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Abstract

:

The soil–water characteristic curve (SWCC) is a key constitutive relationship for unsaturated soil which can be unimodal or bimodal. For the fine-grained compacted subgrade soil with a bimodal pattern, the determination of SWCC is complicated and needs a wide-range suction measurement. In this paper, the bimodal SWCC of a subgrade soil derived from the compaction condition was measured and determined by incorporating pore size distribution. For this purpose, a series of laboratory tests were conducted, including the pressure plate method, filter paper method, and vapor equilibrium method, which were used to measure SWCC at the low, medium, and high suction range, respectively. The pore size distribution (PSD) data were obtained by mercury intrusion porosimetry (MIP) tests and used to predict SWCC. Based on the analysis of hydraulic paths and SWCC-PSD correlations, the SWCC of the subgrade soil should be determined to follow the actual hydraulic path. SWCC within a low suction range can be filled by PSD-based data to improve the fitting accuracy. Then, a graphical method is applied to predict the bimodal SWCC by combining the filter paper method, vapor equilibrium method, and PSD-based data. The prediction curves fit well with the test data for all selected compaction conditions. Furthermore, the prediction method can still provide good prediction performance in the absence of high suction section data, which is beneficial for the application of bimodal SWCC.
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1. Introduction


The soil–water characteristic curve (SWCC) is an essential relationship between soil suction and water content in unsaturated soils [1,2]. Besides the water retention capacity, SWCC could be used to investigate and predict several geotechnical properties of unsaturated soils, including the unsaturated shear strength [3,4,5,6,7], stress–strain relationship [8,9] and unsaturated permeability [10,11,12]. The SWCC of soils with different soil types and particle characteristics differs significantly. With the continuous investigation of SWCC, many studies have found that the SWCC of a particular soil is not a unique curve, but is generally affected by many factors, such as the compaction conditions, void ratios, hydraulic paths and temperature of soils.



Due to the importance of SWCC, several measurement methods were developed, and the test data was used to determine mathematical SWCC models. Early researchers believed that the SWCC was a unimodal “s” shaped curve, and several SWCC prediction models were proposed following this shape, such as the widely used Brooks and Corey model [13], Van Genuchten model [14] and Fredlund and Xing model [15]. The parameters of these models were commonly obtained by the optimization method, with the error minimized by iterating the parameters [2,16,17]. To quantitively reflect the influence factors of SWCC, the latest studies tend to estimate the unimodal SWCC for the soil with different initial void ratios using a single fitting function [18].



With the development of microstructure detection methods, the mercury intrusion porosimetry (MIP), scanning electronic microscope (SEM) and X-ray diffraction methods provide a direct way to investigate the pore structure of unsaturated soils. It was found that some soil types have bimodal pore structures, which can be divided into inter-aggregate pores and intra-aggregate pores. The pore water in the soil with bimodal pore structures can also be divided into capillary water and adsorbed water. The capillary water in the inter-aggregate pores is easy to exclude, and the adsorbed water in the intra-aggregate pores tends to be trapped in the pores. Thus, the soil with bimodal pore structures suggests a double “s” shape bimodal SWCC [19]. Compared with unimodal SWCC, the determination of bimodal SWCC generally needs a set of test data over a wider suction range, which is time-consuming and expensive. In addition, new mathematical models are required to determine bimodal SWCC. The generally adopted approach to build a bimodal SWCC prediction model was separating the bimodal SWCC into two unimodal SWCC corresponding to the inter-aggregate pores and intra-aggregate pores in the soil, and then the two unimodal SWCC were fitted, respectively [20,21,22]. The selection of the intersection point and the number of fitting parameters would significantly affect the fitting difficulty [23]. In addition, the accuracy of the test data at the intersection point significantly affects the accuracy of the entire bimodal SWCC.



To reduce the fitting uncertainty of the bimodal SWCC, several researchers intended to reduce the number of fitting parameters in the prediction model [19,24,25]. Gitirana and Fredlund [26] and Satyanaga et al. [19] used the measured water content and matric suction at the intersection point of the two curves as the fixed point of SWCC and required only one or two additional fitting parameters. Othmer et al. [27], Mallants et al. [28] and Zhang and Chen [29] built continuous bimodal SWCC models using the superposition of two fitting functions, but all parameters need to be fitted at the same time, which may cause fitting failure.



Due to the difficulty and uncertainty in bimodal SWCC fitting, several researchers tried to find indirect ways to determine SWCC. For example, Ren et al. [30] and Atma et al. [31] built SWCC models using experimental data over a limited suction range, and the model performed well in predicting the unimodal SWCC. Zhai et al. [32] and Chai and Khaimook [33] used grain-size distribution (GSD) of soils to predict SWCC, and it was found that the SWCC-GSD relationship is affected by the pore structures [19,34]. The mercury intrusion porosimeter (MIP) test has been widely employed to obtain quantitative information on the pore structure, and the pore size distribution (PSD) data could also be used for predicting SWCC [35,36,37,38]. However, the accuracy of PSD is not sufficient for determining the entire SWCC due to the test error and size effect [39].



In this paper, the bimodal SWCC was determined by a continuous model incorporating PSD data. A fine-grained subgrade soil was used as the test material. Three different laboratory test methods were adopted to measure SWCC, and the PSD curves obtained by MIP tests were also used to calculate SWCC. Considering the hydraulic path of subgrade soil after compaction, the bimodal SWCC derived from the compaction condition was determined by incorporating PSD data, and its efficiency was verified under nine different compaction conditions.




2. Materials and Experimental Methods


2.1. Material


The tested subgrade soil was a granite-residual soil from Jiangxi, China, and its grain-size distribution is presented in Figure 1a. The soil had a plastic limit of 22% and a liquid limit of 62% and was classified as high-liquid limit clay based on the Unified Soil Classification System. The specific gravity of the soil was 2.74. The chemical analysis showed that the soil was composed of quartz, kaolinite, gibbsite, chlorite and iron-rich minerals. Therefore, the mechanical properties of the soil would be sensitive to moisture change.




2.2. Sample Preparation


The soil samples were prepared using different compaction water contents and compaction efforts based on the proctor curves to simulate the variation in compaction conditions of the subgrade soil, as presented in Figure 1b. Three compaction water contents were selected around the optimum moisture content (OMC), which were OMC −5%, OMC and OMC +5%. Then, the soil samples were compacted according to the JTG 3430-2020 [40] standard. A compaction effort of 2677.2 kJ/m3 was applied 98, 50 and 30 blows per layer, named modified proctor (MP), standard proctor (SP), and reduced proctor (RP). Then, the tested soil was air-dried naturally, passed through 2 mm sieves, and statically compacted to the target compaction conditions. The compaction water content and dry density of all samples are summarized in Table 1.




2.3. Laboratory Test Methods


To obtain SWCC over a wide suction range, the pressure plate method, filter paper method and vapor equilibrium method were used for different suction ranges. Also, MIP tests were conducted to obtain the pore size distribution of soil samples and to predict SWCC. All tests were conducted in a temperature-controlled room at 20 °C.



2.3.1. Pressure Plate Method


The axis-translation technique was suitable for measuring the SWCC of soils at a suction under 1500 kPa [41,42]. In this paper, the Geo-experts stress-related pressure plate device was adopted via this technique with 15-bar high air entry ceramic discs, as shown in Figure 2a. Following ASTM-D6836-16 [43] standard procedure method B, the tested soil was compacted in a cutting ring with a diameter of 6.18 cm and a height of 2 cm, vacuum saturated (Figure 2b), and put into a closed pressure chamber. Then, a suction sequence of 10, 20, 40, 70, 100, 200, 400 and 600 (kPa) was applied for desaturation under zero vertical stress. For each suction level, the suction was held constant until the moisture equilibrium was reached. After that, the sample was taken out to measure its residual water content. By recording the amount of water out of the soil sample corresponding to each suction level, the relationship between suction and water content could be calculated, and the SWCC was obtained. The saturated water content was tested separately by the oven-drying method.




2.3.2. Filter Paper Method


The filter paper method was used for measuring the SWCC of the tested soil samples for the matric suction ranging from 1000 to 10,000 kPa following ASTM D5298-16 testing protocols [44]. Whatman No. 42 filter papers with a diameter of 4.5 cm were used in this paper. To obtain the SWCC derived from the compaction condition, the samples were compacted in a cutting ring at the selected condition and then wetted or air-dried to 8 different water contents around the optimum moisture content, which were OMC −11.5%, −9.5%, −7.5%, −5%, −2.5%, −0%, +2.5% and +5%. The filter paper used for suction measurement was sandwiched between two protective filter papers and put under the compacted soil sample, as depicted in Figure 3a. Then, the sample and filter paper were placed in a sealed box for two weeks for moisture equilibrium, as shown in Figure 3b. At the end of two weeks, the filter paper was retrieved, and its water content (wfp) was measured with an electronic scale with an accuracy of 0.0001 g. The calibration curve between wfp and matric suction s of soils is expressed in Equation (1), according to ASTM D5298-16 [44]:


  lg s =     − 0.0779  w  f p   + 5.327 ,  w  f p   < 45.264     − 0.0135  w  f p   + 2.412 ,  w  f p   ≥ 45.264      



(1)








2.3.3. Vapor Equilibrium Method


For the high suction range above 10,000 kPa, the vapor equilibrium method was commonly used [45,46,47]. This method is based on the unique relationship between the relative humidity (RH) and the spatial vapor pressure in a closed space. The total suction of the soil sample in the space is equal to the spatial vapor pressure and can be controlled by chemical solutions with different concentrations and relative humidity. The supersaturated salt solutions were used to provide constant relative humidity values in this paper [45,47]. The soil samples inside the closed space would be dried by moisture exchange between the vapor and liquid phases until the suction equilibrium was reached.



Considering the required suction range of SWCC tests, five commonly used salts were selected, which were ZnSO4, NaCl, NaBr, MgCl2 and LiCl. These saturated salt solutions provided suction ranging from 12.6 MPa to 286.7 MPa at 20 °C, as shown in Table 2.



A sealed desiccator with a porous disk was used to provide closed space with a supersaturated salt solution at the bottom, as shown in Figure 4a. The cylindrical soil samples with a diameter of 1 cm and a height of 1 cm were prepared and placed into a glass beaker and suspended above the porous disk, as shown in Figure 4b. According to related research, the samples were placed in the sealed desiccators for 30 days to reach the vapor equilibrium [46,47,48]. After that, the change in water content in the sample was measured and calculated to obtain the corresponding SWCC data.




2.3.4. Mercury Intrusion Porosimetry Test


To obtain the pore size distribution of tested soil samples, the commonly used mercury intrusion porosimetry (MIP) test was adopted [35,36,49]. Micromeritics AutoPore IV 9510 (Atlanta, GA, USA) with a maximum intrusion pressure of 60,000 psia (414 MPa) was used to conduct MIP tests in this paper. As shown in Figure 5, the soil sample was compacted in the cutting ring first and cut into 1 cm3 cube to fit the dilatometer size. The cubes were then freeze-dried at −50 °C for 24 h to remove the pore moisture with minimal disturbance on the pore structure [35,37].



To operate the test, the sealed dilatometer with dried cubes inside was placed in the low-pressure and high-pressure port successively. During this process, the air in the soil was replaced by mercury with increasing intrusion pressure, and the pore diameters (d) were continuously recorded during the test. Thus, the pore size distribution of soil samples could be obtained for analysis.






3. Results and Discussions


3.1. SWCC Results from Different Measurement Methods


The measured SWCC obtained by the pressure plate method, filter paper method and vapor equilibrium method are depicted in Figure 6. The typical “s” shape curve is shown for all the nine compaction conditions. The data from the filter paper method and vapor equilibrium method shows good consistency. On the contrary, discontinuity was observed between the pressure plate method and the filter paper method in most cases. Thus, SWCC will be significantly affected by the set of test data used for curve fitting, which also causes uncertainty in SWCC determination.




3.2. Analysis of the Hydraulic Path for the Subgrade Soil


The difference in test data obtained by different test methods can be analyzed based on the tested hydraulic path. It is well known that the SWCC of unsaturated soil is dependent on the hydraulic paths, as shown in Figure 7a. The SWCC of a certain soil sample is enveloped by the main wetting and drying curves, and a change in hydraulic path for a certain suction will change the subsequent SWCC to the scanning curves [50,51]. This phenomenon is due to the difference in contact angles between the wetting and drying path, the ink-bottle effect, and the air entrapment in the pores [52,53,54].



For the unsaturated subgrade soil, the compaction condition determines the initial matric suction and degree of saturation, and subsequent changes in matric suction due to environmental factors are derived from this condition. Therefore, the SWCC of unsaturated subgrade soil derived from the compaction condition is not an entire wetting or drying curve [55], as depicted in Figure 7b. For the suction higher than the initial value, the SWCC of the subgrade soil belongs to a drying path, while for a suction lower than the initial value, the SWCC belongs to a wetting path. Using the main drying or main wetting curve to predict the water retention capacity of the subgrade soil is inaccurate.



As shown in Figure 8, for the filter paper method and vapor equilibrium method, the tested hydraulic path is the same as the actual hydraulic path of the subgrade soil shown in Figure 7b. By contrast, for the pressure plate method, the pre-test saturation step belongs to the wetting path, and the dewatering step belongs to the drying path, which is different from Figure 7b. Therefore, the measured SWCC data from the pressure plate test was different from the SWCC of subgrade soil derived from the compaction condition.




3.3. Correlation between Measured SWCC and Pore Size Distribution Curve


Besides the hydraulic path, the well-accepted correlation between the SWCC and PSD curve was induced for analysis, as theoretically depicted in Figure 9a [56,57,58]. The matric suction corresponding to the peak value of the PSD curve is consistent with the maximum slope of SWCC, which means that the moisture content changes in the diameter range where pores are concentrated. In order to compare the PSD with measured SWCC in this paper, matric suction corresponding to PSD is calculated using the Young–Laplace equation, as shown by Equation (2).


   p  i n t   = −   4  T  H G   cos  θ  H G    d   



(2)




where pint is the intrusion pressure, d is the pore diameter, THG is the surface tension of mercury (i.e., 0.485 N/m at 20 °C); θHG is the contact angle between mercury and soil interface (i.e., 141.3°).



For water in the unsaturated soil, a similar relationship exists for matric suction s and pore diameter d, as shown by Equation (3).


  s =   4  T w  cos  θ w   d   



(3)




where Tw is the surface tension of water (i.e., 0.0728 N/m at 20 °C); θw is the contact angle between water and soil interface (i.e., assumed to be equal to 180°).



Therefore, the relationship between intrusion pressure and matric suction could be described by Equation (4).


  s = −    T w  cos  θ w     T  H G   cos  θ  H G      p  i n t    



(4)







The typical comparison of PSD and measured SWCC is depicted in Figure 9b, taking MP OMC −5% as an example. The first peak of PSD curves (i.e., the peak corresponding to inter-aggregate pores) is not continuous with the fast dewatering stage of the test data from the pressure plate method. By contrast, the fast dewatering stage of the test data obtained by the filter paper method and measured saturated water content is consistent with the first peak of PSD curves, which is more reasonable. Therefore, to obtain the SWCC of the subgrade soil following the actual hydraulic path, the measurement methods should follow the same hydraulic path.




3.4. Comparison of Measured and PSD-Based SWCC


Without the pressure plate method, the test data from the filter paper method and saturated water content test cannot precisely determine the shape of SWCC in the low suction range. Thus, the relationship between PSD and SWCC is further investigated. Previous studies indicated that the MIP test is believed to be accurate in the low and medium suction range (i.e., medium and large pores) and is used in related studies to determine the air-entry value of SWCC [39]. Therefore, the SWCC predicted by PSD is calculated and used to fill the measured SWCC data at a low suction range.



The process of mercury intrusion in the MIP test is similar to the process of air intrusion into an initially saturated soil specimen [57,58]. Due to the surface tension, the mercury is subjected to a certain external pressure when it enters a small pore. Thus, under a certain external pressure, the pores smaller than the diameter corresponding to this pressure are all assumed saturated by water. Based on this theory, the degree of saturation based on MIP tests (Sr,M) is calculated using Equation (5). Combining this with the correlation of matric suction and external pressure calculated by Equation (4), the PSD-based SWCC is obtained.


   S  r , M   ( d ) =    V t  −  V d     V t    × 100 %  



(5)




where Vd is the cumulative intruded volume corresponding to a pore diameter d, and Vt is the total intruded pore volume, which equals the maximum value of the cumulative intruded volume.



Figure 10 shows the comparison of the PSD-based SWCC with the laboratory SWCC data measured by the filter paper method and vapor equilibrium method. The measured SWCC was close to the PSD-based SWCC at the low suction range of 0–1000 kPa, which indicates that PSD-based SWCC within this range can be used to determine the bimodal SWCC. As the matric suction increases, the PSD-based SWCC is higher than the measured SWCC within a suction range of 1000–10,000 kPa and is lower than the measured SWCC for a suction range higher than 10,000 kPa. This is because the non-intruded pores, either too small or isolated, cannot be detected in MIP tests [35,36,59].




3.5. Determination of the Bimodal SWCC Incorporating PSD Data


Based on the observation in Figure 10, a new bimodal SWCC determination method of unsaturated subgrade soil derived from the compaction condition is proposed, which combines the PSD-based SWCC in a suction range corresponding to inter-aggregate pores and the measured SWCC for a medium and high suction range, as shown in Figure 11. To obtain a mathematical expression, the graphically fitting method proposed by Li et al. [25] is used in this paper, as shown in Equation (6). Compared with the segmented fitting method, the unified description of the bimodal SWCC can benefit from further applications, such as predicting the unsaturated shear strength or the hydraulic conductivity curve.


     S r  ( s ) =   ( 0.75  S  r , s a t   − 3  S  r , R   )      s  a 1    s  R 1       2 / log (  s  R 1   /  s  a 1   )      s  2 / log (  s  R 1   /  s  a 1   )   +      s  a 1    s  R 1       2 / log (  s  R 1   /  s  a 1   )     +   ( 0.25  S  r , s a t   −  S  r , R   )   ( 4  s  R 1   )   0.8      s  0.8   +   ( 4  s  R 1   )   0.8         +   3  S  r , R        s  a 2    s  R 2       2 / log (  s  R 2   /  s  a 2   )      s  2 / log (  s  R 2   /  s  a 2   )   +      s  a 2    s  R 2       2 / log (  s  R 2   /  s  a 2   )     +    S  r , R     ( 4  s  R 2   )   0.8      s  0.8   +   ( 4  s  R 2   )   0.8        



(6)




where Sr,sat is the degree of saturation for the saturated condition; Sr,R is the residual degree of saturation; sa1 and sa2 are the air entry value of inter-aggregate pores and intra-aggregate pores, respectively; sR1 and sR2 are the residual suction of inter-aggregate pores and intra-aggregate pores, respectively.



The determination of the parameters in Equation (6) is presented in Figure 12. It can be seen that the shape of bimodal SWCC is mainly controlled by the coordinate values of four turning points, named 1st to 4th turning points. These turning points are determined by different test methods used in this paper: the 1st turning point is determined using PSD-based SWCC data, the 2nd turning point is determined by combining PSD and filter paper method, the 3rd turning point is only determined using filter paper method, and the 4th turning point is obtained using test data from vapor equilibrium method.



The predicted SWCC of tested soil under nine compaction conditions is shown in Figure 11 by the solid curves. For all compaction conditions, the prediction curves show good agreement with the test data, indicating that the proposed method is reliable. Note that the high suction value range of SWCC, generally over 10,000 kPa, is nearly straight; this part of SWCC could be determined simply. It can be seen in Figure 9b that the suction value around 10,000 kPa corresponds to the second peak of the PSD curve (i.e., the peak corresponding to intra-aggregate pores). This correlation was also observed in related research investigating the PSD and SWCC of the fine-grained clay [60,61]. Therefore, the PSD-based SWCC data around this suction value could be used to replace the test data of the vapor equilibrium method. It can be observed in Figure 10 that the measured SWCC and PSD-based SWCC intersect around the suction value of 10,000 kPa, which can also be seen in related studies [61,62]. Thus, a simple prediction curve can be further obtained using PSD curves and the test data of the filter paper method. Considering the formation of Equation (6), the data point from PSD-based SWCC at the second peak of the PSD curve can be used as the 4th turning point in the bimodal SWCC prediction model.



As shown in Figure 13 by the dashed line, by removing the data from the vapor equilibrium method, the SWCC can still be determined with similar R2 values in Figure 11. This method could be beneficial for the application of bimodal SWCC since the measurement of SWCC over a high suction range is time consuming [30].





4. Conclusions


This paper conducted a series of SWCC measurement tests and MIP tests to investigate the bimodal SWCC of fine-grained subgrade soil following an actual hydraulic path. A new determination method for bimodal SWCC was proposed that incorporated PSD data, and its efficiency was verified under nine different compaction conditions. Based on the test results, the following conclusions can be drawn:




	
Based on the analysis of hydraulic paths and SWCC-PSD correlations, the SWCC of the subgrade soil should be determined to follow the actual hydraulic path.



	
PSD-based SWCC fits well with the test data from the filter paper method for the low suction range corresponding to inter-aggregate pores, while it overestimates the SWCC of the medium suction range and underestimates the SWCC of the high suction range due to the inherent error of the MIP method.



	
The bimodal SWCC over a wide suction range is determined by combining the filter paper method, the vapor equilibrium method for the medium and high suction range and PSD-based SWCC data for the low suction range. The prediction curves fit well with the test data.



	
In the absence of high suction section data, the data obtained from PSD-based SWCC can replace the 4th turning point to predict the SWCC within the acceptable prediction error. Thus, the entire bimodal SWCC can be determined by the filter paper method and MIP test.
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	soil–water characteristic curve
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	mercury intrusion porosimetry



	GSD
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Figure 1. Material properties of the tested soil: (a) grain-size distribution and (b) proctor curves. 
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Figure 2. (a) The pressure plate device and (b) the vacuum saturation fixture. 
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Figure 3. Placement of the filter paper method: (a) The schematic diagram and (b) the sealed box with sample inside. 
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Figure 4. (a) The sealed desiccators containing supersaturated salt solutions and (b) the placement of soil samples. 
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Figure 5. (a) The compacted sample, (b) cutting the sample to a 1 cm3 cube, (c) freeze-drying and (d) the MIP test device. 
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Figure 6. Measured SWCC data from different test methods. 
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Figure 7. (a) The dependence of SWCC on the hydraulic path and (b) the actual hydraulic path for SWCC derived from a certain compaction condition. 
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Figure 8. The hydraulic path of SWCC obtained by different tests. 
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Figure 9. (a) Conceptional relationship between bimodal SWCC and PSD curves and (b) typical comparison of tested data and PSD curve. 
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Figure 10. Comparison of PSD-based SWCC and measured SWCC from the filter paper method and vapor equilibrium method. 
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Figure 11. Prediction curves of bimodal SWCC. 
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Figure 12. Determination of the parameters for predicting bimodal SWCC. 
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Figure 13. Prediction curves of bimodal SWCC without high suction section data. 
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Table 1. Selected compaction conditions corresponding to proctor curves.






Table 1. Selected compaction conditions corresponding to proctor curves.





	Proctor Type
	MP
	MP
	MP
	SP
	SP
	SP
	RP
	RP
	RP





	Water content refers to OMC
	−5%
	+0%
	+5%
	−5%
	+0%
	+5%
	−5%
	+0%
	+5%



	Compaction water content (%)
	14.5
	19.5
	24.5
	14.9
	19.9
	24.9
	15.9
	20.9
	25.9



	Dry density (g/cm3)
	1.63
	1.68
	1.60
	1.56
	1.63
	1.54
	1.47
	1.58
	1.50










 





Table 2. Suction and relative humidity of saturated salt solutions.






Table 2. Suction and relative humidity of saturated salt solutions.





	Saturated Salt Solution
	ZnSO4
	NaCl
	NaBr
	MgCl2
	LiCl





	RH (%)
	89.96
	75.47
	59.1
	33.1
	12.0



	Total suction (MPa)
	12.6
	38
	71.12
	149.51
	286.7
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