil. This work makes full use of the complementary characteristics of red clay and phyllite soil and the advantages of hard-setting new materials, which will provide a new idea for soil improvement of the phyllite soil in the future.
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1. Introduction


Soil disintegration refers to the phenomenon that occurs when soil is immersed in water. Water enters the pore of the soil, which falls apart in water under the action of hydraulic power. For soft rock or clayey soil, the soil structure is prone to damage and disintegration over time after being immersed in water. The larger the soil disintegration rate is, the faster the destruction of the original structure of the soil will occur [1,2,3,4,5]. Unsuitable soils encountered along the highway or railway corridors often require additives to improve the water stability for re-use as subgrades, as shown by some researchers [6,7,8,9,10,11].



The stability of road or railway subgrade is heavily associated with the collapse behavior of soil. Many researchers have undertaken studies on the factors impacting the disintegration of soft rock or compacted clayey soil. The disintegration mechanism was investigated and divided into three categories by researchers [12,13]: water-absorbing expansion disintegration, wedge-cracking pressure disintegration, and the mixed disintegration mechanism. In addition, different types of soil have common basic collapse mechanisms. At present, the influences of the wetting–drying cycle, water content, water temperature, and other factors on disintegration are mostly studied from the perspective of water–soil interaction. It is generally believed that water is the main external influencing factor [14,15,16], and clay minerals are the main internal influencing factor. The higher the content of viscous minerals, the larger the clay mixing ratio, the weaker the permeability, and the slower the disintegration speed [17,18,19,20].



From the micro point of view, the content and composition of clay minerals have a significant impact on disintegration characteristics. It was found that the disintegration rate is closely related to soil structure and clay minerals [19]. It was deduced that some cations can inhibit the disintegration of soft rock in the descending effect order of Ca2+, Mg2+, and Na+ [20].



Weathered phyllite and red clay are widely distributed in the Jiangxi Province. Completed weathered phyllite is a typical expansive soil similar to loess, with weak weathering resistance and poor strength and expansion resistance. Although the red clay has the characteristics of a high foundation-bearing capacity and low expansion rate, its water stability is poor. With the development of high-speed railways, expressways, and urban construction in Jiangxi Province, the completed weathered phyllite and red clays are difficult to use as suitable top layer of subgrade and are often treated as unsuitable soil. This leads to shortages of suitable disposal sites while simultaneously wasting significant manpower and material resources. Therefore, it is of great significance to make full use of the mixture of completely weathered phyllite soil and red clay to solve the constructability problem of the subgrade, reduce the maintenance cost of highways and railways, and improve economic benefits. To make the best use of these two types of undesirable soils, most researchers have adopted a single additive such as cement or lime to improve phyllite or red clay [21,22]. The results show that the addition of cement and lime can effectively improve the permeability of completed weathered phyllite [23,24].



When cement and lime are added to soil, they react with water to produce cementitious products containing Ca2+, Mg2+, Na+ and other substances, among which these ions can effectively inhibit the disintegration of soft rocks [25], and the resultant cementitious products also inhibit the disintegration. It was found that this phenomenon can improve engineering performance in three stages; (1) cation exchange; (2) flocculation or agglomeration, and (3) hydration products [26].



In most of the above studies, single soils, such as loess, soft rock, phyllite, or red clay, were used as the base material, with lime or cement being used as a single improvement agent in order to study its penetration and disintegration. In this paper, a novel method is proposed by adding cement and red clay simultaneously to phyllite soil to improve its permeability and disintegration characteristics. Previous studies have shown that red clay can significantly improve the direct subgrade-bearing capacity of phyllite soil [27], and phyllite soil can significantly reduce the cracks caused by the wetting–drying cycle of red clay [28]. The seven-day saturated unconfined compressive strength of a cement-treated phyllite blended with red clay can be greater than 350 kPa [29]. Cement and red clay were used to improve phyllite soil [30], which can rapidly increase the bearing capacity of the compacted high-speed railway subgrade and control the post construction settlement within 15 mm. However, the above tests lack data on the water stability of the improved subgrade after soaking in water.



In this paper, a method of using red clay and cement simultaneously to improve phyllite soil is proposed. The experimental results show that the improved phyllite not only meets the requirements of short-term bearing capacity during compaction, but also meets the requirements of long-term water stability after immersion. The permeability co-efficient, disintegration ratio, disintegration stability time, and disintegration rate of im-proved phyllite vary with the blending ratio of red clay and cement. The results of a falling-head permeability test and disintegration test shows that composite improvement is objectively better than cement or red clay alone. The results of this study provide a useful guide to evaluation of the water stability of improved phyllite as subgrade.




2. Materials and Methods


2.1. Materials


The completely weathered phyllite soil and red clay used in the test are all from the site near Youan road in Nanchang City, Jiangxi Province. The red clay is generally 1~6 m thick below the surface, and the completely weathered phyllite soil is more than 20 m thick below the red clay, as shown in Figure 1a. The red clay is reddish brown and in a loose condition after excavation, as shown in Figure 1b. Most completely weathered phyllite soil in Jiangxi area is light yellow to yellowish-brown, with very low hardness, and can be broken by hand (as shown in Figure 1c,d). The soils were rapidly transformed into fine-grained soil after crushing or soaking in water, and as such, they can be called phyllite soil in this paper. The main physical properties of the two soils are shown in Table 1.



XRD is one of the common methods to identify and study the crystal structure of clay minerals, and the semi-quantitative method is a kind of scientific method between quantitative and qualitative, which is mainly used in the rapid determination of the concept and trend of a certain physical quantity. The reference intensity ratio (RIR) is a method used for quantitative analysis by powder diffraction. The RIR method is based on scaling all diffraction data to the diffraction of standard reference materials, which is determined by mixing the sample weight and α-Al2O3 in accordance with a mass fraction of 1:1, and the integral strength ratio between the strongest peak of the sample and the strongest peak of the corundum. Specifically, Jade 6.0, Leve 2A - Basic+S/M, software by Materials Data Inc. (Livermore, CA, USA), was used to analyze the relative content of each mineral component. It was found that the main mineral content of phyllite soil is 22.7% quartz, white (sericite) 24.2%, kaolinite 12.4%, illite 23.0%, chlorite 13.8%, and montmorillonite 3.8%. Particle size distribution analysis results show that the sand group (0.075~2 mm) is 29.0%, the silt group (0.005~0.075 mm) 54.5%, and the clay group (<0.005 mm) 16.5%. The proportion of the sand group, the silt group, and the clay group in red clay is 2.0%, 72.8% and 25.2%, respectively.



The cement used in the test is “Hai Luo” PO 42.5R Ordinary Portland Cement produced in Nanchang, and the production execution standard is “General Portland Cement” (GB175-2007).




2.2. Orthogonal Experimental Design of Improved Scheme


Although the red clay blended with phyllite soil can greatly improve the shear strength, the strength will be greatly reduced after soaking in water. In order to increase the water stability of the mixed soil, it is necessary to add cement stabilizer into the mixed soil. Assuming that the dry mass of red clay is mr, the dry mass of phyllite soil is mp, and the cement mass is mc, respectively, the red clay blending ratio, λ, and cement mixing ratio, η, are defined as


  λ =    m r     m p  +  m r     



(1)






  η =    m c     m p  +  m r     



(2)







In order to investigate the characteristics of permeability and the water disintegration of the blended soil, the red clay blending ratios were designed to be 0, 20%, 40%, 60%, 80% and 100%, where 0 was pure phyllite soil and 100% was pure red clay (note: a 100% blending ratio was only used to explore the variation rules of each mixing ratio, λ, and not used as an improvement scheme). The design cement mixing ratios were 0, 3%, and 5%, respectively, where 0 is the case without cement. By the orthogonal combination of the above improved schemes, we obtained 18 kinds of combination schemes.



According to the heavy compaction test, the mixing ratio of red clay and cement were 0 + 0, 40% + 0, 60% + 0, 40% + 3%, 40% + 5%, or 60% + 5%, respectively, and the corresponding maximum dry densities were 1.62, 1.68, 1.72, 1.65, 1.63, or 1.67 g·cm−3, respectively. The optimum moisture content varied from 17.80% to 18.92%. In order to facilitate unified comparison, the average value of the maximum dry density was 1.66 g·cm−3, and the optimal water content was 18%. According to the above discussion, and combined with the “Code for High Speed Railway Design” (TB106241-2014), the requirement of the bottom layer of subgrade for the compaction coefficient was 95% (K = ρd/ρdmax, ρd is the dry density of the sample, ρdmax is the maximum dry density of the sample obtained by the laboratory compaction test).The bulk density of samples for penetration test and disintegration test was 1.86 g·cm−3 (the computing method is 1.66 × 0.95 × (1 + 0.18)), and the moisture content was 18% during sample preparation.




2.3. Permeation Test Scheme


The particle size distribution test shows that particles of red clay smaller than 0.075 mm make up 98% of the total mass, and particles of phyllite smaller than 0.075 mm make up 71% of the total mass. Therefore, the two kinds of soils can be considered as fine-grained soils, and the falling head test should be used to determine the permeability coefficient. The TST-55 type falling-head osmometer was used in the test. The height of the sample was 40.0 mm, and the diameter of the sample was 61.8 mm, as shown in Figure 2. The permeability coefficient was calculated by measuring the change of head in three periods, and the average of the permeability coefficient in three periods was used as the permeability coefficient of the improved soil samples. In the test, water is discharged from the top of the specimen. The difference of water head, Δh, is 125 cm. The sample permeability path, L, is 4 cm. The hydraulic gradient, i = △h/L, is 31.25. Although the hydraulic gradient exceeds the critical hydraulic gradient, there is a fixed metal cover on the sample, so the sample will not be subject to the seepage failure of flowing soil.




2.4. Disintegration Test Scheme


At present, there is no standard for clayey-soil-disintegrating apparatus. In this paper, the clayey-soil-disintegrating apparatus developed by Wang et al [31] and Li et al [32] was used after some modifications. The instrument is composed of inner and outer cylinders, as shown in Figure 3. The diameter of the inner cylinder is 5.0 cm, and the diameter of the outer cylinder is 20.0 cm. A small grid chassis is hung at the bottom of the inner cylinder, which is used to place the soil samples. When the soil samples disintegrate, they will leak into the outer cylinder through the grid. After the sample is immersed in water, the soil sample disintegrates and the inner cylinder floats after the weight is reduced. The volume of a soil sample is 200 cm3, with a diameter of 6.18 cm. The inner cylinder is labelled with an evenly distributed scale of 0 to 10. The scale reading is 0 when the sample is completely disintegrated, and it is 10 when the sample is not disintegrated.



The relative disintegration ratio can be calculated from the inner cylinder scale reading.


   D t  =   10 −  H t    10   × 100 %  



(3)




where Dt is the disintegration ratio at time, t (referred to as disintegration ratio); Ht is the reading of the inner buoy at time, t.



When Equation (3) is used to calculate the disintegration ratio, if the soil sample is completely disintegrated, the disintegration ratio is 100%, and if the sample is not disintegrated, the disintegration rate is 0, thus Dt is dimensionless.





3. Analysis of Improved Soil’s Permeability Characteristics


3.1. Calculation of Permeability Coefficient


The fine-particle content of compacted phyllite soil and red clay is more than 50%. According to the “Railway Engineering Geotechnical Test Code” (TB10102-2010), the permeability coefficient should be determined by the falling head test. The main parameters of the falling head test are as follows: the inner cross-sectional area of the variable head pipe, a, is 0.785 cm2, the height of the sample, L, is 4 cm, and the water passing area of the sample, A, is 30 cm2. The calculation method of the permeability coefficient is shown in Equation (4).


   K T  =   a L   A t   ln   Δ  h 1    Δ  h 2     



(4)




where △h1, △h2 are the water head difference on the sample before and after the test; t is test time; KT is the permeability coefficient at T°C (m/s).



As temperature affects the viscosity coefficient of water, it also effects the permeability coefficient of soil. For the sake of unified comparison, the permeability coefficient at T°C can be converted into the permeability coefficient at 20 °C.


   K  20   =  K T     η T     η  20      



(5)




where K20 is the standard permeability coefficient at 20 °C (m/s); ηT is the dynamic viscosity coefficient of water at T°C (kPa·s); η20 is the dynamic viscosity coefficient of water at 20 °C (kPa·s).




3.2. Influence of Red Clay Blending Ratio on Permeability Coefficient


The Atterberg limit test results indicate the plasticity index of red clay is 22.05, and phyllite soil is 14.38. Generally, the larger the plasticity index is, the higher the clay content in the soil, which has been confirmed by the soil particle distribution analysis results. Therefore, adding red clay to phyllite soil will increase the clay content, thereby reducing the permeability coefficient of soil. The falling head test also shows that the permeability coefficient (K20) of the improved soil decreased with the increase of the red clay blending ratio, as shown in Figure 4.



According to Figure 4, when the cement mixing ratio is 0 with no curing, and the pure phyllite soil has the highest permeability coefficient of 89.06 × 10−8 m/s, the permeability coefficient of pure red clay is 6.45 × 10−8 m/s. The permeability coefficient of phyllite soil is about 13.81 times that of red clay. Therefore, it is feasible to reduce the permeability coefficient of phyllite soil by adding red clay.



As shown in Figure 4, the permeability coefficient K20 decreases with the increase of the red clay blending ratio. The relationship of permeability coefficient with the red clay blending ratio can be expressed in a linear model as follows.


   K  20   = − 89.86 λ + 91.95  



(6)






     K  20   = − 13.39 λ + 13.81  



(7)






   K  20   = − 4.65 λ + 5.01  



(8)







Equations (6)–(8) correspond to the cement mixing ratio of 0, 3%, or 5%, where the corresponding correlation coefficients are 0.9834, 0.9748, and 0.9689 respectively.



Given that the correlation coefficient, R2, was higher than 0.96 in all cases, it can be inferred that the variations of permeability coefficients correlate with the red clay blending ratio. The slope of the straight line of Equations (6) and (7), or (8) can represent the influence of the red clay blending ratio on the permeability coefficient. The greater the slope is, the greater the influence of the red clay mixing ratio. It can also be seen from Figure 4 that the red clay blending ratio has the greatest impact when the cement mixing ratio is 0, while it has less impact when the cement mixing ratio is 3% or 5%. Taking the red clay blending ratio change from 0 to 40% as an example, the permeability coefficient reduced by 30.63 × 10−8 m/s, 4.31 × 10−8 m/s and 1.44 × 10−8 m/s, respectively, when cement mixing ratio is 0, 3% and 5%.




3.3. Variation Rules of Permeability Coefficient with Cement Mixing Ratio


When red clay and phyllite are mixed with cement, due to the solidification of the cement itself, Ca(OH)2 precipitated from cement reactions with active SiO2 and Al2O3 in the soil to generate silicate or silicon aluminate minerals. These form a network link of generated minerals in the compacted improved soil, blocking the partially connected pores and reducing the permeability coefficient of the mixed soil. In order to further explain the variation trend of the permeability coefficient with cement mixing ratio, the permeability coefficient of mixed soil after curing for 28 days is taken as the final permeability coefficient of mixed soil (when the cement mixing ratio is 0, the curing time is also 28 days), and its variation of permeability coefficient with cement mixing ratio is shown in Figure 5.



It can be observed from Figure 5 that the permeability coefficient of the mixed soil decreases with the cement mixing ratio.



It is noted that the decrease rate of the permeability coefficient when the cement mixing ratio increases from 0 to 3% is much higher than that when the cement mixing ratio increases from 3% to 5%. Taking 40% red clay as an example, when the cement mixing ratio is 0, 3%, or 5%, the permeability coefficients are 47.53 × 10−8 m/s, 8.89 × 10−8 m/s, and 3.36 × 10−8 m/s, respectively. When the cement mixing ratio is 3% and 5%, the relative decreases are 81.30% or 92.93%, respectively. The cement mixing ratio increased from 3% to 5%, and the decrease was only 11.63%. It can be concluded from this study that, from an economic point of view, the cement mixing ratio of 3% is better than that of 5%.



According to the influence of cement and red clay on the permeability coefficient of phyllite soil, it can be seen that the permeability coefficient of using the combination of pure phyllite soil + cement mixing ratio is 3% is 13.2 × 10−8 m/s, which is much lower than the permeability coefficient of using red clay to improve phyllite soil (λ = 60%, curing 0 days (35.18 × 10−8 m/s), curing 28 days (27.75 × 10−8 m/s)). Therefore, the improvement effect of cement is better than that of red clay if the main purpose is to reduce the permeability coefficient of phyllite soil.





4. Analysis of Disintegration Characteristics of Improved Soil


For the blended soil composed of phyllite soil and red clay, the disintegration process is rapid after submission in water. The disintegration process is through granular exfoliation and the collapsed material gradually falling through the grid chassis, with an intermediate stage shown in Figure 6a. There will be no soil left above the grid chassis when the blended soil completely disintegrated. For the mixed soil of phyllite and red clay with cement, the disintegration process is very slow. Only limited parts on the side of the cylindrical sample disintegrated, and the water in the outer cylinder was basically clear (η = 5% is similar to η = 3%). A comparison of the disintegration process with 3% and without cement is shown in Figure 6.



It can be seen from Figure 6 that when the cement mixing ratio is 0, the compacted sample will crumble because of the original structures being destroyed. When the cement mixing ratio is 3%, soil disintegration occurs mainly on the surface of the sample, thus preserving internal integrity, while the soil structure is only locally destroyed.



4.1. Disintegration Curve Characteristics of Mixed Soil


For the mixed soils with red clay blending ratios of 0, 20%, 40%, and 60% (η = 0), when the improved soil sample was soaked under water, the change of disintegration ratio with time is similar, as shown in Figure 7. The entire relationship curve can be divided into three segments: initial concave curve, the approximate linear and convex curve, which correspond with the disintegrating slowly development stage, linear rapid development stage, and deceleration stable stage. Due to its higher expansibility and larger permeability coefficient, when phyllite soil interacts with water, it exhibits a lack of structural integrity. This is reflected in the mixed soil sample with a high phyllite soil content; the structure quickly disintegrated, leading to complete disintegration at 10~13 min. That is, all disintegrated materials fell through the cradle under the grid, with the inner cylinder indicator floating to scale 0 in this time, achieving the disintegration ratio of 100%.



When the red clay content was 80% or 100%, it took 15 min and 20 min to achieve 100% disintegration, respectively. This indicates that the disintegration resistance has improved compared with the low red clay content (λ ≤ 60%).




4.2. Relationship of Maximum Disintegration Ratio with Blending Ratio of Red Clay


When the improved soil sample is soaked in water, the disintegration ratio Dt increases with time and finally tends to be stable, so the maximum disintegration ratio Dm is defined as the disintegration ratio of the mixed soil that tends to be stable.



The blended soil samples completely disintegrated within 10~20 min when the cement content is 0, and the Dm was 100%. The addition of red clay had no effect on Dm, but increased the disintegration time to reach Dm. For the mixed soil with a cement content, red clay has a great influence on Dm. The relationship between Dm and the blending ratio of red clay is shown in Figure 8.



According to the analysis in Figure 8, Dm decreases linearly with blending ratio of red clay for a given cement mixing ratio percentage at a given time. The linear fitting dotted lines, as shown in Figure 8, can be expressed as


   D m  = C λ + D  



(9)




where C and D are linear fitting coefficients; R2 is the fitted correlation coefficient.



The fitting parameters are shown in Table 2.



As can be seen from Table 2, all correlation coefficients are greater than 0.98, indicating that Dm is well linearly correlated with the blending ratio of red clay. It is interesting to note that when the cement mixing ratio and curing time are the same, the maximum disintegration ratio decreases approximately the same for every 20% increase in the blending ratio of red clay. The larger the blending ratio of red clay is, the smaller the Dm. As such, there is no optimal blending ratio of red clay from a disintegration perspective.




4.3. Relationship of Maximum Disintegration Ratio with Cement Mixing Ratio


The maximum disintegration ratio of the blended soil containing phyllite soil and red clay without cement is 100%, so the disintegration resistance of the mixed soil is poor. Cement plays a crucial role in stabilizing the mixed soil and improving its disintegration resistance. The influence of cement mixing ratio on Dm is shown in Figure 9.



It can be seen from Figure 9 that when the cement mixing ratio increases from 0 to 3%, the maximum disintegration ratio decreases rapidly. When the blending ratio of red clay is 0, 20%, 40%, 60%, 80%, or 100%, the Dm decreases from 100% to 11%, 10.32%, 9.7%, 9.09%, 8.47% or 7.8%, respectively. Compared with the blended soil without cement (the Dm of all mixed soil is 100%), it is reduced by 89%, 89.68%, 90.3%, 90.91%, 91.53% or 92.2%, respectively. Therefore, the cement mixing ratio of 3% is highly effective for improving the disintegration resistance of the phyllite soil.



When the cement mixing ratio increased from 3% to 5%, the Dm of the mixed soil with different blending ratio of red clay decreased by 2.3%, 2.14%, 1.99%, 1.81%, 1.66% and 1.5%, respectively. Compared with the Dm reduction of the cement mixing ratio increasing from 0 to 3%, the increase of cement mixing ratio from 3% to 5% had lesser effects on Dm reduction. Therefore, it can be inferred that 3% is the optimal content to improve the disintegration resistance.



As can be observed from Figure 8 and Figure 9, both red clay and cement can improve the disintegration resistance of phyllite soil. When the cement mixing ratio is 3%, Dm is reduced by 90.3% compared with phyllite soil. When the red clay mixture ratio was 40%, the Dm decreased by only 1.3%. Without cement mixing, red clay does not effectively reduce the maximum disintegration ratio of phyllite soil (Dm of all blended soils without cement is 100%). The comparison shows that cement is far better than red clay in improving the disintegration resistance of phyllite soil. Therefore, the optimal improvement scheme of the ultimate bearing capacity of subgrade of phyllite soil is the combination of 3% cement with 40% red clay from this study.




4.4. Analysis of Disintegration Rate


The rate of disintegration, Vd is defined as the time required to achieve the maximum disintegration ratio. The disintegration ratio is expressed as a percentage and the time is expressed in minutes, so the dimension of disintegration rate is (%·min−1).



4.4.1. Effect of Red Clay Blending Ratio on Disintegration Rate


When the red clay is added to the phyllite soil, the disintegration rate decreases with the blending ratio of red clay, as shown in Figure 10.



According to Figure 10, when the cement mixing ratio is 0, phyllite soil has the fastest disintegration rate of 10.0%·min−1, while red clay has the slowest disintegration rate of 5.0%·min−1. The disintegration rate of mixed soil decreases with the blending ratio of red clay.



When the cement mixing ratio is 3% or 5%, the disintegration rate decreases approximately linearly with the increase of the red clay content. Taking the cement mixing ratio of 3% as an example, the disintegration rate of phyllite soil is 0.0174%·min−1 when the blending ratio of red clay is 0, and the disintegration rate of red clay is 0.0102%·min−1 when the blending ratio of red clay is 100%. The average rate of disintegration decreases about 0.00144%·min−1 with every 20% increase of blending ratio of red clay, which is far less than the case without cement improvement, so cement is very effective in reducing the disintegration rate.




4.4.2. Influence of Cement Mixing Ratio on Disintegration Rate


Cement can greatly reduce not only the maximum disintegration ratio, but also the disintegration rate of the improved soil. The influence of cement on the disintegration rate is shown in Figure 11 (note that the line of λ = 20% and the line λ = 40% are approximately coincident).



It can be seen from Figure 11 that the disintegration rate of the mixed soil with cement mixing ratios of 3% and 5% is far less than that of the blended soil without cement. Taking a blending ratio of 40% red clay as an example, the disintegration rate of cement mixing ratio of 0, 3%, and 5% are 9.09%/min, 0.0142%/min, and 0.00941%/min, respectively. The disintegration rates with 3% and 5% cement are about 0.156% and 0.104% of those without cement.



Taking phyllite soil as the baseline of consideration, when the red clay was modified alone (with a blending ratio of 40%), the disintegration rate decreased only by 0.91%/min, which was lower than that of the phyllite soil. When cement of 3% only is used for improvement, the disintegration rate decreases by 9.98%/min, which is 99.8% lower than that of the phyllite soil, indicating that the reduction in disintegration rate of phyllite soil by cement is far better than that of red clay.






5. Relationship between Permeability Coefficient and Disintegration Ratio


The results of the permeability test and disintegration test indicate that the permeability coefficient and disintegration rate of the composite improved soil decrease linearly with the increase of the red clay blending ratio. In order to better analyze the relationship between the permeability coefficient and maximum disintegration rate, the summary data analysis is shown in Figure 12.



Figure 12 shows that the maximum disintegration ratio increases linearly with the increase of permeability coefficient for a given cement mixing ratio. The relationships between the maximum disintegration ratio and permeability coefficient for cement mixing ratio 3% and 5% can be described by the following equations, respectively:


   D m  = 0.2298  K  20   + 7.761  



(10)






   D m  = 0.4899  K  20   + 6.185  



(11)







When using Equations (10) and (11) for linear fitting, the correlation coefficients, R2 at cement mixing ratios of 3% and 5% are 0.9691 and 0.9593, respectively, indicate that Dm is significantly correlated with the permeability coefficient. The above analysis also shows that for the fine-grained phyllite soil, the smaller the permeability coefficient of the improved soil is, the smaller the maximum disintegration ratio, the more conducive to the water-immersion stability of the improved soil. Therefore, the permeability coefficient is also an index of disintegration resistance of the improved soil.




6. Mechanism of Cement and Red Clay to Improve Phyllite Soil


6.1. Influence of Mineral Composition and Particle Size on Disintegration


Based on the above testing results, phyllite soil has the maximum disintegration ratio, and its complete disintegration will occur after soaking. The disintegration of soil is closely related to the mineral composition, and the mineral content of the two type soils is determined by a semi-quantitative XRD test, as shown in Table 3. The phyllite soil contains montmorillonite, illite, and chlorite, which are three kinds of hydrophilic clay minerals accounting for 40.6% of the total mass of phyllite soil (montmorillonite is a typical expansive mineral) and which are prone to swell and deformation after being soaked in water [28]. According to the laboratory free expansion test, the free expansion ratio of phyllite soil reaches 19.4%. In the disintegration test, the water absorption of clay minerals increases the thickness of the diffusion layer after the soil sample is immersed in water, which leads to expansion. This expansion further increases the porosity and causes water to migrate the microstructure within the soil mass, resulting in interparticle repulsion exceeding matrigel suction. This process is repeated until the 200 cm3 sample is completely disintegrated within 10 min.



Illite and chlorite account for 34.3% of the total mass of red clay. Due to the large clay content, the red clay will eventually completely disintegrate after immersion. However, due to its high cohesion and low permeability coefficient, the time required for complete disintegration is 20 min, which is twice as long as that of phyllite soil.



According to the particle size distribution analysis, the proportion of fine particles in phyllite soil is 71.0%, and the proportion of fine particles in red clay is 98.0%. The proportion of the red clay fine-grained group is significantly higher than that of phyllite soil. According to the study of Xia et al. [33], the higher the content of the cementing agent (such as clay) in the soil, the more difficult the disintegration is, which is the mechanism explaining why the disintegration rate of red clay is slower than that of phyllite soil.




6.2. Mechanism of Reducing Permeability of Red Clay


To illustrate the effect of red clay and cement on the improvement of completely weathered phyllite, SEM tests were carried out on the compacted samples. The test equipment was field emission scanning electron microscope (SEM) model SU8010, the resolution was 1.0 µm, and the maximum sample size was 40 mm × 40 mm × 10 mm in length × width × height.



Figure 13 shows the scanning electron microscope photos of phyllite soil and λ = 40% improved soil, which were scanned after the compacted soil was sliced and dried. It can be seen from Figure 13 that the phyllite soil particle size ranges from about 10 to 100 µm, and the primary particle shape gives priority to sheet or plate. Due to the larger average particle in phyllite soil, particle contact is dominated by points–points contact and points–surface contact, forming overhead structures, as shown in Figure 13a, with a larger connectivity of pore resulting in larger permeability coefficient. Red clay particle size is generally ranging from 1 to 5 µm, with phyllite soil particles having a certain particle gradation. The red clay, in the process of blending and compaction, can be packed into phyllite soil particles’ pores. This forms a compact structure as shown in Figure 13b, resulting in blockage of some of the phyllite soil’s pore connectivity, which, in turn, reduces the coefficient of permeability and increases the time required for water to migrate into the inside of the soil structures. Thus, the disintegration rate is reduced, according to previous research results [6].




6.3. Mechanism of Cement Reducing Permeability Coefficient and Disintegration Rate of Improved Soil


When cement is added to the phyllite soil blended with red clay, a series of hard-setting reactions occur in cement under the action of water. In the process of hydrolysis, Ca(OH)2 will also be precipitated, and Ca(OH)2 will react with active SiO2 and Al2O3 in the soil to generate new hard setting minerals. All the generated new products have high water stability. A network of cementation, as shown in Figure 14b, is formed between phyllite soil particles or mixed soil particles, blocking the water infiltration channels. This results in a reduction of the permeability coefficient, which, in turn, reduces the maximum disintegration ratio and the disintegration rate accordingly. However, in the absence of cement mixing, the blended soil structure with tiny red clay particles infilling pores of phyllite soil, as shown in Figure 14a, could reduce the permeability coefficient, but the high water-sensitivity of red clay would result in a poor effect on reducing the disintegration ratio when soaked in water. Note that Figure 14a,b show the phyllite soil with the same blending ratio of 40% red clay without and with cement of 3%, respectively.





7. Conclusions


The experimental study presented in this paper provides a new method of improving phyllite soil by adding both red clay and cement simultaneously. This method can concurrently solve the problems of a small increase in the immediate bearing capacity by cement improvement without curing, and red clay alone improves phyllite soil’s water stability. Through penetration tests and disintegration tests, the following conclusions can be drawn.



Both red clay and cement can reduce the permeability coefficient, the maximum disintegration ratio (Dm), and the disintegration rate of phyllite soil. Both permeability coefficient and Dm decrease linearly with the blending ratio of red clay. The effect of cement on reducing permeability coefficient, Dm, and disintegration rate is much better than that of red clay. Based on the study results, the optimal cement mixing ratio is 3%.



The permeability coefficient is linearly correlated with the maximum disintegration ratio, Dm, and Dm increases with the permeability coefficient; that is, the composite improvement scheme reduces the permeability of the improved soil and the maximum disintegration ratio of the soil.



When the cement mixing ratio is 3% and the red clay is 40% (according to the optimal combination of subgrade bearing), the permeability coefficient of relatively pure phyllite soil is reduced by 90.0%, the Dm is reduced by 90.3%, the disintegration stability time is increased by 67.5 times, and the disintegration rate is reduced by 99.8%, indicating that the composite improvement by mixing with cement and red clay can greatly enhance the water stability of phyllite soil.



Electron microscope scanning analysis results show that the hard-setting product of cement in generating the cementation network among the soil particles is very important in reducing the coefficient of permeability and Dm. Tiny particles of red clay packing action play a minor role in reducing the permeability coefficient and Dm of mixed soil, but increases the red clay particles’ contact points and contact area. Thus, red clay is better than cement in improving the immediate bearing capacity of subgrade.



A more uniform network of cementation is formed when a small amount of cement is added to phyllite soil blended with red clay, which further reduces the permeability coefficient and disintegration rate of the soil. This kind of improvement makes full use of the advantages of both red clay and cement, which provides a useful guidance to general applications. Subsequent preliminary experimental results show that the same effect can be achieved by the improvement of phyllite soil with both red clay and lime. Red sandstone weathered soil is also widely distributed in Jiangxi Province, China, and the composite improvement of red clay and cement can also be considered, but its feasibility needs to be further investigated in the future.
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Figure 1. Two special soil materials used in the test. (a) General profiles of red clay and phyllite soils; (b) red clay stockpile; (c) close view of phyllite soil; (d) phyllite hardness. 
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Figure 2. Permeability test apparatus and test sample. 
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Figure 3. Sketch showing disintegration test apparatus. 
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Figure 4. Variations of permeability coefficient with blending ratio of red clay. 
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Figure 5. Variations of permeability coefficient with cement mixing ratio. 
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Figure 6. Comparison of disintegration process with and without cement. (a) η = 0 (b) η = 3%. 
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Figure 7. Relationship between disintegration ratio and time of mixed soil. 
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Figure 8. Relationship between Dm and blending ratio of red clay with cement mixing ratios. 
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Figure 9. Variation rules of improved soil Dm with cement mixing ratio. 
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Figure 10. Disintegration rate vs blending ratio of red clay with different cement mixing ratio (a) η = 0; (b) η = 3% and η = 5%. 
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Figure 11. Disintegration rate vs cement mixing ratio with different blending ratios. 
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Figure 12. Variation of Dm with permeability coefficient. 
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Figure 13. Microstructure of phyllite soil improved by red clay (a) λ = 0 and (b) λ = 40%. 
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Figure 14. Network cementation of cement products between soil particles (a) η = 0 and (b) η = 3%. 
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Table 1. Main physical indices of red clay and phyllite soil.
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	Type of Soil
	Liquid Limit (%)
	Plastic Limit (%)
	Plasticity Index (%)
	Specific Gravity of Solid Particles
	Maximum Dry Density (g/cm3)
	Optimal Moisture Content (%)
	Free Swelling Ratio (%)
	Free Expansion Ratio (%)





	Red Clay
	48.4
	26.4
	22.0
	2.69
	1.75
	17.8
	16
	1.65



	Phyllite Soil
	43.3
	28.9
	14.4
	2.76
	1.64
	19.2
	33.0
	19.4
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Table 2. Fitting coefficients of Dm varying function with λ.
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Cement Mixing Ratio (%)

	
Curing Time (Day)

	
C

	
D

	
R2






	
3

	
0

	
−0.0786

	
20.4286

	
0.9971




	
7

	
−0.0547

	
15.8857

	
0.9878




	
28

	
−0.0357

	
11.8890

	
0.9998




	
5

	
0

	
−0.0547

	
15.8857

	
0.9878




	
7

	
−0.0357

	
11.889

	
0.9998




	
28

	
−0.0263

	
9.2790

	
0.9980
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Table 3. Relative content of phyllite soil and red clay minerals.
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	Soil Type
	Kaolinite/%
	Muscovi/%
	Quartz/%
	Illite /%
	Chlorite /%
	Montmorillonite/%





	Phyllite Soil
	12.4
	24.2
	22.7
	23.0
	13.8
	3.8



	Red Clay
	4.0
	29.3
	32.3
	22.4
	11.9
	0
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