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Abstract: A dynamic triaxial instrument was used to study the effects of different concentrations of sodium chloride and stress amplitudes on the dynamic properties of an expansive soil under cyclic loading. In particular, four parameters were considered in such a parametric investigation, namely, hysteresis curve morphology characteristic non-closure degree εp, the ratio of the short and long axis α, the slope of the long axis k and the enclosed area S. The results show that with an increase in the sodium chloride concentration, the soil particle double electric layer becomes thinner, the distance between soil particles decreases, and the whole sample becomes denser. The εp-N, α-N and S–N relation curves all show a decreasing trend. The ratio of plastic deformation to total deformation grows with increasing the dynamic stress amplitude, and the curves show an upwards trend. The k-N relationship curve displays an increasing trend with the concentration and a general downwards trend as the dynamic stress amplitude is made higher. This also indicates that sodium chloride solutions can improve the engineering properties of expansive soil to a certain extent. With an increase in the vibration times N, the shape of the hysteretic curve becomes narrower, and the whole soil exhibits a cyclic strain hardening. With the help of an exponential function, a model is introduced to predict the relationship between the concentration and the hysteretic curve.
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1  Introduction

Expansive soil is a highly plastic clay. Its volume will change significantly with the change in water content, expanding with water absorption and contracting with water loss. Existing research shows that expansive soil is relatively sensitive to the soil pore solution because the number of charged ions in the pore solution is related to the concentration, and the interaction between clay particles and ions is affected by the electrical balance [1,2]. The effect is closely related to the microstructure of the pores in the soil and results in changes in the macrophysical and mechanical properties of the soil. If the effect of the pore solution is ignored, its properties in practical engineering are likely to be misjudged. Therefore, it is significant to study the influence of changes in the pore solution environment on expansive soil.

Li et al. [3] studied the swelling characteristics of expansive soil with distilled water, salt water and acidic water using a consolidation instrument and obtained various indices and expansive deformation rules of the soil in water, salt and acid solutions. Reddy et al. [4] studied the influence of sodium hydroxide and sulfuric acid solutions with different concentrations on the expansibility of expansive soil through a free expansion test and obtained the variation law of the expansion rate in alkaline and acidic environments. Mashifana et al. [5] mixed a paste of phosphogypsum-lime-fly ash-alkaline oxygen slag treated with citric acid into expansive soil and conducted geotechnical performance tests. X-ray Fluorescence Spectrometer (XRF), X-ray diffraction (XRD), scanning electron microscopy (SEM) and other methods were used to study the microstructure of the treated expansive soil. Studds et al. [6] studied the swelling behaviour and water conductivity of bentonite in distilled water and salt solutions of different concentrations and obtained the characteristics of bentonite in dilute and strong solutions and a model that can predict its components and permeability. Chang et al. [7] conducted a no-charge expansion rate test on expansive soil in an acid rain environment to study the deformation characteristics of the expansive soil in this environment and analysed the changes in the microstructure and mineral composition of the expansive soil after the drying and wetting cycle of acid rain by SEM as well as XRD.

According to these studies, the pore solution has a significant impact on expansive soil properties. In cold weather, the expressway sections with expansive soil will be frozen, and we generally adopt the methods of melting snow and ice. The pore solution environment of the expansive soil would inevitably change over the long term. Currently, many experts and scholars have studied the properties of expansive soil using sodium chloride solutions. Yu et al. [8–10] studied the swelling characteristics and strength of expansive soil in different concentrations of sodium chloride solutions. The results indicated that compared with distilled water, sodium chloride solutions can inhibit soil swelling. Liang et al. [11] used a one-dimensional compression test and mercury injection test to study the compression characteristics of expansive soil under different concentrations of sodium chloride solutions and concluded that the initial porosity ratio would change with the change in the sodium chloride solution concentration. Yao et al. [12] studied expansive soil mixed with different concentrations of sodium chloride and calcium chloride solutions by means of a free expansion rate test and direct shear test and found that the concentration of sodium chloride solutions reduced the shear strength of the soil. Lin et al. [13] used mercury injection tests and SEM tests to analyse the influence of the expansive soil microstructure under different concentrations of sodium chloride solutions and reported that micro and small pores decreased when the concentration of sodium chloride solutions increased. Yang et al. [2] studied the influence of salt solution concentration on expansive soil expansive force under different initial dry densities and concluded that the expansive force decreased with increasing salt solution concentration.

Thus, it is particularly important to study the physical, chemical and mechanical properties of expansive soil in sodium chloride solutions. However, at present scholars focus on static characteristics, and there is no report on the dynamic characteristics of expansive soil in sodium chloride solution environments. This study explores the influence of sodium chloride solution concentration and dynamic stress amplitude on the morphological characteristics of the hysteretic curve of expansive soil under dynamic cyclic loading and provides a reference for practical engineering and related research.

2  Test Overview

2.1 Test Instrument

The dynamic triaxial apparatus of the British GDS company was used in this test, and the dynamic loading module of the equipment was selected in this study, as shown in Fig. 1. W is the natural moisture content, Wl is the liquid limit, Wp is the plastic limit, Gs is the relative density of soil particles and Fs is the free expansion rate. GDSLSAB software was used to apply axial stress, confining pressure and back pressure to the cylindrical sample with a height of 100 mm and a diameter of 50 mm. The maximum range of the equipment confining pressure was 2 MPa, and the maximum range of the axial force was 10 kN. The measurement system can accurately measure the pore water pressure, axial stress, confining pressure, volumetric strain and other data that change with time. The measurement accuracy of the displacement sensor is 0.0001 mm.
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Figure 1: Dynamic triaxial test apparatus

2.2 Test Materials

The test soil sample was obtained from an expressway project in Nanyang, Henan Province and was grey yellow. Its physical and mechanical indices are shown in Table 1. According to the free expansion rate of expansive soil, the sample can be classified as weak expansive soil, and its main mineral components are illite and a small amount of kaolinite. Sodium chloride solutions of 0, 0.1, 0.2, 0.3 and 0.6 mol/L were prepared following the standard solution preparation procedure, and the crystal technical conditions met the relevant specifications.
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According to the compaction test, the optimal moisture content of the soil sample was 17.3%, and the maximum dry density was 1.7 g/cm³. The soil sample was mixed with sodium chloride solutions and stirred evenly, and a cylindrical sample with a diameter of 50 mm and a height of 100 mm was made according to the mass ratio. The sample preparation process is shown in Fig. 2.
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Figure 2: Samples of the tested soil

2.3 Test Scheme

Before the test, the prepared test specimen is put into the vacuum saturator for pumping and saturation, and the concentration of the saturated solution used in the saturation process is the same as the concentration of sodium chloride solution used in the preparation of the specimen. GDSLSAB software was used to apply initial static stress and confining pressure on the soil samples in a linear loading mode to conduct a consolidated undrained shear test. In the dynamic load part of this test, the haversine wave loading mode with frequency f of 1 Hz is adopted [14], and its function expression is as follows:


σd=σs+σmsin⁡(2πft)
(1)

where σd is the dynamic stress, σs is the initial static stress, σm is the dynamic stress amplitude, f is the loading frequency, and t is the loading time. Fig. 3 shows the dynamic loading process of the soil. The OB section is the experimental consolidation stage; the OA section is the confining pressure applied before consolidation; and the AB section is the isotropic consolidation stage by setting the corresponding confining pressure value. In the dynamic load phase, a smaller initial axial force σs = 10 kPa needs to be applied first, that is, the initial static stress, to prevent the specimen from decoupling from the applied force rod when the axial force is applied; this is the BC phase. The CD stage is expressed as the amplitude stage of dynamic stress applied to the dynamic load.
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Figure 3: Consolidation phase and dynamic load loading process

Considering that the subgrade soil under vertical load is divided into the upper static load and dynamic load caused by the traffic, the dynamic loads that can transfer to the soil depth are limited. In this limited soil layer, the vertical static stress caused by the overlying static load is relatively small, and a relatively small initial static stress is applied in the testing and adjusting the stiffness coefficient stage. Therefore, no additional initial static stress is set here, and only the vertical dynamic load is considered. The vertical static stress caused by the overlying static load is small, so only the vertical dynamic load is considered. Based on the existing literature and comprehensive consideration, we selected the dynamic stress amplitude σd in the range of 60∼150 kPa [15,16], the confining pressure σ3 = 200 kPa [17–19], the concentration n is 0, 0.1, 0.2, 0.3, 0.6 mol/L [8,11,12], and the number of vibrations N = 10,000. The test is terminated when the axial strain reaches 5% [8–10,16,20,21], as shown in Table 2.
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3  Test Results and Analysis

The shape of the hysteretic curve reflects the dynamic characteristics of the soil, such as plastic deformation, viscosity, elastic properties and energy loss under a cyclic load. The hysteretic curve obtained in this test is shown in Fig. 4, where point A is the starting point of the dynamic load and point D is the end point of the dynamic load. The hysteretic curve is usually unclosed at the early stage of cyclic loading. The distance from point A to point D in the figure indicates the unclosed degree εp of the hysteretic curve, which reflects the degree of plastic deformation of the soil. The larger εp is, the greater the irrecoverable deformation of the soil under cyclic loading and the greater the residual strain and settlement of the soil under dynamic loading. The hysteretic curve of the test soil sample under cyclic loading is similar to an ellipse. Following the method provided by Zhuang et al. [16], the ellipse is fitted and calculated. Point C represents the maximum dynamic stress and strain under cyclic loading, and point B represents the minimum dynamic stress and strain under cyclic loading. Then, line BC is the major axis of the hysteretic curve, line EF is the minor axis of the hysteretic curve, and the ratio of the minor axis to the major axis is α, which reflects the degree of soil viscosity. The angle between the long axis BC and the dynamic strain axis is θ, and its tangent value is the slope k of the hysteresis curve. In general, the area S of the hysteretic curve is calculated according to the elliptic area. However, the shape of the hysteretic curve is not an ideal ellipse under a large dynamic stress amplitude, so it is calculated by polygon integration [22,23].
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Figure 4: Schematic diagram of the morphological characteristics of the hysteresis curve

3.1 Nonclosure Degree of Hysteretic Curve εp

The degree of nonclosure of hysteretic curve εp reflects the residual strain of soil under cyclic loading, that is, the greater the degree of nonclosure, the greater the plastic deformation, residual strain and settlement generated when the soil is subjected to dynamic cyclic loading, and vice versa [24]. The value of εp can be expressed by the difference in the strain corresponding to the starting point and the ending point of loading in one cycle:


εp=|εs−εe|
(2)

where εs is the starting point of loading in one cycle and εe is the ending point of loading in one cycle.

Under different concentrations and dynamic stress amplitudes, the variation law of the nonclosure degree εp of the hysteretic curve of the test soil sample after cyclic dynamic loading is shown in Figs. 5 and 6.
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Figure 5: Relationship between the degree of nonocclusion εp and vibration N at different concentrations
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Figure 6: The relationship between the degree of nonclosure εp and the vibration frequency N at different amplitudes

As shown in Fig. 5, at the initial stage of cyclic loading, the nonclosure degree of the hysteretic curve decreases sharply. When the number of cycles N reaches 2,000, the nonclosure degree decreases, and εp gradually stabilizes. As the concentration of sodium chloride solutions increased, the relation curve of εp-N showed an obvious downwards trend. The nonclosure degree of the hysteretic curve of the plain soil sample is greater than that of the soil sample mixed with sodium chloride solutions. Yao et al. [12] showed that salt solution concentrations were inversely proportional to the thickness of the double electric layer, as shown in Eq. (3):


1K=(ε0Dk0T2n0e2v2)12
(3)

where 1/K is the thickness of the double electric layer; ε0 is the dielectric constant; k0 is the Boltzmann constant; T is the absolute temperature; n0 is the ion concentration; e is the electron charge; and v is the number of ions.

Eq. (3) indicates that the increase in concentration can significantly reduce the thickness of the double electric layer of soil particles in expansive soil. Since the free Na+ ions in sodium chloride solutions are positively charged, they tend to be attracted by the negatively charged soil particles, achieving electrical equilibrium to a certain extent, and the polar water molecules adsorbed in the diffusion layer between soil particles are correspondingly reduced [25–28]. The subsequent accumulation of dynamic load is actually a process of compaction of soil, the water molecules between soil particles are extruded, and the spacing between particles is constantly reduced. For the sample mixed with sodium chloride solutions, especially the one with a higher concentration of sodium chloride solutions, the reaction is more obvious. At the microscale level, the distance between soil particles has been reduced, and in the process of subsequent cumulative load application, it naturally shows smaller plastic deformation at the macroscale level.

Fig. 6 shows that the soil hysteresis curve εp changes significantly under different dynamic stress amplitudes under the same concentration. For σd = 60 and 90 kPa, the soil hysteresis curve εp-N decreases sharply at first and then tends to be stable, showing a basically closed state. When it increases from σd = 90 to 120 and 150 kPa, the εp value of the soil hysteretic curve obviously increases at the initial stage, and the overall trend of the curve moves upwards with the increase in the dynamic stress amplitude. In the initial stage of cyclic loading, the larger dynamic stress amplitude will cause more serious damage to the test soil. According to the above phenomena, when the dynamic stress amplitude of the improved expansive soil foundation exceeds 90 kPa, the settlement of the foundation should be given close attention, and the monitoring of the section with the heavy traffic load should be appropriately increased.

3.2 Saturation α of the Hysteretic Curve

The hysteresis curve saturation α can be expressed by the ratio of the short and long axes of ellipses of similar morphological size, i.e., the width of the hysteresis curve, as shown in Eq. (4). The width of the hysteresis curve also reflects the cohesiveness of the soil. The wider the curve is, the greater the viscosity of the soil, and the slower the response to dynamic load changes in practical engineering [29–33].


α=EFBC=ab
(4)

where “a” is the short axis of the hysteretic curve and “b” is the long axis of the hysteretic curve.

Figs. 7 and 8 show the variation rule of the saturation α of the hysteretic curve of the test soil samples under different concentrations and dynamic stress amplitudes after cyclic loading.
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Figure 7: The relationship between the saturation α and vibration N at different concentrations
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Figure 8: The relationship between the saturation α and vibration N at different amplitudes

From Fig. 7, it is clear that the α value decreased with increasing concentration because the pores in the soil were compressed under the confining pressure in the consolidation stage before the dynamic load test. The degree of pore compression is directly proportional to the concentration of the sodium chloride solutions. With increasing concentration, the double electric layer between soil particles becomes thinner, resulting in a decrease in the distance between particles and an increase in the van der Waals force between molecules and Coulomb force between charged particles. At the same time, embedding and friction between particles is more significant [25–27]. Macroscopically, the elastic deformation of the soil skeleton accounts for a larger proportion of the overall deformation when it is subjected to an external load, and the response to the load is more rapid; that is, the soil viscosity is reduced. At the same concentration, with the increase in N, α decreases until it stabilizes. When the number of cyclic vibrations is less than 300, the saturation of the hysteresis curve changes greatly; when the number of vibrations is more than 300, the curve’s variation amplitude decreases and gradually tends to be stable.

Fig. 8 shows that the amplitude has a significant influence on the saturation α of the hysteretic curve of the test soil sample, and the α-N relationship curve rises gradually with the increase in the amplitude of dynamic stress. As shown in Fig. 8b, when the dynamic stress amplitude σd increases from 60 to 150 kPa, the corresponding average variation in α increases from 0.05 to 0.1. In the whole process of cumulative cyclic loading, the internal pores of the soil are constantly compressed with the increase in the number of cyclic loadings, which makes the soil particles bond more closely, and the viscosity improves accordingly. The macroscopic performance results in the hysteresis curve α increasing with increasing amplitude of the dynamic stress.

3.3 Slope k of Hysteretic Curve

The slope of the hysteresis curve k reflects the elastic properties and stiffness of the soil. Its value can be expressed by the slope of the line connecting the two endpoints of the hysteresis curve, i.e., the ratio of stress difference to strain difference in the long axis BC, as in Eq. (5).


k=tan⁡θ=σC−σBεC−εB
(5)

where σC, σB, εB and εC correspond to the maximum dynamic stress, the minimum dynamic stress, the maximum dynamic strain, and the minimum dynamic strain in a period, respectively. A larger difference indicates a greater elastic property and stiffness of the soil.

Under different concentrations and dynamic stress amplitudes, the slope k of the hysteretic curve of the test soil samples after cyclic dynamic loading changes, as shown in Figs. 9 and 10.
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Figure 9: The relationship curve between slope k and vibration frequency N under different concentrations
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Figure 10: The relationship curve between slope k and vibration frequency N under different amplitudes

Fig. 9 shows the k-N relationship curves of the hysteresis curve for soil samples with the same dynamic stress amplitude and different concentrations under cyclic loading. The figure shows that the curve gradually shifts upwards as the concentration of sodium chloride solutions increases. For the first 300 times, k tends to decrease as the number of vibrations increases. However, when the number of vibrations exceeds 300, k tends to increase gradually. This indicates that strain hardening of the soil occurred at this stage. This is because there are still many pores in the soil in the early stage of loading, and under the premise that no structural failure occurs in the soil skeleton, there is more allowance for the plastic deformation. With the increase in the vibration times, the pores in the soil body are continuously compressed, the spacing between particles is reduced, and a denser load-bearing structure is formed. The overall strain gradually transitioned from mainly plastic deformation to mainly elastic deformation. Macroscopically, the curve of the single k-N relationship first decreases and then increases during the cyclic loading process [34,35].

Fig. 10 shows the k-N relationship curve of the soil samples at the same concentration and different dynamic stress amplitudes. The k-N curve moves downwards as the dynamic stress amplitudes increase. The above results indicate that in highway engineering, both the influence of the sodium chloride solution concentration on the soil in the pore environment and the influence of highway traffic load on the soil strength and stiffness should be considered to prevent subgrade settlement.

3.4 Hysteretic Curve Area S

The hysteretic curve area S reflects the energy dissipation and seismic performance of soil due to the damping action. A larger S means that more energy is consumed by the soil. Due to the differences in the forms of the hysteretic curves of the test soil under different small and large dynamic stress amplitude conditions, two methods are adopted to calculate the area of the hysteretic curve, S1 and S2, respectively, as shown in formulas (6) and (7):


S1=πab4
(6)


S2=∑inSi=−12(|ε1dσ1dε2dσ2d|+|ε2dσ2dε3dσ3d|+⋅⋅⋅+|ε(n−1)dσ(n−1)dεndσnd|+|εndσndε1dσ1d|)
(7)

where a is the short axis of the hysteresis curve, b is the long axis of the hysteresis curve, εid is the dynamic strain, σid is the dynamic stress, and i is the 1-n point of the hysteresis curve.

Under different concentrations and dynamic stress amplitudes, the variation rule of the hysteretic curve area S of the test soil samples after cyclic dynamic loading is shown in Figs. 11 and 12.
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Figure 11: The relationship curve between area S and vibration frequency N under different concentrations
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Figure 12: The relationship curve between area S and vibration frequency N under different amplitudes

As shown in Fig. 11, the S–N relationship curve presents an overall downwards trend with increasing concentration. When the dynamic stress amplitude is small, the S–N relation curve shows a converging state. When the dynamic stress amplitude is large, the S–N relation curve presents a discrete state. Fig. 12 shows the S–N relation curve of the hysteretic curve of the soil samples with the same concentration and different dynamic stress amplitudes under dynamic cyclic loading. With the increase in concentration, the S–N relation curve of the soil samples with different dynamic stress amplitudes gradually draws closer. As shown in Fig. 12c, the S–N relation decreases nonlinearly in the first 300 cycles of cyclic vibration, and when it exceeds 300 cycles, the hysteresis curve area S changes slowly, and the energy loss changes less.

Both concentration and dynamic stress amplitude have an effect on the hysteretic curve area S. The effect of concentration is significant at larger values; at smaller values, the effect of concentration on the soil is relatively weaker. This is because free Na+ ions in sodium chloride solutions weakened the expansive soil particles electronegativity and reduced the thickness of the electric double layer. In the consolidation stage, the pores with a high concentration of sodium chloride solutions, compared with those in the lower concentration solution, have been compressed to a greater extent, and the deformable margin has been reduced accordingly. The energy dissipated through deformation under primary cyclic loading can be reflected by the hysteretic curve area S. The reduction of the deformation allowance leads to the weakening of the ability of the soil sample to dissipate energy through deformation, and the load energy can be transmitted through the soil skeleton structure more effectively. From this point of view, under the same dynamic stress amplitude, the increase in sodium chloride solution concentration weakens the energy dissipation performance of the sample, which corresponds to a lower S–N relation curve and reduces the influence of amplitude on the energy dissipation capacity of the sample. With the increase in the dynamic stress amplitude, the total deformation of the sample under cyclic loading increases, and the influence of concentration on the energy dissipation capacity is more obvious, which corresponds to the more discrete S–N relationship curve under different concentrations of sodium chloride solutions.

4  Prediction Model

4.1 Morphological Changes of Typical Hysteretic Curves

The stress–strain curve with N < 5,000 times dynamic cyclic loading, namely, the hysteresis curve, was selected. As the number of dynamic cyclic loadings increased, its shape changed from wide fat to narrow, as shown in Fig. 13. At the initial stage of dynamic cyclic loading, the hysteretic curve has a large opening, and it is not closed. With the increase in the number of dynamic cyclic loadings, the test sample becomes increasingly dense in the later loading stage, and the plastic deformation ratio decreases, indicating that cyclic strain hardening occurs on the whole sample.
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Figure 13: Schematic diagram of a typical hysteretic curve under a dynamic soil load

4.2 Fitting Analysis

The above curve rulessuggest that concentration has a great influence on the four morphological characteristics of the hysteretic curve: the degree of nonclosure εp, saturation α, slope k and area S. Because all the characteristic parameters of the hysteretic curve meet the development trend of the exponential function, an exponential function is used for the curve fitting analysis of εp, α, k and S. To study the development law of the four morphological characteristics of the concentration and hysteresis curve with increasing vibration times, the data of the dynamic stress amplitude σd = 150 kPa are selected and processed accordingly, and the relationship curves εp-N, α-N, k-N and S–N can be obtained. It is fitted by exponential functions (8)–(11). The fitting curve is shown in Fig. 14, and the fitting parameters are shown in Table 3.
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Figure 14: Fitting curve of the relationship between the morphological characteristics of the hysteresis curve and vibration frequency at different concentrations
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εp=φe−Nβ+nγ
(8)


α=φeNβ+γeNζ+nη
(9)


k=φN+βγN+nη
(10)


S=φeNβ+γeNζ+nη
(11)

In the equations in Table 3, n is the concentration of salt solutions, φ, β, γ, ζ and η are the fitting parameters, and N is the number of vibrations [36–41].

The fitting prediction model shows that the unclosed degree εp of the sample changes gently during the cyclic loading process, and the three-parameter exponential prediction model can be used to predict and analyse it well. However, the saturation α and area S of the hysteretic curve are the coupling results of a variety of factors, and the curve changes more sharply during the whole cumulative cyclic loading process. Therefore, the five-parameter exponential prediction model is used to predict and analyse the curve. For the prediction of slope K, the curve shows a pair hook shape that falls first and then rises. Therefore, the shah function, which can describe the trend of the pair hook, should be used to perform the fit. Figs. 14a–14d show that the correlation index function can well reflect the relationship between the concentration and morphological characteristics εp, α, k and S of the hysteretic curve under cyclic dynamic loading. The fitting degree R2 is above 0.99. These results show that the prediction model and the related fitting parameters can provide a reference for practical engineering [42–45].

5  Conclusion

(1)   The εp-N relationship curve shows a downwards trend with increasing concentration. When N < 2,000, the thickness of the double electric layer decreases with the increase of the concentration, and the εp decreases sharply with the increase of the cyclic dynamic load number N. When N > 2,000, the distance between particles decreases continuously under cyclic dynamic load, and the εp tends to be stable with the increase of vibration number N in the process of subsequent cumulative load. The εp-N relation curve shows an overall upwards trend with increasing dynamic stress amplitude.

(2)   The α-N relationship curve shows an overall downwards trend with increasing concentration, while the curve of increasing amplitude of the follow-up stress shows an overall upwards trend. In the single α-N relation curve, α decreases nonlinearly with increasing vibration number N, and when N exceeds the critical value of 300, α changes slightly with increasing vibration number N and then tends to be flat.

(3)   The k-N relationship curve shows an overall upwards trend with increasing concentration and an overall downwards trend with increasing dynamic stress amplitude. Sodium chloride solutions have a great influence on the dynamic characteristics of expansive soil, and their amplitude also has a significant influence on it. In practical engineering applications, not only the influence of the sodium chloride solution concentration on the pore environment but also the influence of the highway traffic load on the strength and stiffness of the soil should be considered.

(4)   The S–N relationship curve shows an overall downwards trend with increasing concentration; when the dynamic stress amplitude is small, the curve converges. When the dynamic stress amplitude is large, the curve presents a discrete state. The S–N relation shows an overall upwards trend with increasing amplitude. For the first 300 cycles of cyclic vibration, the S–N relation curve decreases nonlinearly. When more than 300 cycles are used, the change in the hysteretic curve area S is slow, and the change in energy loss is small.

(5)   The shape of the hysteretic curve changes from wide fat to narrow with increasing cyclic number N, and the whole soil sample shows cyclic strain hardening. With an exponential function, the prediction model of the concentration and hysteresis curve is established, which provides a reference for related research and engineering.
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Table 1: Physical-parameters of expansive soil

Natural moisture Liquid limit  Plastic limit  Relative density of soil Free expansion rate
content W/% Wi/% W% particles Gy FJ/%

21.64 72 30 2.68 44
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Table 3: Fitting parameters of the morphological characteristics of the hysteresis curve of soil samples at
different concentrations

Characteristic oy/kPa n(mol/L) ¢ S Y ¢ n R’

parameters

Ep 150 0 0.74257 314.39307 / / 0.2569 0.998
150 0.1 0.50526 316.21204 / / 0.219 0.998
150 0.2 0.42267 323.17343 / / 0.1006 0.998
150 0.3 0.3089 347.01516 / / 0.05563 0.999
150 0.6 0.21203 358.50688 / / 0.01963 0.998

a 150 0 0.25 —78.80035 0.00414 —637.50986 0.9645 0.999
150 0.1 0.23288 —16.79988 0.01359 —634.45382 0.9346 0.999
150 0.2 0.01285 —596.55059  0.21365 —17.45017 0.4569 0.999
150 0.3 0.12242 —17.90083 0.01021 —989.01207 0.28707 0.999
150 0.6 0.00719 —398.47289  0.10743 —71.88413 0.11348 0.999

k 150 0 0.00145 160.70091 0.98022 / 1775.332 0.999
150 0.1 0.00392 149.49768 0.97311 / 1912.8555 0.999
150 0.2 0.00334 139.00403 0.98576 / 1014.3464 0.999
150 0.3 0.00302 90.73983 0.999269 / 768.42397 0.991
150 0.6 0.00361 155.27689 0.9878 / 477.47285 0.999

S 150 0 179.08015  —215.31421  137.71751  —11596.82609  4764.9864 0.991
150 0.1 204.01143  —157.71215  223.68908  —8375.18549 3128.288 0.996
150 0.2 211.5565 —115.67882  158.94247  —7572.37217 1577.88775  0.996
150 0.3 167.36786  —15.62525 150.92662  —14970.43984  688.527 0.997
150 0.6 96.4467 —118.17682  51.4471 —9732.71227 244.17865 0.996
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Table 2: Test plan

Frequency/Hz  Confining pressure/kPa  Vibration times  Dynamic stress Concentration/mol-L !
amplitude/kPa
0
60 0.1
1 200 10,000 90 0.2
120 0.3
150 0.6
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