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Abstract

:

Artificial ground freezing method is widely applied in the construction of metro tunnel and significantly impact the microstructure of soils in artificial frozen-walls. To delve into the pore distribution characteristics of thawed residual soils, Nuclear Magnetic Resonance Imaging (NMRI) measurements were performed to investigate the relaxation time (T2) spectrums and T2-weighted images of saturated samples after freezing at different temperatures. The pore volume distributions were determined from T2 spectrums based on the surface relaxation coefficient (   ρ 2   ) and the pore structures were visualized by T2-weighted images. Subsequently, the pore size distribution curves from NMRI were compared and validated by mercury intrusion porosimetry (MIP) tests. According to the results, the peak areas of T2 spectrums were linearly related to freezing temperatures in a positive manner. Pore volume distribution curves of thawed soils have two peaks, which are the major peaks with diameters of 0.5–20 μm and the secondary peaks with diameters of 20–500 μm. As the freezing temperature drops, the volumes of pores with different diameters all increased. The damage degree of microstructure in thawed soils increases as the temperature drops, according to the visualized pore structure. Besides, NMRI measurements of saturated soils are more accurate to reflect the full diameter range of pores, compared to MIP method.
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1. Introduction


Granite residual soils are extensively distributed in southeast coastal areas of China [1,2]. Under the hot and rainy climate in tropical and subtropical areas, the residual soils exhibit a special grain distribution from clay to gravel due to physical and chemical weathering processes [3]. Currently, the distributed areas of granite residual soils are generally encountered in the engineering problems of subway tunnel excavation [4]. To guarantee the safety of the tunnel construction in residual soil distributed areas, the artificial freezing method, which highlights a good sealing performance, high strength and other advantages, has been widely applied in in practical engineering. The artificial freezing method can improve the strength and stability of soils by using the artificially ground freezing technique to sharply reduce the temperature of soils to form a temporary supporting and strengthening structure for tunnel excavation [5].



However, during the construction of metro tunnels with the artificial ground freezing method, the freezing process will affect the engineering properties of soils in subway wall. Lackner et al. [6] found that the macroscopic viscoelastic behaviors of soils after artificial freezing treatments are related to the microscopic properties such as soil particles, water and ice contents. Cui et al. [7] experimentally found that the dynamic behavior of silty clay in Shanghai metro tunnel altered significantly after the artificial freezing process. As Tang et al. [8] reported, the void ratio decreased while the mean pore diameter and hydraulic conductivity increased after freeze-thaw treatment of the soils in metro frozen-wall. It has been commonly recognized that the artificial freezing method significantly impacts the microstructures in soils, thereby causing its physical and mechanical properties to vary [9]. Nevertheless, the evolution patterns of pore distributions of soils under freezing-thawing effects remain unclear. Accordingly, the study on the pore distributions of thawed soil after freezing process is of great implication to gaining comprehensive insights into its damage mechanism of soils under freezing effects [10].



The pore size distribution (POSD), as a vital intrinsic property of soils, is associated with the microstructure and seriously impacts the physical, hydraulic and mechanical properties of soils, namely permeability, soil-water characteristic curves and shear strength [11,12,13]. Various testing methods, including mercury injection porosimeter (MIP) tests, X-ray computed tomography (CT) and Nuclear magnetic resonance scans (NMR), have been employed to analyze the microstructures of soils [14,15,16,17]. The MIP test, a most commonly used method, requires freezing treatment that can to some extent cause damage to the microstructure of the sample [18]. X-ray CT tests consist of a tedious procedure for sample preparation, and the result of pore measurement in a micron level exhibits relatively low precision [19]. The low magnetic field nuclear magnetic resonance imaging (NMRI) techniques have been extensively employed in microstructure detections of porous media for their rapidity, efficiency and non-destructiveness [20]. In recent years, the NMRI technique have been frequently adopted to study geotechnical engineering to ascertain the porosity, the damage degree caused by freezing-thawing cycles, as well as the free water content in a frozen soil at different saturations [21,22,23,24]. However, reports on the application of NMRI method to investigate the pore structure of frozen-thawed soils in subway tunnel excavations are exceedingly rare.



The freezing temperature is an important factor affecting the microstructure of thawed soils. Though several NMR-based researches have been conducted to characterize pore water distributions in saturated soils, the effect of freezing temperatures on the microstructure in the thawed soils has not been systematically studied using the NMRI technique. It continues to be challenging to quantitatively characterize pore size distributions of thawed soils in subway wall. Since the relaxation time (T2) spectrums from NMRI of targeted molecules reveal the pore structures of surrounding water molecules, it is expected that the measurement of T2 spectrums may be beneficial to elucidate the microscopic mechanisms of pore structure variations in thawed soils at different freezing temperatures [25]. Moreover, the NMRI technique has been of higher importance to exploring the pore water distributions in porous material for its visualization function [26]. Thus, the measurement of NMRI technique acts as a promising method to interpret the pore distribution characteristics of thawed soils after the process of artificial freezing.



The main purpose of the present study is to assess the effect of freezing temperatures on evolution patterns of microstructure in granite residual soils based on NMRI measurements. First, the pore volume distribution curves of soils at different freezing temperatures were obtained based on T2 spectrums. Subsequently, the T2-weighted cross-sectional images, which intuitively demonstrated the pore structures, were captured and studied. Lastly, the validity and accuracy of the NMRI measurements were verified by MIP testing results.




2. Theoretical Background of NMRI Analysis


The result from NMRI analysis includes the T2 spectrums from low field nuclear magnetic resonance (LFNMR) measurements and T2-weighted image from magnetic resonance imaging (MRI) measurements [27]. The NMR scan was consistent with the physical phenomenon that a spin nuclei system (e.g., protons) in a strong magnetic field absorbs energy from externally matched radio frequency (RF) field energy, which is identical to the spin nuclear system [28,29]. The NMRI technique is easily affected by hydrogen fluids in porous media as a non-invasive method to characterize the pore distribution of residual soils. The signal amplitude can indicate the present protons in water or can be associated with pore characteristic while the relaxation time (T2) is a measure of the rate at which the precession of hydrogen nuclei in the formation pore water gradually decay in the presence of an inhomogeneous magnetic field, providing information of pore structures [30]. The value of T2 is complex since it is regulated by three relaxation mechanisms (the bulk, surface and diffusion relaxations). Given this, the total transverse relaxation time in the porous media can be expressed by:


   1   T 2    =  1   T  2 B     +  1   T  2 S     +  1   T  2 D     ,  



(1)




where T2 denotes the total relaxation time of the water in pores that was ascertained by the Carr-Purcell-Meiboom-Gill (CPMG) sequence; T2B is the bulk fluid relaxation time; T2S is the surface relaxation time and T2D indicates the diffusion relaxation time and accounts for the transverse relaxation in a uniform magnetic field.



Equation (1) suggests that the total T2 relaxation time is determined by pore sizes, fluid properties and testing parameters, as well as the magnetic field properties. Nevertheless, the diffusion relaxation can be ignored in a low and uniform magnetic field. Besides, the bulk relaxation can also be ignored because it is much more time-consuming than surface relaxation for non-viscous fluid within nonmagnetic materials. Thus, the T2 relaxation time ascertained in this test is primarily regulated by the surface relaxation, so Equation (1) can be simplified as [31]:


   1   T 2    =  1   T  2 S     =  ρ 2    (  S V  )   p o r e   ,  



(2)




where    ρ 2    refers to the surface relaxation coefficient, associated with the specific combination of pore fluid and mineral grains for a particular soil. It is also proved that    ρ 2    values are proportional to the pore sizes in a linear manner.     (  S V  )   p o r e     denotes the ratio of the surface area S to the pore volume V. and the value of     (  S V  )   p o r e     is dependent of the pore shape. According to a study by Tian et al. [32], pores in soils can be considered some cylindrical pores, so Equation (2) can be written as:


   1   T 2    =  ρ 2   4 D  ,  



(3)




where, D (μm) is the diameter of a cylindrical pore.



Equation (3) suggests that the value of    ρ 2    acts as a critical parameter to characterize the pore sizes. Though    ρ 2    varies with the mineralogical composition of soil, it is a constant for a specific soil and has not association with temperatures and pressures in external environments. Equation (2) indicates that there is a linear relation between the relaxation time T2 and the pore diameter D. Thus, it is recognized that to calculate the pore diameters in a porous mediums based on its    ρ 2    value. In several researches,    ρ 2    values were calculated by comparing the T2 spectrum curves with POSD results from mercury injection porosimetry technique as presented by Chen et al. [33] and nitrogen gas adsorption technique as presented by Jahwar et al. [34]. Besides, the    ρ 2    values can be calculated by empirical formulas of permeability. In the present study, a well approved permeability-based empirical equation, known as the Schlumberger-Doll Research (SDR) equation was adopted to calculate the surface relaxation coefficient (   ρ 2   ), as expressed in Equations (4) and (5) [35].


   K S  = C  ϕ 4   T  2 L M  2  ,  



(4)




where the constant (C) is approximately equated with the square of the surface relaxation coefficient (  C =  ρ 2    2   ). Given the research conclusion drawn by Daigle and Dugan (2009) [35], the equation is written as:


   K S  =  ρ 2 2   ϕ 4   T  2 L M  2  ,  



(5)







The equation can also be expressed as:


   ρ 2   =   (  k s   ϕ 4   T  2 L M  2  )   1 / 2   ,  



(6)




where    K S    (μm2) represents the permeability of the soil;  ϕ  denotes the porosity of the soils and T2LM (ms) denotes the weighted geometric mean value of the T2 spectrum.



Thus, the diameter of the cylindrical pore D (μm) in thawed soils can be calculated as expressed in Equation (7).


  D = 4  ρ 2   T 2  .  



(7)







Then, the pore volume Vi with a certain diameter is given as [36]:


   V i  =    A i     ∑   A i      ⋅    m w     ρ w    =    A i     ∑   A i      ⋅    m s  −  m d     ρ w    ,  



(8)




where Ai denotes the amplitude of the corresponding signal in a T2 spectrum, mw denotes the mass of pore water in the tested sample, ms denotes the total mass of saturated soil sample and md denotes the mass of thoroughly dried soil sample after dry-out treatment in an air oven.    ρ w    denotes the density of water, which is 1.0 g/cm3 approximately. Equation (3) provides the basis to convert the measured T2 spectrum to the pore volume distributions of the tested sample.



To describe the pore structure characteristics as comprehensive as desired, the images from NMRI scans were measured by a spin-echo (SE) sequence, which is particularly dedicated to materials with short transverse relaxation time (T2) such as porous media. The MRI scans allow selecting several cross-sectional slices along the axis of the tested sample. These slices reflect the distributions of pore water at different heights of the sample.




3. Materials and Methods


3.1. Sample Preparation


The granite residual soils tested in the present study were obtained from underground tunnel excavation interval areas in Xiamen city (latitude 24°26′ N, longitude 118°04′ E). In consideration of the disturbing characteristic of granite residual soils, undisturbed samples were used for testing. The basic parameters of residual soils were measured in laboratory and given in Table 1. The density, water content, liquid limit, plastic limit and plasticity index of the soil were measured to be 1.98 g/cm3, 58.6%, 28.9% and 29.7%, respectively. According to XRD diffraction pattern measurements performed using an AXS D8-Focus X-Ray Diffraction instrument produced by Bruker Company from Germany, it is found that the soil is largely composed of clay minerals (e.g., kaolinite and illite) as well as non-clay minerals (e.g., quartz and a trace of hematite). Figure 1 shows the grain compositions of residual soils which were measured in the laboratory by referring to the standard ASTM-D422, 2007 [37]. As an intermediate soil between coarse-grained and fine-grained soils, the granite residual soil contains high proportions of clay and gravel particles in its particle size distribution. By conducting the permeability and porosity measurement using the KXD-II combined tester, the porosity and permeability of undisturbed residual soils were ascertained.



During artificial freezing process, the cooling effect kept the soils around tunnel pipes at low-temperatures. The temperature dropped as the distance between pipes and soils decreased as shown in Figure 2. Generally, the freezing temperature at the surface tunnel pipe was controlled around −30 °C. Namely, along the perpendicular direction to the tunnel axis, which is the heat conducting direction, the soil varying to its location encountered a freezing and thawing cycle under a certain low-temperature [38]. In order to simulate the freezing circumstance of the frozen-wall by laboratory experiments, it was simplified into four low-temperature groups of −5 °C, −10 °C, −20 °C and −30 °C, in consideration of the freezing effects on microstructures in residual soils in this experimental investigation. Before the experiments, four groups of cylinder samples from undisturbed residual soils (38 mm in diameter and 80 mm in height, respectively) were prepared. Then, the tested sample was frozen up to −5 °C, −10 °C, −20 °C and −30 °C respectively and kept frozen for 48 h in a programmable cryogenic freezer. Subsequently, the frozen sample with different temperature was defrosted at a room temperature of 25 °C for 24 h and fully saturated by using a vacuum saturation device for 72 h.




3.2. Testing Apparatus and Procedures


To study the microstructures in residual soils in the constructing process of artificial freezing method, the porosity and transverse relaxation time (T2) measurements were performed using a AniMR-150 NMR imaging system (Suzhou Niumag Analytical Instrument Co., Suzhou, Jiangsu, China) with 0.5T permanent magnet corresponding to a proton resonance frequency of 25.76 MHz at 25 °C. The photo of the NMRI equipment and the tested samples after freezing and thawing treatments were presented, as illustrated in in Figure 3. After the freezing and thawing treatments, the saturated samples were tested by a NMR scan to ascertain the T2 spectrum of thawed residual soils. Afterwards, the sample received the MRI measurement to obtain pseudo-color slices of pore water.



After NMRI tests, the pore distribution information of the residual soil after freezing at −5 °C were also measured by conducting a MIP test with an AutoPore IV 9505 tester (geological laboratory of Hebei scoilmic company Ltd., Cang zhou, Hebei, China) according to the standard ASTM-D2166, 2000.





4. Results and Discussions


In this section, the measuring results of T2 spectrum curves and cross-sectional images of pore distributions were analyzed to study the pore structure variations of thawed soils under different freezing temperatures, and then the validity of NMRI measurements was discussed by the results of MIP tests.



4.1. Analysis of Pore Size Distributions


In this present section, the distribution curves of relaxation times T2 were analyzed, and the peak areas were determined. The T2 spectrum curves that exhibit two different peaks were plotted in Figure 4. It is clear that the major peak was significantly higher than the secondary peak in each T2 spectrum curve. As the freezing temperature dropped, the maximum value of the major and secondary peak increased noticeably. The values of peak area that were calculated from T2 spectrum curves indicate the pore water volumes in the tested sample. With the freezing temperature drops from −5 to −30 °C, the maximum value of the major peak increased from 525 to 633, and the secondary peak increased from 12 to 45, approximately. As illustrated in Figure 5, the relation between freezing temperatures and peak areas was studied by linear regression analysis since the value of peak area increased linearly with the drop in the freezing temperature. Besides, the linear function presented in Figure 5 could approximately express the correlation between temperatures and peak areas because the square of correlation coefficients R2 was 0.8724.



In the T2 spectrum curves, the X-coordinate (T2) and the Y-coordinate (NMR signal amplitude) reflect the pore volume and the distribution frequency of pores with a corresponding volume, respectively. On that basis, the pore size distribution of the thawed soils could be further analyzed. From the investigations on properties presented in Table 1, it shows that the permeability was 0.9012 μm2 and the porosity was 0.3098. Besides, the weighted mean geometric value T2LM of its T2 spectrum curve was 1.072 ms. Based on Equation (5), the coefficient    ρ 2    of granite residual soils was calculated as 0.3098 μm/ms. Therefore, according to Equations (7) and (8), the volume distributions of pores with different diameters were obtained from T2 spectrum curves, as presented in Figure 6. Besides, according to the pore volume distribution curves, the accumulative pore volume distribution curves were plotted, also presented in Figure 6. In the pore volume distribution curves, the major peaks representing small pores were mainly distributed from 1 to 20 μm, while the secondary peaks representing large pores were distributed from 30 to 200 μm. From the accumulative pore volume distribution curves, the total pore volume of the sample under different freezing temperatures was 30.85 cm3, 32.26 cm3, 35.51 cm3 and 38.38 cm3, respectively. Besides, the volume of the major peaks and secondary peaks both increased with the drops of freezing temperatures. It is suggested that the pore volume contents of the residual soils significantly varied under the effect of artificial freezing process.



Based on the pore volume distributions from NMRI measurements, the pores in thawed soils can be divided into three different grades by diameters: macro-pores (<5 µm), meso-pores (5–10 µm) and macro-pores (>10 µm). The corresponding result of the pore classification is demonstrated in Figure 7. It can be observed that the volumes of pores with the full range of diameters increased when the freezing temperature decreased. The increasing rate of the micro-pore, meso-pore and macro-pore from temperature −5 to −30 °C was 16.82%, 22.23% and 45.19% approximately. Thus, the volume of macro-pores (diameter >10 µm) showed the most significant increases as the freezing temperature dropped. Under the temperature of −5 °C, −10 °C, −20 °C and −30 °C, the macro-pores in the thawed soils occupied a volume of 6.56 cm3, 7.02 cm3, 8.49 cm3 and 9.51 cm3, respectively. This phenomenon revealed that under the effect of artificial freezing treatments, considerable micro-pores in thawed soils were gradually expanded and connected into macro-pores.




4.2. Magnetic Resonance Images


The pore water distributed space in the thawed soils is discerned with NMRI scans visually according to the T2-weighted images. In this study, the transverse cross-sectional images of the saturated soils were captured to investigate the variations of pore water signal intensities of thawed soils after the artificial freezing process. Three T2 weighted cross-sectional images at different heights (namely the upper, middle and bottom of the tested sample) as well as the profile of the saturated sample were observed respectively, as shown in Figure 8. The pore structures reflected in pseudo-color images show a rising trend in areas of bright spots, revealing an enhancement of water-retainment capacity as the freezing temperature drops. It can be seen from Figure 8a that after the freezing treatment at −5 °C, the T2-weighted image is comparatively dark. Besides, the fringe areas of the image are apparently brighter than the central areas, indicating that the pores at the soil brims contain much free water. Figure 8b shows that after the freezing treatment at −10 °C, a few bright spots appear at the central areas of the image, which reflects the formation of secondary pores within the thawed soils. The changes in pore structures of soils after frozen at −10 °C are presented in the Figure 8c, which shows that the freezing and thawing effect at −20 °C has reinforced the expansion of pores within soils and consistently damages pore structures, especially for the pores in the centre of samples. When the freezing temperature of soils dropped to −30 °C, the bright areas of pore water gradually covered the entire cross-sections at different heights and the profile of the tested sample (Figure 8d). The heterogeneous features of pore water distributions in the image decreased distinctly, which proved that the pore structure in thawed soil became more homogeneous at an extremely low temperature. Thus, the results indicated that the structural damage of thawed soils was aggravated as continuously dropping the freezing temperature. Thus, the developing trend of the pore structure was verified based on NMRI measurements from a visual perspective.




4.3. Comparative Analysis of the NMRI and MIP Measurements


The mercury injection porosimetry (MIP) test, which was widely used in pore distribution analysis of thawed soils, was applied to measure the frequency distribution curve of pore diameter of a cylinder sample with its diameter of 20 mm and height of 20 mm after the artificial freezing treatment of −5 °C. The distributed frequency of pores under a diameter was calculated as Equation (9) and the NMRI-based pore size frequency distributed curve of thawed soils after an artificial freezing treatment of −5 °C was obtained to compare with the MIP result, as shown in Figure 9. It can be seen that the shape and peak positions of the two curves were in a good consistency. Moreover, the optimal pore diameters by NMRI and MIP were about 5.6 μm and 5.8 μm, which werequite close to each other. Thus, it is reasonable to use T2 spectrums from NMRI measurements to analyze pore size distribution characteristics of thawed soils.


   f i  =    V i     ∑   V i      × 100 % ,  



(9)




where fi denotes the distributed frequency of the pore with a certain diameter.



Theoretically, both NMRI and MIP results reflect pore structures in porous mediums so the pore size distribution curves from these two methods should keep completely consistent [39]. However, the pore size distributions obtained by the two methods have relatively obvious difference in the distribution of pores with diameter over 20 μm. This is because the method for obtaining pore size distribution by MIP and NMR has a difference of their physical principles. For the MIP test, the pore distributed condition in soils to the maximum mercury inlet pressure can only be measured by mercury injection. However, the connectivity of pores in soils is complicated and it is difficult for the mercury saturation of macro-pores to reach 100% [40]. The response of MIP results to the larger pore structure was limited, resulting in insufficient measurements of the connected macro-pores corresponding to the pore radius of mercury injection. Accordingly, the distributed frequency of large pores was underestimated while the frequency of small pores was relatively overestimated from the MIP measurements. Meanwhile, the NMRI method measured the total volume of pore water in saturated soils. For a fully saturated sample, the volume of pore water was approximately equal to the total pore volume, so the measurement from NMRI was extremely close to the actual pore structure in the tested sample. Besides, the NMRI scan was completely non-destructive to the internal structure of the tested sample while the mercury injection process during MIP measurements caused damage to the internal structure. Through data analysis, it was found that the average relative error of frequencies with different pore diameters between MIP and NMR was 18.16%, approximately. It is therefore concluded that the NMRI was more accurate than MIP measurements, as a new method to quantitatively study pore distribution characteristics of soils.





5. Conclusions


This study investigated the effect of artificial freezing treatments on pore structure characteristics of thawed residual soils in frozen-wall by conducting NMRI scans. On the basis of analysis, the following conclusions were drawn:




	(1)

	
After conducting artificial freezing at different temperatures, which were −5, −10, −20 and −30 °C, the T2 spectrums which exhibit a bimodal distribution from NMRI measurements on thawed residual soils have a significant variation. With the freezing temperature dropped from −5 to −30 °C, the maximum value of the major peak in the T2 spectrum increases from 525 to 633, and the secondary peak increased from 12 to 45, approximately. Besides, the peak areas of T2 spectrums increase linearly with the freezing temperatures.




	(2)

	
The T2 spectrums from NMRI tests could be used for the assessment of pore volume distributions of thawed residual soils by introducing the surface relaxation coefficient (   ρ 2   ). From the obtained pore volume distributions, pores in thawed soils could be divided into three different grades by diameters, which are micro-pores, meso-pores and macro-pores. The volume of pores with the full range of diameters all increased as the freezing temperature decreases.




	(3)

	
The NMRI test provided a visual result of pore structures in residual soils after freezing and thawing. According to the pore structures observed from T2-weighted images, the microstructural damage of thawed soils evolved from the surface to the interior of soils as the freezing temperature continuously drops.




	(4)

	
By comparing the pore size distribution curves obtained from the NMRI and MIP method respectively, the shape and peak positions of two curves were proved to have good consistency. However, the volume of macro-pores measured by MIP was significantly less than the result of NMRI, as a result of insufficient measurements of the macro-pores corresponding to the pore radius of mercury injection. Therefore, the NMRI scan was more accurate than the MIP measurement, as a new method to quantitatively study pore distribution characteristics of soils.
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List of Symbols




	Ai
	amplitude of NMR signal



	C
	square of relaxation coefficient



	D
	(μm)diameter of pores



	fi
	(%)distributed frequency of pores with a certain diameter



	IP
	plasticity index



	Ks
	(μm2) permeability



	md
	(g) mass of thoroughly dried soil sample



	ms
	(g) total mass of saturated sample



	mw
	(g) mass of pore water in the tested sample



	S
	(μm2) surface area



	T2
	(ms) relaxation time



	T2B
	(ms) bulk fluid relaxation time



	T2D
	(ms) diffusion relaxation time



	T2LM
	(ms) geometric mean value of T2 spectrum



	T2S
	(ms) surface relaxation time



	V
	(μm3) pore volume



	Vi
	(μm3) pore volume



	w
	(%) moisture content



	WL
	(%) liquid limit



	WP
	(%) plastic limit



	ρ2
	(μm/ms) relaxation coefficient



	ρw
	(g/cm3)density of water



	  ϕ  
	(%)porosity
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Figure 1. The grain composition curve of residual soils used in this study. 
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Figure 2. The mechanism of the artificial ground freezing circumstance in tunnel constructions. 
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Figure 3. The photo of the NMRI equipment and the sample after freezing and thawing treatments. 
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Figure 4. The T2 spectrum curves of thawed soils under different freezing temperatures. 
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Figure 5. The curve of relation between freezing temperature and peak area of thawed soils. 
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Figure 6. The pore volume distributions of thawed soils under different freezing temperatures. 
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Figure 7. The curves of proportion with different pore sizes of thawed soils under different freezing temperatures. 
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Figure 8. The T2—weighted images of the thawed soils under different freezing temperatures: (a) −5 °C; (b) −10 °C; (c) −20 °C and (d) −30 °C. 
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Figure 9. The frequency distribution curve of pore diameter. 
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Table 1. Basic parameters of the tested residual soils.
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Density (g/cm3)

	
Moisture Content w (%)

	
Porosity   ϕ   (%)

	
Permeability Ks (μm2)

	
Atterberg Limits (%)

	
Mineral Composition (%)




	
WL

	
WP

	
IP

	
Kaolinite

	
Illite

	
Quartz

	
Hematite






	
1.98

	
26.03

	
0.3301

	
0.942

	
58.6

	
28.9

	
29.7

	
53.6

	
5.2

	
38.5

	
2.5
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