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Abstract

:

Soil-water characteristic curve (SWCC) is an essential parameter in unsaturated soil mechanics, and it plays a significant role in geotechnical engineering to enhance theoretical analysis and numerical calculations. This study investigated the effects of key factors, such as the percentage of sand, initial degree of saturation, and initial dry unit weight, on the SWCC of expansive soil by measuring the matric suction using a pressure apparatus method. The empirical equation of SWCC was obtained using the Van Genuchten and Fredlung Xing models, and the processing of experimental data checks the fitting of the two empirical models. The findings revealed that the Fredlung Xing model fit the relationship between matric suction and volumetric water content of expansive soil better than the Van Genuchten model, indicating that the pressure apparatus approach’s experimental data are correct and acceptable. The study also found that the matric suction increased with decreasing percentage of added sand at the same volumetric moisture content, and the increase in initial dry unit weight increased the matric suction, with the water retention capacity decreasing significantly after adding 20% sand. Moreover, as the initial degree of saturation increased, the volumetric water content decreased, and the characteristic curves became identical when the initial saturation degree reached 90%. Finally, to minimize the water retention capacity of expansive soils, the study recommended adding a percentage of sand not less than 30% to the expansive clay sample.
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1. Introduction


The Soil-Water Characteristic Curve (SWCC) is an essential tool for characterizing unsaturated soil properties. The primary application of the soil-water characteristic curve (SWCC) is to evaluate the performance of unsaturated soil properties for a range of geotechnical engineering applications [1]. One common application of SWCCs in geotechnical engineering is to assess the hydraulic properties necessary to simulate water flow through unsaturated soils [2,3,4,5,6]. The SWCC shape reflects the soil’s water retention capacity and porosity characteristics, enabling the estimation of various engineering properties such as hydraulic conductivity, shear strength, and diffusion coefficient [7,8].



Various direct and indirect methods are available for measuring soil suction, including the Tensiometer method [9], pressure apparatus [10,11], and electrical resistance blocks [12], as well as the filter paper method [13]. In recent decades, several empirical models have been developed to predict SWCC, such as Gardner [14], Brooks Corey [15], Van Genuchten [16], and Fredlund and Xing [17], among others. Researchers have also compared and evaluated the applicability and consistency of different empirical models [18,19]. Van Genuchten [16] and Fredlund and Xing [17] devised a three-parameter SWCC model for a suction range of 0 to 106 kPa. Leong and Rahardjo [19] found that these equations outperformed other models across diverse soils. This study employs Van Genuchten and Fredlund and Xing models to fit experimental SWCC data.



The soil structure, initial water content, void ratio (dry unit weight), soil type, mineralogy, and compaction method are among the primary factors that could have a significant impact on the characteristics of the soil-water characteristic curve (SWCC) [20,21].



Studies have investigated the SWCC of various soils, including clay [22], sand [23], and expansive soils [11,24,25]. The influence of factors such as dry unit weight and the void ratio [25,26,27,28], gradation [28,29,30], and temperature [28,31] on SWCC have also been studied. Even small changes in soil density are known to have a significant impact on the hydro-mechanical properties of the soil. However, significant variations in soil density can be introduced by external factors and stress conditions of the soils. This intricacy highlights how crucial it is to investigate how density affects the SWCC, making it an engaging and extensively researched topic of broad interest [32,33,34,35,36]. Chen et al. [29] found that higher initial dry density led to increased water retention capacity. The maximum slope of the SWCC decreased linearly with increasing density, whereas the air entry value and residual water content increased linearly. Increasing fine content resulted in a linear rise in both air entry value and residual moisture content. Zhou and Yu [37] stated that the initial water content and stress state have a greater impact than other variables (like void ratio and high suction). But when suction levels rise, their effect tends to decrease. Limited research has been conducted to investigate the effect of sand content on the Soil-Water Characteristic Curve (SWCC) in expansive soils. The impact of sand on expansive soil behavior is significant [38]. Studies conducted by Elkady et al. [24] and Jiang et al. [11] focused on examining the effect of clay content on the soil-water retention curve (SWCC) in soil mixtures. They reported that the composition of sand and clay significantly affects the shape of the SWCC. Elkady [24] discovered that as the clay content in sand-natural clay mixtures increased from 0% to 60%, so did their water retention capacity. The addition of micropores via clay was identified as a contributing factor to the increased water retention capacity. Thus, it is critical to assess the impact of these main factors on the curve to analyze the stability and behavior of unsaturated expansive soil.



In the realm of soil-water characteristic curve (SWCC) investigations spanning diverse soils, a noticeable gap exists as none have concentrated on scrutinizing the interplay between sand content, initial moisture, and dry unit weight concerning SWCC, particularly within expansive soils. Given the inherent variability in sand proportions within expansive soils, their influence on dry unit weight values is pivotal. Past studies have underscored the pronounced impact of sand content, initial degree of saturation, and initial dry unit weight on SWCC. Consequently, this study aims to elucidate the complex dynamics of sand content, initial degree of saturation, and initial dry unit weight in shaping the soil-water characteristic curve (SWCC) of expansive clay soils. To corroborate the experimental findings, the study integrates the widely employed Fredlund Xing’s and Van Genuchten’s models, recognized for their effectiveness in fitting SWCC, thereby fortifying the validation of the outcomes.




2. Materials and Methods


2.1. Methodology Overview


This study uses an experimental approach to conduct a thorough parametric investigation into the effect of initial dry unit weight, initial degree of saturation, and sand content on the Soil-Water Characteristic Curve. Because of the complexities of these interactions, a systematic examination is required to understand the behavior of expansive soil. The experimental design entails preparing multiple samples, each with a different sand content (ranging from 0% to 50%), initial dry unit weight (four different values), and initial degree of saturation.



Laboratory-based sample preparation is chosen due to the challenges associated with obtaining samples with diverse initial conditions from the field. The laboratory environment facilitates precise control over the initial parameters, ensuring a systematic and replicable approach to the study. Fine sand and expansive clay are the chosen soil components for this study, with detailed properties and classification outlined in the subsequent section.



The experiment begins with the meticulous preparation of samples, each representing a distinct combination of sand content, initial dry unit weight, and initial degree of saturation. These variables are systematically changed to generate a matrix of conditions for a thorough parametric analysis. The sand content, initial dry unit weight, and initial degree of saturation are strategically chosen to cover a wide range of scenarios that are representative of real-world conditions.




2.2. Experimental Materials


Expansive clayey soil was collected from a depth of 3 m in Damserkhu, Lattakia, while fine sea sand was obtained from the site of Shuqayfat Jibla. The sand was washed to ensure it was free from any extraneous materials and fully purified. Table 1 provides a summary of the physical properties.



To prepare sand-clay mixtures, the soil was mixed with varying percentages of sand (10%, 20%, 30%, 40%, and 50%) based on the dry weight. Grain size distribution experiments were conducted according to ASTM D6913 [39] and ASTM D7928-17 [40], and the resulting granular gradient curves are shown in Figure 1. The chemical composition of the clay is detailed in Table 2.



The standard Proctor Method as specified in ASTM D698-12e2 [41] was employed to ascertain the optimal moisture (wopt) content and maximum dry unit weight (   γ  d m a x   )     of the mixtures, which serves as the basis for determining the initial dry unit weights. For each percentage of added sand, four initial dry unit weights and four initial degrees of saturation were chosen. Table 3 illustrates the initial conditions for the prepared samples. Furthermore, the Atterberg limits of all mixtures were determined according to the guidelines outlined in ASTM D4318-17e1 [42]. The outcomes of these experiments have been tabulated in Table 4. For more details on the physical properties of the soils used in this study, refer to Alnmr and Ray [43]. The AASHTO classification system [44] classified pure clayey soil (without sand) as A-7-5, whereas the USCS (Unified Soil Classification System [45]) [ASTM D2487-17e1] labeled it as CH. Illite was assumed to be the clay mineral because it was located at or above the A-line on Casagrande’s plasticity chart [46].




2.3. SWCC Regions and Definitions


The soil-water characteristic curve (SWCC) depicts the correlation between soil suction and the level of saturation for a given soil sample (see Figure 2) [7]. Moisture content, w, or volumetric water content, θw, are typically employed to quantify the water content in the soil, with θw being the preferred method (calculated by dividing the volume of water, Vw, in the soil by the total volume, V; θw = Vw/V). The terminology employed to describe the SWCC may differ across the literature, with several phrases such as soil moisture curve, water retention curve, soil-water retention curve, and soil-water characteristic being used interchangeably [47]. Various graphic representations can be employed to display SWCC data, with soil suction being plotted on either the x- or y-axis, typically on a logarithmic or normal scale, as referenced in the literature. In this study, the x-axis (log scale) represents suction in kPa, and the y-axis represents volumetric water content, θw, as illustrated in Figure 2.



The following are the definitions of the SWCC regions as displayed in Figure 2:




	
Air-entry value (ψa)








The air-entry value of soil is defined as the level of suction at which air initially enters the largest pores in the soil [17].



	
Residual water content (θr)






The residual water content refers to the level of water content at which a significant alteration in suction is necessary to extract additional water from the soil [17]. The suction value corresponding to the residual water content is termed as residual suction (ψr).



	
Boundary effect zone






The boundary effect zone pertains to the region within the suction range of 0 to ψa, in which the soil remains predominantly saturated [48].



	
Transition zone






The transition zone spans from ψa to ψr and is characterized by a significant decline in the moisture content of the soil with rising suction. This leads to a decrease in the amount of water present at the contacts between soil particles as the level of saturation continues to diminish [48].



	
Residual zone






The residual zone commences at a suction value beyond ψr and endures until 106 kPa. In this zone, significant elevations in suction produce a relatively minor impact on the degree of saturation (or water content). Due to the small size of the curved water-air interface, the amount of water lost in this region is limited [48].




2.4. Experimental Principle


The pressure apparatus method is a commonly utilized technique for directly determining the volumetric water content corresponding to a specific suction stress, which is then used to establish the soil-water characteristic curve. This approach is advantageous due to its simplicity of operation and the favorable measurement range of pF = 1.8–4.2 or suction of 6.3–1585 kPa. Here, pF is used to express the soil suction stress, which represents the decimal logarithm of the soil water stress conveyed by the height of a water column in centimeters (i.e., pF = Log(h)).



To carry out this method, soil samples are initially formed and then introduced into the apparatus, where they are saturated. Once saturation is achieved, a predetermined amount of suction stress is applied to the soil to separate the water from it. The corresponding water content for each applied suction stress is subsequently measured after the sample reaches moisture stability. This process can take a week or longer to complete. Figure 3f displays the pressure apparatus device used in this study.



When dealing with suction stress greater than 1585 kPa (pF > 4.2), the determination of maximum hygroscopicity Hy(pF=5.25) corresponding to pF = 5.25 (17,783 kPa) is necessary. To determine this, samples are placed in a closed semi-saturated medium (94.3% humidity) utilizing 10% sulphuric acid concentration after being dried. The samples are left until their weight stabilizes and then they are weighed. After drying, the samples are weighed again, and the weight difference is used to calculate the moisture content. The volumetric water content is then calculated, and the maximum hygroscopicity is determined based on this value. To calculate the hygroscopicity that corresponds to a suction stress of pF = 6.13 (135,000 kPa), Equation (1) is used [49]:


Hy(pF=6.13) = Hy(pF=5.25)/2.1



(1)







Empirical equations for the soil-water characteristic curve (SWCC) are obtained using the Fredlund Xing and Van Genuchten models. The mathematical expression for the Fredlund Xing model is presented in Equation (2) [17], while the Van Genuchten model is shown in Equation (4) [16]:


  θ   φ , a , n , m   = C  φ     θ s        ln   e +     φ / a    n       m       



(2)




where   C  φ    is a correction function (Equation (3)):


  C  φ  = 1 −   l n ( 1 + φ /  φ r  )   l n [ 1 + ( 1 , 000 , 000 /  φ r  ) ]    



(3)







   φ r    represents the suction value corresponding to the residual water content    θ r   .



The fitting parameter ‘ a ’ is primarily a unimodal function of the air entry value of the soil.



The fitting parameter ‘n’ is primarily a function of the rate at which water is extracted from the soil once the air entry value has been exceeded.



The fitting parameter ‘m’ is primarily a function of the residual water content.


  θ   φ , a , n , m   =  θ r  +    θ s  −  θ r        1 +     a φ    n     m       



(4)







The symbols θr and θs represent the residual and saturated volumetric water content, respectively, which can be determined through testing.



The value of the fitting parameter ‘ a ’ in the Van Genuchten model is inversely proportional to the air-entry value and the soil’s water holding capacity, while the opposite is true for the Fredlund Xing model—a higher value of ‘ a ’ indicates a higher air-entry value and soil water holding capacity.



The fitting parameters ‘m’ and ‘n’ represent the residual volumetric water content and the slope of the SWCC, respectively:



For Van Genuchten   m = 1 − 1 / n  



For Fredlung Xing   m = 3.67 ln    θ s  /  θ i      where    θ i      is the volumetric water content corresponding with air-entry value.




2.5. Specimen Preparation


Figure 3 depicts images of the modified sample preparation process employed in the laboratory. First, sand and clay soils were blended to create a homogeneous mixture (a). The mixture was then placed in a sealed plastic bag and isolated for 24 h for a uniform moisture distribution (b). The resultant mixture mass was then placed in a mold with dimensions matching the ring (c). A hydraulic jack applied static pressure to compress the specimen to the desired unit weight (d). The finished specimen (e) was placed in the pressure apparatus (f).




2.6. Experimental Procedures


	
First, the sand and clay samples were dried with a thermostatic drying chamber at a temperature range of 105–110 °C for a minimum of 24 h.



	
Second, the required percentage of sand was mixed with the clay in a dry state, and then the dry mixture was wetted to the prescribed initial moisture content. Cylindrical specimens of varying initial moisture content and initial dry unit weight were created using the mixture samples as illustrated in Figure 3.



	
Third, prior to the application of suction, the test specimens were fully saturated via inundation of the bottom of the samples with distilled water for a week. This method, as per Fattah et al. [13], was determined to be the optimal method for achieving saturation. The mass of each mixture was measured using a high-precision electronic scale prior to insertion into the device.



	
Fourth, the saturated samples were placed in the test device chamber, and suction stresses of pF = (1.8–2.5–3–3.6–4.2) were applied to expel the water from the soil sample.



	
Fifth, after reaching balance for each applied suction stress, the soil samples were immediately weighed using a high-precision electronic.



	
Sixth, the samples were subsequently dried for 24 h at 105 °C in an oven to obtain the mass of dried soil.



	
Seventh, the maximum hygroscopic, corresponding to the previously mentioned suction stress of 17,783 kPa, was calculated.



	
Lastly, Fredlung Xing [17] and Van Genuchten [16] models were used to obtaining the empirical equation of SWCC of the experimental results using the Solver tool in Excel. Volumetric water content was determined using Equation (5):








   θ   φ i    =   (  M w  −  M s  ) /  ρ w     M s  /  ρ s     



(5)




where



   θ  φ i    : the volumetric water content of soil sample when the suction value is    φ i   



   M w   : the wet soil mass (g)



   M s   : the dry soil mass (g)



   ρ w   : the density of water (g/cm3)



   ρ s     : the dry density of soil (g/cm3)





3. Results and Discussion


This section addresses both the results and discussion, beginning with an analysis of fitting parameters for the Fredlund Xing and Van Genuchten models. It then presents results on the influence of dry unit weight, degree of saturation, and sand content. The discussion explores these effects, with each figure accompanied by a legend identifying distinct initial conditions (e.g., ‘FS00’ for 0% sand content, ‘D15.3’ for 15.3 kN/m3 initial dry unit weight, and ‘SR75’ for 75% initial degree of saturation). The legends also differentiate between the best fit line generated by the Fredlund Xing (FX) model and the experimental data (Test).



3.1. Fitting Parameters of Fredlung Xing and Van Genuchten Models


The fitting parameters of the Fredlund Xing and Van Genuchten models were obtained using the Solver tool in Excel. The obtained parameters are presented in Table A1, Table A2, Table A3 and Table A4 found in Appendix A, which also display the squared error values that reflect the fitting accuracy of the models. Figure 4 and Figure 5 show the squared error of both models for samples with different sand percentages, initial degrees of saturation, and initial dry densities. The Fredlund Xing model exhibits a superior fitting accuracy compared to the Van Genuchten model. However, for sand percentages above 30% or initial saturation degrees exceeding 85%, the Van Genuchten model shows good fitting accuracy and the squared error approaches that of the Fredlund Xing model.




3.2. Effect of Initial Dry Unit Weight on SWCC


The effect of initial dry unit weight on soil water characteristic curves (SWCC) was investigated in this study. The initial degree of saturation was set at 75%, and different densities were taken for each percentage of added sand to evaluate the influence of the initial dry unit weight. The study found that increasing initial dry densities led to an increase in the soil’s water holding capacity (θs) due to the soil’s swelling capacity. However, the water retention capacity decreased with increasing initial dry unit weight as a result of volumetric changes that occurred. The results were plotted in Figure 6, where each percentage of added sand was represented by markers and the best-fit line by continued lines using Fredlund and Xing model. Table A1 and Table A2 within Appendix A presented the fitting parameters and squared error for Fredlund Xing and Van Genuchten models at various initial dry densities and percentages of added sand. The study further showed that the Van Genuchten model’s n and m fitting parameters decreased with increasing initial dry unit weight due to a decrease in the void ratio. The Fredlund Xing model showed an increase in the n fitting parameter for high percentages of added sand (FS > 30%), which could be attributed to the correction function at high suction values. Therefore, the Van Genuchten model was deemed better for interpreting n and m fitting parameters. However, the Fredlund and Xing model had a better fit with the experimental results compared to the Van Genuchten model.



Figure 6 exhibits a direct correlation between the initial dry unit weight of all percentages of added sand at the same degree of saturation and an increase in the volumetric water content and suction required to squeeze water. This finding aligns with previous research by Chi et al. [25]. The observed relationship can be attributed to the Young-Laplace equation, which relates additional pore pressure, the curvature radius of the meniscus, and the surface tension of fluids, as demonstrated in Equation (6) [50]. An increase in the initial dry unit weight of expansive soil results in a decrease in spacing distance between particles, which, in turn, reduces the curvature radius of the meniscus and increases matric suction.


   u a  −  u w  =   2  T s     R a     



(6)




where:



(   u a  −  u w   ) represents the matric suction



   R a    denotes the average curvature radius of the meniscus



   T s    represents the surface tension of fluids.



Consequently, expansive soil exhibits a higher capability of swelling, which leads to greater volumetric deformation values and an elevated risk of damage associated with expansive soils.




3.3. Effect of Initial Degree of Saturation on SWCC


The effect of the initial degree of saturation was examined for each percentage of added sand, where the maximum dry unit weight from the standard Proctor experiment was kept constant for each percentage of added sand. Figure 7 displays the SWCC for samples with varying proportions of added sand at a fixed initial dry unit weight and varying degrees of saturation. Table A3 and Table A4 within Appendix A depict the fitting parameters and squared error for the Fredlung Xing and Van Genuchten models for different percentages of added sand at varying initial degrees of saturation. As the initial degree of saturation increases, the expansive soil becomes less capable of swelling, leading to reduced water absorption. Nevertheless, as the initial degree of saturation increases, the soil’s water retention capacity increases due to reduced volumetric changes, as depicted in the α column. Because the volumetric changes diminish with an increasing initial degree of saturation at the same initial dry unit weight, the void ratio decreases following swelling, resulting in an increase in the n and m fitting parameters, as demonstrated in the n and m columns in the Van Genuchten model. However, this increase is slight, causing the curves to become nearly identical after a certain value of suction stress (around 250 kPa) for each percentage of added sand.



Figure 7 illustrates the impact of the initial degree of saturation on the SWCC for each percentage of added sand, with the maximum dry unit weight kept constant for each percentage of added sand. The results demonstrate that as the initial degree of saturation increases, the volumetric water content decreases, and once a saturation degree of 90% is reached, the volumetric water content becomes nearly constant (as shown in Figure 8). The characteristic curves become identical beyond this initial saturation point, indicating a reduced water intake by the soil. This behaviour is attributed to the small volumetric changes in the expansive soil and the near fullness of the soil voids with water.




3.4. Effect of Percentage of Added Sand


Figure 9 displays the SWCC for mixture samples with various percentages of added sand at a constant initial dry unit weight and initial degree of saturation of 1.53 g/cm3 and 75%, respectively. Table A5 and Table A6 within Appendix A present the fitting parameters and squared error for the Fredlung Xing and Van Genuchten models. The results reveal that as the percentage of added sand increases, the volumetric water content and suction values decrease. This trend can be attributed to the increase in soil particle size caused by the addition of sand, as suggested by previous studies [24,29,30]. It is well established that matric suction increases when soil particle size decreases. Moreover, sand replaces clay, which has a high suction capacity, resulting in a lower overall suction capacity for the mixture.



At a constant initial dry unit weight and initial degree of saturation, the impact of the percentage of sand on the fitting parameters m and n is negligible, as presented in Table A6 of the Van Genuchten model. This can be attributed to the fact that the void ratio remains almost constant for all percentages of added sand under this condition. However, based on Table A5 of the Fredlung Xing model, an increase in the percentage of added sand with the same initial dry unit weight and initial degree of saturation leads to an increase in the parameter n and a decrease in the parameter m.



Figure 10 illustrates the correlation between the fitting parameter α and the percentage of added sand while keeping the initial dry unit weight and degree of saturation constant at 15.3 kN/m3 and 75%, respectively. The results indicate that the water retention capacity decreases significantly after 20% of added sand, which implies that the addition of sand can improve the behaviour of expansive soil by reducing its volumetric change.




3.5. Effect of Maximum Dry Unit Weight of Standard Proctor on SWCC


To investigate the influence of Proctor dry unit weight on the characteristic curve of expansive soil with added sand at both ideal and fixed saturation degrees, Table A7 and Table A8 found in Appendix A were generated to show the fitting parameters and squared error for the Fredlund Xing and Van Genuchten models for various percentages of added sand at the maximum dry unit weight of Proctor experiment for three initial degrees of saturation. The results indicate that as the percentage of added sand increases, the fitting parameters n and m decrease for all initial degrees of saturation due to a decrease in the initial void ratio at maximum dry unit weight. Figure 11 and Figure 12 depict the SWCCs for samples with varying percentages of added sand at optimum moisture and maximum dry unit weight from Proctor’s experiment, and with a fixed initial degree of saturation of 75% and maximum dry unit weight of Proctor’s experiment, respectively. The figures reveal a decrease in volumetric water content and suction values with increasing sand content due to the particle size effect, as previously reported. Comparison between the SWCCs computed at a constant dry unit weight (Figure 9) and those computed at maximum dry unit weight (Figure 11 and Figure 12) shows that the width of the SWCCs package for the latter is smaller than that for the former, suggesting a decrease in spacing between the SWCCs due to the increase in dry unit weight as sand content increases, resulting in a decrease in meniscus curvature radius and an increase in suction.



In Figure 13, it is demonstrated that the fitting parameter α of Fredlung and Xing model decreases with decreasing initial degree of saturation and an increasing percentage of added sand. Moreover, it should be noted that the fitting parameter α for the Fredlung Xing model decreases (increases for the Van Genuchten model) significantly after adding 30% of sand for the high initial degree of saturation, whereas for the low initial degree of saturation, α remains nearly constant after adding 30% of sand. Hence, it is recommended that the percentage of sand added to an expansive clay sample should be no less than 30% to achieve a low water retention capacity of expansive soils.




3.6. Interpreting the Influence of Initial Conditions on Expansive Soil’s SWCC


The study of expansive soil’s soil-water characteristic curve (SWCC) delves into the complex interactions between sand content, initial density, and initial degree of saturation, revealing subtle effects on different SWCC regions. The introduction of sand emerges as a critical factor, causing granular changes as shown in Figure 1, which significantly affects SWCC regions [28,29,30]. A gradual increase in sand content from 10% to 50% causes a significant reduction in water retention capacity, which is attributed to shifts in capillary forces, changes in pore structure, and changes in grain distribution. Simultaneously, varying initial density at a constant level of saturation produces noticeable results. Elevating initial density, particularly with a specific percentage of sand, significantly increases volumetric water content during saturation, which is especially noticeable in the boundary region, emphasizing the complex relationship between sand content, initial density, and moisture retention.



The dynamics of the soil-water characteristic curve (SWCC) are complex, and they are heavily influenced by the initial saturation level [20]. A decrease in initial saturation leads to an increase in volumetric water content during saturation. The initial degree of saturation has a significant impact in the boundary region, illuminating the complex interactions that govern expansive soil behaviour. The volumetric water content and suction of mixtures with varying sand percentages differ significantly. As sand content increases, both volumetric water content and suction values decrease, affecting all SWCC regions due to grain distribution shifts (Figure 1). When the initial density varies by the same sand percentage, the boundary region has the greatest influence. This highlights the critical importance of these parameters in accurately representing expansive soil responses within the SWCC context. Their interdependence is critical in expansive soil volume changes, influencing SWCCs and improving our understanding of expansive soil behaviour.



These findings highlight the critical importance of taking granular changes into account and using informed model selection to make accurate predictions of water retention in expansive soils. A thorough understanding of these complex dynamics is required for furthering expansive soil mechanics and making informed decisions in geotechnical engineering.





4. Conclusions


This research provides a novel contribution by examining the influences of sand content, initial degree of saturation, and dry unit weight on SWCC in expansive soils. This addresses a gap in existing studies, offering significant insights into the impact of these factors on SWCC in expansive soil. In the comparison of models, the Fredlund Xing model is a better fit than the Van Genuchten model. However, the Van Genuchten model performs well and becomes convergent to Fredlund Xing at sand percentages above 30% and initial saturation degrees above 85%. Examining the behaviour of volumetric water content and suction reveals that both increase with the initial dry unit weight of at all percentages of added sand at consistent degrees of saturation. Conversely, volumetric water content decreases with rising initial degrees of saturation, reaching identical characteristic curves after an initial saturation degree of 90%. Additionally, mixtures with varying percentages of added sand at the same initial dry unit weight and saturation degree experience a decrease in both volumetric water content and suction values as the percentage of added sand rises. After 20% of added sand, water retention capacity notably decreases, benefiting expansive soil by reducing volumetric change. Furthermore, the study uncovers that for a high initial degree of saturation, the value of α shows a slight change with an increase in the percentage of added sand up to 30%, beyond which a significant change occurs. Conversely, for a low initial degree of saturation, the opposite trend is observed. To achieve low water retention capacity of expansive soils, it is recommended that the percentage of sand added to the expansive clay should not be less than 30%.



Comprehending the Soil-Water Characteristic Curve (SWCC) in expansive soils, specifically in terms of sand content, initial degree of saturation, and initial dry unit weight, is important for geotechnical engineering and foundation design. In expansive soils, where volumetric changes caused by moisture variations can present significant challenges, a detailed SWCC analysis provides specific practical outcomes. Engineers can use this knowledge to create foundations that account for expansive soil behaviour, adjusting parameters such as sand content to reduce volume changes and the risk of foundation distress. The SWCC data guide construction practices in areas with expansive soils, directing the implementation of preventive measures to address swelling and shrinkage, ultimately improving the long-term stability and performance of structures in expansive soil regions.







Author Contributions


Conceptualization, A.A. and M.O.A.; methodology, A.A., M.O.A., R.R. and S.A.; software, A.A.; validation, A.A. and J.I.; formal analysis, A.A., M.O.A., R.R., S.A. and J.I.; investigation, A.A.; writing—original draft preparation, A.A.; writing—review and editing, A.A., M.O.A., R.R., S.A. and J.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


All data are available within the text of this manuscript.




Conflicts of Interest


The authors declare no conflicts of interest.




Nomenclature




	FS
	Percentage of added sand; (%)



	SR
	Degree of saturation; (%)



	LL
	Liquid limit; (%)



	PL
	Plastic limit; (%)



	PI
	Plastic index; (%)



	SL
	Shrinkage limit; (%)



	w
	Moisture content; (%)



	wopt
	Optimal moisture content; (%)



	    γ d    
	Dry Unit weight; (kN/m3)



	    γ  d m a x     
	Maximum dry unit weight; (kN/m3)



	    γ w    
	Unit weight of the water; (kN/m3)



	pF
	Decimal logarithm of the soil water stress conveyed by the height of a water column in centimeters; (-)



	h
	Height of a water column; (cm)



	  φ  
	Suction; (kPa)



	θ
	Water content; (-)



	    φ a    
	Air-entry value; (kPa)



	θr
	Residual volumetric water content; (-)



	    φ r    
	Residual suction; (kPa)



	θs
	Saturated volumetric water content; (-)



	   a ,   n ,   m   
	Fitting parameters; (-)



	Hy
	Hygroscopicity; (-)



	    θ  φ i     
	Volumetric water content of soil sample when the suction value is    φ i   ; (-)



	    M w    
	Wet soil mass; (g)



	    M s    
	Dry soil mass; (g)



	    ρ w    
	Density of water; (g/cm3)



	    ρ s    
	Dry density of soil; (g/cm3)



	   C  φ    
	Correction function; (-)



	SWCC
	Soil-water characteristic curve



	FX
	Fredlund Xing model
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Table A1. The fitting parameters and the squared error of Fredlund Xing model for various percentages of added sand at various initial dry densities.






Table A1. The fitting parameters and the squared error of Fredlund Xing model for various percentages of added sand at various initial dry densities.





	
Initial State Parameters

	
m

	
n

	
α (kPa)

	
ϴs

	
Squared Error




	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
0

	
13.28

	
75

	
1.15

	
0.49

	
3034.3

	
0.611

	
0.000981




	
0

	
13.95

	
75

	
1.12

	
0.47

	
2308.4

	
0.655

	
0.001083




	
0

	
14.63

	
75

	
1.11

	
0.45

	
1674.0

	
0.707

	
0.001105




	
0

	
15.3

	
75

	
1.10

	
0.45

	
1260.0

	
0.765

	
0.001075




	
10

	
14

	
75

	
1.10

	
0.48

	
1916.9

	
0.608

	
0.001131




	
10

	
14.66

	
75

	
1.09

	
0.46

	
1592.1

	
0.646

	
0.001136




	
10

	
15.3

	
75

	
1.07

	
0.42

	
1242.6

	
0.711

	
0.000758




	
10

	
16

	
75

	
1.06

	
0.40

	
975.9

	
0.753

	
0.001587




	
20

	
14.3

	
75

	
1.00

	
0.48

	
1600.0

	
0.546

	
0.000866




	
20

	
14.8

	
75

	
0.99

	
0.43

	
1490.0

	
0.585

	
0.001093




	
20

	
15.3

	
75

	
0.98

	
0.43

	
1150.0

	
0.623

	
0.000707




	
20

	
16

	
75

	
0.97

	
0.39

	
700.0

	
0.679

	
0.000869




	
30

	
15.3

	
75

	
0.9

	
0.46

	
484.9

	
0.59

	
0.000467




	
30

	
15.95

	
75

	
0.88

	
0.47

	
445.4

	
0.617

	
0.000276




	
30

	
16.6

	
75

	
0.85

	
0.47

	
348.7

	
0.649

	
0.000303




	
30

	
17.25

	
75

	
0.82

	
0.47

	
334

	
0.669

	
0.00038




	
40

	
15.3

	
75

	
0.77

	
0.51

	
470.7

	
0.467

	
0.00033




	
40

	
16.015

	
75

	
0.75

	
0.53

	
450

	
0.491

	
0.000347




	
40

	
16.73

	
75

	
0.73

	
0.54

	
373

	
0.523

	
0.000505




	
40

	
17.44

	
75

	
0.7

	
0.55

	
299

	
0.554

	
0.000352




	
50

	
15.3

	
75

	
0.63

	
0.7

	
232.7

	
0.411

	
0.0000748




	
50

	
16.35

	
75

	
0.6

	
0.71

	
300

	
0.43

	
0.000263




	
50

	
17.4

	
75

	
0.59

	
0.79

	
288.4

	
0.457

	
0.0000857




	
50

	
18.45

	
75

	
0.53

	
0.94

	
216.2

	
0.509

	
0.0000859








Notes: Where    γ d    is initial dry unit weight, FS is percentage of added sand and SR is initial degree of saturation.













 





Table A2. The fitting parameters and the squared error of Van Genuchten model for various percentages of added sand at various initial dry densities.






Table A2. The fitting parameters and the squared error of Van Genuchten model for various percentages of added sand at various initial dry densities.





	
Initial State Parameters

	
m

	
n

	
α (1/kPa)

	
ϴs

	
Squared Error




	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
0

	
13.28

	
75

	
0.26

	
1.35

	
0.00097

	
0.578

	
0.001234




	
0

	
13.95

	
75

	
0.26

	
1.34

	
0.00101

	
0.612

	
0.001141




	
0

	
14.63

	
75

	
0.25

	
1.34

	
0.00117

	
0.654

	
0.001857




	
0

	
15.3

	
75

	
0.24

	
1.32

	
0.00142

	
0.706

	
0.002261




	
10

	
14

	
75

	
0.26

	
1.34

	
0.001

	
0.562

	
0.001609




	
10

	
14.66

	
75

	
0.25

	
1.34

	
0.00108

	
0.594

	
0.001822




	
10

	
15.3

	
75

	
0.24

	
1.32

	
0.00148

	
0.653

	
0.001914




	
10

	
16

	
75

	
0.24

	
1.31

	
0.00166

	
0.686

	
0.004733




	
20

	
14.3

	
75

	
0.26

	
1.35

	
0.00097

	
0.51

	
0.001068




	
20

	
14.8

	
75

	
0.25

	
1.33

	
0.0012

	
0.542

	
0.002327




	
20

	
15.3

	
75

	
0.24

	
1.32

	
0.00151

	
0.581

	
0.002344




	
20

	
16

	
75

	
0.23

	
1.3

	
0.00196

	
0.624

	
0.003373




	
30

	
15.3

	
75

	
0.24

	
1.32

	
0.00189

	
0.532

	
0.002677




	
30

	
15.95

	
75

	
0.24

	
1.31

	
0.00208

	
0.56

	
0.001834




	
30

	
16.6

	
75

	
0.23

	
1.3

	
0.00244

	
0.593

	
0.002118




	
30

	
17.25

	
75

	
0.23

	
1.3

	
0.00253

	
0.617

	
0.002275




	
40

	
15.3

	
75

	
0.24

	
1.31

	
0.00194

	
0.442

	
0.000818




	
40

	
16.015

	
75

	
0.24

	
1.31

	
0.00201

	
0.463

	
0.000672




	
40

	
16.73

	
75

	
0.23

	
1.31

	
0.00222

	
0.492

	
0.001767




	
40

	
17.44

	
75

	
0.23

	
1.3

	
0.00252

	
0.521

	
0.001603




	
50

	
15.3

	
75

	
0.24

	
1.31

	
0.00269

	
0.386

	
0.000539




	
50

	
16.35

	
75

	
0.23

	
1.31

	
0.00281

	
0.411

	
0.000558




	
50

	
17.4

	
75

	
0.23

	
1.3

	
0.00307

	
0.447

	
0.000347




	
50

	
18.45

	
75

	
0.23

	
1.29

	
0.00407

	
0.503

	
0.00035











 





Table A3. The fitting parameters and the squared error of Fredlund Xing model for various percentages of added sand at various initial degrees of saturation.






Table A3. The fitting parameters and the squared error of Fredlund Xing model for various percentages of added sand at various initial degrees of saturation.





	
Initial State Parameters

	
m

	
n

	
α (1/kPa)

	
ϴs

	
Squared Error




	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
0

	
13.95

	
72

	
1.1

	
0.47

	
2200

	
0.683

	
0.001513




	
0

	
13.95

	
81

	
1.125

	
0.52

	
2727.9

	
0.644

	
0.001336




	
0

	
13.95

	
91

	
1.15

	
0.55

	
4482.2

	
0.619

	
0.000976




	
0

	
13.95

	
100

	
1.17

	
0.56

	
5119.7

	
0.613

	
0.001038




	
10

	
14.66

	
64

	
1.05

	
0.45

	
1087.7

	
0.675

	
0.000862




	
10

	
14.66

	
80

	
1.1

	
0.49

	
2200

	
0.629

	
0.001016




	
10

	
14.66

	
91

	
1.12

	
0.54

	
4237.9

	
0.595

	
0.001135




	
10

	
14.66

	
100

	
1.13

	
0.56

	
4744.2

	
0.59

	
0.001121




	
20

	
15.3

	
53

	
0.97

	
0.42

	
819.5

	
0.705

	
0.005904




	
20

	
15.3

	
71

	
0.98

	
0.43

	
1135.5

	
0.631

	
0.003849




	
20

	
15.3

	
88

	
1.11

	
0.54

	
3799

	
0.558

	
0.000985




	
20

	
15.3

	
100

	
1.13

	
0.56

	
4202.8

	
0.561

	
0.000846




	
30

	
15.95

	
59

	
0.85

	
0.46

	
183.6

	
0.668

	
0.000253




	
30

	
15.95

	
74.6

	
0.88

	
0.46

	
437.2

	
0.62

	
0.001113




	
30

	
15.95

	
88

	
1.09

	
0.53

	
3500

	
0.501

	
0.000837




	
30

	
15.95

	
100

	
1.1

	
0.54

	
4000

	
0.499

	
0.00081




	
40

	
16.73

	
44.5

	
0.59

	
0.85

	
150.7

	
0.628

	
0.000416




	
40

	
16.73

	
74.8

	
0.72

	
0.54

	
372.4

	
0.525

	
0.000629




	
40

	
16.73

	
87.7

	
0.98

	
0.52

	
1150.7

	
0.493

	
0.00043




	
40

	
16.73

	
100

	
1

	
0.52

	
1877.2

	
0.47

	
0.000753




	
50

	
17.4

	
49.8

	
0.49

	
1.07

	
130

	
0.532

	
0.000569




	
50

	
17.4

	
74.7

	
0.59

	
0.79

	
288.4

	
0.457

	
0.000449




	
50

	
17.4

	
85

	
0.95

	
0.5

	
753.6

	
0.444

	
0.000534




	
50

	
17.4

	
100

	
0.97

	
0.5

	
992.1

	
0.438

	
0.000412











 





Table A4. The fitting parameters and the squared error of Van Genuchten model for various percentages of added sand at various initial degrees of saturation.






Table A4. The fitting parameters and the squared error of Van Genuchten model for various percentages of added sand at various initial degrees of saturation.





	
Initial State Parameters

	
m

	
n

	
α (1/kPa)

	
ϴs

	
Squared Error




	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
0

	
13.95

	
72

	
0.25

	
1.33

	
0.00115

	
0.618

	
0.002417




	
0

	
13.95

	
81

	
0.25

	
1.33

	
0.0014

	
0.646

	
0.002101




	
0

	
13.95

	
91

	
0.26

	
1.36

	
0.00085

	
0.598

	
0.000476




	
0

	
13.95

	
100

	
0.27

	
1.36

	
0.00079

	
0.592

	
0.00025




	
10

	
14.66

	
64

	
0.25

	
1.33

	
0.0014

	
0.62

	
0.002865




	
10

	
14.66

	
80

	
0.26

	
1.35

	
0.00099

	
0.591

	
0.000787




	
10

	
14.66

	
91

	
0.26

	
1.36

	
0.00082

	
0.573

	
0.000882




	
10

	
14.66

	
100

	
0.27

	
1.36

	
0.00079

	
0.571

	
0.000632




	
20

	
15.3

	
53

	
0.23

	
1.3

	
0.00282

	
0.657

	
0.009762




	
20

	
15.3

	
71

	
0.24

	
1.32

	
0.0016

	
0.585

	
0.006401




	
20

	
15.3

	
88

	
0.26

	
1.35

	
0.00086

	
0.536

	
0.000995




	
20

	
15.3

	
100

	
0.26

	
1.36

	
0.00088

	
0.542

	
0.000408




	
30

	
15.95

	
59

	
0.22

	
1.28

	
0.00357

	
0.602

	
0.002456




	
30

	
15.95

	
74.6

	
0.24

	
1.32

	
0.00192

	
0.561

	
0.003107




	
30

	
15.95

	
88

	
0.26

	
1.35

	
0.00082

	
0.479

	
0.000109




	
30

	
15.95

	
100

	
0.27

	
1.36

	
0.00077

	
0.479

	
6.37 × 105




	
40

	
16.73

	
44.5

	
0.23

	
1.31

	
0.00404

	
0.603

	
0.000295




	
40

	
16.73

	
74.8

	
0.23

	
1.31

	
0.00219

	
0.492

	
0.001597




	
40

	
16.73

	
87.7

	
0.25

	
1.33

	
0.00145

	
0.466

	
0.000292




	
40

	
16.73

	
100

	
0.26

	
1.35

	
0.0011

	
0.448

	
0.000059




	
50

	
17.4

	
49.8

	
0.23

	
1.31

	
0.0044

	
0.516

	
9.18 × 105




	
50

	
17.4

	
74.7

	
0.23

	
1.32

	
0.00318

	
0.45

	
0.00015




	
50

	
17.4

	
85

	
0.24

	
1.32

	
0.00238

	
0.434

	
0.000186




	
50

	
17.4

	
100

	
0.24

	
1.32

	
0.00197

	
0.414

	
0.000138











 





Table A5. The fitting parameters and the squared error of Fredlund Xing model at the same initial dry unit weight of 15.3 kN/m3 and same initial degree of saturation of 75% for the samples of different percentages of added sand.






Table A5. The fitting parameters and the squared error of Fredlund Xing model at the same initial dry unit weight of 15.3 kN/m3 and same initial degree of saturation of 75% for the samples of different percentages of added sand.





	
Initial State Parameters

	
m

	
n

	
α (kPa)

	
ϴs

	
Squared Error




	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
0

	
15.3

	
75

	
1.1

	
0.45

	
1260

	
0.765

	
0.001075




	
10

	
15.3

	
75

	
1.07

	
0.42

	
1242.6

	
0.711

	
0.000758




	
20

	
15.3

	
75

	
0.98

	
0.43

	
1150

	
0.623

	
0.000707




	
30

	
15.3

	
75

	
0.9

	
0.46

	
484.9

	
0.59

	
0.000467




	
40

	
15.3

	
75

	
0.77

	
0.51

	
470.7

	
0.467

	
0.00033




	
50

	
15.3

	
75

	
0.63

	
0.7

	
232.7

	
0.411

	
0.0000748











 





Table A6. The fitting parameters and the squared error of Van Genuchten model at the same initial dry unit weight of 15.3 kN/m3 and same initial degree of saturation of 75% for the samples of different percentages of added sand.






Table A6. The fitting parameters and the squared error of Van Genuchten model at the same initial dry unit weight of 15.3 kN/m3 and same initial degree of saturation of 75% for the samples of different percentages of added sand.





	
Initial State Parameters

	
m

	
n

	
α (1/kPa)

	
ϴs

	
Squared Error




	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
0

	
15.3

	
75

	
0.24

	
1.32

	
0.00142

	
0.706

	
0.002261




	
10

	
15.3

	
75

	
0.24

	
1.32

	
0.00148

	
0.653

	
0.001914




	
20

	
15.3

	
75

	
0.24

	
1.32

	
0.00151

	
0.581

	
0.002344




	
30

	
15.3

	
75

	
0.24

	
1.32

	
0.00189

	
0.532

	
0.002677




	
40

	
15.3

	
75

	
0.24

	
1.31

	
0.00194

	
0.442

	
0.000818




	
50

	
15.3

	
75

	
0.24

	
1.31

	
0.00269

	
0.386

	
0.000539











 





Table A7. The fitting parameters and the squared error of Fredlund Xing model for various percentages of added sand at maximum dry unit weight of Proctor experiment.






Table A7. The fitting parameters and the squared error of Fredlund Xing model for various percentages of added sand at maximum dry unit weight of Proctor experiment.





	

	
Initial State Parameters

	
m

	
n

	
α (kPa)

	
ϴs

	
Squared Error




	

	
FS (%)

	
    γ d     (kN/m3)

	
SR (%)






	
SR = 75%

	
0

	
13.95

	
75

	
1.12

	
0.47

	
2308.4

	
0.655

	
0.001083




	
10

	
14.66

	
75

	
1.09

	
0.43

	
1592.1

	
0.646

	
0.001136




	
20

	
15.3

	
75

	
0.98

	
0.43

	
1150

	
0.623

	
0.000707




	
30

	
15.95

	
75

	
0.88

	
0.47

	
445.4

	
0.617

	
0.000276




	
40

	
16.73

	
75

	
0.73

	
0.54

	
373

	
0.523

	
0.000505




	
50

	
17.4

	
75

	
0.59

	
0.79

	
288.4

	
0.457

	
0.0000857




	
Optimum SR

	
0

	
13.95

	
91

	
1.15

	
0.55

	
4482.2

	
0.619

	
0.000976




	
10

	
14.66

	
91

	
1.12

	
0.54

	
4237.9

	
0.595

	
0.001135




	
20

	
15.3

	
88

	
1.11

	
0.54

	
3799

	
0.558

	
0.000985




	
30

	
15.95

	
88

	
1.09

	
0.53

	
3500

	
0.501

	
0.000837




	
40

	
16.73

	
87.7

	
0.98

	
0.52

	
1150.7

	
0.493

	
0.00043




	
50

	
17.4

	
85

	
0.95

	
0.5

	
753.6

	
0.454

	
0.000534




	
SR = 100%

	
0

	
13.95

	
100

	
1.17

	
0.56

	
5119.7

	
0.613

	
0.001038




	
10

	
14.66

	
100

	
1.13

	
0.56

	
4744.2

	
0.59

	
0.001121




	
20

	
15.3

	
100

	
1.13

	
0.56

	
4202.8

	
0.561

	
0.000846




	
30

	
15.95

	
100

	
1.1

	
0.54

	
4000

	
0.499

	
0.00081




	
40

	
16.73

	
100

	
1

	
0.52

	
1877.2

	
0.47

	
0.000753




	
50

	
17.4

	
100

	
0.97

	
0.5

	
992.1

	
0.438

	
0.000412











 





Table A8. The fitting parameters and the squared error of Van Genuchten model for various percentages of added sand at maximum dry unit weight of Proctor experiment.






Table A8. The fitting parameters and the squared error of Van Genuchten model for various percentages of added sand at maximum dry unit weight of Proctor experiment.





	

	
Initial State Parameters

	
m

	
n

	
α (1/kPa)

	
ϴs

	
Squered Error




	

	
FS (%)

	
     γ d    ( kN /  m 3  )    

	
SR (%)






	
SR = 75%

	
0

	
13.95

	
75

	
0.26

	
1.34

	
0.00101

	
0.612

	
0.001141




	
10

	
14.66

	
75

	
0.25

	
1.34

	
0.00108

	
0.594

	
0.001822




	
20

	
15.3

	
75

	
0.24

	
1.32

	
0.00151

	
0.581

	
0.002344




	
30

	
15.95

	
75

	
0.24

	
1.31

	
0.00208

	
0.56

	
0.001834




	
40

	
16.73

	
75

	
0.23

	
1.31

	
0.00222

	
0.492

	
0.001767




	
50

	
17.4

	
75

	
0.23

	
1.3

	
0.00307

	
0.447

	
0.000347




	
Optimum SR

	
0

	
13.95

	
91

	
0.26

	
1.36

	
0.00085

	
0.598

	
0.000476




	
10

	
14.66

	
91

	
0.26

	
1.36

	
0.00082

	
0.573

	
0.000882




	
20

	
15.3

	
88

	
0.26

	
1.35

	
0.00086

	
0.536

	
0.000995




	
30

	
15.95

	
88

	
0.26

	
1.35

	
0.00082

	
0.479

	
0.000109




	
40

	
16.73

	
87.7

	
0.25

	
1.33

	
0.00145

	
0.466

	
0.000292




	
50

	
17.4

	
85

	
0.24

	
1.32

	
0.00238

	
0.434

	
0.000186




	
SR = 100%

	
0

	
13.95

	
100

	
0.27

	
1.36

	
0.00079

	
0.592

	
0.00025




	
10

	
14.66

	
100

	
0.27

	
1.36

	
0.00079

	
0.571

	
0.000632




	
20

	
15.3

	
100

	
0.26

	
1.36

	
0.00088

	
0.542

	
0.000408




	
30

	
15.95

	
100

	
0.27

	
1.36

	
0.00077

	
0.479

	
0.0000637




	
40

	
16.73

	
100

	
0.26

	
1.35

	
0.0011

	
0.448

	
0.000059




	
50

	
17.4

	
100

	
0.24

	
1.32

	
0.00197

	
0.414

	
0.000138
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Figure 1. The granular gradient curves of the tested mixtures. 
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Figure 2. Soil-water characteristic curve. 
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Figure 3. Images of the sample formation method: (a) mixing sand with expansive soil; (b) enclosing the sample in plastic bags to retain moisture; (c) setting it inside the ring; (d) applying static pressure using a hydraulic piston; (e) displaying the resultant specimen; and (f) the pressure apparatus device utilized in the current study. 
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Figure 4. The squared error of models for different percentages of added sand at different initial degree of saturation, where FS refers to the percentage of added sand (%), D refers to the initial dry unit weight (kN/m3), and SR refers to the initial degree of saturation (%). 
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Figure 5. The squared error of models for different percentages of added sand at different initial dry unit weights. 
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Figure 6. SWCCs at the same initial degree of saturation but for different initial densities of the sand-clay mixtures. 
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Figure 7. SWCCs at the same initial dry unit weight and variable initial degree of saturation for samples with different percentages of added sand. 
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Figure 8. Relationship between initial degree of saturation and saturated volumetric water content. 
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Figure 9. SWCC at the same initial dry unit weight of 15.3 kN/m3 and same initial degree of saturation of 75% for the samples of deferent percentages of added sand. 
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Figure 10. Relationship between the fitting parameter α and percentage of added sand at the same initial dry unit weight of 15.3 kN/m3 and same initial degree of saturation of 75%. 
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Figure 11. SWCCs for sample mixtures of various percentages of added sand formed with the optimum degree of saturation and maximum dry unit weight of Proctor experiment. 






Figure 11. SWCCs for sample mixtures of various percentages of added sand formed with the optimum degree of saturation and maximum dry unit weight of Proctor experiment.



[image: Water 16 00627 g011]







[image: Water 16 00627 g012] 





Figure 12. SWCCs for sample mixtures of various percentages of added sand formed with 75% of the initial degree of saturation and maximum dry unit weight of Proctor experiment. 
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Figure 13. Relationship between the fitting parameter α and percentage of added sand at the initial maximum dry unit weight of standard Proctor test and for three initial degrees of saturation. 
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Table 1. Physical Characteristics of the Sand and Clay.
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Clay

	
Sand




	
Parameter

	
Value

	
Parameter

	
Value






	
Liquid limit; LL (%)

	
79

	
Uniformity coefficient; Cu (-)

	
2.31




	
Plastic limit; PL (%)

	
35

	
Curvature coefficient; Cc (-)

	
1.03




	
Plastic index; PI (%)

	
44

	
Maximum void ratio; emax (-)

	
0.844




	
Shrinkage limit; SL (%)

	
12

	
Minimum void ratio; emin (-)

	
0.585




	
Hydraulic Conductivity; k (m/day)

	
9.4 × 107

	

	
1.24




	
Specific gravity; G (-)

	
2.70

	

	
2.65




	
Percent Passing No. 200 sieve; (%)

	
100

	

	
0




	
Classification according to USCS (ASTM D2487-17e1)

	
High Plasticity Clay

(CH)

	

	
Poorly graded sand (SP)











 





Table 2. Chemical Properties of Clay.
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	Chemical Composition
	%





	Alumina (Al2O3)
	11.51



	Ferric oxide (Fe2O3)
	5.49



	Calcium oxide (CaO)
	12



	Magnesium oxide (MgO)
	2.41



	Silica (SiO2)
	49.79



	Sodium oxide (Na2O)
	1.2



	Potassium oxide (K2O)
	0.37



	Loss of ignition (LoI)
	17.23










 





Table 3. The initial conditions for the prepared samples.
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	Sample Number
	Sand Content [FS] (%)
	   Dry   Unit   Weight   [  γ d  ]    (kN/m3)
	Degree of Saturation [SR] (%)
	Sample Number
	Sand Content [FS] (%)
	   Dry   Unit   Weight   [  γ d  ]    (kN/m3)
	Degree of Saturation [SR] (%)





	S1
	0
	13.28
	75
	S25
	0
	13.95
	72



	S2
	0
	13.95
	75
	S26
	0
	13.95
	81



	S3
	0
	14.63
	75
	S27
	0
	13.95
	91



	S4
	0
	15.3
	75
	S28
	0
	13.95
	100



	S5
	10
	14
	75
	S29
	10
	14.66
	64



	S6
	10
	14.66
	75
	S30
	10
	14.66
	80



	S7
	10
	15.3
	75
	S31
	10
	14.66
	91



	S8
	10
	16
	75
	S32
	10
	14.66
	100



	S9
	20
	14.3
	75
	S33
	20
	15.3
	53



	S10
	20
	14.8
	75
	S34
	20
	15.3
	71



	S11
	20
	15.3
	75
	S35
	20
	15.3
	88



	S12
	20
	16
	75
	S36
	20
	15.3
	100



	S13
	30
	15.3
	75
	S37
	30
	15.95
	59



	S14
	30
	15.95
	75
	S38
	30
	15.95
	74.6



	S15
	30
	16.6
	75
	S39
	30
	15.95
	88



	S16
	30
	17.25
	75
	S40
	30
	15.95
	100



	S17
	40
	15.3
	75
	S41
	40
	16.73
	44.5



	S18
	40
	16.015
	75
	S42
	40
	16.73
	74.8



	S19
	40
	16.73
	75
	S43
	40
	16.73
	87.7



	S20
	40
	17.44
	75
	S44
	40
	16.73
	100



	S21
	50
	15.3
	75
	S45
	50
	17.4
	49.8



	S22
	50
	16.35
	75
	S46
	50
	17.4
	74.7



	S23
	50
	17.4
	75
	S47
	50
	17.4
	85



	S24
	50
	18.45
	75
	S48
	50
	17.4
	100










 





Table 4. Results of Atterberg limits and proctor test for various percentages of added sand.
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	FS (%)
	LL (%)
	PL (%)
	PI (%)
	SL (%)
	wopt (%)
	    γ  d m a x        (kN/m3)





	0
	78.8
	34.6
	44.2
	12
	31.6
	13.95



	10
	72.1
	32.2
	39.9
	13.8
	28.4
	14.66



	20
	63.3
	27.7
	35.6
	14.9
	25.4
	15.3



	30
	55.8
	24.5
	31.3
	15.7
	22.4
	15.95



	40
	48.6
	21.4
	27.2
	16.4
	19.7
	16.73



	50
	41.1
	17.9
	23.2
	17.1
	17.5
	17.4
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