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Rainfall is the main factor leading to the landslide of expansive soil slope. To deeply understand the instability mechanism of expansive soil slope under rainfall conditions, it is necessary to clarify the strength attenuation mechanism of expansive soil caused by water absorption and swelling. Therefore, the improved constant volume direct shear test was used in this study to compare with the conventional test, focusing on the variation of effective shear strength parameters with dry density (volume). The micromechanism of expansive soil strength attenuation is further studied, and the influence of expansive soil on slope stability is analyzed by numerical calculation. The results show that the improved direct shear apparatus and method can keep the volume of expansive soil specimens unchanged before and after shear and obtain the real effective shear strength parameter of soil. Under the same conditions, the shear strength parameter of the improved direct shear test is lower than that of the conventional direct shear test. The rapid thickening of the lamellar structure of montmorillonite in expansive soil will lead to the fragmentation and dispersion of clay particles, which is one of the fundamental reasons for the strength difference between expansive soil and ordinary clay. In slope stability analysis, the effect of swelling on the shear strength of slope cannot be ignored and should be considered in engineering design.
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INTRODUCTION
Under the influence of hygrothermal environment and geological conditions, landslide disasters occur frequently in expansive soil areas (Hou et al., 2013; Dai et al., 2021; Liang et al., 2021). Rainfall infiltration is an important inducement factor of slope collapse (Qi and Vanapalli, 2018; Qi et al., 2019). Some slopes will slide in the rainy season when the slope ratio is 1:3 or even 1:5 (Xiao et al., 2018; Zhai and Cai, 2018; Abeykoon and Trofimovs, 2021). Therefore, only by deeply understanding the state change of expansive soil caused by humidification and clarifying the strength attenuation mechanism of expansive soil, target economic and reasonable engineering measures can be taken.
Studies have shown that the shear strength variation of expansive soil is mainly affected by the stress state, matric suction, dry–wet cycle, crack, and moisture content (Li et al., 2013; Al Haj and Standing, 2015; Zhang et al., 2016; Dong et al., 2018a; Huang et al., 2018). The strength envelope of expansive soil has non-linear characteristics, and there is a certain gap between the parameters obtained by linear fitting and the real shear strength parameter (Lade, 2010; He et al., 2017). In the low-stress range (0–50 kPa), the cohesion is only a few kPa, but the internal friction angle is as high as 30°–40°. In the high-stress range (greater than 50 kPa), the cohesion obtained by fitting is more than 20 kPa, and the internal friction angle is about 20°, in the stress range of conventional strength tests, the cohesion and internal friction angles obtained by fitting are not low (Xiao et al., 2017). Many slope failures still occur when strength parameters are obtained by the conventional direct shear test and can be kept stable by calculation (Zhang et al., 2020a). Therefore, the actual shear strength parameter value of expansive soil is lower than that measured by conventional tests. The variation of matric suction can express the strength variation of general clay from unsaturated to saturated. However, for expansive soil, the saturated strength of specimens under different initial suction states varies greatly, so the unsaturated strength model cannot be effectively used for calculation and analysis. The dry–wet cycles and cracks mainly affect the soil structure (Burton et al., 2015; Julina and Thyagaraj, 2018; Huang et al., 2021), but the number of dry–wet cycles and the development of cracks are highly subjective, and they are difficult to apply quantitatively in slope stability analysis. The change of moisture content leads to the change of matric suction of soil, and it can affect the state of water retention in soil (Kayadelen et al., 2007; Çokça and Tilgen, 2010). The essential difference between expansive soil and general clay soil is that it is rich in swelling minerals such as montmorillonite and exhibits remarkable expansibility after humidification (Zhang et al., 2020b). For non-expansive soil, the change of soil moisture content only affects the volume of pore gas and pore water, while the volume of the soil skeleton remains constant. However, with the increase of soil skeleton volume, the dry density of expansive soil decreases, and the influence of humidifying swelling on the effective stress shear strength parameter cannot be ignored (Mašín and Khalili, 2016).
The expansive clay mineral particles expand with the increase of moisture content and compress with the increase of overburden, thus changing the microstructure and average particle size of soil (Katti and Shanmugasundaram, 2001). To reflect the effect of pore ratio on the shear strength of clay and its parameter, scholars proposed true strength theory and true strength parameter based on experiments. It was suggested that saturated clay should be obtained with different effective stresses but the same pore ratio by loading and unloading and then sheared to obtain the true strength parameter (Hvorslev, 1961). At present, the shear strength parameter of expansive soil is obtained by a triaxial and a direct shear apparatus (Ye et al., 2010; Dong et al., 2018b), but there are no specific measures and methods to ensure that the specimen volume (dry density) remains unchanged before and after shear. The reason is that, in the conventional test, the specimen will be saturated with water after applying different confining pressure or overburden loads, and the specimen will have different degrees of swelling or compression, which leads to the change of the dry density of the specimen before shear. This makes it difficult to obtain the real shear strength parameter of expansive soil under specific dry density conditions at present and also leads to the landslide failure of many expansive soil slopes that can be kept stable by design calculation.
This study aims to investigate the effect of swelling deformation on the effective shear strength parameter of expansive soil and reveal the attenuation mechanism of expansive soil strength caused by water absorption and swelling. Based on the true strength theory, direct shear tests of expansive soil at constant dry density under different initial saturation conditions were carried out by using the improved direct shear test apparatus, and the effective cohesion and effective internal friction angle of expansive soil at this dry density state were measured. Then, several groups of improved direct shear tests under different dry densities were carried out, and the results were compared with those of conventional direct shear tests, to obtain the variation rule of effective shear strength parameter with the decrease of dry density. A scanning electron microscope (SEM) and particle analyzer were used to obtain the changes of the microstructure of the specimens before and after shear and to reveal the attenuation mechanism of the saturated strength of expansive soil. Through numerical analysis, the influence of swelling on slope stability is studied, and the results can provide a reference for the instability mechanism analysis and support structure design of expansive soil slopes.
SELECTED SOIL SAMPLE
The soil sample used in the laboratory study is a brown–yellow expansive soil taken from the cutting slope of Anxiao Road, Zhijiang, Hubei Province, China. It was obtained from three different test pits at a depth of 0.5, 1.5, and 2.5 m below the ground surface and transferred to the laboratory for full geotechnical characterization. The natural moisture content of the samples is 20.8%. The block samples were protected from loss of moisture using a plastic membrane and sealed metal box. The sampling process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Scene investigation and sampling. (A) Anxiao Road cutting landslide. (B) Field sampling. (C) Sealed sample storage.
Laboratory tests shall be carried out immediately after the soil samples are brought back. The particle-size distribution shows that the soil has 52.1% silt and 47.9% clay, and the liquid limit and plastic limit are 54.3 and 29.9%, respectively. Hence, this soil can be described as clay with intermediate plasticity. The predominant clay minerals in the soil, as determined by X-ray diffractometry, are smectite (18.6%). The values of one-dimensional free swelling are approximately 11% for the natural and compacted specimens, respectively. Table 1 shows the index properties of the soil.
TABLE 1 | Physical properties of tested soil.
[image: Table 1]IMPROVED DIRECT SHEAR APPARATUS AND METHOD FOR EXPANSIVE SOILS
Improved Direct Shear Apparatus
To keep the volume of expansive soil unchanged before and after shearing, an improved direct shear apparatus is used to test the shear strength of expansive soil. Compared with the conventional direct shear apparatus, the major improvements include increasing the top diameter of the loading plate so that it is at least 5 mm larger than the inner diameter of the shear box, adding a ring gasket with a limit function between the loading plate and the shear box, and adding grooves at the bottom of the loading plate and placing pressure sensors. The pressure sensor is used to measure the vertical swelling pressure of expansive soil specimens in the process of saturation. After the above improvement, the ring gasket can control the loading plate to only slightly contact the porous stone at the top of the specimen before the specimen is soaked, and the load applied is all borne before the specimen swells, to ensure that the volume of the expansive soil specimen is not compressed before the specimen is soaked. After the specimen is immersed in water, the loading plate with a pressure sensor can read the vertical swelling pressure of the specimen from the initial moisture content to the process of saturation. Before shearing, as long as the initial load is slightly greater than the maximum vertical swelling pressure under the initial moisture content of the specimen, the specimen volume can be guaranteed to remain unchanged during shearing. The section of the improved direct shear apparatus is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Profile of the improved direct shear test apparatus.
Improved Direct Shear Test Method
Swelling of expansive soil is a process of dry density reduction. If expansive soil swells before and after shearing, the dry density of the actual shear specimen will be less than the set dry density, which cannot effectively represent the strength parameter of a specific dry density. Considering that compared with the triaxial apparatus, the direct shear apparatus is easier to realize the saturated condition and control the dry density of the sample before shear, and the conventional direct shear apparatus is used for the test. However, by changing the loading mode of the conventional direct shear test and using the suction unloading mode, the dry density of specimens before shear remains unchanged, and the specimens are guaranteed to be subjected to different effective stresses. The swelling test with load was carried out before the direct shear test to obtain the relationship between dry density and swelling deformation of the compacted specimen after soaking in water in the initial wet dense state. The lower limit of dry density control for subsequent improved direct shear test specimens was determined by referring to the dry density after no-charge swelling. The steps of the improved direct shear test are as follows:
1) The specimens were prepared using the static compaction method. At a predetermined dry density and saturation (45–90%), four soil specimens with the same dry density and different initial moisture content were prepared at a time.
2) The specimens were put into the direct shear box and soaked (suction unloading), using the balance compression method to control the overburden and keep the height (dry density) of the specimen in the soaking process unchanged.
3) When the overburden load did not change, the slow shear test was carried out to obtain the critical strength and peak strength by a shear displacement of 7 mm under the overburden load. The moisture content of the specimen after shearing was determined, and the saturation was calculated.
4) Repeat steps 2) and 3) for other specimens to obtain the peak strength and ultimate strength corresponding to different overburden loads and then obtain the peak and ultimate effective shear strength parameters by fitting.
5) Direct shear tests with different initial dry densities were carried out according to steps 1) to 4), and then the peak effective shear strength parameter and ultimate effective shear strength parameter were obtained with the decrease of dry density (regarded as the swelling process).
TESTING PROGRAM
The test scheme for this laboratory study is presented in Table 2. Both improved direct shear tests and conventional direct shear tests were carried out on expansive soil slope in Zhijiang City, Hubei Province.
TABLE 2 | Summary of testing program conditions.
[image: Table 2]The Improved Direct Shear Test Program
Five groups of specimens with different dry densities were selected within the range of the initial dry density of 1.6 g/cm3 and the minimum dry density of 1.44 g/cm3 after saturated swelling. The moisture content of the specimen was determined according to the saturation of expansive soil of 45 ∼ 90%, as shown in Table 2. One-dimensional unloading swelling tests were carried out on the specimens with different initial dry densities under different initial saturation conditions to determine the vertical swelling pressure generated when the test reached saturation. The variation of swelling deformation and dry density with vertical pressure is shown in Figure 3. Then, the swelling pressure value was taken as the vertical load value in the direct shear process to conduct the direct shear test. The effective internal friction angle and cohesion of expansive soil at constant dry density were obtained.
[image: Figure 3]FIGURE 3 | Relationship between the swelling rate and dry density under different loads.
There is a one-to-one relationship between the swelling rate and dry density, so the decrease of dry density can indicate swelling of expansive soil. The dry density of expansive soil samples decreased from 1.60 g/cm3 to 1.43 g/cm3, and the swelling rate increased by 11%. Considering that the actual swelling of expansive soil slope includes not only vertical swelling but also lateral swelling, the lower limit of dry density is set as 1.40 g/cm3 in the test.
Conventional Direct Shear Test Program
Combined with the direct shear test method under low-stress conditions, the load classification was added based on the conventional direct shear test. Conventional tests in this paper adopted eight different vertical loads of 12.5, 25, 37.5, 50, 100, 150, 200, and 250 kPa. The conventional direct shear tests with different densities of 1.4 g/cm3, 1.5 g/cm3, and 1.6 g/cm3 were carried out under the same moisture content.
EXPERIMENTAL RESULTS AND ANALYSIS
Improved Direct Shear Test Results
As shown in Table 2, the improved direct shear test was divided into five groups (MD1–MD5) according to different dry densities, and each group was equipped with four specimens with different moisture content according to 45, 60, 75, and 90% saturation. For the improved direct shear test, the water content of saturated samples under different dry densities is different, and the water content given in Table 2 is saturated water content. For the conventional direct shear test, the water content refers to the initial water content of the specimens. However, the overburden load is uniformly set according to the maximum swelling pressure obtained by the one-dimensional loaded swelling test, which is set here as 250 kPa. The values of state parameters of the improved direct shear test are shown in Table 3.
TABLE 3 | Values of state parameters for improved direct shear tests.
[image: Table 3]As shown in Table 3, the vertical stress, peak strength, and critical strength of specimens with different dry densities increase with the decrease of initial saturation. This is because the specimen with lower saturation has lower corresponding moisture content. In the process of saturation, the soil will absorb more water, thus releasing greater swelling force. Under the vertical load on the top of the specimen, the vertical deformation is constrained, and the swelling force will act on the soil skeleton in the form of vertical stress. A larger swelling force corresponds to a larger effective stress, thus obtaining a higher strength value. The small difference of moisture content after saturation indicates that the pore ratio of specimens with different initial saturations is the same after saturation, which avoids the influence of pore ratio change on soil structure and strength.
Conventional Direct Shear Test Results
Conventional direct shear tests were carried out on three specimens with different dry densities. To compare with the improved direct shear specimen under constant volume conditions, the maximum vertical load was set at 250 kPa. As the expansive soil slope usually has the characteristics of the shallow slide, the shear test under low-stress conditions is added according to the practice of Xiao et al. (2017), and the test results are shown in Table 4.
TABLE 4 | Values of state parameters for conventional direct shear tests.
[image: Table 4]As shown in Table 4, after saturation, the dry density of the same specimen changes with different vertical pressure. The specimen with a dry density of 1.4 g/cm3 swells greatly under low-stress conditions, and the maximum vertical swelling rate is 3.21%. The moisture content (saturation) of the specimen decreases with the increase of the dry density of the specimen, indicating that the compaction expansive soil under the loading condition is not the only saturated state but also affected by the vertical pressure. Under the same dry density after consolidation, the dry density of the specimen after swelling increases with the increase of vertical effective stress, which is caused by the swelling of expansive soil.
Effects of Dry Density on Shear Strength for Expansive Soil
As shown in Figure 4, the variation of shear strength with normal pressure of three kinds of dry density specimens in the conventional direct shear test shows that the peak strength and critical strength of Zhijiang expansive soil increase with the increase of dry density. Under low-stress conditions, the measured values are mostly below the fitting line. The main reason is that the expansive soil has swelling properties. The smaller the overburden pressure is, the larger the volume swelling of the specimen with the same initial dry density is.
[image: Figure 4]FIGURE 4 | Conventional direct shear test results of expansive soil. (A) Variation of peak shear strength with normal stress. (B) Variation of critical shear strength with normal stress.
Figure 4 shows a comparison of shear strength and its parameter between the different dry density specimens. Figure 4 is constructed by plotting the peak values of shear strength from Table 4 against the corresponding dry density. As discussed previously, the peak value increases with an increase in the applied normal stress for different dry density compacted specimens. For a given density, the peak shear strength of the higher dry density specimens is always greater than that of the lower dry density specimens.
The test values and fitting lines of the improved direct shear test of five expansive soil samples with different dry densities are shown in Figure 5. By comparing Figures 5A,B, it is seen that the values of peak strength and ultimate strength of expansive soil with different dry densities have a little difference under test-stress conditions. This is because the value of saturated shear strength can be determined by two shear strength parameters, cohesion and internal friction angle, regardless of peak strength or ultimate strength. Under the condition of low stress, the true cohesion between saturated soil particles without cementation is very small, and the contribution of vertical stress to strength is also low, resulting in a little difference in strength values. The internal friction angle of expansive soil with high dry density is larger, which is more significantly affected by vertical stress. With the increase of vertical stress, the strength difference increases. The comparison between Figures 4, 5 shows that, under the same stress state, the strength difference obtained by the conventional direct shear test is larger than that obtained by the improved direct shear test. This is because the improved direct shear test keeps the volume constant during the whole direct shear process, and the dry density does not change during the shear process. However, the strength of conventional direct shear specimens is lower under low stress and higher under high stress due to volume change.
[image: Figure 5]FIGURE 5 | Improved direct shear test results of expansive soil. (A) Variation of peak shear strength with normal stress. (B) Variation of critical shear strength with normal stress.
There was a good linear correlation between the peak shear strength and the ultimate shear strength obtained by the improved direct shear test method and the vertical loading. This method not only ensures the consistency of the dry density of specimens under different vertical loadings but also ensures the consistency of the structure of specimens before shearing as far as possible. Therefore, the obtained shear strength parameters can represent the true cohesive and frictional properties of expansive soil under the condition of dry density.
As shown in Figure 6, when the initial dry density is 1.6 g/cm3, the effective cohesive of expansive soil is only about 4 kPa, and the effective friction angle is 18.1°. The friction strength mainly comes from the interaction between particles on the contact surface. The peak shear strength and residual shear strength decrease with the decrease of dry density. The effective internal friction angle of saturated compacted expansive soil is only 12.1° and the cohesion is close to 0 when the dry density is 1.4 g/cm3. Under the condition of low stress, the shear strength parameter of expansive soil measured by the improved direct shear test is 8 ∼ 36% higher than that measured by the conventional direct shear test. Some scholars classify this situation as the weakening of bond strength caused by the increase of expansive soil volume and the thickening of the granular water film. The clay particles dispersed gradually, and the adsorption weakened. The test results show that the true shear strength of expansive soil is very low.
The influence of different dry densities on expansion deformation of expansive soil was referred (Zhang et al., 2020b). To establish the relationship between dry density and saturated shear strength parameters, the following equations are used to fit them:
[image: image]
[image: image]
where c′ is the effective cohesion, ρd is the dry density, φ′ is the effective internal friction angle, e is the void ratio, and a1, b1, k1, a2, b2, k2 are the fitting parameters.
The fitting results are as follows: a1 = 4.86, b1 = 5.34, k1 = 18.37, a2 = 18.86, b2 = 8.73, k2 = 13.37, and the correlation coefficients are, respectively, 0.974 and 0.990.
[image: Figure 6]FIGURE 6 | Variation of the effective shear strength parameter with dry density. (A) Variation of the peak shear strength parameter with dry density. (B) Variation of the critical shear strength parameter with dry density.
Influence of Microstructure Change on Shear Strength Parameter
For expansive soils, swelling not only changes the macroscopic volume but also changes the microstructure (Lin and Cerato, 2014). To understand the actual effect of humidification and swelling on the microstructure of the specimen, the saturated specimen before and after swelling was analyzed by an SEM. Three expansive soil specimens with the same initial saturation were prepared at the dry densities of 1.4 g/cm3, 1.5 g/cm3, and 1.6 g/cm3, respectively, and saturated by the improved direct shear method. As the SEM scanning process needs to be carried out in a dry environment, a vacuum freeze-drying method is needed to dry the specimen. After saturation, specimens with different dry densities were taken out of the ring knife and cut into small soil blocks of 1.0 × 1.0 × 1.0 cm. Then, the specimens were quickly put into liquid nitrogen and frozen for 15 min, so that the liquid in the specimens became amorphous ice without swelling. Finally, at −50°C, the amorphous ice in the soil specimen was sublimated by a vacuum freeze dryer for more than 8 h, to maintain the structure of the soil skeleton and saturated soil particles.
It can be seen from Figure 7 that, with the decrease of dry density, the original particles of expansive soil become more broken and become smaller flaky structures stacked upon each other. At the same time, the fragmented lamellar structure leads to the relative sliding of the lamellar in the humidification process, and the reduction of interlamellar friction makes the lamellar dislocation relatively easy which is also the factor leading to the reduction of the internal friction angle of the soil on the macro level. This is consistent with the relationship between shear strength and dry density found in macroscopic tests.
[image: Figure 7]FIGURE 7 | Microstructure changes during swelling (5,000 times larger): (A) before swelling, ρd = 1.6 g/cm3; (B) after swelling, ρd = 1.45 g/cm3.
To verify the particle fragmentation of the specimen after swelling, a particle analyzer was used to measure the particle content of the specimen with 1.6 g/cm3 dry density before and after swelling, and the cumulative curve of particle distribution was obtained, as shown in Figure 8. After swelling, the particle size below 0.1 mm increased significantly, and the smaller the particle size, the greater the change of cumulative content. The particles in the range of 0.1∼2 mm are reduced correspondingly, which also proves from the side that the large particles of soil will be broken and dispersed after swelling and the large particles will be replaced by more small particles. However, under constant volume conditions, the swelling is limited, the particle size changes little, and the swelling potential energy is mainly released in the form of swelling force, and the influence of microstructure on soil strength is relatively small.
[image: Figure 8]FIGURE 8 | Particle size distribution (PSD) curve before and after swelling.
As shown in Figure 9A, when unsaturated expansive soil is humidified, the crystal layer of montmorillonite mineral grains expands significantly due to water absorption, which results in a change in the volume of the soil skeleton. Figure 9B shows montmorillonite clay particles will expand significantly from the inside after absorbing water, leading to the gradual dispersion of aggregates and local fragmentation. The contact morphology of particles is affected, which results in partial contact between silt particles and silt particles into silt particles and clay particles. The change of contact surface shape will change the friction force between each other, and the effective internal friction angle will decrease. However, the general shear strength theory of saturated–unsaturated soil does not consider the swelling effect of soil particles in the soil, and the contact surface of soil particles does not change in the process of humidification, so the effective internal friction angle and cohesion remain unchanged.
[image: Figure 9]FIGURE 9 | Humidification of clay aggregates in expansive soils.
ENGINEERING APPLICATION
Numerical simulation is an important means for slope collapse analysis and prediction (Zheng et al., 2019). In order to have a deeper understanding of the long-term stability of expansive soil slope affected by swelling, taking the Zhijiang typical expansive soil cutting slope as the research object, the influence of swelling (decrease of dry density) on slope stability is analyzed. The height of the expansive soil slope is 12 m, and the slope ratio is 1:1.5. Under the long-term atmospheric humid and hot environment, cracks are continuously connected and developed in a large number within 2 m of the slope. The local stagnant water zone is easily formed after rainfall, which makes the soil in the region reach the saturation state. According to the field test data, the average dry density of soil within 1 m depth is 1.56 g/cm3, and the average dry density of soil below 1 m depth is 1.60 g/cm3. Therefore, the expansive soil slope can be roughly divided into three areas, as shown in Figure 10. The average dry density of layer A soil is 1.56 g/cm3 which is in the range of significant influence of the atmospheric dry–wet cycle, and the soil can reach saturation after rainfall. The average dry density of layer B is 1.60 g/cm3, but it is within the range of significant influence of the atmospheric dry–wet cycle. Layer C is not affected by the atmospheric environment, and its average dry density (1.60 g/cm3) generally does not change during rainfall. For Zhijiang expansive soil with an initial dry density of 1.56 g/cm3 and 1.6 g/cm3 and initial moisture content of 17.9%, the loaded swelling test was carried out, respectively, and the maximum saturated swelling was 6.16 and 2.56% under the condition of overburden load of 10 kPa (the overlying soil layer is about 0.5 m) and 30 kPa (the overlying soil layer is about 1.5 m). Then, the dry density of expansive soil could be obtained. The test results are shown in Table 5.
[image: Figure 10]FIGURE 10 | Expansive soil slope zoning.
TABLE 5 | Comparison of dry density before and after swelling.
[image: Table 5]Since the moisture content of shallow soil is close to saturation after rain, it can be assumed that layer A soil of expansive soil slope can be completely saturated under continuous rainfall conditions. According to Table 5, the dry density of soil in this region decreases from 1.56 g/cm3 to 1.47 g/cm3 under saturation, decreasing by 5.77%. The dry density of layer B soil decreased from 1.60 g/cm3 to 1.56 g/cm3, reduced by 2.50%. In layer C, the dry density remains constant due to the little change in humidity. It can be seen from the above that the decrease of dry density caused by swelling will directly affect the effective shear strength parameter of soil. The dry density values after attenuation of soil in layers A and B are substituted into Eqs 1, 2 for calculation, to obtain the real effective cohesion and effective internal friction angle after swelling. Then, the shear strength parameter is used to calculate the slope stability, and the safety factor of expansive soil slope under the condition of strength attenuation is obtained.
Under the influence of atmospheric wetting and drying cycle, soil in the region will swell after rainfall. Calculating the slope stability after the rain, not only should the intensity of the attenuation caused by the loss of matric suction be considered but also the effect of swelling on effective shear strength parameters should be considered. As shown in Figure 11, when calculating the slope safety factor, the other parameters are set in the same way, and only the influence of shallow soil swelling on shear strength is considered. The safety factor of slope considering swelling is much smaller than that calculated by the conventional method. To understand the stability state of an expansive soil slope in a larger density range after rain, the Fs, Fsw parameters of shear strength before and after swelling obtained by different test methods were used for stability analysis under the condition that other working conditions remained unchanged. The calculation results are shown in Figure 12.
[image: Figure 11]FIGURE 11 | Safety factors and the potential sliding surface of the cutting slope. (A) Before swelling. (B) After swelling.
[image: Figure 12]FIGURE 12 | Slope safety factors obtained by different test methods.
As shown in Figure 12, the safety factor (Fsw) of slope considering the swelling effect is 28–33% lower than that (Fs) without swelling effect. The higher the dry density of expansive soil is, the greater the saturated swelling deformation is, and the slope safety factor decreases more obviously under the influence of swelling. Therefore, in the treatment of expansive soil slope, special attention should be paid to the prevention and drainage measures of high dry density expansive soil slope; at the same time, attention should also be paid to not keep the moisture content of backfill expansive soil too low and to avoid excessive attenuation of strength caused by soil swelling, and the influence of swelling on slope stability cannot be ignored.
CONCLUSIONS

1) The linear correlation between peak and critical strength and overlying load obtained by the improved direct shear test method is excellent. This method ensures the consistency of the dry density of the specimens before shearing and the consistency of the structure of the specimens before shearing. Therefore, the obtained shear strength parameters can represent the real cohesive and frictional properties of the expansive soil under the dry density condition.
2) Under the condition of low stress, the shear strength of expansive soil measured by the improved direct shear test is 8 ∼ 36% higher than that measured by the conventional direct shear test. With the decrease of dry density, the peak and ultimate shear strength parameters decrease. Under different densities, the fitting formula related to dry density can be used to characterize the shear strength parameters.
3) The decrease of cohesion is due to the increase of interparticle spacing and the decrease of intermolecular forces. The decrease of internal friction angle is because the large particles of soil are broken into fine particles due to swelling. The contact between large particles and large particles is replaced by the contact between large particles and small particles, and the friction decreases gradually.
4) When analyzing the stability of expansive soil slope under rainfall conditions, it is suggested to determine the dry density state of the shallow soil after the swelling of the slope and then calculate the effective shear strength parameter under the dry density state. Under the condition of the maximum dry density of 1.40 g/cm3 ∼ 1.60 g/cm3, the safety factor calculated by using the improved direct shear test data is 28–33% lower than that obtained by the conventional direct shear test. The influence of dry density change caused by swelling on the shear strength of expansive soil cannot be ignored.
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Test ID

MD1 (1.40 g/em®)

MD2 (1.45 g/em®)

ID3 (1.50 g/om’)

MD4 (1.55 g/em?)

MDS (1.60 g/em®)

Specimen No.

MD1-1
MD1-2
MD1-3
MD1-4
MD2-1
MD2-2
MD2-3
MD2-4
MD3-1
MD3-2
MD3-3
MD3-4
MD4-1
MD4-2
MD4-3
MD4-4
MD5-1
MD5-2
MD5-3
MD5-4

Initial condition After soaking After shearing
wi (%) Sa (%) pu (kPa) 75 (kPa) 7o (kPa) wi (%)
30.42 90.00 49.80 13.00 1090 3430
2591 75.00 68.10 17.30 14.60 34.40
2233 60.00 94.70 23.10 20.40 3430
16.20 45.00 121.10 29.90 24.90 34.20
2938 90.00 54.20 16.20 14.00 32.10
2526 75.00 75.60 2180 18.20 32,50
2147 60.00 103.20 2720 24.00 3430
15.87 45.00 137.50 38.10 34.10 33.40
2625 90.00 71.30 2460 21.10 32.70
24.47 75.00 84.30 28.10 24.60 3250
2021 60.00 115.80 3750 3150 32.40
1563 45.00 158.90 50.60 44.70 32.10
2663 90.00 71.60 25.70 23.30 29.00
2410 75.00 148.80 50.00 46.30 28,60
18.85 60.00 190.20 64.80 5890 28.60
15.22 45.00 212,60 69.50 63.90 28,60
2390 90.00 153.60 5530 53.10 27.40
2245 75.00 17890 66.10 63.70 27.40
17.31 60.00 215,50 76.00 73.10 27.40
1482 45.00 242.10 88.20 82.10 27.40

Note: w; initial moisture content; wy final moisture content; S, initial degree of saturation; ,, peak strength; 1, critical strength; p,, vertical pressure.
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improved direct shear

Conventional direct shear
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MD1
MD2
MD3
MD4
MD5
cD1
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Initial dry
density pao
(g/em®)

1.40
1.45
1.50
1.55
1.60
1.40
1.50
1.60

Degree of
saturation S,o
(%)

90, 75, 60, 45
90, 75, 60, 45
90, 75, 60, 45
90, 75, 60, 45
90, 75, 60, 45
49.91
57.23
66.96

Water content
wo (%)

16.20
15.87
15.63
15.22
14.82
17.9
17.9
17.9

Vertical stress
P, (kPa)

Vertical sweling pressure at constant volume

12.5, 25, 37.5, 50, 100, 150, 200, 250
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Specimen No. Initial condition After soaking After shearing

w; (%) Sa (%) py (kPa) 7 (kPa) 7 (kPa) & (%) ps (g/em’) w (%)

CD1 (1.40 glem®) 17.90 49.91 12.50 2.76 276 1.36 37.52
49.91 25.00 5.87 5.28 1.37 37.31

49.91 37.50 12.39 11.87 1.37 37.13

49.91 50.00 20.39 20.39 1.38 36.70

49.91 100.00 26.80 23.40 1.39 36.21

49.91 150.00 39.80 36.20 1.40 36.08

49.91 200.00 52.80 49.30 1.40 35.69

49.91 250.00 67.30 61.26 1.40 35.24

CD2 (1.50 g/em®) 17.90 57.23 12.50 4.23 4.08 1.44 36.13
57.23 25.00 821 7.96 1.44 35.94

57.23 37.60 14.87 13.27 1.46 35.66

57.23 50.00 23.12 22.19 1.47 35.28

57.23 100.00 34.66 30.40 1.49 35.02

57.23 150.00 52.37 49.20 1.50 34.71

57.23 200.00 62.16 58.31 1.50 34.47

57.23 250.00 75.39 70.33 1.50 34.05

CD3 (1.60 glem?) 17.90 66.96 12.50 6.07 4.89 151 35.31
66.96 25.00 12.44 9.44 1.55 35.12

66.96 37.50 18.10 12.27 1.56 34.78

66.96 50.00 24.56 19.10 1.57 34.46

66.96 100.00 43.94 34.63 1.58 34.10

66.96 150.00 62.00 51.10 1.60 33.84

66.96 200.00 70.22 67.90 1.60 33.53

66.96 250.00 81.00 84.10 1.60 33.21

Note: p., dry density after swelling: ¢, swelling ratio.
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