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Abstract: An accurate estimation of soil permeability is essential in geotechnical engineering.
Transparent soil provides a promising experimental material to visualize pore-scale fluid flow,
although the permeability characteristic of transparent soil remains unclear. As a result of the
replacement of the fluid and solid phase, the permeability coefficient of transparent soil is usually
several times or even more than ten times smaller than that of natural soil with the same particle size
distribution and porosity. Fused quartz sand is used as the solid phase in this proposed transparent
soil, which exhibits a similar mechanical behavior but different permeability to those of natural
sand. Due to its low cost and eco-friendly characteristic, a mixture of mineral oil and aliphatic
hydrocarbon is proposed as the liquid phase, which can achieve the same refractive index as the
fused quartz sand after calculating the material proportion. Through a series of laboratory tests, the
permeability of the transparent soil is obtained; the permeability is affected by the fluid dynamic
viscosity, fluid density, particle size, particle size distribution, void ratio, and pore morphology.
A hierarchical approach is introduced to quantitatively evaluate the effect of the particle shape on the
permeability. Based on the experimental results, a modified Kozeny–Carman model is proposed for
the prediction of transparent soil permeability, which can guide the preparation of transparent soil
samples in further experimental studies.

Keywords: modified Kozeny–Carman model; particle size distribution; permeability; particle shape;
transparent soil

1. Introduction

Permeability is an essential engineering property of soil, dominating the pore water flow and
affecting the soil mechanical behavior [1]. Accurate measurement of soil permeability is necessary for
the design of foundation engineering, whereas the variation in soil permeability may significantly
affect the behavior of a soil structure, such as the failure of an embankment [2]. Soil permeability is
used to depict the pore water flow at a macro scale, while the seepage flow occurs at a micro scale.
The emergence of transparent soil provides a feasible technique with which to explore and visualize
seepage and osmotic particle motion within soils. Transparent soil is a synthetic material used to
simulate the original soil behavior. In transparent soil, the solid material is an artificial transparent
particle, and the pore fluid is a synthetic liquid with the same refractive index as the particle [3,4].
Without light reflection and refraction, the entire material presents a transparent state. Some particles
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or fluid in a certain plane of a transparent soil can be distinguished and photographed by the tracer
particle method and laser scattering method [5,6]. Combined with a powerful digital image correlation
(DIC) technique, the mechanical behavior of the distinguished parts can be quantitatively analyzed.
It is of great significance to use a transparent soil hydraulic model to explore the internal causes of
changes from the microscopic view and to verify discrete element simulations [7–11].

In recent years, scholars have studied the application of transparent soil for the visualization
of hydraulic conductivity within the soil. Liu et al. [12] added a red dye to the pore fluid within
a transparent soil, and the concentration field of the dissolved matter in the pore fluid can be obtained
from images based on the calibration curve for the dye. By adding fluorescent dye and fine solid particles
into the pore fluid, the behavior of the solid and fluid phase can be illuminated or traced separately
under the illumination of the planar laser [13,14], and the flow field can be quantitatively investigated
using the particle tracking velocimetry (PTV) technique. As an artificial material, transparent soil
exhibits a hydraulic behavior different than that of a natural material, which is due to the replacement
of the soil and fluid phase in the application of transparent soil [15].

Although transparent soil provides an effective way to investigate seepage from the pore scale, this
hydraulic test cannot guarantee similarity. Due to the replacement of original soils, the permeability
coefficient of the transparent soil test determined by some scholars is several times or even more than
ten times smaller than that of natural soil under the same conditions [16,17]. This difference can be
attributed to three factors. First, the fluid phase in transparent soils is typically a mixture of oil or
a high-concentration solution to achieve a high refractive index; in these fluids, the kinematic viscosity
is much higher (approximately 5–20 times) than that of water [15,18,19]. The kinematic viscosity of
the fluid phase can significantly affect the permeability of the transparent soil. Additionally, artificial
transparent particles (such as glass beads, silica gel, or fused quartz) are used as the solid phase in
transparent soils. The different particle shapes and textures of these materials would cause a change in
the microstructure of the seepage capillaries, resulting in different permeability characteristics [13,20].
Previous studies have not yet identified the universal effect of particle shape on permeability [21,22].
Finally, besides the particle shape, the void ratio and particle size distribution also affect the permeability
of transparent soil. In the literature, the parameter values of these factors have not been unified [23,24],
and the existing models used to predict permeability were established based on natural soils. Based on
the Kozeny–Carman model [22,25], Sanvitale and Bowman [26] adjusted the particle size of transparent
soil to reach a similar seepage pattern, although the predictions still showed an obvious deviation from
the measurements. The cause of this deviation is likely to be the comprehensive effect of particle shape,
particle size, and pore ratio. Therefore, it is necessary to investigate the permeability characteristics
and propose a quantitative approach to estimate the permeability of transparent soil.

In this paper, the properties of a transparent soil with fused quartz sand and a mixture of
mineral oil and EI solvent (produced by TEACSOL) are tested. A series of constant water head tests
with various effective particle sizes and soil porosities are conducted to obtain the permeability of
transparent soil. The effect of the replaced solid and fluid phases on the permeability are analyzed,
and a hierarchical approach was applied to analyze the impact of particle shape on permeability.
A modified Kozeny–Carman model is proposed to estimate the permeability of transparent soil.

2. Materials and Methods

2.1. Transparent Soil

Standard Fujian sand (ISO 679: 2009) [27] is used as a natural soil in this experiment; this sand
shows a well-graded particle size distribution (PSD-A) in Figure 1 with a uniformity coefficient greater
than 5 and coefficient of gradation between 1–3 [28]. Fused quartz sand is selected as the solid phase
of the transparent soil in this study; fused quartz sand is an excellent thermal- and chemical-stable
medium with high purity of non-crystalline silicon dioxide (more than 99.97%). The fused quartz sand
used in this study is manufactured by Xinyi Vanward Mining Co. (Xuzhou, China), with a refractive
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index of 1.4585. Although the fused quartz sand shows a different particle shape than that of Fujian
sand, the mechanical properties, such as strength, dynamic elastic modulus, and damping ratio,
are similar [17,29]. Therefore, fused quartz sand is a suitable replacement for the solid phase in
transparent soil, compared with natural soils.
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Figure 1. Particle size distributions of the tested sands. PSD: particle size distribution. 
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Figure 1. Particle size distributions of the tested sands. PSD: particle size distribution.

The seepage velocity of mixed oil in transparent soil is less than that of water in natural soil due
to the increase in fluid kinematic viscosity. It is possible to compensate for the variation in seepage
velocity by adjusting the particle size. In this experiment, two types of particle size distributions of
fused quartz sands are used, illustrated as PSD-B and PSD-C in Figure 1. In this paper, dx denotes
the soil particle size at which x percent is finer. For PSD-B, d10 in PSD-B is

√
11.4 times that in PSD-A

(11.4 refers to the ratio of the kinematic viscosity between the mixed oil and water), while the other
part of particle size distribution in PSD-B remains consistent with that in PSD-A. d10 and d20 are both
√

11.4 times than those in PSD-C. The detailed properties of these tested materials are listed in Table 1.

Table 1. Properties of the tested sands.

Particle Size Distribution PSD-A PSD-B PSD-C

Solid Material Fujian Sand Fused Quartz Fused Quartz
Specific Weight, Gs 2.67 2.21 2.21

d10 (mm) 0.16 0.45 0.45
d20 (mm) 0.25 0.55 0.74
d30 (mm) 0.41 0.62 1.04
d60 (mm) 0.84 0.89 1.38

Effective Particle Size by Sperry [23], deff (mm) 0.43 0.73 0.94
Effective Particle Size by Carrier [24], deff’ (mm) 0.39 0.68 0.88

Uniformity Coefficient, Cu 5.25 2.00 3.09
The Coefficient of Gradation, CC 1.49 0.97 1.76

For the fluid phase of the transparent soil, fluid with the same refractive index can be created
by mixing two oils, one with a high refractive index and one with a low refractive index [30].
A mixture of 15# mineral oil and EI solvent oil (a kind of aliphatic hydrocarbon mixture) [31] was
used in this experiment. In particular, Shell 15# mineral oil and TEACSOL EI solvent were used.
As an environmentally friendly and low-cost material with good transparency, this mixture is suitable
for transparent soil hydraulic testing. The refractive index of this mixed fluid can be estimated using
the Arago–Biot equation [32]:

1
nmix

= p×
1

n15
+ (1− p) ×

1
nEI

(1)

The targeting refractive index of the mixed oil for the transparent soil in this experiment is 1.4585
at 20 ◦C, while the refractive index of mineral oil and EI are 1.4673 and 1.4400 at 20 ◦C, respectively.
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From Equation (1), the volume fraction of mineral oil can be calculated as 0.68. In this experiment,
the refractive index is tested using an Abbe refractometer and a circulating water bath.

2.2. Experimental Setup

An experimental setup was designed and constructed based on ASTM D2434-68 (2006) [33],
as shown in Figure 2, which can be used to conduct the constant water head test for transparent and
natural soils. A Plexiglas cylinder with a height of 320 mm and a diameter of 100 mm was used to
fill the sample. A sealing rubber ring with reinforcement screws was placed at the top of this setup,
which can be used to ensure the saturation of the tested sample by a vacuum tube. A porous aluminum
disk covering a metal mesh with an aperture of 0.074 mm was placed at the bottom of the cylinder to
prevent the loss of soil particles. The inflow tube of this setup was connected with an upstream liquid
tank to maintain a continuous water supply, while a beaker was used to measure the outflow volume.
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Figure 2. Schematic of the permeameter for constant water head tests.

2.3. Preparation of the Tested Samples

The samples were prepared layer by layer (25 mm for each layer) to control the void ratio.
The weight of the dry sand required for each layer was calculated based on the specific gravity of the
sand and the desired porosity. The dry sand of each layer was placed in a bowl filled with enough
fluid and stirred to remove air bubbles. The permeameter was initially filled with a layer of fluid
approximately 2.5 cm high. Then, the sand from each bowl was added into the fluid by a teaspoon
with the head bent at 90◦ as slowly as possible to avoid air bubbles [34]. A wooden hammer was used
to slightly compact the sand sample to the desired 25 mm height. In this experiment, each sample was
prepared with 11 layers. After that, each sample was vacuumed at −0.1 MPa for over 2 h while the
cylinder was sealed by blocking the manometer tubes and sealing the top plate. Finally, a 20 mm-thick
gravel layer was placed at the sample top as a protective layer. The prepared sample of transparent
soil following the procedure is shown in Figure 3.
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Figure 3. Prepared sample of transparent soil.

2.4. Experimental Procedure and Program

The experimental program is listed in Table 2 and designed to investigate the effect of the sand
particle size, particle size distribution, pore morphology, and void ratio on the permeability of the
natural soil and into the fluid proposed transparent soil.

Table 2. Experimental program.

Group Run #* Solid Phase Particle Size
Distribution

Fluid
Phase Void Ratio

FW

FAW-1 Fujian Sand PSD-A Water 0.58
FAW-2 Fujian Sand PSD-A Water 0.64
FAW-3 Fujian Sand PSD-A Water 0.62
FAW-4 Fujian Sand PSD-A Water 0.62
FAW-5 Fujian Sand PSD-A Water 0.54
FAW-6 Fujian Sand PSD-A Water 0.54

QO

QBO-1 Fused Quartz Sand PSD-B Mixed Oil 0.68
QBO-2 Fused Quartz Sand PSD-B Mixed Oil 0.69
QBO-3 Fused Quartz Sand PSD-B Mixed Oil 0.66
QBO-4 Fused Quartz Sand PSD-B Mixed Oil 0.63

QCO-1 Fused Quartz Sand PSD-C Mixed Oil 0.69
QCO-2 Fused Quartz Sand PSD-C Mixed Oil 0.67
QCO-3 Fused Quartz Sand PSD-C Mixed Oil 0.55
QCO-4 Fused Quartz Sand PSD-C Mixed Oil 0.57
QCO-5 Fused Quartz Sand PSD-C Mixed Oil 0.66
QCO-6 Fused Quartz Sand PSD-C Mixed Oil 0.64

* F = Fujian sand, Q = fused quartz sand; A = PSD-A, B = PSD-B, C = PSD-C; W = water, O = mixed oil.

For each test, the constant water head was controlled by an upstream tank with overflow, and the
total water head was adjusted by the distance between the inflow tube and the outlet. After placing
the saturated sample into the permeameter, a stable water head was controlled and maintained.
The outflow rate was determined using a beaker and a stopwatch. During each test, the inflow and
outflow fluid temperatures were measured to ensure a consistent temperature condition. Each sample
was tested under four different hydraulic gradients ranging from 0.1 to 1.1.
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3. Results and Discussions

3.1. Permeability of the Proposed Transparent Soil

Considering Darcy’s law, the water flow through soils is proportional to the hydraulic gradient, and
the proportional coefficient is defined as the soil permeability. Specifically, permeability is a combined
parameter controlled by the intrinsic permeability of the solid phase and properties of the fluid phase,
whereas the fluid velocity is inversely proportional to the fluid kinematic viscosity. Therefore, Darcy’s
law can be expressed as

v = ki = F f Ki =
ρg
µ

Ki =
g
η

Ki (2)

Due to the effect of temperature on the fluid kinematic viscosity, the pore fluid velocity is different
at different temperatures. Based on Equation (2), the permeability is inversely proportional to the
fluid kinematic viscosity. From the results of previous studies, water kinematic viscosity is known,
and its variation with temperature is not significant. For transparent soil, the relationship between
the kinematic viscosity and temperature of mixed oil is not clear. The MCR302 rotational rheometer
(Anton Paar, Graz, Austria) was used to measure the fluid dynamic viscosity at different temperatures,
as shown in Figure 4. Therefore, the fluid dynamic viscosity at different temperatures can be estimated
using the polynomial fitting of Equation (3).

µ = −0.8966T3 + 129.9T2
− 7509T + 201300 (×10−6 g/(cm·s)) (3)

From Equation (3), the mixed oil dynamic viscosity at 20 ◦C (µ20) is determined to be
9.5846 × 10−2 g/(cm·s).
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Figure 4. Test result and fitting curve for the dynamic viscosity–temperature relationship of the mixed
oil (R2 = 0.99).

In addition, the density of mixed oil can be measured using the pycnometer method, as shown in
Figure 5. The fitting equation of fluid density at various temperatures can be expressed as

µ = −0.8966T3 + 129.9T2
− 7509T + 201300 (×10−6 g/cm3) (4)

From Equation (4), the fluid density at 20 ◦C (ρ20) is determined to be 0.8323 g/cm3. The kinematic
viscosity of a fluid is defined as the ratio between the dynamic viscosity and density, which is
11.6 × 10−2 cm2/s at 20 ◦C (η20) for this proposed mixed oil, which is 11.4 times that of water.

From this experiment, the measured fluid velocity at 20 ◦C (v20) for various hydraulic gradients
can be plotted in Figure 6. The particle Reynolds number in this study ranges from 9.6 × 10−10 to
3.1 × 10−7, which indicates the validity of Darcy’s law [35]. Therefore, the permeability of different
materials can be determined from the slopes of these linear fittings, as shown in Figure 6.
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Figure 5. Test result and fitting curve for the density–temperature of the mixed oil (R2 = 0.90).
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3.2. Effect of the Void Ratio on the Transparent Soil Permeability

Previous studies suggest that the soil permeability is affected by the soil void ratio, particle size,
particle size distribution, and pore morphology. Therefore, Darcy’s law can be expressed as

v = ki = F f Ki = F f fe fd fMi (5)

The quantitative effects of these factors on soil permeability will be evaluated based on experiments,
and the particular effects introduced by the transparent soil will also be investigated.
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The variation in soil permeability with different void ratios is shown in Figure 7. As the soil
void ratio increases, the permeability increases due to the expansion of the flow channel. Additionally,
the relationship between soil permeability and void ratio shows nonlinear characteristics, which is
consistent with previous studies [25,36–39]. Based on the assumption made by the Kozeny–Carman
model [22,25], the seepage paths through the soil can be simplified as many tortuous Poiseuille
capillaries with a specific cross-sectional shape. The diameter of the capillaries can be determined
by the characteristic geometrical parameters of the soil particles using the hydraulic radius, which is
equal to the ratio of the pore volume to the total area of the soil. After that, the soil permeability can be
expressed as

v =
g
η

e3

e + 1
1

D2 fMi (6)

where D is the specific surface area of the particles; for a spherical particle, D equals 6/d. If the particles
are assumed to be uniformly sized spheres, Equation (6) can be rewritten as

v =
g
η

e3

e + 1

(
d
6

)2

fMi (7)

From Equation (7), fe is e3

e+1 , and the solid fitting line in Figure 7 agrees well with the
experimental results.
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3.3. Effect of the Particle Size on the Transparent Soil Permeability

For the uniformly sized spherical particles, fd can be taken as 1/D2 = (d/6)2. For the soil with
a particle size distribution, d can be replaced by the effective particle size de. In previous studies,
various models have been proposed to determine the effective particle size. Hazen [36] stated that
the soil permeability is controlled by the small particles and proposed d10 as an effective particle size.
The USBR (United States Bureau of Reclamation) and IWHR (Chinese Institute of Water Resources and
Hydropower Research) suggested that d20 equals de. Sperry [23] proposed a statistical method from the
measurements of sieve sorting and suggested deff = 1/{

∑
[fi/(dli

0.5
× dsi

0.5)]}. A modified formula for the
determination of effective particle size was proposed by Carrier [24]: deff’ = 1/{

∑
[fi/(dli

0.405
× dsi

0.595)]}.
Figure 8 shows the relationship between the normalized fluid velocity (normalized by the known

fluid, void ratio, and particle size factors) and the hydraulic gradient. From the correlation coefficient
in Figure 8, the linear fitting with an effective particle size of d10 shows a significant deviation with
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the experimental measurement. On the other hand, the linear regressions using the effective particle
sizes by Sperry [23] and Carrier [24] agree well with experimental measurements, and the correlation
coefficient is greater than 0.9. For the tested material in this experiment, the linear fitting can lead
to a minimum deviation with an R2 of 0.95 if d20 is used as the effective particle size. Therefore,
the effective particle size capturing the soil permeability is not the mean particle size, and the small
particles play an essential role in the pore fluid flow.
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Figure 9. Microscopic images of sand: (a) fused quartz sand and (b) Fujian sand.

To effectively describe and quantify this difference, particle shape can be evaluated using three
independent and hierarchical morphology properties: form, roundness, and texture [40–42]. Form is
a measure of the overall shape of a particle, which has the greatest influence on the properties of
the soil (thickest blue dotted line in Figure 9). Form is usually expressed by projection sphericity,
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true sphericity, etc. Among them, projection sphericity is defined as the ratio of the longest and shortest
dimensions of the particle projection surface, and the projection sphericity of fused quartz sand is
usually between 1.5 and 2, while that of Fujian sand is approximately 1. Roundness can be used to
evaluate the corner and edges of a particle (thick red dashed line) and is expressed by roundness,
angularity, etc. Roundness is estimated by measuring the convexity of the particle outline. Fused quartz
sand has sharp edges and corners, which are significantly different from Fujian sand, showing an
obvious discrepancy in roundness. Texture is a measure of the surface texture (thinnest green solid
line), expressed by roughness and other metrics. Under the illumination of the laser, the particles show
obvious specular reflection, with a neat vertical and horizontal orthogonal texture, and there is almost
no diffuse reflection phenomenon exhibited by the natural soil, indicating that the surface of the fused
quartz is quite smooth.

Only the effect of particle shape on the soil permeability is considered in previous studies, although
the effects of particle form and roundness cannot be neglected in the theory of seepage. In this study,
the factor fM in the Kozeny–Carman model is modified based on the hierarchical morphology theory
of particle shape:

fM =
fK−C

fs2 =
fC ×

(
L
Le

)2

fs2 (8)

The parameter fs in Equation (8), called the ratio-to-spherical factor by Fair [21], is used to
describe the effect of particle sphericity on permeability, which can be determined from Fair’s chart.
By introducing the parameter fs, the particle specific surface area, D, can be corrected as 6fs/d, accounting
for the effect of particle form. In this study, fs is 1.04 for Fujian sand and 1.29 for fused quartz sand
based on the microscopic images and Fair’s chart. Figure 10 shows the effect of particle shape form
after introducing the parameter fs. It can be found that the measurements can almost be regressed
using a single line in Figure 10b, which indicates the necessity of accounting for the effect of particle
shape form.

Figure 10. Effect of particle shape form on the normalized seepage velocity with various hydraulic
gradients (group FW and QO): (a) without introducing the ratio-to-spherical factor and (b) with
introducing the ratio-to-spherical factor.

Figure 11 shows a sketch of pore capillary flow through a soil. Based on this tortuous Poiseuille
capillaries model, as shown in Figure 11, Carman [22] gave a parameter fk-c, the Kozeny–Carman
coefficient, which is divided into two parts: the factor of cross-sectional shape fc and the flow tortuosity
Le/L (the ratio of the real flow path Le to the geometric line length L), which shows the effect of particle
shape roundness. In Figure 11, the cross-section (Figure 11a) is parallel to the Darcy flow direction,
and the blue line indicates the real flow path with a length of Le, with the yellow line indicating the
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geometric line length L. The cross-section (Figure 11b) is perpendicular to the Darcy flow direction,
and the green hashed area depicts the pore throats in this cross-section. Carman [22] could not give
a reasonable theoretical value of the Kozeny–Carman coefficient. However, he calculated the factors
corresponding to various cross-sectional shapes based on Poiseuille’s theory and gave the empirical
value of the Kozeny–Carman coefficient, 5, based on his test results. Figure 10b shows that the empirical
values of the Kozeny–Carman coefficient determined in this study are 2.56 for Fujian sand and 2.83 for
fused quartz sand.

Figure 11. Sketch of pore capillary flow through soil: the cross-sections: (a) parallel and (b) perpendicular
to the Darcy flow direction.

From the perspective of the analytical theory of particle shape, Carman’s correction cannot
calculate the result of the Kozeny–Carman coefficient, but it can account for the slight difference in
the coefficients between two kinds of sand. Suppose there is a pair of soil samples made of fused
quartz sand and Fujian sand, with the same gradation and the same pore ratio but different particle
shapes. According to the list of the factors of cross-sectional shape by Carman [22], the values are
determined by the ratio of the longest and shortest dimensions of the cross-section, normalized by
the ratio-to-spherical factor, which correlates to the form, not roundness. Therefore, the difference
in permeability between the fused quartz sand sample and the Fujian sand sample caused by the
roundness of the cross-section is almost negligible. Regarding tortuosity, this capillary flow can
be thought of as a process of continuous flow along the surface of the particles. In the case of the
same volume, the particles with fewer corners have a smaller surface area. The real flow path of the
fused quartz sand sample is larger than that of the Fujian sand. Therefore, the ratio of tortuosity of
these two samples

(
Le
L

)
Q

/
(

Le
L

)
F

should be greater than 1. In this study, the tested ratio of tortuosity(
Le
L

)
Q

/
(

Le
L

)
F

is
√

2.83/2.56 = 1.05, which is reasonable.

From this experimental study and theoretical analysis, the permeability of this proposed
transparent soil can be estimated by

v = ki = F f Ki =
ρ(T)g
µ(T)

×
e3

e + 1
×

(
d20

6

)2

×
fK−C

fs2 i (9)

ρ(T) and µ(T) of the mixed oil can be calculated by Equations (3) and (4). fs is 1.04 for Fujian
sand, while it is 1.29 for fused quartz sand. fK-C of the Fujian sand and fused quartz sand are 2.56 and
2.83, respectively.

4. Conclusions

The experimental study investigates the permeability of a proposed transparent soil, which consists
of fused quartz sand and a mixed oil. The following conclusions can be obtained:
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(1) The transparent soil permeability changes with the replacement of the solid and fluid phases.
By replacing the pore water, a liquid phase using the mixed oil is proposed to reach the same
refractive index as the solid phase. Fused quartz sand is used as the solid phase in this proposed
transparent soil, which exhibits a significantly different particle shape from the natural soil due to
the lack of weathering.

(2) The soil permeability is affected by particle size, particle size distribution, and void ratio. The soil
permeability increases as the particle size or void ratio increases. For the non-uniform size soil,
the effective particle size can be used to describe soil permeability, which can be calculated based
on the particle size distribution. For the fused quartz sand in this study, d20 can be used as the
effective particle size.

(3) From a hierarchical approach, the effect of pore morphology on soil permeability can be considered
through the evaluation of particle form, roundness, and texture. Based on the electron microscopic
images, the effect of particle texture may be negligible compared with the other two factors.
By introducing the parameters related to particle form and roundness, the Kozeny–Carman
model is modified to effectively predict the permeability of transparent soil, which can account
for the difference in permeability characteristics due to the different pore morphology of this
proposed transparent soil. In particular, the developed model can provide an effective approach
with which to estimate the soil permeability quantitively.
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Notation

CC = coefficient of gradation Cu = uniformity coefficient
D = specific surface area d = particle diameter
de = effective particle size deff = effective particle size by Sperry (1995) [23]
deff’ = effective particle size by Carrier (2003) [24] dli = larger sieve size
dsi = smaller sieve size dx = particle size for which x% of the soil is finer
e = void ratio Ff = factor of fluid
fc = factor of cross-sectional shape fd = factor of particle size
fe = factor of void ratio fi = fraction of particles between two sieve sizes
fk-c = Kozeny–Carman coefficient fM = factor of pore morphology
fs = ratio-to-spherical factor g = gravity
Gs = specific weight i = hydraulic gradient
k = Darcy permeability coefficient k20 = standard permeability coefficient at 20◦C
K = intrinsic permeability Le = average real flow path length
L = geometric line length Le/L = tortuosity
nEI = refractive index of EI nmix = refractive index of mixed oil
n15 = refractive index of 15# mineral oil p = volume fraction of 15# mineral oil
R2 = fitting variance v = mean velocity of seepage
v20 = standard mean velocity at 20 ◦C η = fluid kinematic viscosity
η20 = fluid kinematic viscosity at 20 ◦C µ = fluid dynamic viscosity
µ20 = fluid dynamic viscosity at 20 ◦C ρ = fluid density
ρ20 = fluid density at 20 ◦C T = temperature
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