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Abstract: Completely weathered phyllite (CWP) soil is a kind of special soil with high swell potential, while red clay is a special soil with high shrinkage. This means that these two kinds of special soils are usually not suitable for direct use as subgrade fill. To reduce the swell index of the CWP soil and the shrinkage of red clay at the same time, it was proposed to blend the CWP soil with red clay to improve their basic characteristics. A series of swell index tests and dry-wet cycle tests of the blended soils have been carried out at varying blending ratios, compaction coefficients and moisture contents. The test results show that the free swell index of the blended soil decreases with the increase of red clay, moisture content and compaction coefficient, respectively. The fissure density of the blended soil first decreases and then increases with the blending ratio, with the lowest being zero when the blending ratio is ranging from 20% to 40%. Through particle microscopic analysis and elemental composition analysis, it is found that the neutralization effect, the dilution effect of swell minerals, and the partition effect of coarse particles play an important role in restraining expansion and shrinkage deformation of the blended soil. Based on the liquid limit requirement of Chinese Railway Design Code (TB 10001-2016), the optimal blending ratio of red clay has been proposed to be 50%. Compared with the CWP soil, the free load swell index of the blended soil is reduced by 45.0% and the fissure density is reduced by 99.3% compared with that of red clay. Therefore, it is feasible to improve the CWP soil by blending it with red clay at an optimal ratio of 50% by using the neutralization effect of the expansion of CWP and shrinkage of red clay.
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1  Introduction

The completed weathered phyllite (CWP) soil and red clay are widely distributed in south China, including Jiangxi Province and Zhejiang Province. The CWP soil is the product of complete weathering of phyllite and has a high level of expansibility when soaking [1−3]. Moisture content and mineral components have significant effects on physical and mechanical properties of phyllite [4,5]. X-ray fluorescence (XRF), X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are often used to detect the mineral components or micro-structure of phyllite [6].

Subgrade fill with red clay is often subjected to dry-wet cyclic process due to periodical variations in moisture content, leading to development of fissures within the soil matrix [7]. Fissures resulting from shrinkage can lead to reduction of the shear strength [8−11]. Therefore, lime [12], cement [13], sand [14], polymer [15] or fiber [16,17] have been used by many researchers to treat red clay to reduce its shrinkage. An optimum ratio of clay to sand was proposed after considering both the shrinkage and compressive strength results [18].

Both weathered phyllite and red clay are not suitable for the direct use as subgrade fill material due to their high moisture content, high liquid limit and high shrinkage. These two kinds of soils are often classified as unsuitable without any improvement. Therefore, lime or cement is often used to stabilize weathered phyllite, and some engineering properties of weathered phyllite have been enhanced [19−22]. However, production of lime and cement will not only require a lot of energy, but also cause substantial air pollution [23,24]. Furthermore, the cementation process usually needs a long time to be fulfilled [25], which is often not convenient for rapid subgrade construction using locally won soils. Recently a new blending method of the CWP soil with red clay at an optimal ratio has been proposed by Zhao et al. to effectively improve the shear strength of the subgrade [26].

In recent years, as more and more governmental authorities attach great importance to environmental protection, some high energy consuming industries producing reinforcement agents are restricted, which leads to a rapid rise in the price of reinforcement agents such as cement and lime [27−29]. Furthermore, with the increase of unsuitable soil disposal resulting from rapid development of infrastructures such as railway and highway construction, it is of vital importance to find a new way of re-using natural but poor-quality site won materials for subgrade fill during construction.

The traditional improvement method of enhancing unsuitable soils such as CWP soil and red clay entails using cement and lime as a reinforcement agent. This has attracted many researchers and has become widely accepted in the construction industry over the past few decades. In this paper, an improvement method based on deformation neutralization effects of CWP and red clay has been proposed so that the strength of the blended CWP soil with red clay can meet the minimum requirements of subgrade set out by the current code of practice. That is, the use of an appropriate amount of red clay will be able to stabilize the CWP soil by reducing its expansibility. Simultaneously, CWP will reduce the fissure rate of red clay, thus providing mutual enhancements of the basic characteristics of these two kinds of unsuitable soils. The research findings of this paper indicate that this new improvement method will enable the use of renewable materials for subgrade for railway and highways in large scale construction, hence reducing the use of cement and/or lime, resulting in savings in energy consumption and emission reduction.

2  Laboratory Investigations

2.1 Experimental Material and Blending Ratio Design

The completed weathered phyllite (CWP) soil and red clay in this study were obtained from south of Nanchang City, Jiangxi Province, China. The basic physical properties of CWP and red clay are shown in Tab. 1, and all tests were undertaken in accordance with the code for soil test of railway engineering (TB 10102-2010) [30].
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The shear strength of CWP can be greatly and rapidly improved by adding red clay into CWP at various blending ratios [26]. The experimental proportioning method was designed as follows: Based on the dry weight of CWP soil (m0) and a blending ratio (λ), a portion of red clay at 0%, 20%, 40%, 60%, 80% and 100% was added into phyllite soil, respectively. The blending ratio, λ = 0% represents pure CWP and 100% pure red clay. The four blending ratios, λ = 20%, 40%, 60% and 80% respectively, represent the dry weight ratio of CWP soil to red clay being at 5:1, 5:2, 5:3 and 5:4, respectively.

In order to study the influence of initial moisture content (w0), compaction coefficient (K), and blending ratio (λ), on the performance of a blended soil, it was necessary to consider the design of these key parameters for sampling and laboratory testing. Considering the permitted variation of wop ± 2% by Chinese Railway Code-TB 10001-2016, the moisture contents of test samples were set as 16%, 18% and 20%, respectively, and the compaction coefficients (K) were selected to be at 89%, 91% and 93%, respectively.

2.2 Swell Tests

The swell tests of the blended soils of CWP with red clay include free swell index test and free load swell index test.

Free swell index (δef) is the ratio of the increased volume to the original volume of the soil sample when immersed in water without any constraint. The instrument used in this test is a 50 ml measuring cylinder, and the volume after expansion is determined by observing the scale of the cylinder at the interface of soil and liquid after stabilization.

The free load swell index (δep) is defined as the ratio of the deformation caused by the vertical expansion of the soil sample to the original height of the sample under the condition of no overlying load but with lateral restraint. The equipment used for δep test was the WZ-2 type dilatometer manufactured by Nanjing Soil Instrument Factory, in which the diameter of sample was 61.8 mm and the height 20 mm. After the sample was prepared, pure water was poured into the water tank of the WZ-2 dilatometer, with the water surface being maintained 5 mm above the top surface of the sample. During this soaking process, the dial gauge reading was taken once every 2 h until the difference between two readings is less than 0.01 mm. The total expansion deformation, Δh, was recorded and then the free load swell index is calculated as the ratio of Δh to the original height of the sample (20.0 mm).

2.3 Dry-Wet Cycle Test

Railway subgrade engineering generally requires compaction at the optimum moisture content (wop), and the degree of compaction is not less than 91%. As such test samples were prepared as follows: Initial moisture content (w0) is 18%, compaction degree (K) is 91%, diameter is 152 mm, and height is 100 mm.

To simulate the maximum ground surface temperature of about 55°C in Nanchang in summer, the samples were continuously dried for 12 h in an oven at 55°C. After 12 h, the drying process was completed by measuring the weight of the sample every hour until its weight unchanged, and the moisture content reaches soaking moisture content (wsat). The wetting process was completed by placing the sample in a tank for 12 h soaking, which simulates continuous rainfall events in Nanchang City, Jiangxi Province, China. The drying and wetting process is a complete dry-wet cycle test. According to this method, each sample was tested for 1, 2, 3, 4, 5 and 6 dry-wet cycles. The moisture content of dry-wet cycle path is shown in Fig. 1.
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Figure 1: Dry-wet cycle path diagram

Based on the dry-wet cycle path of Fig. 1, the surface of the sample was photographed after each dry-wet cycle was completed. In doing so, the change pattern of fissure development can be obtained after each dry-wet cycle.

3  Factors Affecting Swell Indexes

3.1 Blending Ratio Affecting on Swell Index

The free swell index test results show that the free swell index of the CWP soil is 21.5%, and that of red clay is 6.0%. The variation of free swell index with blending ratio is shown in Fig. 2.
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Figure 2: Variation of free swell index with blending ratio

The free swell index of the blended soil is lower than 40%, which is the threshold of the expansive soil classification parameter. It can be seen from Fig. 2 that the blended soil is non-expansive soil and has the potential to be used as subgrade fill. As demonstrated in Fig. 2, the free swell index of the blended soil decreases approximately linearly with the increase of the blending ratio, with the correlation between δef and λ being shown in Eq. (1).


δef=−0.1671λ+22.0238
(1)

When the blending ratio of red clay to CWP is 40%, the free swell index is reduced by 27.9%, which is very beneficial to control the swelling deformation of CWP soil.

3.2 Analysis of Influencing Factors of Free Load Swell Index

3.2.1 Effect of Soaking Time on the Free Load Swell Index

Taking blended soil samples with w0 = 18% and K = 89% as examples, the relationship between the free load swell index (δep) and time (in hours) is shown in Fig. 3.
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Figure 3: The relationship between δep and time (w0 = 18%, K = 91%)

It can be seen from Fig. 3 that the blended soil swells rapidly after being soaked in water, and most of the expansion occurs within 0.5 h. Taking the CWP soil as an example, 85.7% of the final swell was attained at 0.5 h, 91.0% at 1 h, and the expansion was quasi-stable at 4 h. It can be seen from the test results that the swell deformation can be completed in a relatively short period of time after soaking in water. Therefore, waterproof measures should be taken in the construction of subgrade in rainy season to avoid swelling and subsequent reduction or loss of shear strength.

3.2.2 The Influence of Blending Ratio on Free Load Swell Index

In order to study the influence of blending ratio on δep, the relationship between δep and λ was studied experimentally when the moisture content w0 = 16%, 18% and 20%, and the results are shown in Fig. 4.

[image: images]

Figure 4: The variation law of δep – λ (a) w0 = 16% (b) w0 = 18% (c) w0 = 20%

As shown in Fig. 4, δep decreases with the increase of λ. When λ = 0%, w0 = 16%, and K = 89%, δep reaches the maximum of 20.2%; When λ = 100%, w0 = 20% and K = 93%, δep is 1.5% and the smallest. Taking the sample with w0 = 18% and K = 91% as examples, the maximum δep is about 10.6 times of the minimum value, so adding red clay into CWP soil can greatly reduce the swell performance of the CWP soil. Through data regression analysis, it can be concluded that the free load swell index decreases quadratically with the increase of red clay blending ratio, and the correlation can be expressed by Eq. (2).


δep=aλ2+bλ+c
(2)

In Eq. (2): a, b and c are quadratic function fitting coefficients.

The fitted quadratic curve is shown in Fig. 4, and the fitting coefficients and correlation coefficients are ranging from 0.978 to 0.997, as shown in Tab. 2.
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3.2.3 Analysis of the Reasons for the Decrease of Free Load Swell Index

According to the test results, the free load swell index of red clay is far less than that of CWP soil. After adding red clay into CWP soil, it is equivalent to adding a material with low swell index to the CWP soil. The mineral composition analysis was carried out by the type of D8 Advance X-RAY diffraction meter (XRD) produced by Bruker Company, Germany. In the test, the radiation source is Cu (wavelength is 154060 pm), and the scanning other parameters are 5.0/69.9998/0.0205 counting time 57.6 sec, I(max) = 12104, test temperature at 30°C. The results of mineral composition analysis are shown in Tab. 3.
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It can be seen from Tab. 3 that the CWP soil contains 10.8% montmorillonite, so CWP soil has strong expansibility. Red clay does not contain montmorillonite, which is a strong expansive mineral. Therefore, adding red clay into the CWP soil is equivalent to diluting the content of montmorillonite. The content of montmorillonite decreases from 10.8% to 7.7%, and the free load swell index decreases by 19.89% when the blending ratio is 40%. Therefore, the decrease of expansive mineral content is one of the important factors for the low free load swell index of the blended soil.

3.2.4 Effect of Initial Moisture Content (w0) on Free Load Swell Index

The initial moisture content is the moisture content when soil samples compacted, and the variation relationships of free load swell index with moisture content are shown in Fig. 5.
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Figure 5: The variation law of δep- w0 (a) K = 89% (b) K = 91% (c) K = 93%

As demonstrated in Fig. 5, δep decreases approximately linearly with the increase of moisture content. Taking the sample with K = 91% and λ = 60% as an example, When the moisture content increases from 16% to 18% and from 18% to 20%, the swell index decreases by 9.6% and 6.8%, respectively. This is because the larger the initial moisture content is, the more water the soil particles absorb and have completed partial expansion, and the additional expansion is relatively smaller after sample saturation. Therefore, in engineering practice, the in-situ moisture content of the blended soil is usually set to be slightly higher than the optimum moisture content, which is beneficial to control the swell index of general fill after saturation.

3.2.5 Influence of Compaction Coefficient K on δep

The variation relationships of free load swell index with compaction coefficient are shown in Fig. 6.
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Figure 6: The variation law of δep- K (a) w0 = 16% (b) w0 = 18% (c) w0 = 20%

As demonstrated in Fig. 6, δep decreases approximately linearly with the increase of compaction coefficient. The larger the compaction coefficient of fine-grained soil, the higher the cohesive force [26] of soil matrix is, requiring a greater force to overcome the expansion.

3.2.6 Analysis of the Influence of w0, K and λ on δep

From the previous analysis, the free load swell index δep has a quadratic function relationship with λ, and has a linear relationship with w0 and K. The relationship among δep and w0, K and λ can be obtained by using Excel’s regression method. The 95% confidence level is adopted, and the results are shown in Eq. (3).


δep=−0.417w0−0.281K−0.0011λ2−0.070λ+52.471
(3)

When Eq. (3) is used to predict the free load swell index of each blended soil, the average relative error is 11.7%. When the blending ratio is less than or equal to 80%, the prediction accuracy is better. When the blending ratio is 100%, the maximum relative error reaches 108%, noting the relative error between the predicted value and the measured value is very large. This is because the maximum free load swell index of the red clay itself is only 1.8%. When the absolute error is small, it may cause a large relative error. As the purpose of this research is to investigate the engineering properties of blended soils rather than the expansion of pure red clay, nine sets of data have been considered for regression analysis, with 100% blending ratio of red clay being discarded. Regression analysis of the data shows that the analysis and prediction model can be expressed by Eq. (4).


δep=−0.477w0−0.320K−0.0018λ2−0.023λ+54.810
(4)

The absolute and relative errors of δep are shown in Fig. 7. In Fig. 7, N is test number.

The maximum absolute error between the estimated value and the measured value calculated by Eq. (4) is 1.25%, with the maximum relative error of 12.96%, the average relative error of 4.18%, and the correlation coefficient of 0.985. From the point of view of fitting error, it is feasible to use Eq. (4) to predict the amount of free load swell index of blended soils with different blending ratios.
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Figure 7: δep absolute error and relative error (excluded red clay) (a) δep absolute error (b) δep relative error

3.3 Influencing Factors of Fissure Development of Blended Soil

Red clay is a kind of typical soil with fissures caused by moisture change and shrinkage. When water penetrates the subgrade through the fissures, the strength of subgrade will be greatly reduced.

The fissure density is often used to evaluate the evolution of the micro-structure within the red clay after the dry-wet cycle [31,32]. The fissure density is often defined as the ratio of the total area of fissures on the surface to the cross-sectional area of the test sample. Thus it is often calculated by Eq. (5) below:


δfA=∑i=1nAiA×100%
(5)

where δfA is the fissure density, A is the cross-sectional area of sample, Ai is the area occupied by the ith fissure, and the n is the total number of fissures observed.

Fissure density calculation method can be realized by programming. Firstly, the color image is converted into black and white two-color image by algorithm, and the fissure density is calculated by the proportion of black and white pixels. For specific calculation method, refer to reference [33].

Fissure length index is another important parameter reflecting the degree of fissure development. The longer the fissure length per unit area, the higher the degree of fissure development is. Fissure length index can be defined as the total length of fissure per unit area, which can be expressed by Eq. (6).


δfL=∑i=1nLiA×100%
(6)

where δfL is the fissure length index, Li is the length of the i-th fissure, A is the cross-sectional area of sample and n is the total number of fissures observed.

During dry-wet cycles, some blended soil samples produced irregular fissures on the surface, and it is difficult to count the length of fissures by traditional methods. It can be measured by AutoCAD multi-segment line tracking method, and then the actual length of cracks can be obtained by unit conversion [33].

The factors that affect the fissure development include diameter of the sample, blending ratio, moisture content, compaction coefficient, dry-wet cycles and so on, which are discussed in the following sections.

3.3.1 Effect of Sample Diameter on Fissure Development

In all blended soils, red clay has the largest number of fissures developed, so red clay samples were used to illustrate the influence of sample diameter on the fissure development. The diameters of samples prepared in laboratory are 61.8 mm, 100.0 mm, and 152.0 mm, respectively, and the shrinkage fissures developed with different sample diameters are shown in Figs. 8a–8c.
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Figure 8: Comparison of fissure development between test sample and subgrade (a) d = 61.8 mm (b) d = 100 mm (c) d = 152 mm (d) Fissures development in subgrade

By comparing the fissure development between the samples in laboratory and subgrade in field (see Fig. 8d), the sample with greater diameter was found to better simulate the actual subgrade situation. Therefore, the statistical analysis was based on samples with a diameter of 152 mm in this research.

3.3.2 Effect of Dry-Wet Cycles on Fissure Density

The fissure density of blended soil samples increases with the increase of dry-wet cycles, but after five drying and wetting cycles, as shown in Fig. 9, the fissure density tends to reach an asymptote without any appreciable increase by the 6th cycle.
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Figure 9: Variation of fissure density with dry-wet cycles

3.3.3 Characteristics of Fissure Development in Blended Soil

According to the results of dry-wet cycle test, the fissure development of laboratory test soil sample nearly stopped after five dry-wet cycles, and the sixth test was taken as the result of blended soil fissures. After six dry-wet cycles, the fissure development status of the blended soil samples with different blending ratios is shown in Fig. 10.

As can be seen from Fig. 10, the fissure development can be divided into the following three Types. Type I)-Many isolated pores induced by expansion: When the blending ratio is 0% (pure CWP soil), due to the relatively large swell index of the CWP soil, there are some bulging holes on the surface of the sample. After six drying and wetting cycles, the bulging holes remain on the surface of the sample, forming some discontinuous holes, as shown in Fig. 10a. Type II)-No detectable fissure type: When the blending ratio was 20%, 40%, 60%, there was no detectable fissures after six times dry-wet cycles (see Figs. 10b–10d. Type III)-Extensive fissure type: When the blending ratio is at 80% and 100%, there are large number of fissures developed on the surface of the sample after six dry-wet cycles. A mesh-like network of fissures is evident on the surface, and two larger fissures with a width of more than 7 mm observed at a blending ratio of 100%, as shown in Figs. 10e and 10f.
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Figure 10: Final fissure diagram of the sample at different blend ratios (a) λ = 0% (b) λ = 20% (c) λ = 40% (d) λ = 60% (e) λ = 80% (f) λ = 100%

3.3.4 Influence of Blending Ratio on Fissure Density

By analyzing the fissure density of the blended soil with 6 different blending ratios after 6 dry-wet cycles, the relationship between the fissure density and the the blending ratio can be obtained for the blended soils, as shown in Fig. 11.
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Figure 11: Variation of fissure density with blending ratios in blended soils

During dry-wet cycles, a large number of bulging holes remain on the surface of the CWP soil samples (Fig. 10a), which can also be regarded as a channel for water immersion into subgrade, and thus can be regarded as a form of fissure. As shown in Fig. 11, the fissure density of red clay can reach 33.64% and that of the CWP soil can reach 7.51%, and the fissure density decreases first and then increases with the increase of blending ratio. When the blending ratio are 20% and 40%, there is no visible fissures on the surface of the samples, so the fissure density is virtually zero. When the blending ratio of red clay in the blended soil is reduced from 100% to 80% and 60%, the fissure density decreases to 15.63% and 0.476%, respectively, which is 53.54% and 98.59% lower than that of red clay. Therefore, it can be inferred that after adding red clay into the CWP soil, the fissure density is significantly reduced, and the swell deformation of the CWP soil can also be reduced at the same time.

3.3.5 Effect of Blending Ratio of Red Clay on Fissure Length Index

The variation of fissure length index with blending ratio is shown in Fig. 12.
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Figure 12: Variation law of fissure length index with blending ratios

It can be seen from Fig. 10a that the CWP soil is a discontinuous hole due to expansion, and the hole has discontinuity, so the fissure length index is not counted. As shown in Fig. 12, the fissure length index of pure red clay is 20.15 mm/cm2. When the bending ratio of red clay is reduced from 100% to 80% and 60%, the fissure length index is reduced to 9.50 mm/cm2 and 0.43 mm/cm2, respectively, which are 51.60% and 97.88% lower than that of pure red clay. When the bending ratio is reduced to 40% and 20%, the fissure length index decreases to zero. Therefore, in view of the fissure development against the blending ratios, the best blending ratio is 20% and 40%, and the reduction in fissure length index of the blended soil is also very significant with a blending ratio 60%.

4  Discussion of Neutralization Effects

4.1 Effects on Decrease of Swell Property of CWP Soil

The chemical reactions in ion exchange follow the law of mass action, but the reactions are restricted by the number of exchange sites on the mineral and by the strength of the bonding of the exchangeable cations to the mineral surface [34], Ordinary high valence cations can exchange low valence cations of soil and make the diffusion layer thinner [35−37]. The test results of element content analysis of the CWP soil and red clay are shown in Tab. 4, and the analysis shows that the iron content in red clay is much higher than that in the CWP soil. When the CWP soil is blended with red clay, a certain amount of iron ions (Fe3+) can be precipitated from the red clay under certain conditions, which can exchange with the CWP soil. Fe3+ replaces K+ in montmorillonite and illite, making the diffusion layer of expansive mineral particles in the CWP soil thinner, greatly reducing the free swell index of the CWP soil and reducing the liquid limit of CWP soil. In addition, according to the above, the free swell index of red clay is far less than that of the CWP soil. Adding red clay into CWP soil is equivalent to diluting the content of expansive minerals, which is also an important reason for reducing the free swell index.
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4.2 Effects on Decrease of Fissure Development in Red Clay

According to the dry-wet cycle test results, the fissure density of blended soil samples is far less than that of red clay. Further there is no visible fissure developed in the soil samples when the blending ratio of red clay is between 20% and 40%. The CWP soil has strong expansibility after soaking, and it still retains the original swell deformation after dry-wet cycles (see Fig. 10a). On the contrary, red clay has strong shrinkage, resulting in a lot of developed fissures resided in the soil matrix after dry-wet cycles. After blending the CWP soil with red clay, expansion of the CWP soil and shrinkage deformation of red clay produces neutralization effects, resulting in far lower rates of fissure development in the blended soil than that of pure red clay.

The other reason for the decrease of fissure development is that the particle size of the CWP soil is larger than that of red clay, resulting in contraction and tension isolation effect. The characteristics of the particles were measured by the JSM 6701F type field emission scanning electron microscope with energy spectrometer produced by Japan Electronics Company. Fig. 13 shows the SEM images of CWP soil particles and red clay particles in the blended soil (λ = 80%) with magnification of 2,000 times and 10,000 times, respectively. According to the analysis results in the Fig. 13, the grain size of the CWP soil is ranging from 10 µm to 45 µm, and that of red clay 1 µm to 4 µm. According to the previous research, adding sand into red clay can significantly reduce the fissure density of red clay [14]. In the blended soil, it is equivalent to adding coarser CWP soil particles into the red clay, and the proportion of the CWP soil particles in the blended soil is prevalent, thus the connection interfaces among most of the red clay particles has been cut off by CWP particles. The shrinkage stresses caused by the contraction of red clay particles are also reduced accordingly, resulting in less fissure development comparing with that of pure clay.
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Figure 13: Comparison of micro particle size of blended soil (λ = 80%) (a) 2000x (b) 10000x

4.3 Determination of Optimum Blending Ratio

The high liquid limit clay has poor water stability, easy to expand and soften when meeting water, therefore, the liquid limit value is an important standard for filler selection in China Railway Code (TB 10001-2016) [38]. The liquid plastic limit test results of mixed soil are shown in Tab. 5.
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Considering that the requirement of liquid limit is less than 40% in the code TB 10001-2016, the blending ratio of red clay should be in a controlled range from 13% to 52% [26]. The free load swell index decreases with the increase of the blending ratio, and the bearing capacity of the compacted subgrade increases with the increase of the blending ratio when the blending ratio is in the range of 13%–52%. The fissure density of blended soil can be ignored when the blending ratio is in the range of 20%–60%. Therefore, the optimum blending ratio can be considered as 52%, and the applied optimum blending ratio can be taken as 50% for ease of engineering applications. Under the conditions of the moisture content of subgrade compaction is 18%; the compaction coefficient is 91%; and the blending ratio is 50%, it can be obtained from the analysis of the test results that the free load swell index is 10.5%; fissure density is 0.238% and the fissure length index is 38.8 mm/cm2. According to the data in this research, the free load swell index of the CWP soil is reduced by about 45% and the fissure density is reduced by 99.3% compared with that of red clay. Therefore, the free load swell index and shrinkage can be effectively suppressed by considering the blending ratio of 50%.

In summary, the neutralization effects of expansion deformation of the CWP soil and shrinkage deformation of red clay can not only reduce the expansion, but also the fissure development of a blended soil. This improves the overall performance of the blended soil when immersed in water. Furthermore, the liquid limit of the blended soil has been found to be less than 40%, meaning it is now classified as group C fill as per railway code. Use of the blended soil will thus reduce the disposal volume of unsuitable materials of both CWP and red clay with liquid limits of more than 40%. The in-situ trial test results also show that the shear strength and bearing capacity of the CWP soil can be greatly improved by adding red clay into CWP [26]. This blending method can achieve a higher bearing capacity immediately after rolling compaction is completed, which is fundamentally different from the traditional lime and cement stabilization methods which need a certain curing time to achieve the higher strength.

5  Conclusions

Through this experimental research, the following conclusions can be drawn:

(1) The free load swell index (δep) of the blended soil decreases with the increase of the blending ratio in a quadratic function and decreases almost linearly with the increase of the compaction coefficient and the moisture content. If the blending ratio of 100% (pure red clay) is removed, a generalized mathematical model can be established for variation of δep with λ, K, and w0. It is found that an increase in blending ratio, compaction coefficient, and moisture content is beneficial to control δep of the blended soil.

(2) Red clay easily develops fissures under the action of dry-wet cycles, and the fissure density can reach 33.4% for the tested samples. The fissure density is greatly reduced when the CWP soils are blended with red clay. The fissure density is reduced by 100% relative to the red clay when the blending ratio ranges between 20% and 40%, and the fissure density of the blended soil is relatively reduced by 97.88% when the blending ratio is 60%.

(3) Through the blending of the CWP soil with red clay, the swell and shrinkage deformations have been neutralized to a certain extent. That is, the swell index of the CWP soil is reduced, and the fissure development of the red clay is also greatly reduced simultaneously. Based on the liquid limit of the blended soil required in the Chinese railway code, the optimum blending ratio of 50% has been proposed for practical applications. Under the condition of λ = 50%, δep of the blended soil is reduced by 45% relative to the CWP soil, and the fissure density is reduced by 99.3% relative to the pure red clay.

(4) This research has shown that it is feasible to use the neutralization effect of expansion and contraction of two unsuitable soils to suppress the free load swell index of the CWP soil and fissure development density of red clay. The results also show that the shear strength of the blended soil at the proposed optimum blending ratio of 50% for roadbed can meet the requirements of the subgrade standard. As such, the improvement method by means of neutralizing the CWP soil and red clay will not only greatly reduce the amount of disposal of two unsuitable soils but also the amount of lime and/or cement used in the conventional stabilization method. This will reduce costs while significantly increasing environmental benefits.
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Table 3: Test results of mineral composition analysis

Soil name  Kaolinite =~ Muscovite (%)  Quartz (%) Illite  Chlorite (%) Montmorillonite (%)
(%) (%)

CWPsoil 12.4 24.2 22.7 23 6.8 10.8
Red clay 4 29.3 32.3 224 119 0.0
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Table 4: Quantitative analysis ot elements content

Red clay CWP soil
Elements Mass percent (%) Oxide Oxide percentage (%) Elements Mass percent (%) Oxide Oxide percentage (%)
(0] 31.98 - (0] 54.89 -
Al 18.88 AlLO; 17.05 Mg 0.33 MgO  0.62
Si 27.18 Si0,  23.57 Al 12.49 AlLO; 27.48
K 5.9 K,O0  3.68 Si 23.83 Si0,  59.25
Fe 16.06 Fe,O; 7.0 K 2.42 KO 256
Fe 6.04 Fe,0; 10.09
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Table 1: The basic physical properties indexes of CWP and red clay

Name Particle size component content (%) Liquid limit (%) Plastic limit (%) Plasticity =~ Natural moisture Relative density Natural density
of soils index content (%) (gx:m'3 )

Sand group  Silt group Clay group

>0.075 mm  0.005-0.075 mm <0.005 mm
Cwp 29 54.5 16.5 433 28.9 14.4 8.48 2.76 2.01

Red clay 2 72.8 252 48.4 26.4 22.0 2231 2.69 1.81
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Table 2: Fitting coetficients and correlation coefficient

wyo (%) K a b c R?

16 89 -0.0015 -0.0387 20.536 0.9869
16 91 -0.0014 —0.0426 20.136 0.9887
16 93 -0.0012 —0.0533 19.313 0.9966
18 89 -0.0012 —0.0660 20.200 0.9782
18 91 —0.0010 —0.0878 19.789 0.9867
18 93 —0.0009 —0.0946 19.104 0.9908
20 89 —0.0011 -0.0740 19.193 0.9808
20 91 —0.0010 —0.0831 19.004 0.9812

20 93 —0.0007 —-0.0917 17.686 0.9909
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Table 5: Test results of liquid plastic imit of mixed soil

Blending ratio (%) Plastic limit (%) Liquid limit (%) Plasticity index

0 (pure CWP) 28.9 433 14.4
20 244 39.6 15.3
40 23.1 37.1 14.0
60 25.0 42.6 17.6
80 248 443 19.4

100 (pure red clay) 26.4 48.4 22.0
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