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Abstract

:

Many modified Kozeny–Carman (KC) equations have been used to predict the saturated permeability coefficient (Ks) of porous media in various fields. It is widely accepted that the KC equation applies to sand but does not apply to clay. Little information is available to clarify this point. The effectiveness of the KC equation will be evaluated via laboratory penetration tests and previously published data, which include void ratio, specific surface area (SSA), liquid limit (LL), and permeability coefficient values. This paper demonstrates how to estimate the SSA of cohesive soil from its LL. Several estimation algorithms for determining the effective void ratio (ee) of cohesive soil are reviewed. The obtained results show that, compared to the KC equation based on porosity and geometric mean particle size (Dg), the KC equation based on the SSA and the ee estimation algorithm can best predict the Ks of remolded loess. Finally, issues associated with the predictive power of the KC equation are discussed. Differences between measured and the predicted Ks values may be caused by the uniformity of the reconstructed specimen or insufficient control of the test process and errors in the SSA and ee.
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1. Introduction


The saturation permeability coefficient (Ks) not only is an important parameter in hydrogeology and environmental geological fluid flow calculations, but also has important implications for a wide range of fields such as hydrogeology and engineering geology [1,2]. Generally, Ks can be obtained by laboratory tests or field tests [3,4]. However, due to the inherent variability of water conductivity data for different types of porous media and the reliability of collecting representative samples, laboratory testing methods are cumbersome, time-consuming, and expensive, and experimental data are not necessarily reliable [5,6]. Ks is very important for predicting fluid flow in porous media systems. Therefore, scientists in the engineering and Earth sciences fields have been looking for alternative methods to estimate the hydraulic conductivity from the physical properties of porous material matrices and fluid for a long time [7,8,9].



Many equations have been proposed to predict the Ks of porous materials. Examples of these proposals are empirical/semiempirical relations, capillary models, statistical models and the hydraulic radius theory. The most widely used prediction relation of Ks is based on the hydraulic radius theory. Porous media are characterized by an equivalent uniform pore size, and the hydraulic radius is defined as the ratio of the pore volume to surface area of granular materials. Using the Hagen–Poiseuille equation to describe the fluid flow in the capillary, a wide relationship between the saturated hydraulic conductivity and the physical properties of the fluid and the physical properties of the soil is established, i.e., the Kozeny–Carman equation. This equation was first proposed by Kozeny [10] and modified by Carman [11,12]. The permeability can be expressed as:


  k =    n 3    C  S 2    =    n 3    C  S 0 2     (  1 − n  )   2    ,  



(1)




where k is the intrinsic permeability (m2); S = (1 − n) S0, S is the surface per unit volume of the flow bed (m2/m3), n is the porosity [dimensionless], S0 is the surface of solid particles per unit volume (m2/m3); C is the Kozeny–Carman constant, with a value of 5. Concerning the field of hydrogeology, the SSA in the KC equation is often replaced by the average particle size Dm. The permeability can be expressed as (e.g., Bear [13]):


  k =    n 3    180    (  1 − n  )   2     D m 2  ,  



(2)







This equation is derived from the assumption of homogeneous spherical particles, and the SSA relation S0 = 6/Dm is introduced into Equation (1). Todd [14] suggested the geometric mean particle size, and Bear [13] suggested the harmonic mean particle size. Urumović and Urumović Sr [8,9] compared the applicability of the arithmetic mean particle size, harmonic mean particle size and geometric mean particle size of Equation (2). Considering these, the geometric mean particle size is considered most suitable for the equivalent particle size [15]. Effective porosity is also an important factor affecting the permeability of soil samples. Thus, Equation (2) can be corrected to:


  k =    n e    3    180    (  1 −  n e   )   2     D g 2  ,  



(3)




where ne = the effective porosity, Dg = the geometric mean particle size (mm),    D g  =  e   [   1 M   ∑   m i  ln  (   d i   )     ]      or    D g  =  e   [  0.01  ∑   p i  ln  (   d i   )     ]     , pi is the percentage of the sieve residue mass (mi) out of the total sample mass (M), di = the sieve residue mean particle size, and in    d i  =    d  i <   ×  d  i >      , di< and di> are the minimum and maximum particle sizes in a given size range, respectively [8,9].



The relation between permeability (k) and saturation permeability coefficient (Ks) is:


   K s  = k    ρ w  g    μ w    ,  



(4)




where ρw represents the density of water (kg/m3), g represents the acceleration of gravity (m/s2), and μw represents the dynamic viscosity coefficient of water (Pa·s). By applying Equations (1) and (3) to Equations (4)–(6) are obtained:


   K s  = =  g   μ w   ρ w       n 3    C  S g 2   G s 2     (  1 − n  )   2    ,  



(5)




and


   K s  =    ρ w  g    μ w       n e 3    180    (  1 −  n e   )   2     D g 2  ,  



(6)




where Sg represents the unit mass particle specific-surface area (m2/kg), S0 = Sgρs, ρs represents the soil particle density (kg/m3), e represents the ratio of the pore volume to the particle volume, i.e., e = n/(1 − n), and Gs represents the specific gravity of soil particles, i.e., Gs = ρs/ρw.



Viewing Equation (3) or Equation (4), the physical properties of the fluid and medium are known parameters for a given medium and test conditions. Therefore, a linear relationship between Ks and n3/(1 − n)2 or e3/(1 + e) should be maintained. Carman [11] and other researchers showed that the KC equation is approximately effective in estimating the Ks for coarse-grained soils. However, experimental results do not always carry such a linear relationship in clay soils. The Ks values decrease rapidly with decreasing porosity, so the KC equation is not applicable to clay soil [11,12,16,17,18]. Carman [11] attributed this difference to the reduction in the effective pore space available for the free flow of fluid due to the attached water film on the surfaces of clay particles. Taylor [16] also believed that the water film bound to the particles and parallel plate soil particles is the reason why the KC equation cannot be applied correctly. Olsen [19] believed that the difference between the measured water conductivity of saturated clay and the predicted values of Darcy’s law and the KC equation was mainly caused by the pore size heterogeneity in clay soil. Zhang et al. [20] studied the permeability of silty clay from the Liqing Port of Jiangxi Province and natural clay of the Minhang River and showed that the porosity ratio and clay particle content have an important effect on permeability but do not explain why the KC equation is not applicable to clay.



Recently, Chapuis and Aubertin [21] studied the effectiveness of the KC equation in predicting the hydraulic conductivity of clay soil using the SSA estimation relationship and predicted the vertical permeability coefficient of a homogeneous soil. The KC equation-predicted permeability coefficient is usually 1/3–3 times the measured permeability coefficient. Chapuis and Aubertin [21] did not study the effective porosity of cohesive soil but directly calculated the total porosity ratio (e). Ren et al. [22] introduced the ee into the KC equation to improve its applicability under the concept of effective porosity in clay soil. The expression of this equation is as follows:


   K s  =  C R     e  3 m + 3        (  1 + e  )     5 3  m + 1      [     (  1 + e  )    m + 1   −  e  m + 1    ]     4 3      ,  



(7)




where    C R  =  1 C     γ w     μ w   ρ s 2     1   S g 2     , and m represents a constant. Ren et al. [22] applied the modified KC equation with the SSA estimation relation (Sg = 1.8LL − 34). The parameters of this equation were fitted by Santamarina et al. [23] from the SSA data of 19 British clay samples measured by Farrar and Coleman [24]. Although the predicted permeability coefficient is 1/3–3 times the measured permeability coefficient, the SSA varies with soil quality. It is well known that the minerals in clay are flaky or flattened, and the smaller the particle size, the larger the SSA of the granular material. Simultaneously, clay minerals are charged and cemented in large quantities and particles stick to each other to form aggregates [25,26]. The liquid–solid interface is strong, which leads to a reduction in the effective pore space [1]. As Carman [11] notes, “It is shown that the permeability of a water-saturated sand or fine powder can be calculated with considerable accuracy, if the porosity and the specific surface are known”. Actually, this is the reason why the original KC equation is not used often. The main difficulty in using the KC equation is whether accurate effective porosity and SSA data can be obtained.



The main contents of this paper are as follows: (1) the concept and estimation methods of the ee and SSA in the KC equation are reviewed; (2) many experimental data on the SSA and LL of clay are collected, and the applications of the SSA−LL relation in loess proposed by multiple authors are evaluated; (3) the method of estimating the SSA of loess based on the LL is given; (4) the validities of the KC equation modified with the n-Dg or ne-Dg and ee-S corrections are compared; and (5) the possible factors influencing the difference between predicted and measured Ks values are discussed.




2. Background and Theoretical


2.1. Concept and Development of the Effective Void Ratio for Clays


Notably, Carman [11] implicitly considered the role of effective pores in the derivation process, but embodied effective pores in the definition of the hydraulic radius and did not define effective pores. Taylor [16] provided a similar argument. Usually, effective porosity can be obtained by using other measurement parameters, e.g., by defining effective porosity as the feed water, total porosity minus the water holding capacity or residual water content. Bear [13] defines effective porosity as the water supply or total porosity minus field capacity. Ahuja et al. [3] also makes a similar definition. Effective porosity is defined as the water content or field capacity when total porosity is subtracted from a matrix potential of −33 kPa, but the applicability of this definition is limited when the exact definition of the water content is lacking [4].



The effective porosity is always less than the total porosity, even if the porous medium is fully saturated. Not all water-filled pores are interconnected or contribute to the flow. Thus, the pore space that participates in and contributes to the fluid flow can be defined as the effective pore space. The unconnected or dead-end pores, microcracks, intragranular pores, pores occupied by the water film, and some pores that are closely connected to each other but have little contribution to fluid flow (such as clay interlayers) can be considered ineffective pores [1,3,8,9,22,27]. Therefore, terms such as flowing water and immobile or dead-end pores, combined with pores occupied by water film, also are commonly used in the definition of effective porosity. Factually, Dang et al. [28] and Kou et al. [29] relate the ee of cohesive soil in the physical properties of weakly bound water and strongly bound water, respectively. According to Kou et al. [29], weakly bound water does not completely lose its flowing characteristics under certain viscous forces, so the volume of weakly bound water should not be considered invalid. However, Dang et al. [28] believe that weakly bound water has lost the ability of free flow and can be included in the invalid pore volume. The effective porosity ratio of cohesive soil is expressed as:


   e e  = e −  α 0     ρ s     ρ w    L L ,  



(8)




where, α0 is approximately constant for a given soil. Ren et al. [22] used flowing water and immobile water to define effective pores. The effective void ratio (ee) can be defined as the ratio of the effective pore volume (Ve) to the soil particle volume (Vs):


   e e  =    V e     V S    ,  



(9)






   e i  =    V i     V s    ,  



(10)






   n e  =    V e   V  =    V e     V s  +  V e  +  V i    ,  



(11)







Considering the above formulas, ne is the effective porosity, Ve is the effective pore volume or the volume of flowing water, Vi is the invalid pore volume or immovable water volume, and Vp is the total pore water volume, i.e., Vp = Ve + Vi. V is the total sample volume, i.e., V = Vs + Vp = Vs + Ve + Vi. ei is the invalid pore ratio. Therefore, the effective porosity ne, effective void ratio ee and total void ratio e are related as follows:


   n e  =    e e    1 + e   ,  



(12)






   e e  = e −  e i  ,  



(13)







Additionally, it is generally believed that the SSA and fluid properties of clay particles remain unchanged during infiltration, while the surface activity and adsorption capacity change with the change in porosity. Although the total porosity increases with continuous seepage flow, the flow rate decreases [30], which indicates that effective and invalid porosity increase with increasing total porosity, but the invalid porosity increases more rapidly than the effective porosity [22] Starting from this practical problem, based on the limit conditions of porosity, the following ee relations are derived:


   e e  = e    (   e  1 + e    )   m  ,  



(14)




where m is a non-negative constant, 0 ≤ m ≤ 2. Regarding sandy soil, m = 0.05 ± 0.05, for silty soil, m = 1 ± 0.2, and for clay, m = 1.5 ± 0.5.



Certainly, different disciplines have different definitions of effective porosity. Regarding the case of pollutant migration, for example, the effective porosity ratio is defined as the ratio of the Darcy velocity to the average velocity of the tracer when the tracer concentration is 50% or is the percentage of the average velocity of the tracer [1,31].




2.2. Definition and Application of Specific Surface Area (SSA) in the KC Equation


The SSA is an important parameter for quantifying the liquid–solid/gas interface interaction process. The SSA plays a major role in controlling engineering phenomena such as expansion, compression, and penetration [32]. Therefore, the SSA of clay is very important. There are four versions of SSA defined according to different disciplines and application scenarios [33,34].




	(i)

	
S is the total surface area per unit bulk volume of porous medium,   S =  (  1 − n  )  ×  S 0   , in cm2/cm3;




	(ii)

	
S0 is the grain-related specific surface area, defined as the surface area per unit grain volume,   S = n  S p   , in cm2/cm3;




	(iii)

	
Sp is the surface area per unit volume of pore space,    S p  =   1 − n  n   S 0   , in cm2/cm3;




	(iv)

	
Sg is the sum surface area per unit mass particle, Sg = S0/ρs, in m2/kg.









Assuming that equiaxed spherical particles with a porosity of n are randomly arranged, then as long as one of the above four SSAs is obtained, the others can be derived. However, it is not easy to calculate or measure the SSA of actual soil under these definitions. Clay particles are not uniform spherical particles, they are composed of spherical, cubic, cuboid, plate, rod and other complex geometries [23,32]. Thus, Sepaskhah et al. [35] estimated the SSA using the soil conversion function according to the geometric mean particle size Dg of soil particles.


Sg = ADgB,



(15)




where A and B are constants; Dg is the geometric average particle size of soil particles (mm), e.g., Dg =    e   [  0.01  (   f c  ln 0.001 +  f  s i   ln 0.026 +  f  s a   ln 0.025  )   ]     , fc, fsi, and fsa are the percentages of the clay, silt and sand components, respectively [36].



Concerning granular materials, the surface area per unit mass of particles, Sg, in m2/kg, is readily available. Many methods (such as the glycerol, ethylene glycol (EG), ethylene glycol (EGME), methylene blue (MB), mercury intrusion porosimetry (MIP), and nitrogen gas adsorption and vapor adsorption methods) can be used to determine the SSA of granular materials. However, these methods are limited to the determination of a small number of samples in the laboratory. Considering a series of samples, these measurement methods are less efficient than experiments for determining the saturation permeability coefficient and are time consuming and costly.



The physical properties of soil are not isolated and often associated with each other. Many researchers have found that the SSA of clay is closely related to the LL, e.g., finding a linear relationship between the SSA and LL [23,24,37,38,39,40,41,42] or that the reciprocal of the SSA has a linear relationship with the reciprocal of the LL [21,32,43], and a good power function relationship between the SSA and LL [38,44,45,46,47].




2.3. Modified KC Equation with Effective Void Ratio (ee)


According to Poiseuille’s law, the flow Q through different capillary sections is:


  Q =   π  r 4  Δ p   8  μ w  L   =    r 2   8    Δ p    μ w  L   A ,  



(16)




where r is the capillary radius, L is the capillary length, A is the capillary cross-sectional area, Δp is the pressure drop, i.e., Δp = ρwgΔh, and Δh is the head difference at both ends of the capillary.



Regarding the circular capillary hydraulic radius RH, RH = Vp/Sp = πr2 L/(2πrL) = r/2, where Vp is the total pore volume and Sp is the total wetted surface area. The actual seepage path is Le and τ is the tortuosity, i.e., τ = Le/L. The effective cross-sectional area of free flow is neA. Thus, the above formula becomes:


  Q =    R H 2    2  τ 2       ρ w  g Δ h    μ w  L    n e  A =  1 C     ρ w  g  R H 2     μ w      Δ h  L   n e  A ,  



(17)







Effective pores in the clay should be considered, so the wetted phase surface area should take into account the increased surface area Si, including dead pores and pores occupied by the water film. According to the spherical particle assumption, the wetted phase surface area is Sw′ after invalid pores are considered, and Sw′ = Sw + Si = (1 + ei)2/3Sw. Therefore, the new hydraulic radius is RH′:


   R H    ′  =    e e   V p     S w    ′    =    e e   V p     S w     (  1 +  e i   )    2 / 3     =    e e       (  1 +  e i   )    2 / 3      R H  ,  



(18)







Combining the Equations (17) and (18) now yields:


  Q =  1 C     ρ w  g  e e 2     μ w   S g 2   ρ s 2     (  1 +  e i   )    2 / 3       Δ h  L   n e  A ,  



(19)







Considering Darcy’s law, the saturated hydraulic conductivity Ks is as follows:


   K s  =  1 C     ρ w  g  e e 2     μ w   S g 2   ρ s 2     (  1 +  e i   )    2 / 3     ,  



(20)







By introducing Equation (14) into Equation (20), the equation derived by Ren et al. [22] can be obtained.





3. Materials and Experiments


3.1. Materials


3.1.1. Loess in China


China’s loess covers an area of approximately 640,000 km2, accounting for approximately 4.9% of the world’s total loess. Distributed in the northern latitudes 33–37° and most developed in the Loess Plateau between 34–35°, the loess plateau area in China is approximately 440,000 km2 [26,48] (Figure 1a). The loess plateau is covered with thick quaternary sediments. Taking the perspective of engineering geology and soil mechanics, the grain size distribution of Chinese loess is between 0.01 mm and 0.05 mm. The content of silt exceeds 40% and is generally between 45–63%. Particles with a particle size larger than 0.25 mm (which belong to silt or silty clay) are almost completely missing, which is an important feature that distinguishes loess from other sediments. Liu’s study reported that the loess on the Chinese loess plateau showed gradually increasing grain size from northwest to southeast [49]. According to the change in loess facies, loess can be divided into three different facies belts: the (1) sandy loess zone (sand content > 5%), (2) loess zone (sand content < 5%), and (3) clayey loess zone (Figure 1a). This gradation is also an important factor in geological disasters such as liquefaction and refraction that involves water.




3.1.2. Analyzed Deposits and Properties


During this study, soil was taken from four different sites (Heifangtai, Yan’an New Area, Yanchuan, and Jingyang) of three loess zones (sandy loess, loess, and clayey loess) on the Loess Plateau (Figure 1c–f). The soil was taken from both landslide sections (Heifangtai and Jingyang) and excavation sections (Yan’an and Yanchuan). Only moist samples of upper Malan loess, which are related to human activities, were packed and transported to the laboratory for testing.



Site 1: The average annual rainfall of Heifangtai is 260 mm, the evaporation is over 1500 mm for many years, and the annual average temperature is 10 °C (Yongjing County People’s Government official website, http://www.gsyongjing.gov.cn). The Heifangtai sampling section consists of aeolian loess, alluvial silty clay, and gravel. The typical loess layer belongs to the late Pleistocene Malan loess, with a thickness of approximately 20–50 m. The thickness of the silty clay layer buried below the loess is approximately 4–17 m, and the thickness of the gravel layer below the silty clay layer is approximately 2–5 m. Neogene bedrock is under the gravel layer (Figure 1b,c).



Site 2: The average rainfall of Yan’an city over the years (1951–2012) was 531 mm, and the average annual temperature was 9.9 °C [50]. Yan’an New Area sampling section is located near the northern part of the Yan’an New Area. The excavation thickness of the project is 73 m, and loess-paleosol alternately appears in the section. A total of 10 layers of paleosol are exposed. This section contains 5–20 m of late Pleistocene Maland loess. The Lishi loess under the late Pleistocene Maland is several meters to more than 100 m thick. Only the middle and lower parts of the Lishi loess are revealed, while the upper part of the Lishi loess and the Wucheng loess are not exposed (Figure 1b,d).



Site 3: The average precipitation of Yanchuan country for many years (1984–2013) was 486.7 mm, and the average temperature for many years was 10.8 °C [51]. The thickness of the Malan loess in the Yanchuan section is approximately 45 m, and small pieces of calcareous concretion with scattering layers are occasionally found in this section. The thickness of the Lishi loess is approximately 60 m, but the thickness of the ancient soil layer is less than 60 m. There is unconformity contact between the upper part and the middle parts of the Lishi loess, indicating that there is obvious sedimentary discontinuity and denudation in the area. The Wucheng loess in the Yanchuan section is thicker than 80 m, and its underlying strata are Triassic sandstone (Figure 1b,e).



Site 4: The average annual precipitation in Yingyang country (1955–2012) was 460.7 mm, and the average annual temperature was 13.3 °C [52]. The profile of the Jingyang landslide is on the south bank of the Jinghe River, which is a typical loess tableland landform. This profile consists of late Pleistocene and Pleistocene loess-paleosol sequences. The upper part comprises typical Late Pleistocene eolian Malan loess with a thickness of approximately 10–15 m, and the lower part comprises middle Pleistocene Lishi loess with a thickness of approximately 40–54 m. Found at the foot of the slope, the ninth layer of loess in the late Pleistocene and the ninth layer of paleosol are exposed. The clay content of the Malan loess is approximately 20–30%, and the silt content exceeds 70%. Malan loess is a type of clay loess with fine grain sizes and a high clay content (Figure 1b,f).



Laboratory tests were carried out on the remolded loess in the above four locations. The natural water content w0 (%), natural density ρ0 (g/cm3), dry density ρd (g/cm3), specific gravity (Gs), void ratio e, liquid limit LL (%), plastic limit PL (%), and plastic index Ip of these soils were measured in the laboratory (Table 1). The liquid–plastic limit was measured by the GYS-2 digital soil liquid–plastic limit tester (Nanjing Soil Instrument Factory Co. LTD, Nanjing, Jiangsu province, China, http://www.njtryq.cn/en/). Particle size analysis was conducted via a Bettersize2000 laser particle size distribution analyzer (Bettersize Instruments Ltd., Dandong, Liaoning province, China, https://www.bettersize.com.hk/) (Figure 2a,b).





3.2. Experiments


3.2.1. Permeability Measurements


Loess samples from the four sites were brought to the laboratory. Samples were oven-dried at 105 °C, crushed, and passed through 2 mm meshes to remove impurities such as sand, calcium nodules, and plant roots, to test the soil clay. The remolded soil samples with different dry densities and water contents were mixed and configured with dry soil samples and cold water of known qualities by an electronic scale (Table 2) and were sealed and stored in a moisturizing dish for 24 h to ensure the even distribution of water. Each cylindrical sample of 61.8 × 40 mm was pressed individually with a hydraulic jack (5t) and stabilized for 15 min to ensure the sample had a stable structure (Figure 3).



A prerequisite for the measurement of the saturation permeability coefficient is laminar fluid flow. Regarding cohesive soil, due to the large SSA of the soil particles, the surface interface between the particles and fluid is very strong, and it is easy to form strong and weak bonds between water and the surface of the soil particles. Furthermore, the pores of cohesive soil are relatively small. Therefore, in this soil, there is a minimum hydraulic gradient, also known as the initial hydraulic gradient, J0, and if the actual hydraulic gradient is less than J0, fluid does not flow. Prior to starting the test, we had to determine a suitable head difference in remolding the loess with the following criteria: (1) the head difference should be not too large. When the head difference is too large, the measured Ks value will be overestimated. Additionally, a large head difference will prolong the test period. Many studies have shown that, as the percolation time increases, the slow decomposition and migration of agglomerates in the clay leads to blockage of the percolation channels and, thus, reduces permeability [30] or, with the fluid discharge, increases seepage, which may not satisfy the Darcy flow assumptions and, thus, lead to the overestimation of the permeability coefficient [20]. (2) The head difference should be not too small. A small head difference may cause a large corresponding reading error. Additionally, if the head difference is too small, seepage may not start. According to Gu et al. [53], the results of remodeling clay permeability show that the initial hydraulic gradient may be J0 ≥ Δh/L = 12.5 (Figure 4), i.e., Δh ≥ 5 cm (for a TST-55 permeameter, the height of a sample is L = 4 cm). To shorten the observation time and ensure experimental accuracy, we selected a head test with a head difference of 5 cm for a 4-cm-high sample.



The Ks was measured by the variable head penetration test. The permeameter was a TST-55-type permeation instrument produced by Nanjing Soil Instrument Factory Co. Ltd., Nanjing, Jiangsu province, China, http://www.njtryq.cn/en (Figure 3). Prior to the sample being loaded, a thin layer of Vaseline was applied to the wall of the infiltration instrument to prevent sidewall leakage [20]. Afterwards, the sample was installed in place. The test started after back pressure + vacuum saturation, and the test was repeated 6–8 times. The calculation of Ks used the variable water head method in accordance with Darcy’s law:


   K s  =   a L   A t   ln    h 1     h 2    = 2.31   a L   A t   lg    h 1     h 2     



(21)




where Ks represents the permeability coefficient at T (°C) (cm/s); 2.31 is the transformation factor of ln and log10; a represents the cross-sectional area of the variable head pipe (cm2); h1 and h2 represent the starting and ending heads (cm), respectively; and t is the time (s) for the head from h1 to h2. Regarding standardization, the Ks of the experimentally measured water temperature T (°C) was converted to a permeability coefficient at 20 °C:


   K  20   =  K s     μ T     μ  20      



(22)




where K20 represents the permeability coefficient (cm/s) of the sample at the standard temperature of 20 °C; μ20 represents the dynamic viscosity coefficient (kPa·s) of water at 20 °C; μT represents the dynamic viscosity of water at T (°C) (kPa·s).




3.2.2. Determination of BET-N2 Specific Surface Area


The SSA was determined by a large multistation automatic surface area and porosity analyzer (ASAP 2460) from Micromeritics Instrument (Shanghai) Ltd., Shanghai, China (http://mic.cnpowder.com.cn). The analysis bath temperature was −195.8 °C, and the adsorption medium was N2. The system automatically gave the SSA results.






4. Results and Analysis


The results of 139 laboratory tests (Table 3) were used to evaluate the ability of the KC equation to predict the permeability coefficient of remolded loess. This information, i.e., liquid limit, void ratio, and permeability coefficient values, is usually given in selected literature. A comprehensive method for evaluating the permeability coefficient of remolded loess based on the KC equation of the effective void ratio, ee and the specific surface area, SSA is presented.



4.1. Estimates of the Effective Void Ratio for Loess


It is accepted that the ee is always smaller than the total void ratio, as shown in Figure 5. However, the ee estimated by Equation (8) in Figure 5 is negative, which is obviously not possible. The most basic conditions are as follows: the effective void ratio is ee > 0, the LL of loess is 22–52%, and the particle density of the soil is 2.65–2.75 g/cm3 (Malan loess). Suppose the LL of loess at a certain place is LL = 20%, ρs = 2.65 g/cm3. Take α0 = 0.9; according to the conditions of Equation (8) > 0, the total critical void ratio e > 0.477 is obtained. This critical value is obviously strongly dependent on the value of α0. However, differences in soil species, gradation, SSA and mineral composition values may result in different adsorbed bound moisture contents. Thus, according to Dang et al. [28], in the definition of α0, the parameter α0 cannot be obtained accurately, although α0 is approximately a constant for a given soil type.



Considering that the effective void ratio must be a non-negative value, the result of Equation (14) is more satisfactory than that of Equation (8). Naturally, we needed evidence to prove the validity of Equation (14). We converted the ee of Equation (14) to a function of porosity, as shown in Figure 6. Values of m corresponded to sand, silt and clay, respectively. This coincided with research by Urumović and Urumović Sr [9] on the influences of the driving force factor and resistance factor on the porosity function. Obviously, the ee of different types of soil differs by orders of magnitude, and the smaller the porosity is, the more significant the difference will be (Figure 6). Figure 6 shows the loess results from various studies and the data from this study. The effective porosity ratio is very good, obeying Carman’s effective porosity function n3/(1 − n)2 [11].




4.2. Estimation of Specific Surface Area for Loess


Extensive research has shown that the SSA of most clay soils can be evaluated by liquid limits. SSA and LL datum are usually given for test results for clay soil. We selected the SSA and the LL of clay soils from literature on different regions of the world, as shown in Figure 7 (total 311, LL < 600%). Figure 7 shows that there is a general trend between the SSA and LL—the SSA increases with increasing LL [46].



However, most (accounting for 95.2% of all data, or 296 data points) of the SSA data of clayey soil are LL < 150%. The LL of loess in China also is included in this range, so we analyzed data with an LL < 150%. Considering these data (LL < 150%), we obtained a relation between the LL and the SSA (Figure 8a).


  S = 1.887 L L − 40.457  



(23)







This relation applies to LL < 150%, which underestimates the SSA value at the low LL or overestimates the SSA value at the high LL. However, when LL < 21.44%, this relation is invalid. Farrar and Coleman [24] and Santamarina et al. [23] report an LL less than a certain value (19% and 18.89%, respectively), so this prediction equation will not be used.



Figure 8b shows the correlation between the measured SSA of loess and the experience relationship proposed by many scholars, in the semilogarithmic coordinate system. As can be seen from Figure 8b, the SSA of loess is near the experience relationship of Farrar and Coleman [24], Santamarina et al. [23], Yukselen-Aksoy and Kaya [46]. Although the estimated relation curve of Yukselen–Aksoy and Kaya [46] is near the measured SSA value, this curve is for a given LL, below which the SSA will be overestimated and above which the SSA will be underestimated. Steiakakis et al. [43] underestimate the SSA value, and other empirical relationships overestimate the SSA value; the overestimation error can be approximately 10 times the actual value. According to Equation (1), the permeability is k ∝ (1/S2). If the SSA is estimated to be too low, the permeability will be overestimated; otherwise, the permeability will be underestimated.



Figure 9 is a comparison between the estimated and measured values of the power function relation between the SSA and the geometric average particle size (Equation (16)). Figure 9 shows that the estimated SSA of Equation (16) is 3–8 times greater than the measured SSA. Thus, permeability is seriously underestimated because permeability is inversely proportional to the square of the SSA. Therefore, at least for remolded loess in the Loess Plateau of China, it is not appropriate to use Equation (16) to estimate the SSA.



Figure 10 shows the difference between the measured and predicted SSAs in more detail. The mean relative error (MRE) of the SSA predicted by Equation (23) is approximately 13.7% for loess. The MREs of Farrar and Coleman [24], Santamarina et al. [23] and Yukselen–Aksoy and Kaya [46] are 27.8% and 23.7%. Regarding Lü et al. [47] and Arnepalli et al. [45], the MREs of the predicted values for the SSA of loess are as high as 146% and 400%, respectively. The MREs of the other authors are greater than 50%.




4.3. Application and Evaluation


4.3.1. Verification of KC Equation Base on ne and Dg Correction


Looking at the description of the modified KC equation according to Urumović and Urumović Sr [8,9], the effects of the effective porosity and average reference particle size on the permeability of porous media are very important. The functional distribution of effective porosity for a reference particle size is graphically described as ne = f(Dg). However, the functional relationship is not clear. Therefore, the effective porosity for the conversion of the effective porosity ratio in this paper was used to calculate the permeability. Figure 11 shows the use of 64 results from this experiment to verify the modified KC equation based on the porosity geometric mean particle size Dg and the validity of the permeability coefficient prediction for remolded loess (Equation (6)). Figure 11 shows that the estimated KS value of Equation (6) highly underestimates the permeability coefficient of remolded loess, with a maximum deviation that can reach 104 orders of magnitude. Urumović and Urumović Sr [8,9] describe effective porosity as a function of the reference particle size; thus, the total porosity also depends on the reference particle size. Therefore, we used the effective porosity in the total porosity substitution of Equation (6) to estimate the permeability coefficient of the remolded loess, as shown in Figure 11. Although the reliability of the estimated KS value is greatly improved, some of the data are still far from the 1:1 line of the predicted and measured KS values, with a maximum deviation of almost 102 orders of magnitude. Although Equation (6) is applicable to the weak permeable layer of Croatian silty clay, the predicted KS value ranges between 1/3 and 3 times the measured KS value [8,9]. However, Equation (6) cannot be used to predict the permeability of remolded loess in China.




4.3.2. Verification of KC Equation Base on e and m Correction


The results of the tests used here were derived from 42 results from remolded loess in the Yan’an New Area reported by Gao et al. [54], 25 results from remolded loess in the Yan’an New Area reported by Hong et al. [55], 8 results from a bentonite-loess mixed sample from Mongolia Xinghe County and loess samples from Yulin and 64 results from this experiment. The loess SSA values were estimated by Equation (23); these predicted and measured KS values are shown in Figure 12. To further test the reliability of the KS predictions of the KC equation based on the ee and SSA, the 64 measured KS values from four sites on the Loess Plateau were compared with the predicted KS values (Figure 11). Figure 12 shows that the predicted KS values were between 1/3 and 3 times the measured KS value and were within the expected range of laboratory penetration test results. An analysis of the existing loess literature and a comparison between the measured permeability coefficient and predicted permeability coefficient values indicate that most of the predicted KS values are between 1/3 and 3 times the measured KS values. This is within the expected range of laboratory penetration test results, which indicates that the modified KC equation based on the ee and the SSA is effective in predicting the hydraulic conductivity of remolded loess.






5. Discussion


Regarding remolded loess, if SSA and ee information of loess can be accurately obtained, and when adequate preventive measures are taken in the permeation test (for example, homogeneity control in the preparation of the remolded sample), the modified KC equation can be used to predict the Ks of saturated remolded loess. The precision of the penetration test depends on the process control and the homogeneity (or inherent variability) of the soil sample, and the prediction precision is mainly derived from the uncertainty of the ee and SSA prediction.



5.1. Uncertainty of the Effective Porosity Ratio


According to a large number of existing studies, the effective porosity of clay soil should be considered [18,27,31]. When the effective porosity is significantly lower than the total porosity, but the effective porosity is assumed to be equal to the total porosity, the percolation velocity will be overestimated (Figure 13).



Because effective pore data are difficult to measure, it is necessary to estimate effective pore data based on other data. Dang et al. [28] and Kou et al. [29] estimated the ee based on the LL and PL, respectively. Figure 5a shows that the Dang et al. [28] estimation relationship is limited and not applicable to clay with a small total porosity. Kou et al. [29] also have the same problem. Yang et al. [53], from the point of view of microstructures, express the ee as a percentage of the total visual field area with large and medium porosity. A crucial question here is how we can determine this representative vision. Three ee relationships were proposed by Li et al. [70]. These relationships may seem simple, but some variables are difficult to obtain (e.g., combination of water content), and the test processes are difficult to control.



Although many researchers have reported useful developments on the effective pore estimation method, the estimation of the ee is attributed with uncertainty related to (1) the introduction of experimental errors and (2) the definition of effective porosity (e.g., field water capacity, moving water volume, and immovable water volume).




5.2. Uncertainty in the Specific Surface Area


There are three main aspects of uncertainty in the estimation of SSA values. (1) The uncertainty is closely related to the test method. According to existing research, different test methods have different test results [45,71]. The EGME method is recommended by Arnepalli et al. [45] because this method is cost effective. Yukselen and Kaya [71] recommended the MB method because the MB method is simpler and more reliable than the EGME method in soil science and clay mineralogy, where the internal surface area is very important. The results of measurements with the N2 adsorption method only show the surface area of granular material, which seems to be most suitable for the application of the KC equation to a large number of loess samples with agglomerates, aggregates, coating and cementation. (2) Uncertainties also are related to clay content (<2 μm, (%)). Figure 14 shows that the SSA tend to increase with increasing clay content. (3) Finally, uncertainties can be related to the estimation relationship. Since most such estimates are derived from SSA measurements and other physical properties of the soil, estimation relationship error may be derived from the SSA test method. The SSA predicted by Chapuis and Aubertin [21], for example, for Champlain clay is S ± 25%.




5.3. Influence of the Uniformity of Remolded Specimens


Ensuring the homogeneity of a sample is one of the most important and basic conditions of sample preparation. The process of sample preparation is affected by various factors. Even with the same initial dry density and initial water content, prepared samples may demonstrate a great deal of randomness in various parameters.




	(1).

	
The sample preparation method for remolded soil may affect the results of the osmotic test. Some studies show that the seepage stability of static compacted specimens is obviously superior to that of impact and kneading methods [72]. Concurrently, the stability of a static compacted specimen also is affected by the initial dry density and moisture content. Generally, the stability of compacted specimens increases with increasing initial dry density and water content. Regarding impacted samples, the lower part of the sample is usually denser than the upper layer, and local blockage of the sample occurs [21]. Accompanying the decrease in porosity, the seepage path zigzags more. Simultaneously, the site surface between the layers forms a relatively dense structure, similar to the weak permeable layer in the stratum, resulting in the underestimation of the measured Ks. Additionally, for a specimen with a low initial water content, the Ks of the specimen bottom may increase due to the occurrence of microcracks during compaction.




	(2).

	
Remolded soil samples may be affected by the predominance of seepage in the formation of larger pores. Although different authors give different pore boundary diameters for large pores (or larger pores or macropores), it is difficult to measure and quantify this value under high seepage [73]. Jang et al. [74] showed that, according to simulation results of a pore network model, 10% of the large holes may contribute to 50% of the total flow. However, this is not the true reflection of the soil system.




	(3).

	
Tortuous/pore-throat effect. Although the structures of joints, fissures and aggregates are destroyed in remolded soil, a more uniform pore structure is formed by the remolding process. However, compacted clay is composed of different mineral particles. Under the influence of compaction energy, macropores may be discontinuous and the action of pore throats will restrict the adjacent large pores [75]. The existence of the pore throats greatly increases the seepage paths. The results of a study by Kucza and Ilek [76] on the permeability of irregularly shaped specimens are described as follows. Kucza and Ilek [76] report that water conductivity measurement errors are minimal for these specimens due to the continuous variation in the sample cross section, and the lateral surface change of a sample is the dominant factor of measurement errors. That is, we can see an irregular sample as a single irregularly shaped capillary and the lateral surface can be seen as a meandering flow path, i.e., tortuosity. The seepage path becomes longer due to the limitation of the pore throat, that is, the lateral surface described by Kucza and Ilek [76] of the sample is increased, which results in the overestimation or underestimation of the measured Ks. However, Olsen [19] does not consider the tortuous path of the seepage to completely explain the difference between the predicted and the measured Ks.










5.4. Test Process Control


According to the current geotechnical test standards, the true accuracy of the penetration test method is unknown, so we cannot estimate the error range [21]. Consequently, we need to strictly control the penetration test process to obtain data that can reflect the permeability of the material as truthfully as possible. First, for the seepage samples tested in the rigid wall permeability meter, sidewall leakage will cause the measurement error to be several orders of magnitude greater. Therefore, measurements must be taken to prevent lateral wall leakage. Second, to improve the saturation degree of the sample as much as possible, the steady seepage condition must be reached [77]. A low saturation will inevitably cause the inclusion of trapped bubbles in the fluid and two-phase flow. Finally, for a clay soil, a suitable head difference is an important condition to ensure a steady flow. Accompanying low saturation and a large water head difference, there will be a slip effect (Forchheimer effect) at the interface between the flow channel and the fluid. Concurrently, the migration of fine particles and the expansion of the channel will be aggravated without satisfying laminar flow conditions.





6. Conclusions


Here, estimation algorithms of the SSA and ee of clay with the KC equation are reviewed. By fitting a large number of clay soil LL and SSA data, a good linear relationship in semilogarithmic coordinates was achieved for the LL and SSA. Using a large number of remodeling experimental data of loess permeability, a modification to the KC equation based on the SSA and ee estimation algorithm enabled the permeability coefficient of remolded loess to be predicted. The predicted Ks ranged between 1/3 and three times the laboratory test value. The difference between the predicted and measured Ks was likely caused by the uniformity of remolded specimens, unreliable test process control, inaccurate estimation of the ee and inaccurate estimates of SSA. The effect of the ee on the prediction of the clay permeability coefficient cannot be ignored, and the permeability coefficient can be overestimated by 2–3 orders of magnitude. Although the error is associated with the Ks prediction method, the method can quickly estimate the permeability coefficient of a series of remolded loess samples, as long as the total pore ratio and SSA values have been determined.
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Figure 1. (a) Schematic map showing the zonation of loess thickness, grains, study sites and sections in the Loess Plateau. Blue dotted lines show the zonation of loess grains in the Loess Plateau: zone I, sandy loess; zone II, loess; and zone III, clayey loess (modified from [48,49]). (b) Four site profiles. (c) Heifangtai landslide profiles. (d) Yanchuan stratigraphic profiles. (e) Yan’an stratigraphic profiles. (f) Jingyang landslide profiles. 
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Figure 2. Particle size analysis: (a) particle accumulation curve and (b) particle size distribution. 
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Figure 3. Test device. (1) Pressure sample device. (2) Bearing platform. (3) Limit ring. (4) Ring cutter compensation ring. (5) TST-55 Permeameter. (6) Cutting ring. (7) Pressure lever. (8) Lifting jack (5t). 
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Figure 4. Saturated remolded clay V–J curve (Data from Gu et al. [53]). 
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Figure 5. The relationship between the total void ratio, effective void ratio and porosity: (a) estimated effective void ratio based on Equation (8), α0 = 0.9 [28]. (b) Estimated effective void ratio based on Equation (14). Data source: Gao et al. 2016 [54], Hong et al. 2016 [55], Yang et al. 2011 [56]. 






Figure 5. The relationship between the total void ratio, effective void ratio and porosity: (a) estimated effective void ratio based on Equation (8), α0 = 0.9 [28]. (b) Estimated effective void ratio based on Equation (14). Data source: Gao et al. 2016 [54], Hong et al. 2016 [55], Yang et al. 2011 [56].



[image: Water 12 00024 g005]







[image: Water 12 00024 g006 550] 





Figure 6. The relationship between porosity and effective porosity ratio function. Data source: Gao et al. 2016 [54], Hong et al. 2016 [55], Yang et al. 2011 [56], Dang et al. [28]. 
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Figure 7. Scatter diagram of the SSA and LL in the literature (LL < 600%). Data source: Meegoda and Gunasekera 1992 [1], Farrar and Coleman 1967 [24], De Bruyn et al. 1957 [37], Hammel et al. 1983 [38], Smith et al. 1985 [39], Churchman et al. 1991 [41], Steiakakis et al. 2012 [43], Arnepalli et al. 2008 [45], Yukselen-Aksoy and Kaya 2010 [46], Lü et al. 2016 [47], Locat et al. 1984 [57], Sridharan et al. 1986 [58], Sridharan et al. 1988 [59], Olchawa and Gorqczko 2012 [60], Yukselen and Kaya 2006 [61], Sun 2014 [62], Dolinar and Trauner 2004 [63], Cerato and Lutenegger 2002 [64], Maček et al. 2013 [65], Shah and Singh 2005 [66], Yan et al. 2014 [67], Liang 2010 [68], Tanaka and Locat 1999 [69]. 
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Figure 8. Relationship between SSA and LL: (a) best fit (The SSA−LL data in this figure is consistent with LL < 150% in Figure 7); (b) Correlation between the SSA of loess and the literature’s experience (Chapuis and Aubertin 2003 [21], Santamarina et al. 2003 [23], Farrar and Coleman 1967 [24], Muhunthan 1991 [32], Steiakakis et al. 2012 [43], Mbonimpa et al. 2002 [44], Arnepalli et al. 2008 [45], Yukselen-Aksoy and Kaya 2010 [46], Lü et al. 2016 [47]). 
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Figure 9. Comparison between the estimated and the measured SSA values based on Dg. 
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Figure 10. Comparison of estimates of SSA based on an empirical relationship (Chapuis and Aubertin 2003 [21], Santamarina et al. 2002 [23], Farrar and Coleman 1967 [24], Steiakakis et al. 2012 [43], Mbonimpa et al. 2002 [44], Arnepalli et al. 2008 [45], Lü et al. 2016 [47], Yukselen-Aksoy and Kaya 2010 [46]). 
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Figure 11. Predicted versus measured KS values for this study using Equation (16) with an estimated Sg value. 
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Figure 12. Predicted versus measured KS values for this study using Equation (23) with an estimated S value. Data source: Gao et al. 2016 [54], Hong et al. 2016 [55], Yang et al. 2011 [56]. 
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Figure 13. Ks values predicted and measured by using total void ratio, e, and effective void ratio, ee, respectively. (Data from previous loess studies and this study). 
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Figure 14. Relation between the SSA and clay content. Data source: Meegoda and Gunasekera 1992 [1], Farrar and Coleman 1967 [24], Locat et al. 1984 [57], Sridharan et al. 1986 [59], Sun 2014 [63], Sridharan et al. 1988 [60], Yukselen and Kaya 2008 [71], Yukselen-Aksoy and Kaya 2010 [46], Lȕ et al. 2016 [47], Arnepalli et al. 2008 [45], Smith et al. 1985 [39], Cerato and Lutenegger 2002 [64], Shah and Singh 2005 [66], Tanaka and Locat 1999 [69], Hammel et al. 1983 [38], Churchman et al. 1991 [41]. 
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Table 1. Soil properties of the four studied sites.
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	Properties
	Heifangtai
	Jingyang
	Yan’an
	Yanchuan





	Natural water content (%)
	3.80
	22.90
	13.30
	12.11



	Natural density (g/cm3)
	1.35
	1.89
	1.81
	1.65



	Dry density (g/cm3)
	1.30
	1.65
	1.61
	1.60



	Specific gravity (Gs)
	2.73
	2.71
	2.70
	2.65



	Void ratio (e)
	1.10
	0.68
	0.62
	0.72



	Liquid limit (LL) (%)
	25.60
	32.50
	30.00
	27.67



	Clay: 0–0.002 mm (%)
	4.77
	19.25
	5.38
	5.76



	Silt: 0.002–0.05 mm (%)
	69.05
	65.62
	89.50
	76.27



	Sand: 0.05–2.0 mm (%)
	26.18
	15.13
	5.12
	17.97



	Plastic limit (PL) (%)
	16.50
	19.50
	16.40
	15.14



	Plastic index (PI)
	9.10
	13.00
	13.60
	12.53



	Activity (PI/CF)
	1.91
	0.68
	2.53
	2.18



	Dg (mm)
	0.058
	0.024
	0.026
	0.042
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Table 2. Design of sample conditions.
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	Controlled Dry Density (g/cm2)
	Controlled Water Content (%)





	1.40, 1.50, 1.60, 1.70
	12.0, 15.0, 18.0, 21.0
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Table 3. Experimental data and literature data.






Table 3. Experimental data and literature data.





	
Soil Type and Location

	
Data Point

	
Void Ratio e

	
Liquid Limit LL (%)

	
Specific Gravity Gs

	
Experimental Method

	
Reference






	
Remolded Malan loess, Yan’an

	
14

	
0.52–1.04

	
32.0

	
2.70

	
Variable head test

	
Gao et al. [54]




	
Remolded Lishi loess, Yan’an

	
14

	
0.43–0.93

	
19.0

	
2.72




	
Malan + Lishi loess, Yan’an

	
14

	
0.51–0.97

	
18.3

	
2.71




	
Remolded Malan loess, Yan’an

	
25

	
0.54–1.08

	
31.2

	
2.71

	
Variable head test

	
Hong et al. [55]




	
Remolded loess, Yulin

	
8

	
0.45–0.50

	
20.7

	
2.75

	
Variable head test

	
Yang et al. [56]




	
Remolded loess, Yan’an

	
16

	
0.40–1.00

	
30.0

	
2.71

	
Variable head test

	
This study




	
Remolded loess, Yanchuan

	
16

	
0.50–1.01

	
27.6

	
2.65




	
Remolded loess, Jingyang

	
16

	
0.58–1.02

	
32.5

	
2.71




	
Remolded loess, Heifangtai

	
16

	
0.44–1.00

	
25.6

	
2.73












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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