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Abstract

:

The dry-wet cycle is an important factor that causes slope instability and foundation settlement in loess regions. In order to study the effects of the dry-wet cycle on the structure and shear strength of loess, isotropic compression tests and triaxial shear tests were carried out on loess with different numbers of dry-wet cycles. The results show that the dry-wet cycles mainly reduce the cohesion of loess, and the most obvious decline is after the first cycle; however, they have no effect on the angle of internal friction of loess. The structural yield strength and structural parameters of loess can represent the structure of loess well, which gradually decrease with the increase in the number dry-wet cycles and water content. The initial yield surface is approximately an ellipse, which gradually shrinks with the increase in water content and dry-wet cycles. The structure and cohesion of loess have similar changes, and there is an obvious exponential function relationship between them.
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1. Introduction


Natural undisturbed soils have structures that are quite different from those of saturated remolded soils [1,2,3,4,5,6]. Many well-established theories and constitutive models have been developed on the basis of saturated remolded soils [7,8,9,10], but these models are not accurate in describing the mechanical properties of undisturbed soils, which is mainly caused by the structure of soils [11]. Therefore, in order to accurately describe the mechanical properties of undisturbed soils, the structure must be introduced into constitutive models. In 1974, Desai proposed the disturbed state theory [12], which provided an effective mathematical simulation method for the study of soil structure [13]. The disturbed state theory assumes that the internal microstructure of soil changes due to forces and transitions from an initial relatively intact state to a final fully adjusted state. The disturbance process is described by a disturbance function to simulate the constitutive relationship of soils [14,15,16,17,18,19]. Shen Zhujiang introduced the continuum damage theory into soil mechanics [20] and considered that the failure process of soil was the transition from undamaged soils to completely damaged remodeled soils. A damage function was used to describe this process, and a damage model of structured soils was established [21,22,23,24,25]. Li studied compression curves of undisturbed soils and saturated remodeled soils, described the structure changes in terms of volume hardening and deconstruction, and proposed a structured Cam Clay model [26,27,28,29], which has been widely used [30,31,32,33]. A modified-structure Cam Clay model for artificially structured clays was obtained based on this improvement [34,35]. Xie suggested that the study of mechanical effects of soil structure and its changes should be undertaken from the perspective of soil mechanics. A structural parameter-comprehensive structural potential was proposed to reflect the stability and variability of soil structure [36,37,38]. Based on this idea, other structural parameters have been proposed to quantitatively describe the soil structure changes during compression and shear [39,40,41,42,43,44]. Structural strength can also be used as a structural parameter to describe the structure of undisturbed soils [45,46,47], which is expressed by the inflection point stress of the isotropic compression curve or the peak stress of the difference curve between the stress–strain curves of undisturbed soil and remodeled soil. Some scholars have studied the changes in soil microstructure from a microscopic point of view and achieved fruitful results by establishing the connection between the microscopic structure and the macroscopic mechanical behavior of soils [48,49,50,51,52,53,54,55]. Obviously, there is no uniform standard for the quantitative description of soil structure. However, there are too many assumptions in the establishment of the disturbed state theory and damage theory, and the assumption of elliptical yield surface in Li’s volume hardening and deconstruction theory does not accord with the actual situation of structured soil. There are still difficulties in combining the micro-research method with engineering practice because of poor operability and the strong theory. As a strength characteristic of structured soil, structural strength cannot be used to describe the structure dynamically since it is only an important aspect of the structure, which is suitable for describing the structure in the case of isotropic compression. The comprehensive structural potential theory is entirely from the perspective of soil mechanics without too many assumptions and can dynamically describe the structure changes in the process of shear.



Loess is a kind of silty clay with large pores, incomplete consolidation, and collapsibility. Based on a large number of studies [56,57,58,59,60], undisturbed loess is observed to have the following remarkable properties:




	(1)

	
Undisturbed loess has structure. The relationship curves between void ratio (e) and confining pressure (p) are different for the isotropic compression tests of undisturbed loess and saturated remolded loess, as shown in Figure 1. The compression curves of undisturbed loess are higher than those of saturated remolded loess. Under the same confining pressure, the undisturbed loess has an additional void ratio (Δe). There is a yield stress in undisturbed loess. Before yield stress, undisturbed loess maintains its intact structure, and only elastic deformation occurs as the stress increases. When the stress exceeds the yield stress, with the increase in stress, the structure of undisturbed loess is rapidly destroyed, elastic–plastic deformation occurs, and the additional void ratio decreases gradually. Finally, the compression curve of the undisturbed loess tends to be the same as that of the remolded soil. The yield stress is the maximum stress that the intact structure can bear, so the yield stress is called the structural strength Py of undisturbed loess. There is a significant relationship between Py and the water content w of loess.




	(2)

	
Due to the influence of structure, the stress–strain curves of undisturbed loess and remolded loess are obviously different in triaxial tests, as shown in Figure 2. The typical stress–strain curve of undisturbed loess is higher than that of remolded loess, and the stress decreases after reaching the peak value. With the development of shear strain, the stress–strain curves of the two kinds of loess samples tend to be the same [45,46].









Loess is widely distributed in arid and semi-arid areas of northwest China. Due to the cyclical changes of climate, loess is always in the alternating state of saturation and unsaturated under the dry-wet cycles of rainfall and evaporation; therefore, its physical and mechanical properties also change dynamically. After repeated dry-wet cycles, loess shows the characteristics of decreasing strength and increasing deformation, which have an important influence on the long-term stability of slopes, building foundations, and embankment projects in the loess region [61,62,63,64,65,66]. The structure of soils is a comprehensive reflection of the arrangement and connection characteristics of soil particles. Different arrangements and connection characteristics of soil particles make soils exhibit different mechanical properties. When soils are subjected to loading, disturbance, soaking, and other effects, the arrangement and connection characteristics change, and corresponding changes in strength, stiffness, and collapsibility occur. It is obvious that the mechanical properties of soil such as shear strength are the external performances of the internal structure of soil. It is necessary to combine the mechanical properties with the structure to establish the relationship between them. Some recent research supports this view [62,63,67]. However, this research mainly studies the soil structure from a microscopic or image perspective, which have a strong theory and cannot be popularized well. Moreover, some research results still have the disadvantages of greater dispersion and less regularity.



In this study, the deformation and yield characteristics of dry-wet cycle loess were studied by isotropic compression tests, and structural strength was used to describe the structure of loess under isotropic compression. Triaxial shear tests were carried out to study the variation law of shear strength of loess under dry-wet cycles. A structural parameter was proposed based on soil mechanics according to the theory of comprehensive structural potential to describe the structure of loess in the shear process. Based on the results of isotropic compression tests and triaxial shear tests, the variation in the initial yield surface of loess with the number of dry-wet cycles and water content was analyzed, and the relationship between the structure and shear strength was established. These research results are helpful to deepen our understanding of the relationship between the structure and mechanical properties of soil and can provide theoretical support for engineering construction and research in loess regions.




2. Materials and Methods


2.1. Materials and Preparation of Samples


The tested loess was obtained from Xi’an city, Shaanxi, China (Figure 3). Through a one-year observation of soil water content at different depths in the field, it was found that the soil at a depth of 0–0.5 m was most affected by the environment’s dry-wet changes and the effect at a depth of 3.0 m can be ignored. In order to eliminate the effect of dry-wet cycles of the environment on the soil samples, the depth of in situ samples taken was 3.0–4.0 m, and the size of samples was 40 cm × 40 cm × 40 cm. The basic physical indices of tested loess are given in Table 1.



The water content of the topsoil at the sampling site varies from 5% to 31% (saturated water content). In this study, in order to study the influence of dry-wet cycles on the structure and shear strength of loess and consider the influence of water content on the test results, test water contents w = 5%, 10%, 15%, 20%, and 31%, and dry-wet cycles n = 0, 1, 3, 5 are proposed. Previous studies [68] have shown that the mechanical properties of loess are affected by the amplitude of the dry-wet cycle, and the greater the amplitude of the dry-wet cycle, the more serious the deterioration of the mechanical properties of loess. Considering the most unfavorable conditions, the dry-wet cycle amplitude selected in this study is 5–31%.



Cylindrical undisturbed and remolded samples are required in this study. The diameter of the samples is 39.1 mm, the height is 80 mm, and the dry density is 1.33 g·cm−3. The dry density error is controlled within 0.03 g·cm−3 to exclude the effect of dry density on the experimental results. The undisturbed samples are cut and formed into a mold with a soil chipper. The residual soil is air-dried and crushed, passed through a 2 mm sieve, the water content is configured to 12.1%, and then the remodeled samples are compacted into five layers according to the dry density of 1.33 g·cm−3.



The dry-wet cycle test should be carried out on the prepared undisturbed samples. The samples need to be air-dried and vacuum-saturated during the experiment. The air-drying method involves evaporating the water of samples that need to reduce the water content under natural conditions and controlling the water content by continuously weighing the sample’s mass. When samples reach the required mass of the target water content, the samples are placed in the moisturizing cylinder for at least 48 h, and the surface and internal water content is uniform through the transfer of the water film. The vacuum saturation method involves placing the samples that need to be saturated into a vacuum barrel, sealing the vacuum barrel, using a suction device to pull out the air in the vacuum barrel, and continuing to pump air for 1 h when the internal pressure reaches −1 atm. Then, the inlet valve of the vacuum barrel is opened, distilled water is sucked in, the water surface is set to be higher than the samples, and the suction device is kept working for at least 2 h. This way, the samples reach the saturation state. Figure 4 shows the sample preparation process of 3 dry-wet cycles with a test water content of 15%. The water content of the sample is first reduced to 5%, then the sample is saturated by the method of vacuum saturation and the water content is reduced to 15% by the method of air drying, which is a cycle. This process needs to be repeated 3 times.




2.2. Experimental Methods


2.2.1. Isotropic Compression Test


In order to study the effects of dry-wet cycles on the deformation and yield characteristics of loess, isotropic compression tests were carried out on saturated remolded loess samples and undisturbed loess samples with different water contents and different dry-wet cycles. Table 2 gives the isotropic compression tests program. The water content of the test was 5%, 10%, 15%, 20%, and 31%, the dry-wet cycles were 0, 1, 3, and 5, and the confining pressure of the test was gradually increased from 25 kPa to 1600 kPa. The criterion for the completion of the consolidation stage is that no further volume deformation of the specimen and no further change in the expelled water volume are observed.




2.2.2. Triaxial Shear Test


In order to study the effects of dry-wet cycles on the structure and shear strength of loess, strain-controlled triaxial consolidation drainage shear tests were carried out. The test samples were undisturbed loess with dry-wet cycles and remolded loess without dry-wet cycles. The test water content was 5%, 10%, 15%, 20%, and 31%, and the dry-wet cycles were 0, 1, 3, and 5. The confining pressure of consolidation was controlled at 100 kPa, 200 kPa, 300 kPa, and 400 kPa, and the shear rate was 0.033%/min. The test was terminated when the axial deformation reached 12.5 mm. The specific test program is provided in Table 3.






3. Results and Discussion


3.1. Analysis of Isotropic Compression Test


The corresponding void ratio (e) was calculated according to the volume change of the samples under different isotropic compression stresses (p), and then the e-lgp compression curves were plotted. Figure 5a shows the compression curves of the undisturbed samples with different water contents and without dry-wet cycles. Figure 5b–f shows the compression curves of the undisturbed samples with different water contents after different dry-wet cycles.



Figure 5 indicates that the compression curve of the saturated remolded specimen is approximately a straight line in the semilog coordinates. With the increase in confining pressure, the samples are gradually compressed, and the void ratio decreases. The compression curves of the undisturbed samples are higher than those of the saturated remolded samples, with an obvious turning point. The compressive deformation develops slowly before the turning point and increases sharply after it with the decrease in Δe.



At the same confining pressure, with the increase in water content, the void ratio decreases, and the samples are gradually compacted. When the water content and confining pressure are unchanged, the void ratio decreases with an increase in the number of dry-wet cycles. The loose structure with large pores is the main characteristic of loess. Once the loess is soaked by water, the bound water film between soil particles thickens, and the matric suction decreases with the decrease in the curvature and strength of the contraction membrane. At the same time, the water absorption and expansion of clay cement will increase the particle spacing, reduce the bonding strength, and compress the large pores. These all lead to the occurrence of collapsibility [69,70,71]. Repeated dry-wet cycles lead to the failure of the clay cement under expansion and contraction, and the soluble salts are gradually lost from the particle bond, which all reduce the bond strength of loess particles. When the pressure exceeds the bond strength, it causes the collapse of the macropores. It can be seen that increasing the water content or the number of dry-wet cycles can improve the compressibility of the undisturbed loess samples under the same confining pressure.



The turning point of the compression curve of the undisturbed loess samples represents the yield stress under isotropic compression, called structural strength Py. It varies with water content and the number of dry-wet cycles, and can comprehensively represent the magnitude of the loess structure under isotropic stress conditions, but cannot represent its dynamic changes. The Casagrande method is used to calculate structural strength quantitatively and to study its variation rule. The Casagrande method is shown in Figure 1.



Table 4 and Figure 6 give the structural strength values in different cases. It is obvious that the structural strength of loess will be reduced either by increasing the water content or by increasing the number of dry-wet cycles. The values of structural strength reduction at all levels of water content caused by five dry-wet cycles are 410 kPa, 222 kPa, 191 kPa, 103 kPa, and 30 kPa, respectively. It can be seen that with the increase in water content, the effect of dry-wet cycles is weakened.




3.2. Analysis of Shear Strength of Loess under Dry-Wet Cycles


The shear strength τf of soils consists of two components, cohesion c and frictional resistance σtanφ, which can be expressed by Equation (1):


   τ f   = c +  σ tan φ  



(1)




where τf is the shear strength, c is the cohesion, φ is the internal friction angle, and σ is the normal stress.



The values of cohesion and internal friction angle under various water content and dry-wet cycles can be obtained by the stress–strain curves of the triaxial tests, and the results are shown in Table 5 and Figure 7.



It can be seen from Table 5 and Figure 7 that the increase in water content has a weakening effect on the shear strength of loess. With the increase in water content, the cohesion decreases rapidly, while the internal friction angle decreases insignificantly within two degrees. It can be considered that the internal friction angle is not affected by the water content. With the increase in the number of dry-wet cycles, the cohesion decreases, and the internal friction angle changes within 2 degrees, which can be considered to mean that the internal friction angle is not affected by the dry-wet cycles. When the water content is 5%, the cohesion decreases from 110.61 kPa to 95.46 kPa after one dry-wet cycle, with a decrease of 13.69%. After that, the cohesion continues to decline, but the rate slows down. After the third dry-wet cycle, the cohesion basically reaches stability, and after the fifth dry-wet cycle, the cohesion is 82.19 kPa, with a decrease in 25.69%. With the increase in water content in the test, the c–n relationship curve gradually becomes flat, which indicates that the effect of dry-wet cycles on cohesion gradually decreases. In the saturated state, the cohesion decreases by only 4.2 kPa after the first dry-wet cycle and decreases by 7.58 kPa after the fifth dry-wet cycle.



The above analysis shows that in the process of dry-wet cycles of loess, the action of water can be regarded as a generalized force, and the dry-wet cycles process is actually a process of loading and unloading, which destroys the primary structure of the loess and causes the fatigue of the soil, resulting in a reduction in shear strength. During the dry-wet cycles, water mainly destroys the bond between soil particles, resulting in a decrease in cohesion. However, the dry-wet cycles process has little effect on the roughness of soil particles, so the internal friction angle does not change significantly.




3.3. Analysis of Structural Parameters of Loess under Dry-Wet Cycles


Figure 8 shows the typical stress–strain curves of loess under different confining pressures, water contents, and dry-wet cycles. It can be seen from the figure that with the increase in confining pressure, water content, and dry-wet cycles, the stress–strain curves of loess transition from strain-softening to strain-hardening, that is, loess gradually changes from strong structured soil to weak structured soil. The above analysis is only qualitative, and then it is necessary to quantitatively describe the structure of loess in different states.



3.3.1. Description of Loess Structure


The structure of soils is caused by the arrangement and bond characteristics of soil particles, which is the fundamental difference between undisturbed soils and remolded soils. The bond characteristics between soil particles can maintain the arrangement characteristics of soil particles and produce small elastic deformations when the soil is loaded. However, once the bond between soil particles is weakened or lost, the arrangement characteristics of soil particles will be unstable, and large plastic deformation and loss of strength will occur. Based on the above analysis, the description of the structure should include two aspects: the ability to maintain the stability of the structure before the failure of the bond of soil particles (structural stability) and the ability to rapidly reduce the strength and greatly deform after the failure of the bond of soil particles (structural variability). A soil with a strong structure should have strong structural stability and strong structural variability.



The disturbance, loading, and soaking are the main reasons for weakening and breaking the bond between soil particles. Remodeling can destroy the bond and spatial arrangement of soil particles, destructure undisturbed soils, reduce the strength of soils, and reflect the role of structural stability compared with undisturbed soils. The saturation of undisturbed soils can eliminate the suction, dissolve the soluble salt, weaken the bond between soil particles, and increase deformation. Compared with undisturbed soils without saturation, the effect of structural variability can be fully reflected.



Based on the above understanding, according to the stress–strain curve in the case of a triaxial test, the principal stress difference of the undisturbed soils, remodeled soils, and saturated undisturbed soils can be obtained under the same strain and different structural states to reflect the structure changes under the action of disturbance, loading, and soaking. The following quantitative structural parameter can be defined:


   m   ( n )    =    m  1  ( n )       m  2  ( n )      =     (  σ 1  −  σ 3  )   y  ( n )    /   (  σ 1  −  σ 3  )  r      (  σ 1  −  σ 3  )  s  /   (  σ 1  −  σ 3  )   y  ( n )      =     (  σ 1  −  σ 3  )   y  ( n )      2      (  σ 1  −  σ 3  )  r  ·   (  σ 1  −  σ 3  )  s     



(2)




where    m   ( n )      is the structural parameter for the dry-wet cycle  n ;    m  1  ( n )      is the structural stability of soils in the dry-wet cycle  n ;    m  2  ( n )      is the structural variability of soils in the dry-wet cycle  n ;     (  σ 1  −  σ 3  )   y  ( n )      is the principal stress difference of undisturbed soils in the dry-wet cycle  n ;     (  σ 1  −  σ 3  )  r    is the principal stress difference of remodeled soils; and     (  σ 1  −  σ 3  )  s    is the principal stress difference of saturated undisturbed soils.



It can be seen from the above equation that the greater the strength loss of the structured soil after saturation and remodeling, the greater the value of the structural parameter, which represents the larger the structure of the undisturbed soil. Therefore, m can be used as a quantitative parameter to describe the soil structure. With the development of strain, the structure of the undisturbed soil is gradually lost, and this parameter can reflect the dynamic change process of structure.



In critical state soil mechanics, the structural parameter m of unstructured saturated remolded soil always has a value of 1. Therefore, the value range of m is m ≥ 1.




3.3.2. Change Rule of Loess Structure


Through Equation (2), the structural parameters of loess in the process of triaxial shear are calculated, and the relationship curves between structural parameters and strain are given in Figure 9.



Figure 9 gives some of the test results for the structural parameter in the triaxial tests. It can be seen that as the shear proceeds, the values of structural parameters are constantly changing, with a pattern of first increasing and then decreasing as the strain increases, ultimately tending to a stable value.



The curves of structural parameters with the change in confining pressure for 5% water content and zero dry-wet cycles are given in Figure 9a. With the increase in confining pressure, the values of structural parameters under the same strain decreased, indicating that confining pressure had a destructive effect on the structure of loess. Figure 9b gives the curves of structural parameters with the number of dry-wet cycles at a water content of 5% and a confining pressure of 100 kPa. With the increase in dry-wet cycles, the loess bond was damaged under repeated expansion and contraction, resulting in structure damage and a decrease in the structural parameter values under the same strain.



The variation curves of the structural parameter with water content for zero dry-wet cycles with a confining pressure of 100 kPa are given in Figure 9c. With the increase in water content, the values of structural parameters under the same strain decrease, indicating that increasing water content causes soluble salt dissolution, weakening of particle bonds, and destruction of the structure. The increase in confining pressure, water content, and number of dry-wet cycles will cause a reduction in the structure of the loess, which is consistent with the results depicted in Figure 8.



The growth before the peak of the structural parameter curve reflects the continuous development of the structure with an increase in axial strain. After the structural parameter reaches its peak, the bond between soil particles begins to be damaged, the arrangement of soil particles is readjusted, the soil structure is damaged and begins to yield, plastic deformation occurs, and the structural parameter decreases rapidly. When shear continues, the particle bond is completely destroyed, the particle arrangement reaches stability, the soil reaches a critical state, the undisturbed soil reaches a remodeled state, and the structural parameter tends to 1. Therefore, the peak structural parameter can represent a complete state of loess structure, and the corresponding stress state is the initial yield stress state of loess under triaxial shear.



Figure 10 shows the curves of the peak structural parameters of loess with the variation of the surrounding pressure, water content, and the number of dry-wet cycles. The peak structural parameters of the loess gradually decrease with the increase in these three parameters, which is consistent with the results of the above analysis.





3.4. Initial Yield Characteristics of Loess


As has been analyzed above, with the progress of shear, the undisturbed loess eventually reaches the same critical state as the remodeled loess, and the dry-wet cycles will not affect the critical state. Now, the critical stress state of the remodeled loess in the triaxial test is drawn into the p-q coordinate system, and the critical state line of the remodeled loess under different water contents is fitted, as shown in Figure 11.



The position of the critical state line of loess is related to the water content. The critical state lines of loess with different water content are parallel to each other, with slope M = 0.984. The critical state line of saturated loess passes through the origin, and as the water content decreases, the critical state line is shifted to the left. The intersection with the p-axis is denoted by P0. The variation of P0 with water content is shown in Figure 12. It can be approximated as a straight line.



Taking 5% water content and 0–5 dry-wet cycles as an example, the yield stress states of isotropic compression and triaxial shear are plotted into the p-q coordinate system. It is found that these points all fall on an ellipse with P0 and Py as endpoints, and the critical state line passes through the vertex of the ellipse (Figure 13). At constant water content, Py decreases continuously with the dry-wet cycles, and the initial yield surface shrinks. Given that P0, Py, and the critical state line are constantly changing with water content, the initial yield surface will also be constantly changing with water content. The dynamic change of the initial yield surface with the water content and the number of dry-wet cycles is a specific reflection of the structure change of loess with the environment. The increase in water content and dry-wet cycles will make the loess enter the yield state earlier and produce plastic deformation.




3.5. Limitations of Tests and Analysis Methods


Both the isotropic compression tests and the triaxial shear tests adopted isobaric consolidation, which was not consistent with the actual stress condition of the undisturbed loess and did not consider the influence of stress-induced anisotropy on the soil structure. Confining pressure σ2 = σ3 was controlled in the triaxial shear test without considering the influence of intermediate principal stresses. The structural parameter used in this study can only describe the structure changes of loess in the shear process and cannot describe the structure changes of loess in the consolidation process. Moreover, the volumetric strain of remolded soil, undisturbed soil, and saturated undisturbed soil is not the same in the consolidation process. All of the above issues will have an impact on test results and analysis, but these impacts cannot be evaluated and require further study.





4. Relationship between Structure and Shear Strength of Loess


The magnitude of structure under isotropic stress conditions can be expressed by the structural strength Py. Under triaxial shear conditions, the structural parameter is a variable quantity that can represent the dynamic change of the structure with the development of confining pressure and axial strain during shear. Therefore, in this paper, we study the relationship between the structural strength Py and the cohesion c, and the relationship between the average value of the maximum structural parameters   m ¯   under different confining pressures and the cohesion c.



With the increase in water content and the number of dry-wet cycles, the particle bond of loess is gradually weakened or even destroyed, the particles are rearranged, and the structure of soil is decreased, which, in turn, causes a change in the cohesion of loess. The change in the structure and cohesion of loess has the same inducement, so there must be a relationship between them.



Figure 14, Figure 15 and Figure 16 show the relationship between cohesion c, structural strength Py, and the average structural parameter   m ¯   with the water content and the number of dry-wet cycles. From the figures, it can be found that these three parameters have the same variation rules. Compared with the dry-wet cycle, the cohesion c, the structural strength Py, and the average structural parameter   m ¯   are more significantly affected by the water content. The effect of the dry-wet cycle is more intense at low water content, and the effect decreases with the increase in water content.



The relationship between the loess structure and cohesion is shown in Figure 17 under isotropic compression and triaxial shear conditions. It can be seen that the relationship between the structural strength Py, the average structural parameter   m ¯  , and the cohesive force c is independent of the water content and the number of dry-wet cycles.



The relationships expressed in Figure 17 meet the exponential function as in Equation (3):


  y =  y 0  + A exp (  (  x +  x 0   )  / t ) ,  



(3)







Table 6 lists the specific parameter values.



Based on the above analysis, the structural strength and average structural parameters of loess have a direct correlation with cohesion, while the water content and the number of dry-wet cycles are only external factors.




5. Applications of Study Results


From the above research results, the influence of dry-wet cycles on the structure and shear strength of loess with different water contents is obtained. Notably, there are several practical applications for this research. First, the research results on the shear strength of loess are very important for the evaluation of the long-term strength of loess foundations, slopes, etc., which can be used as the basis for the design of such engineering projects or future stability prediction and safety warnings. When the influence of the amplitude of dry-wet cycles is taken into account, it can also be used as the basis for the progressive failure of loess. In addition, the structure of loess can be used as an index to evaluate the sudden occurrence of engineering accidents. Soil with strong structure will cause a sharp decline in strength and a sharp increase in deformation after structural failure, and the dry-wet cycle will reduce this sudden occurrence, but it should also be combined with the reduction in strength for comprehensive analysis. For specific engineering projects, if the water content of loess is low, the negative effects of dry-wet cycles should be fully considered, while for loess with a high water content, the effects of cycles can be ignored.




6. Conclusions


In this study, the influence of dry-wet cycles on the structure and shear strength of loess were studied through isotropic compression tests and triaxial shear tests. The main conclusions are as follows:




	(1)

	
The dry-wet cycle reduces the cohesion c of loess, and the decrease degree is the greatest after the first dry-wet cycle, while the effect on the internal friction angle φ is negligible. In the case of low water content, the dry-wet cycle effect is obvious, but with the increase in water content, the effect weakens.




	(2)

	
The structural strength Py and structural parameter m can represent the structure of loess well; both decrease with increasing water content and dry-wet cycles.




	(3)

	
In a p-q coordinate system, the initial yield surface of loess can be approximated by an ellipse, and the position and size of the ellipse vary with the water content and dry-wet cycles.




	(4)

	
The cohesion c of loess has similar variation rules with the structural strength Py and the average structural parameter   m ¯  . Py and   m ¯   increase with cohesion, according to an exponential function relationship.









The results of this study can be used for long-term stability evaluation and safety warning of engineering projects in loess regions, and to make a comprehensive assessment of sudden disasters. More studies and advanced methods are available for this study. True triaxial tests considering initial shear stress and consolidated strain are an effective method to solve the limitations of this study and can introduce stress anisotropy, intermediate principal stress, and consolidation processes into the analysis of shear strength and structure.
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Figure 1. Isotropic compression curves of undisturbed and saturated remolded loess. 
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Figure 2. Stress–strain curves of undisturbed and remolded loess. 
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Figure 3. Sampling overview. (a) Sampling site and (b) soil profile. 
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Figure 4. Schematic diagram of dry-wet cycles tests. 
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Figure 5. Isotropic compression curves. (a) n = 0 without dry-wet cycles. (b) Different dry-wet cycles for w = 5%. (c) Different dry-wet cycles for w = 10%. (d) Different dry-wet cycles for w = 15%. (e) Different dry-wet cycles for w = 20%. (f) Different dry-wet cycles for w = 31%. 
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Figure 6. Structural strength curves under different dry-wet cycles. 
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Figure 7. Shear strength parameters curves: (a) c–n curves and (b) φ–n curves. 
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Figure 8. Stress–strain curves of undisturbed loess: (a) w = 15%; (b) σ3 = 100 kPa; (c) w = 10% and σ3 = 100 kPa. 
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Figure 9. Structural parameter curves: (a) w = 5% and n = 0; (b) w = 5% and σ3 = 100 kPa; (c) σ3 = 100 kPa and n = 0. 
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Figure 10. Peak structural parameter curves. (a) n = 0 with different confining pressures. (b) σ3 = 100 kPa with different water contents. 
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Figure 11. Critical state lines under different water contents. 
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Figure 12. Relationship between P0 and water content. 
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Figure 13. Yield surfaces under different dry-wet cycles for w = 5%. 
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Figure 14. Relationships between cohesion c, dry-wet cycles n, and water contents w. (a) Three-dimensional diagram of c, w, and n relationships. (b) Contour plot of cohesion. 
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Figure 15. Relationships between structural strength Py, dry-wet cycles n, and water contents w. (a) Three-dimensional diagram of Py, w, and n relationships. (b) Contour plot of structural strength. 
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Figure 16. Relationships of average structural parameter   m ¯  , dry-wet cycles n and water contents w. (a) Three-dimensional diagram of   m ¯  , w, and n relationships. (b) Contour plot of average structural parameter. 
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Figure 17. Relationship curves between structure and cohesion. (a) Relationship curves between structural strength and cohesion. (b) Relationship curves between average structural parameters and cohesion. 
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Table 1. Basic physical indices of tested loess.
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Dry

Density,

ρ/g·cm−3

	
Water

Content,

w/%

	
Plastic

Limit

/%

	
Liquid Limit/%

	
Plasticity

Index

	
Specific

Gravity

	
Particle Composition/%




	
>0.075 mm

	
0.075–0.005 mm

	
<0.005 mm




	
1.41

	
12.1

	
22.11

	
32.46

	
10.35

	
2.72

	
1.2

	
85.44

	
13.36
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Table 2. Isotropic compression test program.
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	Water Content, w/%
	Cycle Number, n
	Confining Pressure, p/kPa



	Undisturbed samples
	5, 10, 15, 20, 31
	0, 1, 3, 5
	25, 50, 100, 200, 400, 800, 1600



	Saturated remolded samples
	Saturated
	0
	25, 50, 100, 200, 400, 800, 1600
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Table 3. Triaxial shear tests program.
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	Water Content, w/%
	Cycle Number, n
	Confining Pressure, p/kPa



	Undisturbed samples
	5, 10, 15, 20, 31
	0, 1, 3, 5
	100, 200, 300, 400



	Saturated remolded samples
	5, 10, 15, 20, 31
	0
	100, 200, 300, 400
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Table 4. Structural strength values.
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Cycle Number

	
Water Content, w/%




	
5

	
10

	
15

	
20

	
31




	
Structural Strength, Py/kPa




	
0

	
1330

	
750

	
400

	
210

	
105




	
1

	
1100

	
621

	
313

	
150

	
90




	
3

	
980

	
559

	
246

	
120

	
82




	
5

	
920

	
528

	
209

	
107

	
75
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Table 5. Shear strength parameters of undisturbed loess.
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Water Content/%

	
Cycle Number, n




	
0

	
1

	
3

	
5

	
0

	
1

	
3

	
5




	
Cohesion, c/kPa

	
Internal Friction Angle, φ/°




	
5%

	
110.61

	
95.46

	
86.10

	
82.19

	
28.47

	
25.75

	
25.28

	
25.15




	
10%

	
83.23

	
76.57

	
72.93

	
71.43

	
27.43

	
25.32

	
24.60

	
24.55




	
15%

	
56.51

	
50.31

	
46.04

	
45.80

	
25.50

	
24.50

	
24.80

	
24.56




	
20%

	
33.22

	
29.79

	
26.50

	
25.25

	
25.10

	
24.50

	
24.80

	
24.56




	
31%

	
20.89

	
16.64

	
14.63

	
13.31

	
24.90

	
25.10

	
24.50

	
24.70
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Table 6. Parameter values.






Table 6. Parameter values.





	

	
Parameters




	
y0

	
x0

	
A

	
t




	
Py

	
−232.65

	
10.59

	
192.96

	
56.16




	
   m ¯   

	
−10.95

	
119.95

	
2.23

	
70.47
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